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ABSTRACT
Century-long annual precipitation time series at 168 stations in the central United States are analyzed with special
attention given to interdecadal variations. The results show statistically significant precipitation variations of
interdecadal timescales in the region. In particular, one variation has a quasi 20-yr period, and another one possesses
a quasi 12-yr period.
The negative phases of the 20-yr variation match with the major drought periods in the region's history, that is,
the 1910s, 1930s, 1950s, and the late 1970s. The positive phases of this variation correspond well to the wet periods
between the dry epochs. The 12-yr variation shows an amplification after the mid-1960s, while the 20-yr variation
shows a reduced amplitude following this time. Concurrent with these changes, the annual precipitation in the region
has increased since the mid-1960s.
A plausible mechanism connecting the interdecadal variations of annual precipitation in the central plains region
and slow timescale variations in the midlatitude and subtropical North Atlantic regions is briefly discussed.

1 • Introduction
Precipitation is one of the key elements that characterizes the climate of a region. It is essential to regional water resources, agriculture, and ecosystem
environment. Slow timescale (e.g., interdecadal) variations of precipitation are a major part of the changes
of the hydrological cycle in the earth-atmosphere system. These variations play a profound role in the evolution of regional ecosystems and in the development
of regional agriculture and economies. Identifying and
understanding slow timescale precipitation variations
is therefore crucial for understanding regional climate
variations and for improving our readiness to cope
with regional, as well as global, impacts of climate
variations on water resources, agriculture, and the
environment.
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Recent analyses of observational data have revealed interdecadal timescale variations in atmospheric geopotential height and motion fields (Knox
et al. 1988; Trenberth 1990; Wallace et al. 1993;
Kushnir 1994). It has been suggested that they originate from similar timescale variations in the North
Atlantic Ocean (Wallace et al. 1993; Kushnir 1994).
These slow timescale variations of atmospheric circulation, after being modified by regional and local thermodynamic processes due to a region's topography
and surface heterogeneity, will leave their signatures
on the regional precipitation variations. The results of
Karl et al. (1996), based on an analysis of variations
of precipitation over the contiguous United States in
this century, suggest various slow timescale variations
of precipitation in different climatological regions in
the United States.
Woodruff and Hu (1997) recently examined the
precipitation records of National Weather Service cooperative stations in Missouri for the time period
1885-1996. Figure 1 presents the result for the station
in Columbia, Missouri. It shows both the annual precipitation series and its running mean, which retains
only variations of periods longer than 10 yr. The main
features of Fig. 1 are 1) there are outstanding
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expect the interdecadal variations of precipitation
shown in Figs. 1 and 2 will have occurred in the larger
central plains region of the United States.
In this paper, we present the results of an analysis
on a century of precipitation data at 168 suitable cooperative weather stations in Missouri and its four
neighboring states, namely, Illinois, Iowa, Kansas, and
Nebraska. We will show that a quasi 20-yr oscillation
in annual precipitation exists in most of the five-state
region. The annual precipitation also possesses a 12-yr
variation, which has amplified since the mid-1960s.
We will compare these interdecadal variations with
the regional precipitation anomalies and identify the
FIG. 1. Time series of annual precipitation for Columbia,
effect of these variations on the development of
Missouri (—-•-—) and its running mean (—•—).
droughts and floods in the region. A possible relationship between these two interdecadal variations will be
examined.
interdecadal variations in annual precipitation, and
In section 2 we will describe the dataset and meth2) among these variations is a fairly regular variation
of a quasi 20-yr period, although its amplitude varies odology used in this analysis. Results from the analybetween different cycles. Figure 1 also suggests an sis are presented and discussed in section 3. Section 4
amplification of a variation with a period around 12 yr contains a summary and a discussion of a potential
since the mid-1960s. An additional noteworthy feature mechanism contributing to the quasi 20-yr variation
is the increase of annual precipitation starting in the of annual precipitation in the central plains region.
mid-1960s. Before the mid-1960s, a weak decrease
of the annual precipitation lasted for over half a
century. Figure 2 shows the result for the station at 2. Data and methodology
Springfield (-275 km southwest of Columbia), Missouri, with similar interdecadal variations and a much a. Dataset
clearer indication of the increase of annual precipitation
The dataset used in this analysis contains daily
in recent decades. These variation features of annual precipitation data of the National Weather Service
precipitation exist at all the Missouri stations whose cooperative stations and is from the National Climatic
data were analyzed by Woodruff and Hu (1997).
Data Center (NCDC) data volume TD-3200. The qualThe temperate climate regime in Missouri is shared ity control method described by Reek et al. (1992) was
by its neighboring states (Trewartha and Horn 1980), applied to the data. The dataset also contains station
which also have geographic and land-cover conditions histories, with records of changes of locations of stasimilar to those in Missouri. It is thus reasonable to tions if that occurred. The record length of each of the
stations covers the entire history of the station from
the time of its inception through 31 December 1993.1
In selecting stations for our analysis, we applied
the following standards: 1) the station's precipitation
record length is longer than 80 yr; 2) the station does
not miss two consecutive years of daily precipitation
data; and 3) the station's location may change only
once in its entire history. For those stations that
changed their locations once in the past, we treat their
data as follows. If the location change of a station is
within 80 km, observations made at the new location

