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ABSTRACT

The effect of aircraft contrails on surface climte was assessed by first
deternmining the density of jet traffic across a ten state area of the Upper
M dwest, and conparing that distribution with observed changes of various
met eor ol ogi cal paraneters over the past 50 years, both within and outside of
the principal contrail areas. Comrercial jet traffic density was found to be

greatest in 1979 along a band running fromcentral Ohio westward to central

and northern Illinois, wth one branch |eading westward across northern
M ssouri, and another branch |eading toward the southwest through central
M ssouri . Anot her high density region, within the area studied, was eastern

Kent ucky and Tennessee.

The surface neteorol ogical characteristics were conpared for stations
within the area of high jet traffic density and those areas |ess affected by
jet traffic, fromthe mddle 1950's until the present. Percent possible sun
and number of clear days decreased within the areas of high traffic density
from about 1935 to 1950, decreasing more slowy thereafter to the present.

The sane paranmeters showed no change or slight increases elsewhere in the

study area. The frequency of mpderated tenperatures, i.e., daily tenperature
maxi mum m nus daily tenmperature mninum increased from the late 1940's with
the most pronounced increased found over northern Illinois and Indiana.

In-flight observations fromin excess of 16,000 pilot reports suggest that
observations with contrails are nore frequently also associated with
tur bul ence. In addition and perhaps of more inportance to surface clinmate,

aircraft producing contrails typically observe more frequent cloud cover both



bel ow and at the aircraft |evel. I ndeed, only about /3 of all contrails can
be seen fromthe surface of the earth due to a natural clouds occurring bel ow
the contrails.

There appears to be no difference between the percentage of daytime
flights which produce contrails as opposed to those flown during the night.
There is a strong relationship however, between contrail areas and pressure
features of the mi ddle and upper troposphere, i.e., contrails are much nore
frequently observed within the area of an upper |evel trough as opposed to a
ridge, and there is a slight preference for contrail areas to be |ocated
closest to surface |ow pressure areas.

Cirriformclouds increased in frequency from 1951 to 1976 according to
standard surface meteorol ogical observations. Frequency of clear days
decreased over the 26 years at 10 of the 12 first order stations studied. The
greatest decline occurred from Chicago to southern lowa and from Chicago to

southern I|llinois.



| NTRODUCTI ON

The objectives of the one-year contract were to essentially address two
questions: (1) Do contrails measurably alter surface weather conditions in
the Mdwest? and 2) Howwell do climatic records from the Upper M dwest
indicate the presence of contrails?

To fulfill the objectives, the scope of research included three major
t hrusts:

(1) Docunent and analyze jet traffic density over the Upper M dwest from
the m d-1950s to the present. If the effect of contrails on climte was to be
studied, the location of jet aircraft and contrails nmust first be identified.
This required the collection of a large mass of formatted pilot report
information, which included a pilot option to comment on the presence of
contrails (either persistent or non-persistent). In addition, since these
formatted pilot reports also contained entries regarding several other
met eor ol ogi cal parameters, relationships between contrail occurrence and other
parameters could also be investigated.

(20 ldentify and quantify trends in cloud cover over the Upper M dwest
from about 1950 to the present. Researchers have suggested that aircraft
contrails have nodified natural cloud cover, both formng and spreading into
veils of cirrus, and by seeding supercooled high level clouds. This effect,
if true, may be preserved in the meteorol ogical observations of cloud cover
made routinely at National Weather Service (NW) offices. Records since about
1950 fromNWS first order stations of low, mddle and high clouds were
analyzed for trends in anount over the last 30 years. The areal distribution
of cloud anmpunt (all types) changes relative to jet traffic, and changes of

amount of high cloud relative to jet traffic were studied.



(3) Identify changes in the total anount of sky cover, nunmbers of clear,

partly cloudy and overcast days, and changes in "noderated tenmperature”

(decreased diurnal tenperature variation) over the M dwest. These parameters

were analyzed from the cooperative meteorol ogical network, a much nore dense

network than the first order stations. The spatial distribution of changes in

these parameters was of particular interest, to determ ne whether observed

changes in these potential "response" functions were spatially and temporally

related to changes in jet traffic and attendant contrail production.



CHAPTER ONE

SKY COVER, SUNSHI NE, AND TEMPERATURE TRENDS FOR 1901-1977

I nt roducti on

This chapter presents results of one phase of the one-year project
conducted to investigate the possible extent of influence of contrails on the
weat her and climate of the M dwest. This particular phase of the study
i nvestigated long-term 77-year records of available data on sky cover,
sunshine, and surface tenperatures, to exam ne their tenmporal variability on
an areal basis. The principal goal was to discern any evidence of possible
man- made influences on cloud frequencies in the post-1960 period when high
flying jet aircraft became more frequent and left many contrails in the upper
at mosphere. Exam nation of the sunshine and tenperature data alone could not
be considered at all conclusive of a contrail effect, but are useful as
material to substantiate whether atmospheric influences from contrails were
si zeable and inmportant.

Ot her chapters of this report delve into possibly nore neaningful cloud
data, but they are linted to only recent, post-1950 years. Hence, data sets
on sky cover conditions and sunshine percentages, as measured at several
stations around the M dwest, become the only neans for |ooking backwards
beyond the 1950's at the fluctuations in the anpbunt of light being received at
the surface and the overlying cloudiness.

This chapter first exam nes the possible causes for changes in clouds,
then briefly describes the cloud climtol ogy of the 10-state study region.
This is followmed by a section that treats the sky cover and sunshine data (and

its quality) and the analyses of these data. The next major section addresses



the results for the study of clear days, and this is followed by section on
days with cloudy and partly cloud skies. Sunshine results appear in the next
section, then results on surface tenmperatures, and finally a sunmary and

concl usions section.

Causes of Changes in Clouds

Anyone familiar with the continental clinmte of the' central United States
is aware of the great year-to-year variability in most atnospheric
conditions. I ndeed, variation on a variety of tinme scales is the normof the
climate; hence, variations are to be expected, but becone major probl ems when
|l ooking for longer term potentially subtle, trends in weather condition. Any
change in the frequency or magnitude of a weather event extending over five or
more years in this climate can generally be ascribed to three causes, which
may act independently, or in sone collective manner, to produce a shift in the
climte.

Climatic Variation Due to Natural Causes. The first of these factors are

the natural climtic variations due to large scale, hem spheric or gl obal,

variations in weather patterns. Unfortunately their causes are not yet well
under st ood. Hi story has shown us that nature has provided a wi de range of
climates in the M dwest over the past several thousand years. An amazi ng

nurmber of different scales of variations due to natural causes are not only
evident but Iikely. It is also inmportant to recognize that there are at |east
two types of natural variations that can be expected in cloud frequencies and
ot her weat her phenomena. The first m ght be |abeled "the anonmal ous" type of
variation which represent shifts ranging anywhere from five to fifteen years.

Such anomal ous periods do occur, but the frequency of the weather event



returns to its preanomaly level after the anomal ous excursion. Anot her type
of shift is labeled a "climate fluctuation.”" This often represents a |onger

termtrend ranging fromperhaps 50 to 1000 years. Inprinted on both of these
are year-to-year variations, but an inspection of their frequencies with sone
snmooth statistical curve fitting, wll often reveal a downward or upward type
of trend extending over many years. Hence, any systematic change in

cl oudi ness and sunshine noted during the 1901-1977 period mnmust consider that

the natural atnospheric shifts could be the cause.

Errors in the Observations. Anot her reason for apparent systematic

changes in cloud cover or sunshine cloud relate to errors or shifts in data

col l ection procedures. The cloud cover data (labeling of each day as clear,

partly cloudy, or cloudy) could contain false changes for at |east two
reasons. First is sone formof systematic observer error at a given |ocation,
such that the observers are |abeling cloudy days as partly cloudy, since the
sky observation is somewhat subjective. The other possiblity is that the
instructions for record keeping have changed leading to differences in how sky
cover is defined. The sunshine records since 1900 have been kept by sunshine

recorders, an instrunent that inscribes the m nutes of sunshine on a chart

based on sun falling on the instrunent. Errors could come about because of
poor instrunent calibration, or changes in instrunent sensitivity. Simlar
changes in observation procedures, instruments, or sites could influence

t enperat ures.

I nadvertent Climte Modification. A third reason for climatic shift in

the cloud cover frequencies and resulting changes in sunshine and tenperature

is man's accidental influence on the atnmosphere. There appear to be at |east

three, potentially interactive, ways that man could have systematically been

influencing cloud cover since the start of the 20th Century. In the central



United States, the period from 1900 to 1977 has been one of a major shift from
an agriculturally oriented econony to a manufacturing oriented econony. I'n
1900, 12% of the population in the M dwest lived in urban areas, and by 1977
about 70% lived in urban areas. This is also a period of major growth in
i ndustrial activity and devel opnent of the autonobile, particularly since
1940. Hence, there have been major influences on the atnmosphere from
m dwestern cities and industries (Changnon, 1973)

There appear to be at least three ways in which man's em ssions into the

at nrosphere could have systematically influenced the clouds, sunshine and

t emper at ures. First, are the effects of increased pollutants (aerosols) in
the atmosphere. Changnon (1976) has shown how the frequency of snoke and haze
days changed dramatically at a series of locations in Illinois with major

increases in the nunber of days beginning in the late 1930's and 1940's. Such
increases in man-derived pollutants, generally noted to devel op before and
during World War |l (1935-1945) and remmining high since, have produced
additional haze not only in and around cities but now at times over the entire
M dwest (Braham 1977). This haze reduces visibility and restricts one's
ability to view cl ouds. It, of course, also intercepts sunshine and reduces
incoming radiation.

A second potential effect of the added pollutants, as has been noted at

St. Louis (Gosh 1978) , has been to help produce localized urban increases in
cloud cover. A5 to 10% increase in clouds related to the ability of man-made
pollutants to serve as cloud nuclei is well recognized (Landsberg, 1970).

Most of these pollutants are urban-related (although automobiles and scattered
power plants also add pollutants over a region) and have been realized nostly

in low level clouds.



A third inadvertent influence of man on cl oudi ness, the one that is the
subject of this study, is the influence of jet-produced contrails. The

potential seens obvious in parts of the M dwest having a notably high

frequency of persistent contrails. What is uncertain however is how
significant this influence is; that is, whether the contrail-induced cirrus
represents an increase in cloud cover of 0.1% , 1% or 10% or more. I'n

addition to directly producing added cirrus and in inducing more cirrus to
form another influence has been suspected. That is, the ice crystals forned
by the contrails could descend into mddle |evel clouds resulting in a) nore
m ddl e level cloud cover, and/or b) increase in the precipitation.

In essence then, there are several potential causes for anomal ous short or
long termclimte variations in clouds and their influence on the sunshine
received at the earth and surface tenperatures. Di scerni ng which of these
causes is existent and nmost critical is difficult but the effort is an

essential part of this project if the contrail influence is to be isolated.

Climate of Sky Cover and Sunshine in the M dwest

The following sections relating to results of the sky cover and sunshine
anal ysis present the actual nunbers on clear days, partly cloudy days, cloudy

days, and percent of sunshine for various seasons, years, and stations

t hroughout the 10-state study area (see Tables 2-5) . These nunbers will not
be repeated here, but a short general discussion is offered. The pattern of
sky cover in the study area (Fig. 1) shows that, in general, in all seasons,

there are nore clear skys (and hence more sunshine received) in the southern
and western parts of the study area, as opposed to the northern and eastern.

The northeastern part of the study area includes the Great Lakes which produce
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sizeable influences on cloud cover, to decrease it in sumrer and increase it
in the colder half year (Changnon, 1968). Current average annual val ues of
sunshine percentages in the north are 48% at Sault Ste. Marie and 51% at

M nneapolis, as opposed to 63% at Menphis and 62% at Kansas City. If one
considers the annual frequency of cloudy days, the current average at Sault
Ste. Marie is 213 days with 174 days at M nneapolis. Conpar abl e average
values to the south are 151 cloudy days at Kansas City and 153 days at
Menmphi s. .

There are also systematic differences across the region in the seasonal

frequenci es of sky cover. For exanple, in the South Area (see Fig. 1), the
| eadi ng season of clear days, on the average, is fall followed by summer,
spring and winter. In the South Central Area, clear day frequencies in fall

are equalled by those in sumer, followed in order by the frequencies in
spring and winter. As one nmoves farther north into the North Central Area,
clear day frequencies beconme greatest in sumer with fall values ranked
second, then spring and winter. In the northernnmost part of the study area,
sunmer cl ear days, on the average, rank first, followed by the nunber in

spring, with fall frequencies ranking third and winter |ast.

If one exam nes the average seasonal frequencies of clear days on a west
to east basis, one finds that the fall frequency leads in the west followed by
summer, spring, and winter val ues. However, in the eastern half of the study
area (Fig. 1), summer is the leading season with clear days followed by fall,
spring, and winter.

In general, in nost parts of the study area, the fall and sunmmer are the
seasons with the greatest frequencies of clear skies and hence nmore sunshine.
W nter ranks |ast anobng the four seasons in the amount of sunshine and number
of clear days, and obviously ranks first amongst the four seasons in the

nunber of cloudy days.
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Cloud and Sunshine Data and Rel ated Anal yses

The stations for which data on sky cover and sunshine were available for

all or nmost of the 1901-1977 period are shown in Figure 1. Except for a few
stations such as South Bend, |Indiana, nmost all stations had conplete records
of sky cover for this 77-year period. However, records of sunshine at nost

stations began in the 1910-1915 period, and very few stations had avail able

sunshine records prior to 1910. The periods of record are indicated on Table

Great care was also made in the study of the historical records to
consi der any possible observational or instrumental errors. During the
1901-1977 period, there were no changes in instructions to Weather Bureau (now

Nat i onal Weat her Service) observers about how to list the sky cover as being

cl oudy, partly cloudy, or clear. Since observations were nmade by a large
number of persons over the 77-year period, it is doubtful that any systematic
observer biases existed to produce long term trends. Hence observer error is

di scounted as a mmjor factor causing any trends discerned.

The potential of faulty equiprment or poor calibrations of the sunshine
recorders, and hence systematic time biases cannot be discounted. I nstrunents
were mai ntained, as near as one can |earn, reasonably well and instrument
probl ems or changes should not be a reason for any long-term (greater than 5
to 10 years) trends in sunshine data. Wahl's (1968) study of data from
several m dwestern stations of both the md 19th Century and md 20th Century
suggets near equal precision of tenperature from both peri ods.

One of the "checking procedures" used in this entire study to verify the
potential of "errors" in the sunshine or sky cover data was to inter-conpare
t hem Their results (trends) should agree, and yet one set of data (sky

cover) is by human observations and other is based on instruments. As will be
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noted in the results, there is general agreenent in the trends of sky cover
and sunshine, suggesting that the observer error or equipment problems, as
causes for trends, was negligible. However, one inportant change at 34 of 36
stations (Cairo, Illinois, and Marquette, M chigan excluded) was a relocation
of the station site fromthe city (or town) central business district to the
rural airport. As shown in Table 1, these largely occurred in the 1940's but
began in the md 1930's and continued into the early 1950's. These shifts
i nvol ved relocation, at least at the largest cities, to locales where |ess
urban pollution existed (or would exist). Hence, the site change represented
a possible inmprovement in visibility, and the potential for less cloud cover

and a potential for more sunshine.

