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ABSTRACT. Hourly precipitation data from Oshtemo Township, Michigan, located approximately 55
km east of the lee shore of Lake Michigan, for the period of April 1980 through March 2000 were exam-
ined. Diurnal analysis of precipitation as well as time series analysis of precipitation were performed on
the study period. An overall nocturnal maximum in the mean accumulation of precipitation was detected
during the 2-hour periods before 2000 LST and 2200 LST. Elevated spring and fall accumulations were
responsible for this evening maximum. Elevated summer and winter accumulations were responsible for a
weak secondary morning maximum. An overall morning maximum in the mean precipitation hours was
detected during the 2-hour period before 1000 LST. ARIMA modeling verified that both precipitation
accumulations and counts, for all times of the day, were significant at the 5% level. A storm event model
was developed from the time series, the resulting values of which can be used as input in mesoscale cli-
mate, hydrological, and agricultural computer models: the mean pulse duration was 2.44 hours; the
mean interlude between pulses was 37.64 hours; the mean event accumulation was 4.1 mm; and the mean
rate was 1.8 mm / hr. Finally, inter-annual analysis performed for the period of 1981 to 1999 showed that

there was no statistically significant change in precipitation over the period.
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INTRODUCTION

Precipitation plays a crucial role in the hydro-
logic budget of southwest lower Michigan and the
larger Great Lakes drainage basin. High temporal
and spatial variability make surface observations of
precipitation very important for complementing
radar and satellite observations. Climatologically,
the largest average accumulations of precipitation
in Michigan occur in the southwest portion of the
Lower Peninsula (Eichenlaub er al. 1990). This is
due in part to late fall and winter “lake-effect” pre-
cipitation events that are caused by modifications of
cold air masses moving over the relatively warm
surface of Lake Michigan, and in part to year-round
synoptic-scale weather systems that stream mois-
ture northward from the Gulf of Mexico. Lake-ef-
fect snows occur throughout the winter months but
are relatively more productive in December when
there is a greater temperature contrast between the
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lake surface and the overrunning air (Changnon
1968). Some locations in Southwest Michigan can
average in excess of 250 cm of snow per year
(Eicheniaub ef al. 1990) and individual storm totals
can often exceed 25 cm. Abnormally low snowfall
amounts have been known to occur during El Nifo
years (Kunkel er al. 2000). Spring and summer are
characterized by warm and humid air masses that
allow for the common occurrence of convectional
rain and thunderstorm activity. These storms can
frequently weaken because of enhanced atmos-
pheric stability resulting from warm air masses
moving over the relatively cool lake waters. In fact,
mean annual precipitation accumulations over Lake
Michigan have been estimated to be 6% less than
that which is found over its surrounding basin
(Changnon 1972). Nevertheless, southern Michigan
storms should never be underestimated, as they can
be quite severe both in terms of their magnitude and
their impact on human lives (Foltman 1995).

The Department of Geography at Western Michi-
gan University has funded the operation of a partial
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FIG. 1. Site location of Osthemo, Michigan

climatological station in Oshtemo Township,
Michigan, since 1979. Precipitation records from
this station were processed and analyzed to provide
a better understanding of the local precipitation
regime and its structure. The site is located at 42°
16" N Latitude, 85° 44’ W Longitude (Fig. 1). This
is approximately 55 km east of the western shore-
line of Lake Michigan and 6.4 km west of the Kala-
mazoo city limit. The station is in a ridge at the
southern edge of the Kalamazoo moraine. It sits at
an elevation of 294 m above mean sea level.

The recording precipitation gauge, or pluvio-
graph, registers the data with an ink trace on rectan-
gular paper charts containing hours and dates along
the x-axis and precipitation accumulations in inches
along the y-axis. Seven days of data are recorded on
each chart. The gauge record began on 18 July 1979
at 0400 Eastern Daylight Time (EDT) and contin-
ues to this date. The values were always recorded in
local time (LT). All values reported during local
daylight time (LDT) were converted to local stan-
dard time (LST) for this study. The record contains
some missing data (Table 1). Overall, the dataset set

contained less than 11% missing recording hours
per year after 1980. Less than 5% missing hours oc-
curred in 15 of the years. Four years had complete
records. Data recorded before 1 April 1980 were
excluded from this study due to their sporadic
availability. There were potential sources of error as
a result of the subjective aspect of chart reading and
systematic instrument error, although the credibility
of the precipitation record was addressed by com-
paring the monthly totals to those of a nearby
station.
This study aims to determine:

1. the monthly, seasonal, and annual variabil-
ity of the diurnal precipitation cycle in Osh-
temo Township;

2. a representative “‘storm event” model to de-
scribe the structure of the precipitation
amount, intensity, duration, and interlude;
and

3. the inter-annual variability of precipitation.