FIG. 2. Similar to Fig. 1 but for Springfield, Missouri.
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are used as continuation of the data at the old location
without any change. If the distance between the new
and old sites of the station is greater than 80 km, the
site where the station stayed longer is used as the primary site of the station. Daily precipitation data from
the nonprimary site are used together with three additional nearest stations to estimate the daily data at the
primary site. The estimation method is a distancebased weighting method (Barnes 1964). The same distance weighting method is also used in estimation of the
missing daily precipitation data at a station.
After this process of surveying and selecting stations and estimating stations' missing data we obtained 17, 57, 24, 38, and 32 stations for Missouri,
Illinois, Nebraska, Kansas, and Iowa, respectively.
Figure 3 shows the geographic distribution of these
stations in the five-state region.
The annual total amount of precipitation at each of
the 168 stations is obtained from summation of the daily
precipitation at the stations. The annual precipitation data
series are then normalized by their standard deviations.
The normalized precipitation data series are used in
the analysis of interdecadal precipitation variations.

FIG. 3. Distribution of stations used in the analysis. The three
stations marked by a cross have their wavelet transform results
shown in Figs. 6-8. The states are Nebraska (NE), Kansas (KS),
Iowa (IA), Missouri (MO), and Illinois (IL).

cant contributions to the total variation from fluctuations
at those frequencies. Statistical tests are used to examine the significance of the identified interdecadal variab. Methodology
Two methods are used in the analysis. One is an tions of precipitation by the power spectral analysis.
The wavelet transform is used in this analysis as
11-yr running mean with distributed weights (Woodruff and Hu 1997) and the other is a wavelet trans- an independent method from the running mean method
and is applied to the unfiltered precipitation time seform method.
The 11-yr running mean is a filtering method. It ries. The wavelet transform, unlike the Fourier transremoves variations with periods shorter than 10 yr in form, decomposes a time series into variation
a time series and retains variations of interdecadal components in a continuous frequency-time space. It
timescales, which are the focus of this study. To pre- can describe the instantaneous phase and amplitude of
serve as much as possible the information of the an- a component at a specific frequency during its evolunual precipitation in the central position (year) of the tion (Meyers et al. 1993). This feature gives us the
11-yr running window, we assign different weights to capability to identify the temporal behavior of particueach of the 11 yr in the running mean. These weights, lar variation components and allows us to "visualize"
from the first through the 11th year in the running win- the development of these variations as well as their
dow, are 1/24,1/24,1/12,1/8,1/8,1/6,1/8,1/8,1/12, relationship with the other variation components. In
1/24, and 1/24, respectively. The symmetry of the the transformed frequency-time space, the relative sigweight distribution guarantees no phase shift of the var- nificance of a variation component in the total variaiations in the time series after the filter is applied. The tion is defined by its amplitude relative to the others.
response function of the running mean is similar to that In this analysis, we will use the Morlet function
of an ordinary filter, for example, Shapiro (1975), and (Meyers et al. 1993) as the mother wavelet function
has small effect on variations whose frequencies are and follow the transform procedure described by Weng
lower than the cutoff frequency of the filter but has and Lau (1994). The tapering method described by
large effects on variations of frequency near its cut- Meyers et al. (1993) is used in preparing the input precipitation data for the wavelet analysis.
off frequency, for example, the 12-yr variation.
In summary, we will use statistical methods to idenThe power spectral analysis is applied to examine
interdecadal variations of precipitation. Large values of tify the interdecadal variations of annual precipitation
power spectra at particular frequencies suggest signifi- and examine their significance. We will use the wavelet
Bulletin of the American Meteorological Society
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transform to assist our understanding of these interdecadal variations of precipitation and their interrelationship.
3. Results
We first present the results of applying the running
mean to the normalized annual precipitation time series at the stations in each of the five states. The five

panels in Fig. 4 show these results for Missouri, Illinois,
Kansas, Nebraska, and Iowa, respectively. In each of
these panels, the community of dots at a particular year
shows the distribution of the running mean precipitation
values at individual stations in a state for that year. The
solid curve shows the average of the dot communities.
In Fig. 4, the interdecadal variations of the annual
precipitation are easily recognized. One such variation,
clearly shown by the solid curves, except perhaps for
Iowa, behaves in an oscillatory way with a period around
20 yr. The similarity in both amplitude and phase of
the quasi 20-yr variation in these panels suggests the
presence of a quasi 20-yr variation of annual precipitation in the central plains region of the United States.
If we focus our attention on the time periods when
the averaged annual precipitation (the solid curve) has
positive anomalies to its long-term mean, we find primarily five such periods, that is, 1905-10, 1925-30,