The various analyses were based on daily values of sky cover and percent
of possible sunshine. The daily sky cover values of clear (0 to 0.3 sky
cover), partly cloudy (0.4 to 0.7 sky cover), and cloudy (0.8 to 1.0 sky
cover) are values derived from hourly observations made at the U.S. Weather
Bureau first-order stations scattered throughout the area. These hourly
observations were combined into daily val ues. Mont hly frequncies of clear,
partly cloudy, and cloudy days were obtained in this study either from
published records or original records of the first-order stations. Once
compiled and totaled, the values were entered into punch cards for subsequent
anal ysi s.

The daily sunshine recorder data were used in a simlar fashion. Dai | y
sunshine values are recorded both as to actual time and as percent of possible
sunshine for the day. We chose to analyze the percent of possbile sunshine
whi ch accounted for changes in length of day during the season. Daily val ues

of possible percent of sunshine were conbined into nonthly means. These
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Table 1. Periods of records and dates of shift in the |ocation of
First Order Stations from inner city sites to airport sites,
during 1901-1977.

City to Rural Peri od of Period of sun=

airport site cover dat shine data
Menmphis, TN Sept. 1950 C 1902-77
Nashville, TN June 1941 C 1919-77
Chat t anooga, TN June 1940 C 1919-77
Sault St. Marie, M July 1951 C 1922-77
Mar quette, M Al ways in city C 1905- 77
Grand Rapids, M Aug. 1950 C 1922-77
Detroit, M July 1942 C 1922-77
Al pena, M Aug. 1959 C 1922-77
Ft. Wayne, IN Aug. 1939 1902- 1912-77
South Bend, |[IN Feb. 1933 1914- none
I ndi anapolis, IN May 1941 C 1916-77
Evansville, |IN Aug. 1940 C C
M | waukee, W Aug. 1940 C 1916- 77
Madi son, W Sept. 1939 C 1916-77
La Crosse, W Dec. 1950 C none
Green Bay, W Aug. 1949 C 1903-77
Little Rock, AR Dec. 1938 Cc 1916-77
Ft. Smth, AR Sept. 1945 C 1916-77
St. Louis, MO July 1958 C 1916-77
Springfield, MO Aug. 1940 C C
Kansas City, MO Jan. 1934 C 1916-77
Col umbi a, MO Jan. 1936 C 1916-77
Loui sville, KY June 1945 C 1916-77
Lexi ngton, KY July 1944 C none
St. Cloud, MN Feb. 1936 1916- none
Rochester, MN Nov. 1943 C none
M nneapolis, MN Oct. 1937 C 1916-77
Dul uth, MN March 1950 C 1911-77
Dubuque, IA June 1951 C none
Burlington, IA Oct. 1940 1914- none
Des Moi nes, |A Oct. 1950 C C
Mol i ne, IL Dec. 1939 C C
Springfield, |IL Jan. 1948 C C
Chi cago, |IL June 1942 C C
Cairo, IL Not noved C 1920-77
Peoria, |IL May 1943 C C

1, = conplete for 1901-77
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mont hly mean val ues of percent of possible sunshine were calculated from
hi storical records of the first-order stations, punched onto IBMcards, and
subsequently used to devel op seasonal and annual val ues.

Much of the analysis was based on seasonal and annual values of sky cover
and percent of sunshine. The seasons chosen for analysis of the sky cover and
sunshine data were spring (March-May), sunmmer (June-August), fall (Septenber-
Novenber) , and winter (Decenber-February). For the sky cover data and the
sunshi ne data, the seasonal and annual values were used to devel op noving
averages of 2-, 5-, 10-, and 20-year peri ods. Graphs of these noving averages
were plotted to search for the nost informative means for portraying the
results and renoval of small scale fluctuations. In most cases, the 10-year
totals were chosen to study the trends in sky cover and sunshine.

One phase of the analysis included inspecting the data and trends of the
36 individual stations in the study region (Fig. 1). Basical ly, various
descriptions of the tenporal behavior of the 10-year values of the individual
stations, when plotted on base maps, suggested the existence of various
regions having simlar tenporal characteristics, as defined by the stations
within them To further investigate areal differences on a nore systematic
bases, the study region was divided into six areas, as shown in Figure 1.
Four equal sized (north-to-south) areas were chosen to allow for a
target-control approach in the conparative analysis. Avai |l abl e evidence on
persistent contrail frequencies across the M dwest (see Chapter 3), and on
commerical jet aircraft traffic across the study region (see Fig. 2), both
show that the "central" portion of this study region is the one with the
greatest likely contrail influence. This central area is an east-west area
bounded on the north by southern W sconsin and on the south by southern
Illinois (and also includes northern M ssouri, lowa, the northern 2/3 s of

I ndi ana, and southern Mi chigan). This general hypothesis of effect in the
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central areas was tested by discerning whether the frequency of sky cover
conditions and sunshine in the two central area sections (labeled North
Central and South Central in Fig. 1) differed fromthose in the northern and
southern areas where less jet aircraft existed along with |esser urban
industrial devel opment. In the north and south areas there is less likely
man- made effect fromother causes (fewer big cities, |lesser popul ation), and
any sky cover and sunshine changes there are thought to be due nostly to
natural variations in climate. Hence, the areal conparisons becanme a major

means of evaluating man-made influences in the study region.

The daily frequency of commerical jet aircraft flights across the study
area in 1979 is shown in Figure 2. This was determ ned by measuring each of
the flight tracks on a Lanmbert Conformal Projection, and counting these based
on a grid 60 x 60 nautical mles squares. The flight data came fromthe
August 1979 issue of the Official Airline Guide. Flights were counted only if
they exceeded 200 nautical mles in length (shorter flights typically do not
reach contrail producing | evels). The ending or starting 50 nautical mles of
each flight also were not counted since this is typically a distance of being
bel ow contrail levels (takeoff and descent for | anding). The pattern of Fig.
2 clearly shows the predom nance of flights in the two central areas, and
particularly in the South Central Area. The averages and extrenmes of the grid

squares in the four study areas are:

Aver age Maxi num M ni num
North Area 41 105 10
North Central 224 700 22
South Central 345 504 116

South Area* 211 508 130
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Al t hough the South Area is used as a "central area" in these analysis, the

high frequency of flights in its eastern portions indicates possible contrail

i nfl uences there. Also, the upper tier of squares in the North Central Area
have |ow values suggesting a potentially lesser influence than one m ght

expect for the South Central Area. I nspection of Figure 2 and grid areas > 300
flights per day shows the east-west oriented flyway that is bounded on the
north by northern Illinois and extreme |ower M chigan and bounded on the south

by a line through St. Louis.

Clear Day Results

Annual results. At all but two of these 36 stations, general downward

trends in clear day frequencies were found during the 1901-77 period. Only
Cairo, Illinois and Green Bay, Wsconsin (Fig. 1) had essentially flat

unchangi ng trends in clear days. Curves of the average annual frequencies of
clear days of the four areas are shown in Figure 3. Essentially, frequencies
were highest in the 1901-1940 period; followed by sharp declines during the
1940's; followed by a flatter trends since 1950. Not abl e on these tine curves

are the regional climatological differences with higher frequencies in the

south and the |east nunber of clear days in the north. The concern over the
effects of the city-to-rural site changes of the stations seens of little
consequence in the 1940's. The visibility inproved at a tine when clear skies
decreased greatly indicating little effect on the sky cover observations.

Al so notable on the graph (Fig. 3) are other tenporal features. For

exanple, the high value of 1931-40 in the South Central Area (with decreases

existed in other areas) is a reflection of the severity of the drought of the
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1930's in that area, as opposed to other parts of the region where it was |ess
severe. Quite likely, there was |less industrial devel opment in that southern
area in the 1930's than el sewhere.

Followi ng the maj or decrease to the |ow nunber of clear days in the
1941-50 period (which was also a notably wet decade in the M dwest), slight
increases in the annual nunber of clear days occurred for the follow ng
decade, 1951-60. This was followed by decreases having different rates (by
area) since 1960. The greatest rates of recent decrease are found in the two
"target" areas, the North Central and South Central Areas. The declines are
much sharper during the last 10 years, 1968-77.

In one sense, the shapes of the 1901-77 frequencies of clear days (Fig. 3)
fall into three types. The first of these is a general smooth downward trend
from 1901 to 1977 shown by the North Central Area. Anot her type is a downward
trend showing the |owest values of the study period to be in 1941-50. It is
found both in the North and South Areas. The third type has several trends
and two mnima, with a major lowin 1941-50, and then a subsequent greater |ow
in the 1970's. It is reflected in the South Central Area curve. Di fferences
bet ween the curves shown on Figure 3 are very inmportant, indicating different
climatic regines or influences for clear days in the two central areas. Their
clear day values and those to the north and south show differences after 1940

(greater decreases in the two central areas) suggesting man-nmade influences in
these two central areas. Both central areas are nmore industrialized, have
greater popul ation centers, and have nmore contrail producing aircraft traffic
(Fig. 2).

The regionality of the annual clear day results is further reflected in
Fi gure 4. Here, the characteristics of the trends in annual clear days for

the 1901-77 period are shown, as based on the characteristics found in the 36
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i ndi vidual first-order station (10-year) curves. Through the central section,
a continuous downtrend is evident and it occurs where the greatest air traffic
exi sts. To the north and to the southeast of that area, the station curves
showed a downtrend to a m nunmum in the 1970's but with a mmjor secondary
mnimumin the 1941-50 period. To the south, there is a general downtrend but
with the maj or m ni mum occurring in 1941-50. Hence, Figures 3 and 4 reveal
that there have been two major mnima found at nost stations in the study

regi on, one comng in the 1941-50 period and one in the 1968-77 period.

Anot her means for displaying the regionality of the clear day frequencies

is portrayed in Figure 5. Here, the year ending the |owest 10-year clear day
values at the 36 stations were plotted. Regi ons were devel oped from these
endi ng year val ues. One notes that a large portion of the central and eastern

section of the region had its |owest 10-year frequency of clear days ending
during the 1974-1977 peri od. However, there are other areas in the north and
south where the |owest year came in the 1940's and up through 1951. One area
in the west had its |owest 10-year value of clear days in 1963-65.

Table 2 presents the annual percentage changes between two decades, the
earliest (1901-10) and | atest decades (1968-77) for the 6 areas. These reveal
that the greatest percentage decrease (32% occurred in the South Central
Area, but there was no difference on a west-east basis. The average 10-state
decrease was 26%

Conparison in the lower part of Table 2 of the annual "predicted" values
reveals that the decreases between the early and | ate decades were 9 to 11%
greater than would be expected, or predicted, on a "climtological trend
basis." The predicted values shown in Table 2 were derived froma linear
interpolation of the "control area" values in the north and south and are

considered to be best estimates of changes due to natural variations.
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Sout h

West

East

Tot a

Ar ea

NC

SC

p(1)

-21

-20

.22.

Tabl e 2. Change in 10-year values of clear days from
1901-10 (early) to 1968-77 (late).

Early-late differencesX 100

Early Val ue

Spring Sunmmer Fal | W nt er Annual
- 27 -23 -30 -29 -18
-23 -23 -35 -33 -29
-28 -32 -42 -29 -32
-13 -19 -33 -14 -22
- 27 -28 -35 -24 -26
-20 - 27 -35 -25 -26
-23 - 27 -35 -24 -26
Sunmmer Fal | Annua
C<¥ C P A
-23 + 2 -31 -35 + 4 -20 -29  + 9
-32 +12 -32 -42 +10 -21 -32 +11

(.

(2).=Actual

predi cted value based on a linear interpolation between the north and
south area.

area val ue

(3) C = Change or difference between actual and predicted val ues.
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Seasonal results. Area average values for 1901-77 (such as displayed in

Fig. 3) were devel oped for each season. Basically,these showed general
downtrends in all seasons.

I nspection of the areal seasonal values presented in Table 2 reveals that
the | east percentage change (betwen the early and |ate decades) occurred in
spring and the greatest in fall. East - west seasonal differences are small
(except in spring), but the differences anong the north-to-south areas are
consi der abl e. The |east changes occurred in the South Area in npst seasons.
The greatest percentage decreases occurred in the South Central Area in all
but the wi nter when the greatest decrease occurred in the North Central, or
other "target" area. The total area average values show that the fall (-33%
and sumer (-2% were the seasons of greatest decreases in clear days.

Shown at the bottom of Table 2 are the differences for these two seasons
and for the North Central Area and South Central Area, the two target areas.

The difference between actual values and the predicted values (based on

climatol ogical interpolation) revealed the "change value" believed indicative
of man- made i nfluences. These show that in the South Central Area there was
an anomal ous 12% decrease in summer and a 10% decrease in fall, both due

presumably to man-made infl uences.
Since the greatest seasonal decreases, both in total percentages and those
expressing potential man-made influences, were found in the South Central

Area, the 10-year values of each season in that area are presented in Figure

6. These are the averages based on the 11 stations located in this area (Fig.
1) . One notes a generally flat trend for 1901-1940, although winter and
spring values begin to decrease after 1930. Al'l four seasons show a marked

decrease in clear days in 1941-50, followed by generally flat trends

t hereafter. However, the fall and summer seasons show definite decreases
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after 1960 in the nunber of clear days, but the winter and spring frequencies
remai ned constant after 1960. Since jet aircraft traffic in the area
increased sharply in the early 1960's, the values shown for 1961-70 and for
1968-77 are potentially related to contrail effects and m ght be reflected in
the number of seasonal clear days. The summer decrease in clear days over
this South Central Area went from 28 days in 1951-60 to 25 days in 1968-77 (a
3-day decrease). The fall season change went from 35 days in 1951-60 to 24
days in 1968-77. Both seasons exhibit their 77-year mnima in the last 10
years.

In general, the seasonal curves of Figure 6 strongly suggest a man-nade
influence leading to a decrease in clear skies beginning in 1941 and likely
related to the great expansion of industrial activity related to WM 1 and
whi ch continued thereafter. The more recent decreases shown since 1960 may be

a mxture of effects of the greater urban growth and the jet contrail

i nfluences.
Summer season. Anal ysis of the individual stations and their sumrer
frequenci es of clear days was revealing. In Figure 7, the 10-year val ues of

three stations selected fromthe north, southeast, and southwest parts of the
study region are presented. I nspection of these trends reveal interesting
differences; for example, the M nneapolis frequency of sunmer clear days
fluctuates but has no discernible up or down trend during the 77-year period.
However, both the Colunbia and Evansville curves exhibit down trends with a
much greater down trend at Col umbia, ranging from 39 clear days per sumer in
1901-10 to 25 clear days per sumrer in 1968-77. Evansville, which has a
mnimumin recent years, had its greatest mnimmin 1941-50.

The characteristics of the curves of summer clear days of the 36 stations
were plotted to develop a regional map. The general characteristics of the

trends in sumer clear days frequencies is shown in Figure 8. Maj or down
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trends (as revealed by the Colunmbia curve in Fig. 7) were found along an
east-west corridor through the central section. Lesser downtrends were noted
in the northwest and south central districts, wth essentially flat trends in
the northern, southwestern, and southeastern sections. The pattern of Figure
8 is suggestive of man-made influences, with the greatest downtrends occurring
where the major jet air traffic exists (Fig. 2), as well as in the major
industrial section of the 10-state region.