The methods in this study are based on those
used in a time-series analysis of hourly rainfall au-
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(2000). A storm, also referred to as a pulse, is at
- least 1 hour of precipitation bounded on either side
by at least 1 hour without precipitation. An inter-
lude is at least 1 hour without precipitation bounded
on either side by a storm (pulse). An event, also re-
ferred to as a storm event, is a storm and the inter-
lude that follows it. A precipitation hour, or
occurrence, is any hour with precipitation. The re-
sulting values of the storm event model can be used
as input in various computer generated models
which include, but are not limited to, mesoscale hy-
drologic models, watershed models, agricultural
models, mesoscale climatic models, local-scale
drainage models, and hydro-geological models.

DIURNAL ANALYSIS

Month-by-month precipitation was accumulated for
each hour of the day for each month of the 20-year
study period, 1 April 1980 through 31 March 2000.
The number of precipitation hours, or occurrences, for
each month was recorded as well. This section exam-
ines the diurnal cycle in 2-hour intervals.

The overall analysis was obtained by adding the
individual 2-hourly totals of all months in the study
period and dividing by the total number of years in
the study period. The seasonal analysis of the diur-
nal cycle of precipitation was obtained by adding
the 2-hourly totals of the 3 months for each season
and dividing by the number of years in the study
period. The seasonal accumulation was calculated
using the following equation:
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where X is the mean hourly precipitation for a
given 2-hour period of the day, for a season, over
the 20-year period; x is the amount of precipitation
accumulated for a given 2-hour period of the day; i
represents each year of the study period; j repre-
sents each month of a season; k represents each day
of the month; n; represents the number of days in
month j; and N = total number of years in the study
period, 20 years. Similarly, the seasonal occurrence,
or precipitation hours, was obtained from:
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where Y is the mean number of precipitation occur-
rences for a given 2-hour period of the day, for a
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FIG. 2. Diurnal cycle of (a) the mean annual
precipitation accumulation (mm), and (b) the
mean annual number of precipitation hours for
the period April 1980-March 2000.

season, over the 20-year period; y is the number of
times precipitation occurred at a given 2-hour pe-
riod of the day; and all other variables are as de-
scribed in Equation 1.

Overall, precipitation in Oshtemo Township oc-
curred at all hours of the day and night, and, for the
most part, was evenly distributed (Fig. 2). For the
study period, a nocturnal maximum of 83 mm was
detected in the mean precipitation accumulation
(2000 LST and 2200 LST) and a morning maxi-
mum of 49.3 hours was detected in the mean pre-
cipitation occurrences (1000 LST). A slight
secondary maximum occurred during the morning
hours. The minimum mean accumulation occurred
during the middle of the day at a value of 61 mm
(1200 LST). A secondary evening maximum period
in the mean precipitation occurrences was detected
with a peak value of 46.0 hours. These results show
that for the study period there were more hours with
precipitation during the late morning, but the actual
precipitation amounts were heavier in the evening.
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FIG. 5. Diurnal cycle of (a) the mean annual
precipitation accumulation (mm), and (b) the
mean annual number of precipitation hours for
the summer months (Jun, Jul, Aug).

mean number of precipitation occurrences (8.0
hours) occurred around 0600 LST, which coincided
with the time of the peak mean accumulation.
Slightly smaller peaks in the mean number of pre-
cipitation occurrences were observed around 0800
LST and 1000 LST. A morning maximum was
dominant during the summer season in both the
mean number of precipitation occurrences and the
mean accumulation.