FIG. 4. Time series of running mean values of normalized
annual precipitation time series at individual stations in (a)
Missouri, (b) Illinois, (c) Kansas, (d) Nebraska, and (e) Iowa. The
solid curve in each panel shows the average of the running mean
values of the stations at a year.
224

Vol. 79, No. 2, February 1998
Unauthenticated | Downloaded 01/09/23 09:09 PM UTC

1945-50, 1965-70, and the most recent one around
1985. Between these wet epochs are periods with negative precipitation anomalies. These dry periods are
shown in Fig. 4 in 1895-1900, 1915-20, 1935^0,
1955-60, and the recent one in the late 1970s. The
most severe dry periods are in the 1930s and 1950s
when prolonged and severe droughts devastated the
central plains region. The droughts of the 1930s and
1950s also extended over most of the contiguous
United States (e.g., Karl et al. 1996).
Figure 4 also suggests the presence of another
interdecadal timescale variation component of the
annual precipitation in the region. The period of this
variation is around 12 yr. In the running mean results,
this variation is especially evident in the recent decades
when its amplitude became large in the 1970s and the
1980s, even though the frequency of this variation is
near the cutoff frequency of the filter and its amplitude in Fig. 4 has been severely reduced. The progress
of the quasi 20-yr variation is "masked" to some degree by this higher-frequency variation in the recent
decades, although it is still recognized in the panels
in Fig. 4. The interaction and relationship of these two
interdecadal timescale variations will be discussed
with the wavelet transform results.
The results of Fig. 4 also show a gradual increase
of the annual precipitation starting in the mid-1960s,
coincident in time with the amplification of the 12-yr
precipitation variation in the region. The increase has
become substantial in recent decades. At Springfield,
Missouri (see Fig. 2), for example, the 10-yr average
of annual precipitation for 1986-95 is 21% more than
the 30-yr average for the period 1961-90. Many stations in southwestern Missouri and eastern and central Kansas have shown similar or even larger
magnitudes of increase of annual precipitation in the
last 10 yr. There have been statistics indicating a blossoming of agriculture and the economy in several rural areas in eastern and central Kansas where
agriculture was sustained at a minimal level 10 yr ago
because of lack of rainfall and other conditions.
Figure 5 shows the power spectrum of the unfiltered annual precipitation variations in each of the
states.2 The high-frequency spectra are excluded in the
2

The result for Illinois is not shown in Fig. 5 because it is similar
to that of Missouri, as also suggested by the similarities of the solid
curves in Figs. 4a and 4b. The maximum time lag used in the spectral analysis is 3A//10, where N is the number of annual precipitation records in a time series, varying from 80 to 118 for different
states.
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FIG. 5. Power spectra of the unfiltered precipitation time series
for Missouri. The ordinate shows the power magnitude. The 95%
confidence level against a white-noise background continuum is
shown by the dashed line.