Fall season. I ndi vidual curves of the 36 stations for their frequencies
of clear days in the fall season revealed downward trends everywhere.
Exampl es of the curves of three stations are shown in Figure 8. The val ues at
M nneapolis (North Area) indicate a generally flat trend through 1960 followed
by a decrease in recent years. The Little Rock (South) and Colunmbia (South
Central) curves also show recent decreases, but with a much greater downtrend
in the recent 20 years at Col unmbi a. In general, the trends in the central

areas of the study region showed considerably decreases, particularly since

1960, in frequencies of clear days.
W nter season. The South Area stations showed decreases in clear days to
around 1950, followed by up trends to the present. In the central area nost

stations revealed a maxi mumof clear days in 1921-30, followed by decreases
during the decades thereafter. Five stations had their |owest frequency of
wi nter clear days in 1968-77 including Peoria, Colunbia, Des Moines, Ft. Wayne
and South Bend. The northern stations indicated flat trends in winter clear
days. There appears to be little evidence, other than at a few central
stations, of any man-made influence on clear days in the winter season.

Spring season. Stations in the South Area had generally downward trends
in clear days in spring until 1950, followed by uptrends to present. They

were very simlar to winter clear day trends in this same area. In the
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central section, spring frequencies of clear days generally decreased after
1920 with either a m ni mumoccurring in 1941-50 or in 1951-60. Only a few

stations (Peoria, Burlington, Louisville, and Colunbia) had their | owest

values in the 1970's. In the north, spring values showed decreases and
| ong-term downward trends. Several stations reached their |owest values in
the 1970's. In general, the spring results of clear day frequencies were not

strongly suggestive of localized influences throughout the North Central or

South Central target areas.

Cl oudy Day Results

Annual val ues. The 10-year val ues of cloudy days for the four areas are

shown in Figure 9. Al'l four areas have notable upward trends from 1901 to
1977. The total area average increase (Table 3), or difference between the
earliest and | atest decades is 41% In general, the cloudy day curves of
Figure 9 exhibit more snooth and notable trends than do the conparabl e annual
cl ear days curves of Figure 3. The cloudy day values are more indicative of a
general, long-termclimtic change than are the clear-day frequencies because
part of the shifts are in partly cloudy conditions as well as clear
conditions. Further conparison of the curves in Figures 3 and 9, such as
those for the North Area, reveal a good inverse relationship, particularly up
t hrough 1960. It is inportant to also note that both the "target areas," the
North Central and South Central Areas, exhibit sizeable increases in cloudy
days in the last decade, 1968-77, particularly evident in conparison with the
| esser up trends for this North and South Areas for this period.

I nspection of the annual values in Table 3 also reveals that it has becomne
relatively cloudier in the south, central, and west areas with a |esser

increase in cloudy days in the eastern and northern areas of the study
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region. This is, the areas that in the early part of the 20th Century were
the clear, less cloudy areas have beconme cloudier faster than the areas which
wer e, on the average, cloudiest (north and east).

This suggests, as do the later results of greater increased cloudiness in
sumer and fall seasons, that the additional cloudiness has been occurring in
these areas and seasons which normally are nmost clear. This indicates that
what ever the causes, the influences are more obvious during periods and pl aces
which in the past have been nore clear. This is supportive, in general, of
the type of influence that added high clouds could be expected to produce.
Additions of high clouds in areas and tines that are already relatively cloudy
woul d be less noticeable than in relatively clear areas.

Seasonal results. The trends in cloudy day seasonal values at nmost
stations in the 10-state region were generally flat during the 1901-40
peri od. They then began to increase, particularly in the South and South
Central Areas. Pl ease note these features in the seasonal curves (Fig. 10)

As shown in Table 3, the greatest changes percentagewi se in cloudy days from
the early decade (1901-10) to the latest decade (1968-77) occurred in the fall
season. The total area average increase is 60% closely followed by sumrer
with 56% with much |esser increases in spring and wi nter. The percent age
changes shown in Table 3 for cloudy days are nuch greater than those shown for
clear days (Table 2 ) , except in the North Area where the clear day percentage

changes exceeded those for cloudy days in spring, fall, and winter.

As with clear days, the percentage changes in cloudy days were greatest in
the South Central Area in all seasons except winter when in the North Central
Area was greatest. There are also west-east differences shown in all four

seasons with the greatest increases found in the western region in all four
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seasons. It is inportant to note that the South Central percentages approach
100% for summer and fall. Thus, there have been notable increases in cloudy
days in this area of greatest jet aircraft traffic.

The North and South Areas were considered to be control regions and either

non-affected by contrails, or less affected by contrails than the atnmosphere

over the North Central and South Central Areas. Thus, their values were used
as controls to estimate the likely "natural variability values" for the North
Central and South Central Areas. The differences cal cul ated between these

climatologically predicted (interpolated) values and the actual values for the
North Central and South Central Areas are an indication of possible man-made
influences.

Table 4 shows the changes in the two central areas for all four seasons,
based on the conparison of the predicted and actual val ues. The changes
i ndicate anomal ous increases in the recent decade in all four seasons with
about 10% being representative of the regional value of increases in the
spring and wi nter. However, in the fall and summer seasons, the South Central

Area had about 26 to 27% anomal ous increases in cloudy days with about 10% in

the North Central Area. The annual values in Table 4 suggest a 14 to 17%
anomal ous increase in cloudy days over that expected. Hence, results indicate
the greatest potential influence has occurred in the South Central Area.

As a result the South Central Area seasonal curves are presented in Figure

10. These indicate a generally flat trend until 1930, or 1940, followed by

increases in cloudy days, generally sizeable for the 1941-50 period. The fall
and summrer season curves also show substantial increases after 1960. These
are not found in the spring and wi nter seasons. The shift from 1960 to 1977

in the cloudy day values in fall is from 31 days to 44 days (up by 13 days),

and in the sumer the shift is from 29 days to 32 days.



Table 4. Conparison of predicted and actual percentage
changes from 1901-10 to 1968-77 in cloudy days.
Spring Sumrer Fal | W nt er Annual
Area ) a0 co P A C P A C P A C P A C
NC 26 38 +12 41 52 +11 43 52 +9 22 33 +11 29 43 +14
SC 30 41 +11 55 82 +27 65 91 +26 21 30 +9 36 53 +17

P = Predi cted val ue based on |indear

Sout h ar eas.

A= Actual areaval ue.

i nt erpol ati on between control

“'C = Change, or differences, between actual and predicted val ue.

val ues,

the North and
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Partly Cloudy Days Results

Conparison of the cloudy and clear day results has shown great
simlarity. Much of the increase in cloudy day frequencies was reflected in
the decrease in clear days. I nherently this means that frequencies of days
with partly cloudy skies were not changed greatly, and hence their results are
not presented in great detail.

The summrer season trends in partly cloudy days of the 36 stations define
three areas. The area south of a line from Springfield, Mo. to Lexington,
Ky., had essentially flat trends for 1901-77 in the nunber of partly cloudy
days. The stations in the area north of a line fromBurlington to Al pena also
had flat trends. The remaining central area had down trends in their summrer
frequencies of partly cloudy days, generally decreasing by 10 to 15% from 1910
to 1977, with the |owest values in 1968-77.

The fall season trends in partly cloudy days were simlar to those in
sumer . Moder ate down trends of 10 to 20% were evident at nmpst stations in
the South Central Area. El sewhere the 1901-77 values varied but did not
reflect any down or up trend. The winter and spring frequencies of partly
cl oudy days showed no trends.

The down trends in partly cloudy days, reaching a low in the 1968-77
period during sumrer and fall, and largely within the South Central Area do
suggest a contrail related influence. The nost inportant finding is that
shifts to cloudier conditions in the Mdwest were largely associated with a
decrease in clear days, with |lesser change in partly cloudy days. Thi s hel ps

indicate the shift was sizeable.
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Sunshine Results

Annual Results. The percentage of possible sunshine values were analyzed
on an annual and seasonal basis. Addi ti onal cloudiness and |oss of clear
days, as shown in the previous sections, should be reflected in a decrease in
sunshine, on an annual basis and all seasons, but particularly in fall and
sumer . The general characteristics of the trends of the annual percent of
sunshine values for 1901 (or whenever records started in the 1901-22 peri od)
to 1977 are shown by the pattern in Figure 11. The station trends were found
as having a general down, wup, or flat trend. I mportantly, one notes the
general downward trend throughout the central section where clear day trends
were downward (see Fig. 4) . To the north and south of this central area (the
maj or jet flyway as shown in Figure 2, and urban-industrial section of the
study region) one finds either flat or upward trends in the sunshine data.

The years representing the year ending the |owest 10-year percent of
sunshine value in the 20th Century are shown in Figure 12. This pattern
strengthens the trend results showing the |owest values have come in the l|ate
1970's in the central section and largely where jet traffic is greatest. In
other areas to the north and south of the central section, the major m nim
occurred in a variety of other years, but mainly in the late 1940's as with
cl ear days. In general, the sunshine results and clear days results are
remarkably simlar indicating equal quality of both sets of data.

The changes in the annual 10-year percent of sunshine values, between
1921-30 (early) and 1968-77 (late) were quantified, as shown in Table 5. The
annual values, although much |ess percentagewi se than those found for clear
days or cloudy days, do show greater decreases in the central target areas

than those in the north and south control areas. Comparison of the
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Figure 11. General characteristics of trends of annual percent of possible
sunshine values for 1911-1977.
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"predi cted" and actual annual values in these tw "target areas," shown in the
lower part of the Table 5, indicates a change in sunshine of 2% in the North
Central Area and a 4% decline in the South Central Area. The shift in the
annual sunshine values is further illustrated by the area curves shown in

Fi gure 13. They all show a decrease from 1921 through 1950, with a notably
sharp decrease in 1941-50, as found in the sky cover conditions. Furt hernore,
the North Central and South Central Areas show reductions in 1968-77 that are
greater, however, than in 1941-50. The other, control areas have their | owest
sunshine values in 1941-50.

Sumer . I nspection of the area summer curves for 1921-77 in Figure 13
reveal s most stations had down trends in the sumer percent of possible
sunshi ne. The curves of the individual stations were analyzed for their
trends and a map based on their trends is shown in Figure 14. Again, the
central area had down trends, with essentially flat or up trends found to the
north and south. As shown in Table 5, the downward trends of 3 to 4% in the
North Central and South Central Areas were estimated as being 4% nore than
climatol ogi cal prediction suggested, reflecting potential man-made influences.

Fal Il . Downward trends in the percent of sunshine in the fall season are
noted in nost areas for the 1961-77 period (Fig. 13). Only the North Area has
no downward trend. Station trend values were used to develop Figure 15
showi ng the patterns of general trends in fall sunshine for 1921-77. Her e,
again we note the downward trend through the central area with flat trends to
the north and to the southwest. As shown in Table 5, the net effect of the
fall sunshine trends is to produce an estimated 6 to 7% decrease in sunshine
in the North and South Central Areas considered due to man-made influences.
The sunshine decrease in the last 17 years and in the period of jet air

traffic -suggests a contrail-related influence on sunshine in the fall.
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Figure 15. General trends in fall sunshine from 1911 to 1977.
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Tenperature Results

Much has been presented in the last 25 years about man's inpact on weat her
and climate. It has been clearly denonstrated that man has altered his urban
climate so as to significantly change the surface tenperature and nmost other
| ocal weather features (Changnon, 197°'3) . The fluctuations in gl obal
tenperatures over the last 90 years have been partially ascribed to man's
activities and principally to the release of pollutants to the atnosphere
(Mtchell, 1971) . The recent increase in nmoderated (less extrene)
tenperatures in parts of the M dwest may also reflect a climtic change that
appears to be partially attributable to various man-made conditions.

There are two commonly cited hypotheses for how man's pollutants may
affect surface tenperatures to produce either warm ng or cooling. First is a
belief that the particulates in the atnosphere absorb and reflect incomng
visible solar radiation leading to a reduction in solar energy received at the
earth's surface, thus resulting in cooling. However, M tchell (1971) has
shown that man-nade aerosols in the troposphere may serve to increase surface
tenperatures in certain areas, whereas aerosols in the stratosphere lead to
cool i ng. Secondly, direct thermal pollution and gases in the atmosphere, such
as CO2 which is opaque to |long-wave radiation (re-radiated fromthe earth),
can produce a "greenhouse" effect leading to an increase in surface
t enper at ures. Bryson (1972) «clained that both inadvertent cooling and
i nadvertent warm ng conditions have existed in the 20th Century helping to
produce initially about 1.0 C warming (1900-1945) and a subsequent 0.4 C

cooling since the 1940's.
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An interesting possibility relating to increased atnospheric pollutants,
both particul ate and gaseous, concerns their potential for noderating extrenmes
of temperature. If the incoming solar energy is reduced by particul ates
during the daytime, the period of maxi mum heating, then the maxi mum
temperature val ues would be reduced. If gases are sufficient to decrease the
anmount of outgoing radiation, particularly at night when m ninum tenperatures
normal |y occur, then an increase in tenperatures m ght be expected.

Certainly, other man-nmade factors such as increased cloudiness would have a
simlar "thernostatic" effect since clouds reflect solar radiation and also
decrease outgoing terrestrial radiation. In fact, some of the increased
cloudiness, at least in recent years, has apparently resulted a) from
contrails produced by high altitude jet aircraft, which have been estimated to
have increased high-level cirrus clouds by 5 to 10% (Bryson et al., 1970), and
b) from the added man- made particul ates which have furnished more cloud
condensation nuclei and ice nuclei to aid low and m ddle |evel cloud

devel opment .

These possibilities for man-induced nmoderation of tenperatures were
investigated by use of 70-year sets of records from several relatively
undi sturbed weather stations from small m dwestern towns. Since contrail
influences are believed to produce only subtle tenperature changes, stations
were selected that had long undisturbed records and were w thout any major

urban influences on them Several of the stations selected were identified by

the National Weather Service as national bench-mark stations, i.e., high
quality stations. Ot her stations were carefully selected for analysis by
knowl edge of their quality and lack of station relocations. These formN-S

and E-W lines across the study region, and their |ocations are shown in Figure

16.
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Mont hs having both 1) bel ow-normal average maxi mumnonthly tenperatures,
and 2) above-normal average m nimumnonthly tenperatures were selected to

indicate a period of reasonably prolonged nmoderation of tenperature. The

mont hly tenperature data for the 1901-1977 period were exanmned to identify
those nonths with noderated tenperatures.

The seasonal frequencies of these noderated months in 10-year periods are
di splayed in Table 6. They occurred nost frequently in sumrer (June-August)
and fall (Septenber-Novenber). The annual average, based on the 70-year
values in Table 6, ranges from 11 to 14 nonths of noderated tenperature per
decade about 10 percent of the time). If the departures of the maxi mum and
m ni mum t enperatures were independent events, the probability of a noderated
mont h woul d be 0.25, or they would occur 25 percent of the tine instead of 10

percent. Thus, the incidence of noderated tenperatures is not a common event.

Comparison of the decade totals in Figure 16, based on stations aligned
al ong north-south and west-east |ines, reveals that stations in the central
area exhibited sharp increases in months with nmoderated tenperatures during
19 61-70. Stations to the south and north did not. Stations along the
east-west |ine where contrail production is greatest (Fig. 2) all showed a
notable increase in nmoderated months in 1961-70, the period when jet aircraft
traffic significantly increased. Comparison of the tenperature frequency
curves in Figure 16 with those for cloudy days (Fig. 9) reveals general
agreement . Since the increased cloudiness in the 1961-77 period may |ikely be
a result of the contrail induced cirrus in the central area, it appears the
effect has at least partially caused a noderation of tenperatures.