d) Autumn Season (September, October, Novem-
ber): The mean precipitation accumulation peaked
at a value of 26 mm twice during this season (Fig.
6). The first peak occurred during the afternoon
(1400 LST) while the second was nocturnal (2000
LST). Slightly smaller peaks occurred around 0200
LST, 1800 LST, and 2200 LST at values of 25 mm,
24 mm, and 25 mm, respectively. It is also worth
noting that values over 22 mm were observed dur-
ing all afternoon and evening hours. The minimum
mean accumulation occurred during the morning at
a value of 16 mm. The maximum mean number of
precipitation events occurred around 1000 LST at a
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FIG. 6. Diurnal cycle of (a) the mean annual
precipitation accumulation (mm), and (b) the
mean annual number of precipitation hours for
the autumn mor.. s (Sep, Oct, Nov).

value of 14.3 hours, which did not coincide with the
times of either of the peak mean accumulations.
These results show that the heaviest accumulation
of precipitation during the autumn season occurred
throughout the afternoon and evening hours while
the greatest number of precipitation hours occurred
during the morning.

Time Series Analysis

Autoregressive Integrated Moving Average
(ARIMA) modeling (Box er al. 1994) was applied
for the two-hourly precipitation time series. This
method was used to determine whether statistically
significant differences existed from season to sea-
son, for each 2-hour period of the day, for the entire
20-year period. Here we define the winter, spring,
summer, and fall seasons as in the seasonal analysis
section.

Following the Box-Jenkins methodology, a sam-
ple autocorrelation function (ACF) plot and a par-
tial autocorrelation function (PACF) plot were
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FIG. 7. Frequency distribution for duration of precipitation pulses.

being 0.3 mm. A total of 4.267 of the pulses (98%)
yielded less than 25.4 mm. Only 11 pulses yielded
50.8 mm or more of precipitation. The greatest ac-
cumulation that fell in any pulse was 104 mm dur-
ing an 8-hour period in the summer of 1982, and the
greatest maximum precipitation for any 1 hour was
46 mm, which occurred in the summer of 1980.

The sum of all peak accumulation values was
10,163.3 mm, which was 57% of the total pulse ac-
cumulation of 17,725.1 mm. The sum of all start to
peak accumulation values was 13,234.7 mm, which
was 75% of the total precipitation accumulation.
This meant that only 18% of the precipitation fell
before the peak hour. The mean peak accumulation
was 2.3 mm and the mean start to peak accumula-
tion was 3.0 mm. The mean peak to end accumula-
tion was 1.0 mm. A “0” (such as 1s found in the
median and mode of the peak to end accumulation)
indicated that the peak occurred during the last hour
of pulse. The sum of all peak to end values was
4,490.5 mm, which was 25% of the total precipita-
tion.

The mean pulse duration was 2.44 hours. There
were 10,679 hours with precipitation during the 20-
year period, which was an average of 533.95 hours
per year. The mean interlude between pulses was
37.64 hours. There was an average of 8,228.05
hours per year without precipitation. The mean time
between the start of successive precipitation pulses
was 40.08 hours.

Frequency histograms of the pulse duration and
the interlude between pulses are shown on Figures

7 and 8, respectively. Approximately half of the
pulses were only 1 hour long, and over two-thirds
of the pulses were of a duration of 1 to 2 hours.
Slightly over 91% of the pulses lasted 5 hours or
less. The longest pulse duration was 28 hours,
which occurred on two separate occasions. A total
of 32 mm of precipitation fell during a continuous
28-hour period in February 1990, and a total of 60
mm of precipitation fell during a continuous 28-
hour period in November 1990. There was also a
continuous 27-hour period during February 1985
when 46 mm fell, and a continuous 26-hour period
during November 1988 when 22 mm fell. A total of
3,048 interludes, or 70% of the total number, were
from | to 25 hours long. Of these interludes, 892
(20%) were only 1 hour long, and 1,373 (31%)
were from 1 to 2 hours long. The longest interlude
was 817 hours that started on 3 February 1988 and
ended on 8 March 1988. However, this cannot be
legitimately taken as the longest because there were
extensive missing data during this period. The sec-
ond highest interlude was 618 hours that started on
25 May 1990 and ended on 20 June 1990. There
were no missing values during this period; this is
therefore taken as the highest legitimate interiude
during the 20-year period. There were seven inter-
ludes of over 500 hours, but three of them were dis-
carded because of extensive missing values. The
four highest legitimate interludes were 618 hours,
570 hours, 538 hours, and 502 hours. A total of
58% of the interludes lasted 10 hours or less.