Further study involved conparison of the Urbana tenperatures with the sky
cover conditions (frequencies of cloudy days) at Peoria. Peoria is |ocated

110 km (75 miles) northwest of Urbana and its cloud cover values should be
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Table 6. Seasonal frequency of nonths with noderated tenperatures
(mx < normal with mn > nornmal) in 1901-1970.

Average nunber of nonths per 10-years

Sp Su F Annual
Chatham M ch. * 4.0 3.1 3.1 2.9 13.1
Ur bana, 2.4 4.4 4.1 1.8 12.7
Brunswi ck, Mo.* 16 3.4 4.6 2.1 11.7
Lewi sburg, Tenn. * 2.6 5.3 4.1 2.4 14. 4
Di xon, 3.0 3.6 4.4 3.0 14.0
Aur or a, 1 11. 3.1 3.0 3.6 1.7 11. 4
La Har pe, 2.3 4.6 4.0 2.1 13.0
M . Vernon, 2.5 4.9 4.8 2.3 14. 2
New Bur nsi de, 2.5 4.4 2.3 12. 2
3.0
W namac, | nd.
(1910-70) 2.4 4.5 2.2 14. 2
51
Watertown, W s. 1.6 3.8 3.7 15 10. 6

*Bench-mark Stations.
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representative of those at Urbana. Conparison of the cloud conditions and the
moder ated tenperature frequencies for 1901-73 (Fig. 17) reveals that the
increase in noderated tenperatures at Urbana is partially related to a

changi ng frequency in cloudy sky conditions. The correlation coefficient of
the two sets of annual values is +0.1 indicating that the cloudiness explains
about 25 percent of the variance in the 75-year record of frequency of

moder ated tenperatures. However, of inportance is the fact that the highest
val ues of both conditions occurred together and in the last few years (Fig.
17). The spectacular increase in cloudiness since the 1940's is a matter of

consi derable interest.

Exam nati on of whether the noderated tenperature increases at Urbana
relate to particulate and gaseous pollutants (and not clouds) was limted to
use of the only long-term records potentially indicative of such pollutants,
the frequency of days with haze and snmoke at Peori a. These are only a gross
measure of the visible pollutants but were exanm ned realizing they may be an
index representative of regional pollution influencing Urbana. The snoke-haze
curve in Figure 17 shows an increase in the visible atnospheric pollutants
during the 1930's, and then again in nmore recent years. The correlation
bet ween the annual values of smoke-haze days and the frequency of noderated
t enperature nonths was 0.32. Al t hough the Peoria snoke-haze frequencies are
only an index of pollution, and may not represent conditions at Urbana, a weak
rel ationship does exist between their frequencies, suggesting that man-made
pol lutants may have caused some of the recent doubling of nonths with

moder ated tenpertures at Urbana.

The peak of snoke-haze conditions in the 1931-40 period (Fig. 17) is not
entirely relatable to atnospheric pollutants from conbustion, particularly

since industrial activity in that period was considerably less than in
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subsequent decades. However, the 1931-1940 period had record droughts in
Illinois and the central United States. These droughts resulted in enornous
dust stornms creating |large volunmes of dust particles in the atmosphere which
al so cloud serve to reflect incomng solar energy and possibly to inhibit

| ong-wave radiation. A means of further investigating this dust explanation
for more noderated tenperatures in both the 1930's and 1960's is to |ook at
dust "indicator" data for Peoria (dust storns are defined on a daily basis
when dust limted visibility during the day to 12 mle or |ess) . The nunber
of dust stormper decade since 1905 were O in 1911-20, O in 1921-1930, 25 in
1931-40, 7 in 1941-1950, O in 1951-1960, and 1 in 1961-1970. The singul ar
peak in dust storms activity in the 1930's may help explain the peaks during
that period in the frequency of noderated tenmpertures (Fig. 17), and in the

snoke and haze days, since haze is closely related to dustiness.

The added cl oudi ness and the increase in visible pollutants, both

partially man- made, together explain sone 45 percent of the fluctuations in

the nmoderated tenperature frequencies since 1900. However, these two factors
both relate well to the recent (post 1960) large increase in noderated
t emper at ures. This suggests that recent mad- made activities have been

reducing tenperature extremes, but it is not clear exactly howmuch of the
noted recent change is due to man-nade conditions as opposed to natural
climatic variation.

A plot of seasonal decadal values of moderated tenperature months for

three central area stations (Fig. 18) reveals that the total (annual) increase

with time, apparent in Figure 16, is largely due to recent increased
frequencies in the sumer and fall seasons. Little change with tine is noted
during spring with a decrease at sone stations in the 1961-1970 decade. The

wi nter frequencies are uniformly lowwith an increase in the l|ast 10-year
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period at 2 stations. Seasonal frequencies for. cloudy skies in the Peoria
area showed increases since the 1940's, but the greatest seasonal increases
occurred in sumer and fall when the noderated tenperature increases were
found to be greatest. The simlarities in the seasonal frequencies between
the four stations located along a 1000 km east-west line (Fig. 18) help reveal
the regional nature of the temperature influence in the central area (Fig.

1) . The seasonal results further support the conclusion that recent increases
in cloudiness are largely responsible for the increase in nmoderated

t emper at ur es. Pol l utant-rel ated haze seems a less likely cause.

Precipitation Effects

This study did not have as an objective a search for contrail influences
on precipitation. However, the decided downward trends in frequency of clear
skies and increased cloudy skies, led to a conparison of precipitation with
clear sky frequencies at two Illinois stations. The 10-year val ues of

precipitation and the frequencies of clear days were derived for Peoria and
Springfield, for 1901-1970, as well as the 7-year value (for 1971-77) . This
series of eight independent values at each station are plotted on Figure 19.
This scattergram indicates a weak relationship between the frequency of clear
days and annual precipitation and the correlation coefficient is -0.45. As
expected, |less precipitation occurs when more clear days occur. This finding
suggests that the decrease in clear days found at these stations and el sewhere
in the central areas of the M dwest since 1960, is related to a period of

greater precipitation, and may reflect part of the cause of more precipitation.
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Concl usi ons

The sky cover frequencies and sunshine values indicate sizeable changes
during the 1901-77 peri od. These occur in most m dwestern areas and in nost
seasons. Basically, the frequency of clear days and the percent of possible
sunshi ne have decreased substantially since 1930, although the sunshine has
decreased less than the clear day conditions. Conversely, the cloudy day
frequenci es have increased but at a greater rate than the clear day
frequenci es. The partly cloudy frequencies have decreased slightly in the
central areas in sumer and fall.

The biggest shifts in sky cover and sunshine occurred across the North
Central and South Central Areas. These al so happened to occur in the periods
of jet air traffic and the greatest urban-industrial devel opnent. The biggest
shifts in sky cover and sunshine also occurred in the fall and sunmer seasons,
when conditions normally are |east cloudy. The sunshine changes are totally
restricted to the central area and strongly point to regional man-made (not
natural) influences. The sunshine decrease from 1920 to 1977 was 4 and 7% in
sumrer and fall, respectively. Cl oudy days revealed an anomal ous shift from
1910 to 1977 with areal increases varying from 11l to 27% in the sumer, and
from9 to 26% in the fall. Cl ear days and partly cloudy days exhibited |esser
shifts, decreases of 10 to 20% in summer and fall.

Recent upward trends in cloudiness (and decreases in sunshine) have been
particularly notable in fall and summer and within the M dwest's central
section (across the northern half of M ssouri, Illinois, and Indiana, and the
sout hern hal ves of lowa, Wsconsin, and lower M chigan) were jet air traffic
is greatest and al so where urban-industrial devel opment has been greatest in

the M dwest .
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It was hypothesized initially that the causes of marked shifts in
m dwestern cl oudi ness and sunshine could be attributed to any one of three
factors. The first of these was natural causes, i.e., short or long term
climatic changes on areal scales much larger than that in the study region.
The second cause could be attributed to errors in observation or in the
sunshine instrunmentation. The third possible cause of trends includes
i nadvertent, man-made influences which could be subdivided into a
pol lutant-rel ated decreases in visiblity, and radiation, pollutant-related
influences on clouds, and a jet contrail influence on clouds.

The results collectively suggest that all of these causative factors were
operative in the study region. For exanple, long-termtrends were found in
the frequency of cloudy days in all four areas. This suggests a natural
|l arge-scale shift in the climte, probably extending over large portions of
North Anerica during the 1901-77 period. However, such long-termtrends were
not found in the sunshine frequencies. Secondly, within the long-term trends
in the sky cover conditions are two maj or anomalies, one of which is found in
the sunshine data of certain areas and seasons.

A maj or anomaly noted was a sharp shift to more cloudiness during
1941-50. This occurred at a tinme when there was great urban-industrial
expansion in the M dwest, and also when nost observation stations were
relocated fromcity sites to airport sites. Such a move to nore rural sites
should have inproved sky visibility but occurred at a time when production of

pollutants (as reflected in haze-smoke days) was rapidly increasing across the

region.. For this and other reasons, the error-related explanation for the
trends was discarded. Since the 1941-50 anomaely was nost pronounced in the
more heavily popul ated urban industrial parts of the M dwest, it appears that

this shift may be due largely to the effects of man-made pollutants acting to
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decrease visibility of clouds, to decrease incomng sunshine, and to assist in
the formation of clouds. The marked increase in frequency of days with haze
and smoke in the 1935-1950 period agreed very well with the shifts in sky
cover, but not in sunshine. Thus, some of the change at this time was due to
pollutants effect on visibility and possibly on low clouds (and not on high

cl ouds) .

The other notable anomaly found in the general long-termtrends in sky
cover and sunshine occurred principally in the central section. It was a
decrease in clear skies and sunshine beginning about 1960, and reaching the
| owest val ues since 1900 in the late 1970's. I mportantly and conversely, in
other areas to the north and south of the central M dwest, the clear day
frequenci es have increased since they achieved quite |low values in the
1940' s. This anomaly of the last 15 to 20 years also has occurred |argely
only in the fall and sumer seasons, normally the seasons of clearer skies.
There is nmuch indirect evidence pointing towards contrail-related influences
in this anomal ous period and area. If true, the contrail influence has
represented a 5-10% change in the sunshine, clear day, and cloudy day
frequenci es. Influence on sunshine is less than on cloudy conditions
presumably because on many days with contrail cirrus the sunshine still

penetrates and is recorded.

The three primary findings of this study are as follows. There has been
1) a long-termtrend toward nore cloudi ness over the 1901-77 period (not as
evident in sunshine), 2) a sharp increase in cloudiness during 1941-50, and 3)
a second anomal ous increase in cloudiness (and decrease in sunshine) in the
central sections of the Mdwest from 1961 to the end of the study period

(1977). The first of these three findings is believed to be a part of a
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general climatic trend with the last two apparently related to inadvertent
man- made influences (pollutants beginning in 1940 and now contrails in more
recent years) .

The influence of these trends 1is reflected in surface tenperature
extremes (less extreme mnimum and maxi mum nont hly averages) which have
generally increased with time. At weat her stations in the central area of the
M dwest, increases in noderated tenperatures occurred in the 1940's with the
anomal ous increase in cloudy conditions believed to be related to the massive
rel ease of pollutants that began at that time. Finally, noderated
t enperatures occurrences have shown a sudden upswing in the same area since
1960, which relates well with the decreased sunshine and increased cl oudiness
noted in this period. In addition, the increased frequency of moderated
tenperatures since 1960 has occurred largely in the fall and summer, the sane
seasons when the cloud cover increases were noted. The results are internally

very consistent.

These results alone, particularly those relating to the increased
cl oudi ness since 1960, cannot be considered proof of a jet contrail
i nfluence. However, this anomal ous change is regionally restricted to that
area of the M dwest where jet traffic is the greatest, but this may still
represent only a natural regional scale fluctuation of sky conditions. Ot her
results of this project presented in later chapters help define the potenti al
of contrail influences on a) cloudiness, b) sunshine received, and c) surface

tenperatures during this apparent anomal ous period that began around 1960.
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CHAPTER TWO

CLOUD TYPE CLI MATOLOGY OVER THE RESEARCH AREA

I ntroduction

The observational data available for the first order stations shown in
Figure 20 were used to study the trend of cloud types during the 26-year
period 1951-1976. The frequency of types were categorized by standard
definition into the sinple categories of low, mddle, and high clouds
according to standard observational definitions. The 3-hour observation tines
t hroughout the 24-hour day were used to obtain frequencies for the classes of
cl ouds invol ved. A fourth class, the frequency of clear sky observations is
also included since it may be a sensitive parameter for the determ nation of

long-term trends in cloudiness.

The stations used for this limted study included Duluth, M nnesota; Sault

Ste. Marie, Mchigan; Madi son, W sconsin; Des Moi nes, |lowa; Chicago, Illinois;
Peoria, Illinois; Springfield, Illinois; St. Louis, Mssouri; Ft. Wayne
I ndi ana; and Evansville, |ndiana. These provided sufficient density to

examine a north-south variation in cloudiness extending from Lake Superior to
the OChio River and a simlar east-west transect fromDes Mines to Ft. Wayne.
In referring to Figure 2, the stations extend across a high density traffic
area, i.e., an area of high potential contrail formation. The observed
traffic density suggests the use of Duluth and Sault Ste. Marie as controls
agai nst which the trends of cloudiness at the central M dwestern stations can
be conpared.

In this chapter the tenporal trend of individual cloud types will be
exam ned culmnating in two stratifications of high cloudiness in an attenpt

to identify an indicator of contrail activity. The paraneter used is the



-60-

[
Des Moinesx

.
Madison
Chicag]\
of_<

.
Green Bay

Moiine

. -
Peoria

L ]
Springfield

L
Ft. Wayne

Figure 20.
used

The Midwest area of study with the first-order weather
in the cloud-type frequency analysis.

stations



-61-

slope of the trend line generated by the data over the 26-year period although
further detailed analyses m ght suggest that shorter interval trend lines may

illumnate certain features not readily apparent from the entire period.

Low Cunul us Cloud Frequency Trend

An exanple of the trend of |ow cunulus cloud frequency at Peoria, |Illinois
is shown in Figure 21. The correlation coefficient for the trend |ine was
0. 63. The trend line intercepts the year 1951 at a frequency of 350 and
extends upward to 400 at the end of 1976. These end point nunbers are an
i ndication of the general climatic variation of cloudiness over the broad area
enconpassed by this study and are shown for each of the stations in Table 7.
The slope of low and m ddle clouds should represent the climatic trend, i.e.,
a control, not influenced by jet contrails. The |owest frequency in 1951 was
observed at Sault Ste. Marie with a value of about 189 with the highest value
of 432 at Springfield, [1Illinois. Three stations showed negative slopes, that
is, decreasing cloudiness, and all others showed increases of |ow cunul us
cl ouds over the 26-year interval.

The geographic variability of the trend line slope is shown in Figure 22.
The pattern reveals the negative slopes for the trend of cloudiness at

Springfield, Des Moines, and Duluth with high positive slopes eastward over

nmost of Illinois, Indiana, and northern M chigan. The greater positive slopes
are evident fromDes Mines southeastward and from St. Louis northeastward
mer gi ng over central |ndiana.

The significance of the study of the |ow cloudiness trend is to
qualitatively assess the potential effect on the observational quality of the

high level clouds, including contrails. The high positive slopes of the |ow
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curmul us category suggests that upper level clouds may be difficult to record
due to intervening clouds over north-central and south-central Illinois, and

central |Indiana.

Low Stratus Coud Frequency Trend

The |low stratus category of clouds showed even a greater tendency than |ow
cumul us toward increased frequency over the past 26 years. The | argest change
was evidenced at Sault Ste. Marie where the slope of the linear trend line
through the 26-year data set was 21.6. However, all stations reported
positive slopes with the exception of Duluth showing a small negative change
in cloudiness with a slope of -0.69. The spatial variability of the |ow
stratus category trend lines slope is shown in Figure 23.

A comparison of the trend plots for all the stations reveals that between

the period 1958 and 1962 there was a relatively high increase in frequency of

| ow stratus clouds at the nore southern stations, i.e., in Illinois, M ssouri,
and | ndi ana. This period of relatively high frequency of Ilow stratus clouds
was followed by a period of values below the trend line for the years 1962

t hrough 1968 at the same stations. However, the northern stations in

M nnesota, W sconsin, and M chigan showed opposite characteristics with
frequency values below the trend line in the 1958-1962 period followed by a
recovery to values exceeding the trend line during the later period. These
variations are certainly a reflection of macroscale synoptic weather patterns

whi ch could domi nate these two classifications of |ow clouds.

M ddl e C oud Frequency Trend

The trend line for mddle clouds at 10 out of 12 stations showed a

decreasi ng frequency of occurrence. As shown in Table 7, this cloud
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stratification is anomal ous anbng those used in this study. The obscuration
of m ddl e-level clouds by low clouds m ght explain an apparent decrease, and,
thus, predict a simlar decrease in high cloud frequencies. If the downward
trend, however, was due to macroscale conditions of the m ddl e atnosphere,
then the high cloud observations may still be representative of a true
frequency change. As will be shown later, the high cloud stratification

i ndicates an upward trend at nearly all stations suggesting the latter

expl anation is feasible.

The greatest decrease was observed at Duluth (Fig. 24) with a nearly equal
trend at Evansville (Fig. 26) during this 26-year record. However, it should
be noted that while the decrease is nearly the same at these two stations, the
1976 end point of the trend at Duluth nearly coincides with the 1951 initi al
point of the Evansville trend. This illustrates that there may be
consi derably more m ddl e cloudiness in the northern latitudes (represented by
Duluth), i.e., a climatological feature of M dwest cloudiness during 1951-1976.

For the most part through the Illinois-Indiana area, the trend of, or the
difference between the 1951 and 1976 m ddle cloud frequencies is somewhat
m xed and ill-defined. The data shown in Figure 27 represent the sinple
di fference between the 1951 and 1976 frequency val ues. As shown in Figure 27,
the greatest decrease of mddle clouds largely occurred at the western edge of
the study area. Smal | er changes of cloud frequency occur in approximtely the
sane area as maxinmumtrend line slope of low cumulus shown in Figure 22.

Val ues over the two-state area ranged from-157 (Springfield) to +64 (Mline)
which along with Sault Ste. Marie, showed an increase of m ddle cloudiness
(Fig. 24). One mght suspect that Sault Ste. Marie may suffer fromthe

effects of Lake Superior to the west, but on the other hand the absolute value
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The 26-year change in middle clouds obtained from the difference
between the 1951 and 1976 frequencies.
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of the frequencies are somewhat |ower than at Duluth at the western most tip
of Lake Superior. Thus, the Lake does not appear to be responsible for the
increase at Sault Ste. Marie.

The spatial pattern of the trend Iine slope is shown in Figure 28. As
evident from study of Figures 24-27 the pattern is not very coherent. The
dom nating negative slope values are interrupted only by the slight positive
values at Sault Ste. Marie and Mdline giving the appearance of a northwest-
sout heast oriented pattern of alternating positive and negative trend |ines.
The m ddl e cl oudiness is obviously somewhat paradoxical and actually raises
several questions since these clouds are strongly controlled by cyclonic
systens traversing the upper m ddl e west. It is inportant to recognize that
the frequency of middle cloudiness is an inportant feature to be reckoned with

in attenpting to discern the occurrence of high clouds.

Hi gh Cloud Frequency Trend

The high clouds, including all forms of cirrus clouds, show a positive
trend during the 26-year record at all stations. Wth the exception of Sault
Ste. Marie, the relative increase shown by Table 7 is greatest over the area
of north-central Illinois through Indiana. This tendency agrees quite well
with the assessment of air travel shown in Figure 2. It is interesting to
note that at Moline where an increase of mddle cloudiness was observed there
was a very strong increase of high clouds as indicated by the trend analysis.
The sane feature is true of Sault Ste. Marie although the greatest increase
observed in high cloud frequency was at Ft. Wayne where the m ddle clouds

showed little change.

As seen in Figures 29-31, the high clouds increased rapidly at nearly all

stations during the first half of the decade of the 50's. Little increase
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occurred at Evansville during this period, with only noderate increases at

M dway, Ft. Wayne, Green Bay and Sault Ste Mari e. Following this rise in the
50's, the trend in high cloud frequency can be viewed as nearly zero (wth
fluctuations) for approximately the latter 20 years. This feature may be
related to the drought period of the early 50's and the stabilization of the
trend thereafter, may reflect a recovery to a nore normal synoptic scale
circul ation.

Again we note that Duluth (Fig. 29) experiences greater high cloud
occurrences than Sault Ste. WMarie sonme 700 kilometers to the east. In fact,
in 1951 Sault Ste. Marie had the least high cloud frequency of any of the
stations and the only station with fewer high clouds in 1976 was Green Bay.

The spatial pattern of the trend line slope is shown in Figure 32. The
most striking feature in this pattern is the swath of |arge slope val ues over
northern Illinois extending into I|ndiana. A conparison between Figures 28 and
32 reveals, however, that the m ddle clouds apparently do not significantly
affect the high cloud frequencies. The region from Dul uth southeast across
Green Bay showed a large negative slope for m ddle clouds, but weak positive
sl ope for high clouds. Most interesting, though, is the area fromMdline to
Ft. Wayne with increased m ddl e cloud frequency and yet is the same area of a
maxi mum increase in high clouds. A suitable explanation for this phenonenon
awai ts further study.

Assum ng that Sault Ste. Marie reflects the natural high cloud climatol ogy
including large scale changes and excluding inadvertent changes due to
aircraft, the differences between the 1951 values at Sault Ste. Marie and
other stations show that there is a distinct westward increase of high cloud
frequency as seen in Figure 33. This may again 'be the reflection of the

drought over the Great Plains in this time frane allowing for more frequent
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observations of high clouds. Perform ng the same sinple calculation for the
1976 high clouds, the pattern changed significantly fromthat in Figure 33, as
shown in Figure 34, exhibiting arelatively greater frequency of high clouds
over the high frequency jet flyway. This strongly suggests the potential
influence of high altitude commercial jet aircraft on cirrus clouds, but

consi derable detailed analysis is required to exclude |arge scale

climatol ogi cal changes over the 26-year period.

Anot her indication of the spatial pattern of the frequency trend was
obtained fromthe differences between the 1976 and 1951 values at each station
shown in Figure 35. A conparison between Figure 2 and Figure 35 shows
excel l ent agreement between the relatively greater increases of high clouds
t hrough lowa, central Illinois, and Indiana and the high frequency of

comrercial jet aircraft traffic.

High Coud Frequency Trend Wth ~ 0.4 Mddle and Low Cl ouds

To increase the probability of observing contrail cirrus from conventional
data the observations were stratified to exclude those observations with” 0.4
curmul ative |low and mi ddle clouds. Obvi ously, the overall frequency of events
is decreased by this procedure as can be noted in Table 7. For exanpl e at
Moline in 1951 the high cloud frequency was 712 and during the sane year this
was reduced to 566 when the low and m ddle clouds with ~ 0.4 coverage of the
hem sphere were excluded.

It is noteworthy that although the trend slopes are less steep after
stratification, they are nonetheless all still positive, Ilending greater
credibility to a conclusion of increasing cirriformcloud cover with tine
(Figs. 36-38) . The greatest change in this classification of high clouds was

observed at Ft. Wayne (Fig. 38) with the |east change at St. Louis (Fig. 38)
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The yearly data reflect simlar features to those observed in the annual
hi gh cl ouds without consideration of the amunt of |ow and mi ddle clouds.
There was a rapid increase in high clouds in the 1950's at Duluth (Fig. 36),
Des Moines (Fig. 37), Mdline (Fig. 37), Springfield (Fig. 36), Geen Bay (Fig.
36), Madison (Fig. 36), Mdway (Fig. 37), Ft. Wayne (Fig. 38) and Evansville
(Fig. 38) observations do not show this same signature.

The overall change in cloud frequency that each station experienced is

determined fromthe difference of the beginning and end points of the 26-year

trend line is shown in Figure 39. These data certainly suggest an increase
over the Illinois-Indiana area but also a conparable increase at Sault Ste.
Mari e. In contrast to the high cloud frequency (wthout regard to the

intervening low and m ddle cloud frequency), the spatial pattern is
substantially changed. The strong east-west gradient with larger frequency of
hi gh clouds to the west (Fig. 33) is no |longer apparent in Figure 39. Thi s
stratification of cloud frequency suggests |ow values over M nnesota, northern
W sconsin, and southern Illinois with high values fromlowa southward.

Again assuming that Sault Ste. Marie (SSM is relatively uninfluenced by
contrail cirrus, the observational data were transformed to a difference from
that at SSMto determ ne the climatol ogical pattern for 1951 (Fig. 40) and
1976 (Fig. 41). As discussed previously there is a north-south alignment of
i sopleths of the relative cloud frequency with greater values to the west and
| esser values to the east (Fig. 40). This may be the reflection of the 1950's
drought on the Great Plains providing greater opportunity for cirrus
observations. Transfornmng the 1976 data also to differences from SSM the
pattern of relative increase of cirrus with fewer low clouds is very simlar
to that described previously. The maxi mum val ues occur along the major

flight-way for east-west commercial jet aircraft traffic. Equal Iy inportant,
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the reduced spatial gradient in 1976 along with an increase in high clouds at
SSM exhi bits the general spatial increase in cirrus with the maxinmm increase
|l ocated near the jet traffic maxi mum

An analysis of the spatial distribution of the slope values is shown in

Figure 42. There is little significant difference between this pattern and
that in Figure 32. The clearly greater increase of cirrus fromeastern |owa
across northern Illinois and Indiana with very little slope increase across
southern Illinois and Indiana is evident. An area of relative |ow frequency

is seen extending from Duluth southeastward across |ower M chigan.

The results fromthis stratification of the high cloud frequency data did
not increase or inprove our interpretation of the high cloud trend. In other
wor ds, the geographical pattern of the change in cloud frequency is not
particularly inmproved by excluding those occurrences of cirrus »~ 0.4 with |ow
and m ddl e observed cl ouds. The underlying assunption for using this
stratification was that fewer |[ow and m ddle clouds increase the |ikelihood
that contrail cirrus would be observed, and that the relative frequency of
hi gh cl ouds over the high frequency jet airways would be increased. However,
this does not seemto be the case since the spatial analysis is rather stable

for either of these high cloud stratifications.

Cl ear Sky Frequency Trend

The curmul ative result of the cloud frequency change indicated in the
foregoing sections is illustrated by exam nation of the trend of clear sky

observati ons.

The slope of the trend line is shown in Figure 43 illustrating that over
the area through northern Illinois eastward, a decided downward trend was
observed in the clear sky frequency. The only stations indicating a positive

trend were Dul uth, Des Moi nes, and Peori a.
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Depicting the 1951 intercept values of the trend line at each station
relative to the Sault Ste. Marie observation, the relative frequency of clear
skies over the Mdwest is shown in Figure 44. Interestingly, there were
relatively greater nunbers of clear days in 1951 through northern and southern
Illinois, with Peoria sonewhat of a negative anomaly. A simlar analysis for
1976 (Fig. 45) shows an increase fromthe northeast to the southwest in the
frequency of clear sky observations with the maxi mum number shown at
Evansvill e. Study of these two figures reveals an increase in the relative
clear sky frequency over W sconsin and M chi gan. The anomalies at Peoria and
Mol ine were no |longer evident in 1976 with a snoothly varying pattern
prevailing. The frequency of clear skies (relative to Sault Ste. Marie) was
little different over Indiana for the two years. In Figure 46 the 1951-1976
change in clear sky frequency is shown over the M dwest. The greatest

decrease in clear skies was observed at Chicago with a tendency for a decrease

over most of Illinois extending into |ndiana.
Summary
From the foregoing analysis of individual cloud categories, it is extrenmely

difficult to assign a conmponent of the observed frequency variability of cloud
observations to artificial cirrus produced by contrails. The proof of the
contribution fromconmercial air traffic to the cirrus cloudiness is inferred
from the relatively good pattern correlation between the frequency of aircraft
across the research area and the decided changes in high cloud frequency.

To establish a correlation between jet aircraft in the upper troposphere
and the increased occurrence of high clouds, detailed case studies including

direct observation of contrails by eye or photography are needed. A careful
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docunentation of control occurrence during a rather long period of tine (such
as 6 nonths or nore) over a large area (such as Illinois) wll permt

devel opment of a correlation between contrails and the commonly observed cloud
types at first-order stations.

This study within the overall project has raised several questions which
will be addressed in future research. In a manner anal ogous to determ nation
of inadvertent effects of large cities on precipitation, the natural
occurrence of high clouds nust be determned to provide a baseline against
which to judge the inpact of artificial clouds. For exanple, without the
spatial density and long-termprecipitation records, the precipitation
i ncreases observed at many large cities would have been inpossible to detect.
Anal ogously, it is not possible to distinguish, with the current observati onal
network, the increased high cloud frequency due to jet travel wi thout a nore
dense network and longer termobservation. However, as newly acquired
measurenments helped to elucidate the urban effects on precipitation, case
studies of control formation will aid in interpretation of the available |ong-
term cloud observations.

It is interesting that study of the trend line slopes for clear and high
clouds shows that the consistent high, positive values of slope for high
clouds (indicating an increase of cirrus clouds) is in contrast to the highly
variabl e clear sky frequency trend line slope over the sane area. The high
cloud frequency trend over the study area is the most consistent of all cloud
types studied. While this is not proof, it certainly is suggestive that these
clouds are increasing at an anomalously high rate as conpared to other cloud
types and to the clear sky observations. Consi deration of this result with
the long-termcloud data and sunshine records, certainly supports the

hypot hesis of a non-natural influence on high cloud frequency.
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CHAPTER THREE

CONTRAI L RELATI ONSHPS LEARNED FROM USAF COVBAR DATA

Frequency of Jet Traffic During the Study Period and Study Area

Since the history of contrail frequency is essentially the history of jet
aircraft, observations of jet traffic within the area of interest are crucial
to the present study. The Federal Aviation Authority (FAY furnished the data
shown in Figure 47 which represents the total number of operations from 1957
thru 1978 for the FAA Aurora Center, which controls the air space over the
Upper M dwest. The three tabulations on Figure 47 are very sinmlar showing a
constant increase in operations from 1957 through about 1970, with a rather
constant nunber since that tinme to the present.

Figure 48 presents the total number of takeoffs and |andings at both
Lambert Field, St. Louis, and Mdway and O Hare Fields in Chicago. Agai n, the
total number operations at Chicago increased with a doubling rate of about
seven years from 1950 until the late 1960's, after which the rate of increase
was much | ess. Little, if any trend is noticable in the short St. Louis
record. The slowing of the growth rate in both Figures 47 and 48 beginning in
the late 1960's is a function of the introduction of w de-bodied jets.