Table 3 shows that the mean precipitation dura-
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FIG. 10. Inter-annual analysis (1981-1999). (a)
Deviation from the 19-year mean precipitation
accumulation. (b) Deviation from the 19-year
mean number of precipitation hours.

3. South Bend, Indiana (41° 42" N Latitude,
86° 19° W Longitude)

A decrease in precipitation was observed at the sta-
tions to the north of Oshtemo (Muskegon and
Grand Rapids), although this decrease was not sta-
tistically significant at the 5% level for Grand
Rapids. The precipitation trend for the station to the
south of the Oshtemo station (South Bend) was
similar to the Oshtemo station in that that there was
a slight increase in precipitation that was not statis-
tically significant at the 5% level.

A high variability was also found in the yearly
variation from the mean number of precipitation
hours (Fig. 10b). Two years had positive values
more than 100 hours above the mean, and 2 years
had negative values more than 100 hours below the
mean. The highest positive value was 183 hours
above the mean in 1993, and the lowest negative
value was 164 hours below the mean in 1989. There
was a slight increase in the number of precipitation
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FIG. 11. Station inter-comparison (1981-1999).
Deviation from the 19-year mean precipitation
accumulation for (a) Muskegon, MI; (b) Grand
Rapids, MI; and (c) South Bend, IN.

hours over the period of record; however, the p-
value (0.795) indicated that it was not statistically
significant at the 5% level.

DISCUSSION AND CONCLUSIONS

This 20-year study of ground-based precipitation
observations generated a unique data set for Os-
htemo Township in southwest lower Michigan for
the period of 1 April 1980 through 31 March 2000.
Overall, the diurnal analysis revealed that precipita-
tion was distributed throughout all hours of the day.
An evening precipitation maximum period was de-
tected in the mean accumulation and a slight sec-
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regions may be analyzed to gain a better under-
- standing of the “lake-effect” phenomena. Third, re-
sults may provide benefits to Oshtemo Township
and to other Great Lakes communities which are
experiencing rapid urban development. Issues such
as storm drainage management and ground water
supply increase in importance as communities con-
tinue to grow. Accurate precipitation data are essen-
tial for developing adequate procedures to meet
these needs.
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TABLE 1. Hours of missing data.

Year Jan Feb Mar Apr May Jun  Jul Aug Sep Oct Nov Dec Total Percent
1979 411 39 21 34 0 478

1980 82 43 39 242 0 116 0 79 410 1,011 15.3”
1981 26 0 0 90 50 223 0 21 6 6 0 95 517 5.9
1982 0 0 154 184 0 0 0 0 0 16 0 0 354 4.0
1983 451 0 0 0 0 17 0 0 0 0 0 229 697 8.0
1984 135 0 0 0 0 0 0 0 0 0 0 0 135 1.5
1985 425 11 0 0 0 0 0 0 0 0 0 447 883 10.1
1986 81 36 0 0 0 0 0 0 0 0O - 0 0 117 1.3
1987 0 0 54 113 0 0 0 73 0 0 65 80 385 4.4
1988 312 484 0 0 0 0 0 0 47 0 0 0 843 9.6
1989 0 0 0 0 0 0 0 0 0 0 0 101 101 1.2
1990 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0
1991 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0
1992 0 126 38 0 0 27 0 0 0 0 0 0 191 2.2
1993 0 0 0 16 0 0 0 0 34 0 0 0 50 0.6
1994 0 0 0 0 0 91 0 0 0 0 154 0 245 2.8
1995 0 0 0 161 59 18 0 0 0 0 0 0 238 2.7
1996 0 0 0 0 0 0 0 0 0 0 212 68 280 32
1997 0 0 0 0 0 0 0 0 0 0 33 0 33 0.4
1998 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0
1999 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0
2000 0 0 0

“Does not include January, February, and March

tographic rain gages in the Brazilian Amazonia that
yielded information on the structure of the precipi-
tation as well as the temporal and spatial variability
(Butzo 1993, Cutrim et al. 2000).