Jet aircraft conprised the major conmponent of military aircraft, already
in mddle 1950's. Therefore, increases in jet aircraft and contrail
formati on, should be expected to begin about m ddle 1950's and continue to
grow until the late 1960's and remmin about constant to the present tine.

The spatial distribution of jet flights over the ten state area is only
partially known (see Figs. 2 and 49). Specific records of conmercial jet

flight tracks are not avail able. We found only one source of jet records
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Figure 49. Areal density of aircraft COVBAR reports, 1957-1969
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whi ch included the date of flight, latitude, longitude, and altitude. The one
source was the U.S. Air Force Conbat Meteorol ogical Aircraft Report (COMBAR),
record, and therefore represents only mlitary traffic across the area of
interest from 1957 through 1969. Figure 49 shows the total nunber of aircraft
at each 1 latitude-longitude intersection fromthe total period of study.
The general paucity of data near the periphery of the figure is due to
instructions given to the data collectors, i.e., data were only to be copied
fromobservations between 35 and 48 N latitude and between 82 and

96 W ongitude. When Figure 49 is scanned, there is a great perponderence
of observations fromthe Tulsa area to southeastern Nebraska, thence one
branch to M nneapolis and Upper M chigan and another to central Indiana and
sout hern Ohi o. The greatest totals for any one degree |atitude-Ilongitude
intersection are located in northwestern M ssouri and south-western |owa,
undoubtly due to the concentration of several Air Force bases in southeastern
Nebraska and northeastern Kansas. The local high density values east of St.
Louis and in central |Indiana and Ohio apparently reflect the |ocation of other
bases. The spatial distribution of observations with persistent contrails,
non-persistent contrails and no contrails (not shown here), are essentially
the same as that displayed in Figure 49. Though these data reflect mlitary
flights from 1957 through 1969, it is noteworthy that this density
distribution closely resenbles that for commerical jet flights for 1979 (see

Fig. 2).

Observation of Contrails made Prior to the Present Study

Published information on the frequency of occurrence and the conditions

necessary for contrail formation are very few in nunber. The information
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which follows is fromtwo primary sources: Appleman (1953), and Beckwith
(1972) updated to include data from 1976. The forner is a review of Air Force
contrail experiences fromdata gathered over several years, the latter is a
col lection of personal observations gathered over thirteen years while
associated with a commercial airline.

Contrail formation appears to be essentially limted to flights within the
troposphere. Since comercial airliners constitute the majority of jet
traffic, and since they typically fly several thousand feet higher today as
opposed to a decade ago (to conserve fuel and because they have nore powerful
engi nes), one mght expect contrail formation to be less frequent today than
10 years ago, all other things being constant. In addition to the above
potential trend, there is a potential annual fluctuation in contrail formation
due to the fact that the height of the tropopause is typically |located at
about 15 kmduring sunmmer, and decreases to a mean height of about 10 to 11 km
in winter. Jet aircraft, flying at altitudes between 11 and 12 kil ometers,
fly essentially within the stratosphere from about December to April,
therefore, contrail formation should be expected to be reduced during the
col der half-year (Beckwith, 1972).

The following is a summary of Beckwith's personal flight log from 395
inflight observations made during about 179,000 nautical miles of flight
bet ween 1964 and 1976. The average flight altitude of the observations was
33,000 feet, although observations were nmade between 29,000 and 41,000 feet.
He classified his observations into one of three catagories (1) no contrails,
i.e., no visible plume behind the aircraft or a visible contrail extending
less than 6 to 10 wi ng-spans behind the aircraft; (2 non-persistent
contrails, i.e., contrails extending more than 6 to 10 wi ng-spans behind the

aircraft with up to 5 m nutes persistence; and (3) persistent contrails, i.e. |,
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contrails persisting for nore than 5 m nutes behind the aircraft. (The
authors are unaware of any wi dely accepted definition of "persistent"
contrails, either in terns of time of persistence or spatial extent. Hence,
the above defintion pertains only to this section.)

Using these criteria the following results were found. Thirty-seven
percent of all observations exhibited no contrail formation, 38% of all
observations experienced non-persistent contrails, and 25% of all observations
experienced persistent contrails. Beckwi th drew sone tentative conclusions
fromhis set of data which are applicable to our present study. He found that
continuous formation of contrails for distances over about 500 mles is very
infrequent. He al so suggested that persistent contrails tend to formin or
near natural cirrus clouds, or in advance of cirrus clouds associated with

frontal activity. This topic is addressed further.

Data Sources Available to Docunment Contrail Location and Persistence

Contrails persist for differing lengths of time, not only fromone day
conpared to another, but also fromone part of the sky to another, or from one
altitude to another on the sanme day. Quantified observations of the l|ength of
time that contrails persist, or of growth or contraction rates are extrenely
rare. Observations of these linear cirrus-like clouds may well shed light on
the dynam cs of the upper troposphere as well as humdity conditions, and may
infer changing surface reception of insolation due to the presence of
contrails.

An inventory of contrail observations could conceivably be conpleted from
one of several possible sources, e.g., (1) standard hourly weat her
observations, (20 satellite imagery, (3) surface photography and (4) aircraft

observati ons. Each of these will be discussed in order below.
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Contrail Data from Surface Meteorol ogical Observations

Al t hough the occurrence of contrails is occasionally mentioned in the
"remar ks" colum of a standard meteorol ogical observation form this source
cannot provide an adequate record fromwhich a systematic, synoptic study of
contrail occurrence could be made. For example, in the mddle 1950's, when
jet aircraft were new but relatively few, and flights infrequent, an observer
woul d often record the presence of contrails as a "remark" on a standard
hourly observation. As time went on, however, and jet aircraft became nuch
more common, such notations becane fewer and fewer.

The above tendency precluded the use of standard meteorol ogical
observations in order to study the location and frequency of jet exhaust
contrails fromthe m d-1950's to the present. Instead, an alternative set of

observations were sought.

Contrail Data from Satellite |magery

We investigated the possibility of using satellite imagery for studying
contrail frequency over the area of interest. We studied inmages from GOES,
LANDSAT, and DMSP satellites. The DMSP imagery showed the greatest
resolution, but the interval between inages was on the order of days, which
precluded any possibility of studying contrail growh rates or |ocation of
contrail on a scale of hours. LANDSAT i magery has sufficient resolution, but
again the interval between successive pictures of the same region is about
ei ght een days (nine days when two LANDSAT satellites were functional), again
too long to permt growth studies and only a crude attenpt at conpleting a
contrail inventory with time. The imagery from the GOES satellite is

avail able for every thirty mnutes on a regular basis; however,the satellite
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is located over the equator, and our study area is very close to the inmage
limb and, therefore, distances and locations are very difficult to specify in

that region at the necessary resolution.

Contrail Observations from Surface Photography

The only source of picture images available to us to study the frequency,
size characteristics, and growh rates of contrails is the record of an
all -sky canera located on the roof of the Illinois State Water Survey buil ding
in Urbana. This camera has been in operation since early 1976 with only
relatively few outages (due primarily to frost and very |ow tenperatures, the
former obscuring the reflective surface of the mirror and the latter slow ng
or stopping camera action). A portion of a silvered sphere, with a diameter
of about one meter, is mounted on the roof, with a 16 nmm canmera mounted
directly above. The camera is initiated by an intervolometer which exposes
one photograph every five m nutes. Each frame records the date as well as a

cl ock i mage.

The 100 foot-long rolls of 16 mm filmwere scanned for the existence of
aircraft condensation trails. About 3% of all the days of the 3 1/2 year-Ilong
record indicated the presence of contrails. This may appear to be anonal ously
few in light of other conclusions; however, the percent of the sky useable
froman all-sky canera image is limted by the severe distortion at elevation
angl es less than about 45 (due to the configuration of the silvered

hem sphere and lens di stance). The "useable" area at 30,000 ft altitude above

2
the canmera is only about 115 mi , representing only a small percent of the

whol e sky visible by eye. In addition, contrail intensity and color seemto
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be enhanced with a low sun, the condition under which the all-sky camera is
| east effective. These two conditions may explain why contrails were only
infrequently observed on the film record.

It is interesting to note that Detwiler (1980), when seeking contrail
evi dence on LANDSAT images, identified contrails on 355 of the ca. 13,500
imges that were studied, a frequency of about 2.6%

In order to obtain gromth rates of the contrails, two observations were
made from each frame for each contrail being studied: First, the altitude
angle fromthe horizon to the |owest portion of the contrail, and second, the
altitude angle from the horizon to the uppermost part of the contrail, to
yield the contrail width in degrees. Observations were made on only
relatively persistent contrails, i.e., those which persisted for several
five-m nute intervals and thus were recorded on several successive frames.

The characteristics of 56 contrails were measured using this technqgiue, 25 of
whi ch were expanding and 31 of which were dissipating.

Growth rates of the contrails were obtained by converting the wi dth of the
contrail in degrees into a linear measure. Al t hough we had no record of
contrail height, we arbitrarily assumed all contrails to be l|ocated at 30,000
feet. Wth this assunmption, and trigonometry, the horizontal wi dth of each
contrail was calculated on each of the five-mnute interval photographs.

Since contrails often tended to persist for a few tens of m nutes, the
growmh rates represent the mean growth rate from several successive pictures.
The mean longevity of contrails was about 25 m nutes, and nmean rates of change
could therefore be averaged from six photos, although some were based on only
two, and sone on ten successive photographs. Of those contrails exhibiting
expansion, the average growth rate of all observations was 18 kmper hour with

a standard deviation of 36 km per hour. The mean rate of contraction however,
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was 35 kmper hour with a standard deviation of 65 km per hour. Wth the
relatively small nunber of cases, it is unknown whether the slower rate for
expansi on should be interpreted as being significantly different from those
showi ng contraction, although the contraction rates were about tw ce the

magni tude of the forner. It is also unknown whether "contraction" designates
areal contraction (a phenonenon not frequently observed) , or dissipation by
evaporation, or a loss of the inmage due to noving |ower on the hem sphere
(where greater distortion occurs). The magnitudes of the standard devi ations
suggest a relatively large difference in growh rates from one photograph to
that of five mnutes |ater. The relatively large standard deviations may also

point to the relatively crude method used to calculate the growth rates.

The di screpancy between the number of, and frequency of, contrails noted
by eye from the surface of the earth as opposed to the frequency observed by
either the all-sky canera or inspection of LANDSAT inages requires sone
di scussi on. Beckwi th (1972) found that persistent contrails were observed in
about 25% of the several hundred observations he made over several years from
commercial aircraft, and casual contrail observations made from the surface,
al so suggest a contrail frequency of between perhaps 10 and 30% Act ual
counts, however, of contrail days fromthe |ISWs all-sky canmera and several
t housands LANDSAT images reveal contrails only between 2 and 3% of all the
days observed. Al t hough the casual observations of contrails were not
conti nuous nor rigorous, the discrepancy between contrail frequency obtained
visually and that obtained by counting photograph images, is sufficiently
large to demand attention.

Assume for a moment that the contrails in question are at an altitude of
30,000 ft. If one were to scan the sky between the angles of 45 through

the zenith to 45 , the total distance between those two points at 30,000 ft



-110-

is only about 19 km (12 mi |l es), a distance traversed in about 1.2 m nutes by

jet aircraft. Simlarly, the distance between 30 from the horizon through
the zenith to 30 above the horizon is about 32 km (20 m les) , a two m nute
jet trip. Even if one traverses the distance between 10 fromthe horizon

through the zenith to 10 fromthe horizon, the distance at 30,000 ft is
about 104 km (65 mles) or a 6 12 mnute journey by jet aircraft.
Essentially, a jet aircraft or one point along a contrail would only
necessarily be seen in one frame of the all-sky camera since it exposes one
frame every 5 m nutes. However, if the contrails are persistent, existing for
at least 15 m nutes, and noving in the wind field at 30,000 ft at about 30
knots, they mi ght only appear on two consecutive frames of the all-sky

camer a. On the other hand, contrails persisting for longer than 30 m nutes,
but passing through only small portions of the airdrome, may not be seen in

even one franme of the all-sky cameral

W t hout knowing the number of trajectories of jet aircraft across the sky,
nor the exact altitude or the length of time that contrails persist, a
corrective factor cannot be applied to the observed canera or LANDSAT data in
order to obtain a nmore realistic estimate of the contrail frequency.

The LANDSAT system records a continuous series of images of the surface of
the earth under the satellite track, however, the same point on the earth is
only photographed once every 18 days. Since the vast majority of the earth
surface is not typically over-flown by jet aircraft, estimating contrail
frequency with the use of LANDSAT imagery from any and all areas of the earth
woul d seriously underestimate the frequency. On the other hand, if the
frequency were to be estimated using LANDSAT imagery from only areas
containing jet airways, then only 20 images per year would be avail able for

each location to be studied, again underestimating the total frequency.
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Contrail Observations from Inflight Observations

A non-pictorial source of information which proved to be very valuable for
this study was information taken from observations made by U.S. Air Force
pilots during the 1950's, 1960's and early 1970's. The Conbat Met eor ol ogi cal
Aircraft Report (COVMBAR) was required of all USAF bonmber crews, and was a
st andardi zed nethod to make hourly neteorol ogi cal observations, or at any
other time when either aircraft or environnental characteristics changed. The
paranmeters included on the formare position (latitude and | ongitude), date,
time, altitude, outside air tenperature, wnd direction and speed, occurrence
of turbulence, whether contrails were being fornmed (and whether they were
persi stent or non-persistent), and cloud occurrence above, at, and belowthe
level of the aircraft. These observations were routinely made by air crews,
and after arrival at their destination, the observtions were transmtted on
the meteorol ogical teletype network. Since crews were required to make these
observations hourly and at other locations along the flight plan, tens of
t housands of observations were made each year. Observations appear to have
been more nunerous during the 1950s than during 1970s, perhaps as the nunber
of flights declined. The teletype data are not archived to our know edge, nor
were the data from the COVMBAR forns put on punch cards or magnetic tape.
However, the fornms thenselves were archived in the Federal Records Center (FRO
at East Point, GA, which contains tens of thousands of COVBAR observations.
The COMBAR observations stored at the FRC presumably include all those
subnmitted to USAF weather stations within the United States. We shoul d again
note that the thousands of observations are not uniformy dispersed over the
u. S. Rat her, they frequent airspace around USAF bases, and seemto favor

specific routes (see Fig. 49).
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bservations were extracted and punched on conputer cards. Observations
within the area of interest were copied, i.e., 34 to 48 N latitude
(roughly Little Rock to International Falls) and 83 to 96° Wl ongitude
(roughly Detroit to Sioux City). About 16,000 observations were extracted,
about half of themwi th persistent contrails, the other half w thout contrail
activity (see Table 8) . Because of tine and cost constraints, not all COVBAR
data fromthe FRC could be copied. W therefore arbitrarily decided to about
equal Iy sanple observation with and wi thout contrails. Monthly observation
density from 1956 to 1969 is shown in Table 9.

The observations were nade between 1956 and 1969 and are by no nmeans
evenly spaced in tinme. The great nmajority of observations were from 1957,
1958, 1961, and 1962, with less than 450 observations taken during any other
year, and no observations from 1963 and 1964 (see Table 9) .

Qur record of contrail observations is a function of (1) the frequency and
the routes "preferred" by Air Force flying personnel during the several years
of record; (2 the location of Air Force bases; and (3) the efficiency of the
record saving system i.e. , the efficiency with which COMBAR forns eventual ly
reached the Federal Records Center. Because of the above conditions, our
record cannot be used to study frequent areas of contrail formation, only
areas of preferred formation given the flight routes. Simlarly, tenporal
changes in contrail frequency or associated atnospheric conditions cannot be

di scerned from these data.

Results from the COVBAR Study

Many of the atnospheric characteristics listed on the COVMAR form were
anal yzed according to the occurrence or non-occurrence of contrails. Sever al

of the results were largely expected and/or yielded little or no insight into
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Table 8. Nunber of COVBAR observations used in this study.

Year w  Contrails wo Contrails Tot al

1956 0 2 2
1957 2574 2071 4645
1958 1643 1129 2772
1959 5 32 37
1960 1 12 13
1961 2525 1916 4441
1962 1845 1417 3262
1963 0 0 0
1964 0 0 0
1965 263 182 445
1966 76 51 127
1967 3 21 24
1968 4 17 21
1969 1 2 3

8940 6852 i 5,792



1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969

Tot al :

Tabl e

12
677
835

80
57

1696

9.

22

627
210

80
36
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di stribution of COVBAR observations used in this study.
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215
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398
18
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394
312
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34
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239
242

650
20

1153

149
490

210
53

898

703
394

188
101

1394

754
761

91
109

10

1728
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592 602
192 756
230 314

79 121

10 12

1 1
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the study of contrail formation, e.g., the mean latitude and |ongitude of the
observations were found (as expected) to be about the m d- section of the area
of interest; the mean wind direction (both with and wi thout contrails through
all months of the year) was westerly; and the distribution of COVBAR
observations through the 24 hours of a mean day exhibited fewest observations
bet ween 0600 and 1200 Z, (0000 to 0600 CST) which only reflected the fact that
nmost flights were nmade during the day or early evening. The relatively high
concentration of Air Force bases in eastern Nebraska and Kansas was apparent

in Figure 49.

There were sone associations, however, which did yield useful
i nformation. About 72% of all observations with contrails reported persistent
as opposed to non-persistent characteristics. The above percent may be
somewhat uncertain since no generally accepted definition of persistence is
known to exist.

Evi dence from flights, both with and without contrails, shows that about
25% of all observations encountered turbulence of sonme magnitude (see Table
10) . There is no apparent annual fluctuation in the frequency of turbul ence
from those flights without contrails. Of those flights which did produce
contrails, turbulence is slightly more frequent than flights without contrails
Turbul ence is (slightly) more frequently encountered during the sunmer
hal f-year. The mean frequency of turbulence for flights without contrails was
25% that for flights with contrails was 30% the winter half-year being about
25% and the summer hal f-year being about 35% The reason for higher frequency
of turbulence during the sumer half-year is probably a function of typical
cruising altitudes, e.g., nean altitudes during the sunmer were about 5000 ft.
hi gher than those during the winter. Hi gher altitudes during the summer place
the aircraft in the upper troposphere, near the tropopause and jet stream

with a higher probability of encountering turbul ence.



Table 10. Sunmarized information from COMBAR observati ons.
Nurber of observations given in parentheses.

O Z o n P o o r 2 T4

D
jsb}
>

G ouds Above Cl ouds At A oud Bel ow Mean Altitude Mean Tenperature
Tur bul ence Qbs Aircraft Level Aircraft Level Aircraft Level wo Contrail w Contrails wo Contrail w Contrails

%NO %Yes '\('JZ Yoe/: '\('JZ Yoe/: '\('JZ Yoe/f (100s of feet) °C) (°C)
22 (764) 23 (932 20 10 11 7 42 57 296 338 -39 -46
25 (461) 31 (519) 21 8 14 8 55 62 292 350 - 36 -50
25 (834) 27 (1016) 18 7 9 10 51 66 314 328 -41 -49
22 (601) 30 (794) 18 11 15 14 58 69 311 350 -41 -49
26 (462) 41 (633) 20 11 13 16 53 69 313 366 -36 -52
25 (494) 32 (517) 27 15 18 16 57 73 299 383 -33 -48
29 (568) 35 (589) 25 14 16 19 65 77 328 386 - 36 -49
26 (419) 36 (491) 20 11 11 14 59 79 329 389 -35 -50
22 (641) 30 (754) 18 9 11 13 62 79 326 377 - 36 -49
22 (800) 30 (928) 12 7 10 10 49 63 325 367 -43 -49
28 (518) 25 (586) 21 8 12 10 57 68 324 358 -41 -50
21 (799) 25 (1007) 15 9 8 10 ' 52 74 319 340 -42 -47
25 30 20 10 12 13 55 70 314 361 -38 -49

NOTE: "NO" indicates observations with no contrails. "YES' indicates observations with contrails.
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The number and density of contrails is undoubtedly greater than that

observed from the ground because clouds below the aircraft often obscure a

surface observation of the total sky. The COMVBAR observations support that
claim in that about 70% of flights observing contrails also observed natural
clouds below the flight level of the aircraft (see Table 10) . According to

these data, only about one-third of all contrails can be seen fromthe

gr ound. In contrast, aircraft not observing contrails did observe clouds
bel ow the aircraft flight |level 55% of the tine. There is an annual
fluctuation in the frequency of clouds below the aircraft, i.e., there tend to

be more clouds below the aircraft flight l|evel during sumrer than during the
wi nter, the values being about 78% during the summer, and about 60% during the

wi nt er.

Observations of the frequency of clouds at flight |evel show essentially
no difference between observations with or wi thout contrails. For both
contrail and non-contrail observations, about 13% of all observations included
clouds at the flight level with a slight increase in frequency during the
sunmer hal f-year. The average frequency of cloud encounters at flight
altitude may be |ess neaningful than other observations, since pilots may opt
for a different flight altitude if visibility is inpaired by existing cirrus

cl ouds.

Cl ouds above the aircraft flight |evel were observed in about 15% of all

cases. The mean frequency for flights without contrails was 20% whereas the
mean frequency for observations with contrails was only 10% Again, this is
undoubtedly related to the mean flight altitude of contrail vs no contrail
observations, i.e., 38,000 ft. for the forner and 31,000 ft. for the l|atter
(see Table 10). At these altitudes, an increase of just a few thousand feet
pl aces the aircraft in the upper extremes of the troposphere or even in the

| ower stratosphere.
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Cl ouds above aircraft flight level are typically a few percent nmore
frequent during the summer half-year in both contrail and non-contrail
situations. It is unknown why this is the case. The fact that observations
wi t hout contrails (see Table 10) have more frequent clouds above the aircraft
|l evel, is probably because observations wi thout contrails were nade from about
5000 ft below those with contrails.

A small sampling was made to estimate the frequency of contrails during
the various months of a year. About the first 300 observations for each month
of 1961, encountered in the assenblage of COMBAR cards at the Federal Records
Center were collected, and the nunber of contrail and no contrail observations
were counted. The results of that "grab" sanple are shown in Figure 50.
According to this linmted sample, contrails occur in about 26% of observations
fromall months, and were nore frequent in February, March and October than
the remainder of the months.

As nmentioned above, there was a significant difference between the mean

altitude of flights with and without contrails, the mean altitude of the

former being 36,100 ft. and the mean altitude of the latter 31,400 ft. I'n
both "with" and "without" contrail instances, mean altitudes in sumer are a
three to five thousand feet higher than mean winter altitudes. The annual

variation in flight altitude may nerely reflect the fact that pilots tend to
seek altitudes where aircraft attain higher efficiency in colder

t emper at ur es. The higher mean altitude for observations with contrails
supports the findings of Appleman (1953), who suggested that contrail
frequency was inversely related to tenmperature, and hence directly related to
al titude. The annual mean altitude for observations with non-persistent

contrails was about 1,400 ft below those with persistent contrails.
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Figure 50. Percent of COMBAR observations with contrails fromeach nonth of
a subsanpl e of 1961 data. Nunbers across top show nonthly sanple
size fromwhi ch percent was cal cul at ed.
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Again, as nentioned earlier, mnmean air tenperature at flight altitude was
about 11 C colder for observations with contrails than those without, the
fornmer being -49 C and the latter -38 C (see Table 10). This is clearly
related to the differences in mean altitude between observations with and
wi t hout contrails.

Simlar parameters were calculated for observations with persistent
contrails, and for non-persistent contrails. The results of these two
separate data sets were essentially the same as the data presented in the

above discussion (which included both persistent and non-persistent contrails).

Identification of Daily Contrail Areas

The several thousand COMBAR observations fromaircraft both with and
wi thout contrails gave us the opportunity to identify areas with contrails
from those without on any given day. On any one of the few thousand days with
COVBAR observations from 1956 to 1969 there were typically ten to twenty
COVBAR observations sonewhere within the area of the Upper M dwest, although
the actual number for any day varied from1l to at |east 100.

Daily maps showing the |ocation of COMBAR observations both with and with=
out contrails were plotted by conmputer for 1957, 1958, 1961, 1962 and 1965.
The plottings were limted to these years because of the relatively fewer data
avai l able for other years. About 500 days fromthose 5 years exhibited in
excess of about 20 observations for each day, sufficient to allow contrail
areas to be identified from those areas where contrails were not form ng.
These maps form the foundation of a contrail inventory for the Upper M dwest
from 1956 through 1969. The use of these maps will be discussed in the

section "Future Research."
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Spatial Relationship between Contrails and Synoptic Circul ation Features

Using the data supplied from the COVBAR records, relationships between
contrail areas and |arge-scale synoptic circulation features were assessed. A
total of 1,242 days were identified within the 13 years (4,745 days), with
contrails. This cannot be interpreted as a reasonable estinmate of the
tenporal frequency of contrails, since the COVMBAR frequency was primarily a
function of flight time and area during the years with observation.

To assess a relationship between the location of contrail areas and the
synoptic circulation features, twelve different surface synoptic circul ation
features were defined, and each of the contrail areas of the 1,242 days with
contrails were counted as being related to one of the 12 mmjor features. The
features of circulation which were used in the study include the features
mentioned in Table 11. If any of the first 8 features were within 400 km of
the contrail area, the contrail was associated with that feature. If the
contrail area was not within 400 km of any of the first 8 categories, then it
was arbitrarily assigned one of the last four features, i.e., north, east,
south, or west flow. About 21% of total contrail days were not categorized
with any of the 8 principal circulation features, but were categorized
according to the local direction of flow

Results of this study are found in Table 12. First, note that the percent
of cases associated with the circulation feature to the west of the contrail

area is essentially the sanme as the number of cases associated with the sane

circulation feature located to the east of the contrail area. Thi s
rel ationship holds for high pressure centers or ridges, |owpressure centers
or troughs, cold fronts and warm fronts. Therefore, fromthese data, it

appears that the proximty to a certain circulation feature is nmore inportant
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spatial association with contrail areas.

H gh pressure center or ridge to the west
H gh pressure center or ridge to the east
Low pressure center or trough to the west
Low pressure center or trough to the east
Cold front to the west of the area

Cold front to the east of the area

Warm front to the southwest of the area
Warm front to the northeast of the area
Contrail area in northerly flow

Contrail area in easterly flow

Contrail area in southerly flow

Contrail area in westerly flow

of

of

of

of

t he

t he

t he

t he

11. Features of the general circulation which were studied for

area

area

area

area



Table 12. Percent of cases when contrail area is within 20 nmof given circulation feature of the

Jan & Feb

July & Aug

Year

1200z surface weather map for the day in question.

Tot al
H gh Anti - Low Cold Front
Pressure clonic Pressure
to W to E to W to E to W to E to SW to NE
26 12 3 8 5 8 7 1 3
17 28 45 11 3 12 9
18 18 36 9 6 11 11

VWarm Front

Tot al

Cycl oni c

38

43

NLY

12

BHY SY WY

7 6 3
2 1 2
[}
[\ ]
W
1
5 3 4
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than whether the circulation feature is advancing toward or receding from the
contrail area (renenbering that all associations were within 400 km of the
contrail area)

Contrails were most frequently associated with a |ow pressure center or a
trough of |ow pressure at the surface. Thirty-six percent (see Table 12) were
associated with high centers or ridges, whereas forty-three percent (43% of
the contrail areas were within 400 kmof one of the follow ng: Either a |ow
pressure center, a trough, a cold front, or a warmfront, wth the cold front
being the nost frequent individual feature, i.e., 22%

There is a slight preference for contrails to be associated with surface
cyclonic features throughout the year, although that preference is reversed
during July and August when nost contrail areas are associated with anti-
cyclonic situations. The reason why contrail areas tend to be primarily
associated with anticyclonic systens during July and August is not wunderstood.

For those cases where no major circulation feature was within 400 km of
the contrail area, the area was categorized according to the direction of
surface flow. From Tabl e 12 one can see that the mpst frequent direction was
northerly (i.e., northwest through north to northeast), sponsoring cold air
advecti on. Al so note that there is essentially no difference in the
association with contrail areas and the direction of surface flow fromyearly
data to that of winter or summer, with the exception that easterly flow is the
most frequent observed direction in the winter season.

The location of contrail areas was also studied in relation to pressure
systems and the maxi numwi nd belt and the direction of flow in the m ddl e-
troposphere. Contrail areas for each day were located in relation to the
trough and ridges of the 500 nmb surface. The contrail areas were categorized
according to one of the following five situations: Wthin 800 kmeither to

the east or the west of a ridge, or 800 km east or west of a trough,
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or not related to either a ridge or a trough. Data from 1957, 1958, 1961, and
1962 were used in this study. For all nonths of the year, and for December,
January, and February, and for June, July, and August, the results were
essentially the sanme, i.e., about 60%of all contrail areas were |ocated
within 800 kmeither to the east or west of a trough, and about 13 of all the
contrail areas were located within 800 kmto the west of a trough (see

Table 13). There was no seasonal variation.

The persistent relationship between contrails and troughs at 500 nmb is as
expect ed. However, the fact that most of the contrail areas were |ocated to
the west of the trough line, i.e., the area of decreasing convergence, is
per haps not expected, although contrails were earlier found to be associated
with cold air advection, a feature associated with the west side of a trough.
One m ght expect the npbst frequent contrails to be located to the east of
trough lines, i.e., the area with increasing cyclonic activity and increasing
convergence. This may actually, in fact, be the case in this instance.
Contrails are typically located near the 300 or 250 nb surface, whereas the
trough and ridge lines in this study were identified fromthe 500 mb surface,
10,000 to 15,000 feet lower than the typical contrail altitude. Si nce
virtually all troughs slope toward the northwest with increased altitude, the
troughs of 500 nb would be |ocated sone distance to the west at 300 or 250 nb,
and woul d place sonme of the contrails located to the west of the 500 mb trough
line either on or to the east of the trough lines at 300 or 250 mb. We are
unable to determ ne whether nmpst contrail areas would in fact be relocated
east of the 300 or 250 nb trough line, however, since the percentages to the
east and west of 500 mb trough lines were very close (see Table 13) we may
safely conclude that the contrail areas are located within the trough area at

300 or 250 mb.
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Percent of observations of contrails associated with
various features of 500 mb pressure surface. Number
of observations in parentheses.