Climatologists have analyzed the diurnal vari-
ability of precipitation for many regions and indi-
vidual locations, especially since Wallace (1975)
attempted to “provide a comprehensive and consis-
tent documentation” of diurnal variation of precipi-
tation and thunderstorms at different levels of
intensity over the United States during the summer
and winter seasons. Some notable studies include
analyses of the diurnal variation of precipitation for
the northeast United States during all four seasons
(Landin and Bosart 1985), for the Canadian prairies
during growing season (Chakravarti and Archibold
1993), for individual states such as Florida
(Schwartz and Bosart 1979) and New Mexico
(Tucker 1993), for very heavy summertime precipi-
tation in the eastern and central United States (Win-
kler 1987), and for various categories of heavy
hourly precipitation during all four seasons (Win-
kler et al. 1988).

There are various benefits to be gained from
studying the diurnal patterns of the Oshtemo sta-
tion. On a wider scale, general insights are gained
into the influences of large lakes on the local clima-

tology of stations located along the lee side of these
lakes. Indications of these influences are investi-
gated in the diurnal cvcle. On a local scale, diurnal
precipitation climatotogy is important for planning
anthropogenic activities such as the use of ground
water supply and the management of storm
drainage control. Oshtemo Township, like many
other locations in the Great Lakes region, is experi-
encing rapid population growth accompanied by in-
tense urban development. While residential and
commercial development are economically wel-
come, the environmental impact is of concern and
should be carefully addressed. Land use and cover
change affects the local water budget by changing
the permeability of the surface, therefore reducing
the ground water recharge and increasing evapora-
tion. Furthermore, rates of infiltration, run-off, and
evaporation vary throughout the day as the air tem-
perature and relative humidity change. The diurnal
cycle of the precipitation plays an important role in
the management of the activities dependent on
water resources.

This study also finds and analyzes all precipita-
tion storms and interludes in order to develop a
“storm event” model that described the structure of
the precipitation amount, intensity, duration, and in-
terlude. The definitions are based on Cutrim et al.
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FIG. 3. Diurnal cycle of (a) the mean annual
precipitation accumulation (mm), and (b) the
mean annual number of precipitation hours for
the winter months (Dec, Jan, Feb).

Seasonal Analysis

a) Winter Season (December, January, Febru-
ary): The mean accumulation during this season
peaked shortly before sunrise (0600 LST) at a value
of 16 mm (Fig. 3). A slightly smaller peak was de-
tected during the evening at a value of 15 mm. The
minimum in winter occurred during the afternoon at
a value of 10 mm. The maximum mean number of
precipitation occurrences occurred during the last 2
hours of the afternoon at a value of 17.6 hours,
while slightly smaller values were observed during
the morning hours. These results show that during
the winter season, the heaviest accumulation of pre-
cipitation occurred during the morning hours, while
the greatest number of precipitation occurrences oc-
curred during the last 2 hours of the afternoon.

b) Spring Season (March, April, May): Both the
mean accumulation of precipitation and the mean
number of precipitation occurrences peaked in the
evening during this season (2200 LST) at values of
22 mm and 13.1 hours, respectively (Fig. 4). A sec-

R 8 8
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I @

Precipitation Hours

FIG. 4. Diurnal cycle of (a) the mean annual
precipitation accumulation (mm), and (b) the
mean annual number of precipitation hours for
the spring months (Mar, Apr, May).

ondary peak of 20 mm in the precipitation accumu-
lation was detected during the morning. The mini-
mum precipitation accumulation occurred during
the middle of the day at a value of 13 mm. Slightly
smaller peaks in the mean number of precipitation
occurrences occurred around 0600 LST, 0800 LST,
2000 LST, and 2400 LST at values of 12.0 hours,
12.6 hours, 12.9 hours, and 12.5 hours, respec-
tively. A nocturnal maximum is therefore dominant
during the spring season in both the mean precipita-
tion accumulation and the mean precipitation occur-
rences.

c) Summer Season (June, July, August): The
mean accumulation of precipitation during this sea-
son peaked during the morning in similar fashion to
the winter season (0600 LST) at a value of 27 mm
(Fig. 5). Slightly smaller values were observed
around 0400 LST, 0800 LST, and 2400 LST at val-
ues of 25 mm, 24 mm, and 24 mm, respectively.
The minimum occurred during the last 2 hours of
the afternoon at a value of 17 mm. The maximum