500 nb RI DCE

500 nmb TROUCGH

500 nb MAXI MUM W ND BAND

East West East West North East Sout h West
22 20 32 26 50 15 21 15
(277) (263) (402) (334) (571) (171) (238) (170)
16 20 36 28 47 14 29 10
(49) (60) (110) (87) (136) (39) (83) (30)
19 24 33 24 60 18 8 14
(60) (73) (102) (73) (165) (48) (23) (37)
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The relationship between the contrail areas and the maxi mumw nd band was
again determ ned using a 500 nb chart. The contrail areas were categorized
into one of the follow ng four situations: To the north, to the east, to the

south, or to the west of the maxi mumw nd band as indicated at the 500 nb

surface. About half of all contrail areas were located within 800 kmto the
south of the maxi mumw nd core at 500 mb. Again, as with the pressure
rel ati onshi ps, there was no seasonal change (see Table 13) . About 20% of all

contrail areas were located within 800 kmto the north, and about 15% were

|l ocated within 800 km either east or west of the maxi mum wi nds. The greatest
seasonal percentage variation occurred with those contrail areas located to

the north of the maxi mumwi nds, 21% for the year, 29% for the winter months,
and 8% for the summrer. This may be due to the rather small sanple size

avail able for the sumer season (see Table 13).

The relationship of contrail areas to the 500 mb wind flow direction
yi el ded essentially the same results as the relationship determ ned earlier
between wind direction reported on the COVMBAR reports with contrail ,
occurrence. Because of the predom nance of westerly winds in the Upper
M dwest during all seasons, about half of all contrail areas were associated
with westerly flow, 12 to 30% were associated with northwesterly or
sout hwesterly flow.

In summary, <contrail areas are best correlated with |ow pressure features

at the surface and in the m ddl e-and upper-troposphere.

Contrails-Daytime or Nighttime Phenonenon?

Prior to 25 years ago, there was a general consensus anong forecasters
that cirrus clouds more frequently occurred during the daytine. Thi s

concl usion evolved, not so much froma definitive study, but from routine
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met eor ol ogi cal observations which exhibited greater observations of cirrus
during the day. The advent of jet traffic in the mddle 1950's rekindled an
interest in cirrus frequency because pilots of high altitude jets frequently
reported restrictions to visibility at nighttime although no cirrus were
visible, nor reported from nearby weather stations.

The diurnal frequency of contrails, too, has been questioned. They, Iike
cirrus clouds, are thin and often transluscent, therefore making detection
difficult. In addition, the areal coverage of contrails is typically much
Il ess than that of cirrus clouds making themparticularly difficult to see at
ni ght .

Al t hough COMBAR observations were collected with the purpose of obtaining
about the same nunmber of contrail/no contrail observations per day, no care
was taken to ensure equal numbers of contrail/no contrail observations for
day- and night-time hours. The observations for each 24 hr period were
divided into day and night observations, and the following results represent

t hose dat a.

Contrail frequency during the day during the sunmer half- year, i.e.,
April through Septenber, included all observations between 1100 Z and 0100 Z
(0500 CST to 1900 CST). Dayti me observations during the winter half year

(Cctober through March) were limted to 1300 Z to 2300 Z (0700 CST to 1700
CST) . Ni ghtti me observations during the sunmer half-year included those
bet ween 0300 Z and 0900 Z (2100 CST to 0300 CST), and nighttime observations
during the winter half year included all observations between the hours of
0100 Z and 1100 Z (1900 CST to 0500 CST).

About 7600 of all COMBAR observations fell into the aforementioned tine
cat agori es. Dayti me observations were 3 to 4 tines nore numerous than those
taken during the night, and winter observations are about 1/3 nore numerous

than those from the sumer oeriod.
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During summers, 56 percent of daytinme observations and 45 percent of
ni ghtti me observations experienced contrails. In winter, the percent of total
observations with contrails was 61 percent during the day and 41 percent at
ni ght . In both seasons, contrails tend to be slightly more frequent during
dayl i ght hours than during the night, although the difference in percent is
smal | . The small size of the difference may only be due to the ease with
which contrails may be seen during daylight as opposed to night.

It is difficult to determ ne whether the differences noted above are
signi ficant. The slight difference may only be indicative of the difficulty
of seeing contrails at night, particularly during flights with no noon. From
the results of the study above and attending discussion, it is difficult to
claimnore than: Contrails appear to formwith the same relative frequency,

during daylight hours as during hours of darkness.

Summary of COMBAR Observations

The above discussion may be summarized as follows. Tur bul ence is more
frequently encounted on flights with contrails than without contrails, and
turbul ence is somewhat nore frequent in sumrer than in winter. Nat ural cl ouds
(other than high level cirrus) are more frequently encountered with contrail
occurrence than without. Hi gh level cirrus (clouds above aircraft |evel) were
more frequently noted when contrail were not produced.

All forms of natural clouds were nmore frequently observed during the
sumrer hal f -year.

Since flights with contrails encountered clouds below aircraft |evel about
70% of the time, it appears that contrails are significantly underesti mated
from ground observations, i.e., only about one-third of all contrails may be

seen from the ground.
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Suggestions for Future Research

We recognize that this research only begins to answer some of the nore
apparent and unanswered questions concerning contrails and their effect on
surface climte. The data set which we conpiled is only partial, i.e., only
i ncluding COVMBARS from the M dwest and archived at the FRC in East Point. At
sone |ater date, additional data should be collected and put on magnetic tape
so that spatial differences of effects may be identified for different spatial

and time scales. Our present data set of 15,000+ observations was adequate to

the present objectives.

We have prepared a prelimnary day-by-day inventory of contrail occurrences
for mobst days from 1956 through 1969. The inventory is not all-inclusive,
i.e., contrail areas can only be defined for areas with observations. A nore

conplete inventory may be prepared as more observations becone avail able.

The above inventory clearly identifies several score of days from 1956 to
1969 with contrail areas with well-marked boundari es. Rawi nsonde observations
within three hours of the tinme of contrail observation, both for contrail and
near by non-contrail areas, wll formthe data base fromwhich pressure,
tenperature and vertical nmotion characteristics for each of both areas can be
det er m ned. This analysis should enhance the capability of forecasting
contrail occurrence.

In addition, those days of this study identified with frequent and dense
coverage of observations, wll be used to study the contrail effects to
surface tenperature, percent possible sun and cloud cover, from an individual
case study analysis rather than using nmonthly nean data.

Whenever the possible effect of a forcing function (contrail) on a

response function (clouds, sunshine, noderated tenperature) are studied using
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parall el spatial and tenporal records to discover coincident trends or

di scontinuities (as we are), a nore conplete and finer-resolution data base
may increase the information |earned fromthe study. Therefore, studies of
(low, mddle and high) cloud anpbunt over an area larger than the M dwest will
strengthen the conclusions reported herein. A most obvious extension of this
type of work is to investigate cloud anount trends over other areas within the
US with frequent jet traffic (nmetropolitan airports and high-altitude

ai rways), and contrast those results with those fromareas with little jet

traffic.

Wth the results of this case study analysis, contrail frequencies of the
recent 25 yrs over the US may be reconstructed, to ascertain the increase in
cloud cover of increased jet traffic on natural cloud cover.

There are obvious problens in attenpting to non-physically study "forcing"
and "response" functions, i.e., study by coincidence of trend or discontinuity
in the two record, rather than by fine resolution observations of contrails,
and sensing changes in radiation conmponents, both above and beneath the
contrail. Physi cal observation of the contrail and its environs require a jet
aircraft, appropriately instrumented to nmeasure short- and |ong-wave fl uxes,
both up and down; and on-board collectors to determ ne the size distribution
of particulates and crystals within the cloud. At sone future date, a

concerted effort will be made to collect these data.
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CHAPTER FOUR

CONCLUSI ONS

The following statements recapitulate specific findings of this research.
Detail may be found in the summary portions of each of Chapters 1, 2, and 3.

Casual observations suggest that contrails produced by jet aircraft often
persist and spread into cirrus veils, thus increasing the total cloud cover at
least at cirrus altitudes. This research addressed the question: Is the
increase to natural cloud cover due to jet contrails of significant magnitude
() to be seen in cloud cover observations fromNational Weather Service
stations in the Upper Mdwest and (2) to nodify tenperature and insolation
received at the earth's surface.

The first objective was to identify areas and times with jet traffic and
areas and tinmes with observed contrails. Si mul t aneously, cloud cover, surface
tenmperature and insolation were studied over the ten state area to identify
areal and tenporal patterns in these records which may be coincident with
aircraft flight and contrail records.

The results of this research, fully described within the final report, are
summarized in abbreviated form wi thout explanation in the follow ng
statements:

1. Jet air traffic began in the m d-1950's, grew at a rapid, steady pace
until about 1970, continued to grow but at a slower rate until the
present.

2. The area with the nmost frequent jet traffic within the ten state area
of interest includes central and northern Ohio, Indiana, and I|llinois;

southern lowa, central M ssouri, and the area about eastern Tennessee.
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The results of our research, listing changes in cloud cover surface
tenperature and insolation at the surface, do not prove a cause-affect
relationship between contrails and the atmospheric environment. We show
changes in the numbers of aircraft operations with tinme, the spacial
di stribution of those operations, and a time series of several meteorol ogical
parameters over coincident times, and suggest that the latter effects, being
synchronous with aircraft operations may be causally related to the aircraft
operations. Physi cal relationships between aircraft operations, contrails,
and the surface environment cannot be developed until substantial observations
are made in, above, and belowcontrails, to measure the physical conditions
including attenuation to the insolation.

3. In all the states with data, the area roughly including northeastern

Okl ahoma to eastern Illinois, wth one branch to M chigan and another
extending into eastern Tennessee experienced decreased nunbers of clear
days (increased number of cloudy days) wth tine. This area is very
simlar to the area experiencing the nost frequent jet traffic.

4. The percent possible sunshine from stations within the area of interest
trends downward with tinme fromlowa along a broad path to eastern
Tennessee. The trend in percent possible sunshine is either up or
exhi bits no change el sewhere within the area of interest. This result
is also areally simlar to our findings of jet traffic density
di stribution.

5. Autum, the season with mnimal cloud cover in the Upper M dwest,
experiences the greatest change in possible sunshine with tinme
(see #4 above) .

6. In all sectors of the m dwestern study area, the number of clear days
decrease from about 1935 to about 1950, decreasing nore slowy there-

after.
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7. The frequency of mpderated tenperatures (a decreased difference between
daily maxi mum and m ni num) increases beginning during the late 1940's
or 1950's. A particularly pronounced increase is noted over northern
Illinois and Indiana, again an area with with high jet traffic density.
For Urbana, although the nunmber of snmoke-haze days decreased since
about 1950, the number of cloudy days and days with noderated
tenperature increased since about the sanme ti mel!

8. M ddle clouds becanme |less frequent over the study area from 1951 to
1976 at all stations except SSM and MLI . The greatest decline was
noted over DLH, southeastern W sconsin and southern I|Il1linois.

9. The frequency of high clouds increased from 1951 to 1976 at all 12,
stations studied. When the observations with high clouds were
stratified to include only those with 0.4 or less low and/or mddle
cloud, the anpunt of high cloud still was found to increase over the
26 years.

10. The frequency of days with clear skies decreased over the 26 years at
all stations except Duluth and Peori a. The greatest decline was noted
from Chicago to southern Ilowa, and another branch from Chicago to
southern II1linois.

The figures showing frequency or tenporal trends in cloudiness, percent
possi bl e sunshine, etc., exhibit trends and discontinuities of varying
magni t udes over the 40 to 70 years of record. In addition, several of the
significant changes in trend are not associated with either the areal or
tenporal distribution of jet traffic. this should not be an unexpected
finding, since jet traffic is likely only one of several causal mechanisns
which may be effecting response functions at the surface. According to an

earlier study by Beckwith (1972), during about 180,000 mles of flight during
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whi ch about 400 observations were taken, 37% of those observations exhibited
no contrail formation, 38% exhibited non-persistent contrails and 25%

exhi bited persistent contrails. In contrast, contrails were only noted on
about 3% of the total observations both froma 2 12 year reocrd of an all-sky
camera at Urbana, and from several thousand LANDSAT images studied by others.
Even casual experience suggests that this frequency is lower than actual. The
low frequency from LANDSAT imagery may be expected due to the |apsed tine

bet ween successive photographs of the same region, i.e., 14 days. The
analysis of the all-sky canera imgery may al so be biased because of
distortion of contrails or clouds when located in the area between the horizon
and an altitude angle of 45 , and because of the short time that an aircraft

or non-persistent contrail remains in the field of view

11. O 25 cases of spreading contrails which continued for at |east 20
m nutes, the average rate of spread was about 18 kilonmeters per hour.
The average dissipation rate of 31 such contrails was about 35 kilo-
met ers per hour.

The following information (#12 through #21) represent findings summarized

from USAF pil ot reports.

12. OF all the pilot reports during which contrails were being forned, 72%
were persistent contrails.

13. Turbul ence was encountered between one-quarter and about one-third of
all observations, being slightly nore frequent with contrails than
wi t hout (30%vs 25%) .

14. About 70% of all contrail observations occurred with some cloud cover
bel ow the aircraft altitude. Therefore, only about one-third of all
contrails can be seen from the gournd due to intervention from natural

cloud cover. Of those aircraft observations without contrails, natural



15.

16.

17.

18.

19.

-137-

cl ouds were observed below aircraft altitude about 55% of the tine.

Cl ouds below the aircraft flight altitude are about 10% nore frequent
during the summer than during the wi nter half-year.

Cl ouds were observed at aircraft |evel about 13% of all observations,
both with and without contrails. Again, there is a slight increase
in frequency during the sunmer half-year.

Natural clouds |ocated above aircraft altitude were observed only 10%
of the tine when contrails were being formed, and only 20% of the tinme
when no contrails were forned. Again, there is a slight frequency
maxi mum during the summer hal f-year. Mean flight altitude of all
observations with contrails was 36,000 ft, and 31,400 ft for those
observations without contrails. The mean altitude of summer observa-
tions is about 5,000 ft higher than those during winter.

Mean outside air tenperature for those observations with contrails was
-49 C, and -38 C for those observations without contrails, a

function of altitude.

For a small sanple of cases (about 300 observations per month), con-
trails (non-persistent or persistent) were observed on between 10% and
15% of all the flights during all nonths except February, March and
Oct ober during which the contrail frequency was between 40 and 50%
There may be a slight preference for contrails to be observed during
dayl i ght hours as opposed to during times of darkness. About 56% of
all daylight observations in sumrer reported contrail formation, where-
as only 45% of sumrer nights reported contrails. Simlarly in winter,
61% of all daytime observations reported contrails whereas only 41% of
wi nter nights observed contrails. These findings are sonewhat
uncertain since about equal nunbers of contrail/no contrails observa-

tions were obtained for each day during the several years of record.



20.

21.

-138-

No effect was made to obtain equal numbers of observations from day-
light and nighttine periods, however, the fact that the percent
frequency of contrails is close to 50% suggests that the nunbers are
strongly biased by the collection nmethod. However, it is interesing
and perhaps significant that there was a 10% difference in the
frequency of contrail observations between sumrer nights and sumer
days, and a 20% difference between wi nter nights and wi nter days.

Al t hough the absolute percent frequencies may not be reliable, the

diurnal differences in frequency may indeed be significant.

There was a slight preference for contrail areas to be located closer
to surface troughs than ridges. A stronger relationship was found
bet ween contrail areas and m d- and upper-tropospheric pressure

f eatures, i.e., pressure troughs and the |ocation of the maxi mum w nd
bel t. Contrails were nmuch nore frequently found associated with a
500 nb trough (58% than with a ridges (42% . There was essentially
no seasonal variation.

Hal f of all contrail areas were l|ocated within 800 kmto the south of
the maxi mumw nd belt at 500 mb. In summer, the frequency increased

to 60% inwinter 47%
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