figure. In the interdecadal spectra, we find easily two
peaks at the periods of 20 and nearly 12 yr. The results show that the 20-yr variation for Missouri
(Illinois), Kansas, and Nebraska is statistically significant at the 95% confidence level against a continuum
background of white noise. For Iowa, however, the
power spectra show a peak at the 20-yr period but with
a lack of significance consistent with Fig. 4e. Our
detailed analysis indicated that the annual precipitation at many stations located in the northern portion
of Iowa is dominated by irregular variations and lacks
an outstanding variation at the 20-yr timescale. These
results suggest that the
i 20-yr variation of annual
precipitation may be limited in the central plains region of the United States and not extend to higher latitudes. We will further discuss this issue later in this
section.
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The 12-yr variation of annual precipitation, notice- cipitation variation. All this was discussed above. It
able in the precipitation time series in Fig. 4, particu- is interesting to point out that the rhythm of the recurlarly after the 1960s, is also shown in the spectra of rence of the droughts in the region from this study is
Fig. 5. The white-noise test suggests that this varia- similar to that identified by Cook et al. (1997) based
tion is significant in Missouri, Illinois, Kansas, and on a tree-ring derived drought area index.
Iowa. The spectral distribution for Nebraska shows a
After the mid-1960s, the amplitude of the 20-yr
very large peak at the 20-yr period but a fairly small oscillation decreased. In the meantime, the quasi 12-yr
and insignificant peak at the 12-yr period. Overall, the variation amplified. As a consequence of this enhancespectral results in Fig. 5 confirm the presence of sig- ment, the influence of the 12-yr variation on the flucnificant interdecadal variations of annual precipitation tuation of the annual precipitation becomes significant,
in the central plains region of the United States. Except and the alternations of relatively dry and wet epochs
for the northern section of Iowa and the northwestern in the region become more frequent. This change is
section of Nebraska, the quasi 20-yr variation and the visible in the precipitation time series in the upper
12-yr variation coexist in the central plains region.
panel of Fig. 6. For example, the positive phase of the
Figure 5 also shows peaks at shorter periods. For 12-yr variation during the early 1980s corresponds to
example, Missouri and Nebraska have peaks above the five consecutive years with positive precipitation
95% confidence level at approximately 8 and 5 yr, re- anomalies; the 1988 drought and the following few dry
spectively (5 yr is the minimum period shown for years are found in a period when the 12-yr variation
all spectra). All four panels in Fig. 5 also have rela- is in a negative phase.
tive maxima around 6-8 yr; these are all below the
The transform results of the annual precipitation
95% confidence level. Figures 6-8, described later, time series at other stations in the region where these
also show fairly large amplitude for peaks of 8 yr or two interdecadal variations coexist show similar fealess. In this paper, we shall not consider these shorter tures to what we have shown in Fig. 6. Figure 7 shows
period variations.
an example of the transform result for Urbana, in cenTo illustrate the relationship of the quasi 20- and tral Illinois (see Fig. 3 for its location). Note that the
12-yr interdecadal precipitation variations in the region abscissa has a different scale compared to that of Fig. 6
where they coexist, we apply the Morlet wavelet trans- because of the difference in the length of the data seform to the annual precipitation time series at the 168
individual stations in the region. Because the transform
results provide instantaneous measures of the local
values of both amplitude and phase of each of the two
interdecadal variations in a continuous space of frequency and time, they can help to reveal the relationship of these variations.
Figure 6 shows the wavelet transform (lower panel)
of the normalized annual precipitation time series (upper panel) for Columbia, Missouri, for the 111-yr period from 1885 through 1995. The quasi 20-yr
oscillation is shown by five outstanding cycles. The
variation of the shading intensity in Fig. 6 (measuring the oscillation amplitude) is greatest for this oscillation until about 1966. In accordance with this
oscillation, the annual precipitation experienced alternations of relatively dry and wet periods. For instance,
the upper panel of Fig. 6 shows that there were more
years with positive annual precipitation anomalies in
the 1920s and 1940s, late 1960s, early 1980s, and the
early 1990s. Clusters of dry years with negative preFIG. 6. Upper panel: Normalized annual precipitation time
cipitation anomalies are found between those of wet series for Columbia, Missouri. Lower panel: Wavelet transform
periods. The prevailing droughts in the 1930s and result of the annual precipitation time series. The shading scale is
1950s show clear connections to the quasi 20-yr pre- shown in the label bar.
226

Vol. 79, No. 2, February 1998
Unauthenticated | Downloaded 01/09/23 09:09 PM UTC

FIG. 7. Same as Fig. 6 except for Urbana, Illinois.

ries at the two stations. In Fig. 7, the quasi 20-yr variation is shown by five outstanding cycles from 1894
through 1993. The phase of these cycles is similar to
that shown in Fig. 6. The suggested shift of the variation energy from the 20-yr variation to the 12-yr variation, and the amplification of the latter since the
mid-1960s, are also depicted in this result.
Figure 8 presents a third example of the transform
result. It is for Aledo in northwest Illinois (see Fig. 3).
The abscissa is the same as Fig. 7. Again, the basic
features of the quasi 20- and 12-yr variations are similar to Figs. 6 and 7, but there are differences. The
Aledo's 20-yr variation has a weaker amplitude in the
midcentury than for Columbia or Urbana, and the behavior of the quasi 12-yr variation is also somewhat
different. Yet, all three figures exhibit the characteristics discussed for Fig. 6.
Both the quasi 20-yr and the 12-yr precipitation
variations shown here were not shown in the results
of the precipitation analysis by Karl et al. (1996). This
difference indicates the regional nature of these
interdecadal variations. We recall that the primary attention of Karl et al.'s analysis was the variations of
the averaged annual precipitation over all the stations
in the contiguous United States. In their averaging
process of continental scale, the variation features of
precipitation in different regions may have been lost.
The difference between our results and those of Karl
et al.'s therefore suggests that the interdecadal precipiBulletin of the American Meteorological Society

FIG. 8. Same as Fig. 6 except for Aledo, Illinois.

tation variations identified in this study may be outstanding only in the central plains region of the United
States, due to the unique circulation features, topographical distributions, and land-cover settings in and
around the region. In fact, our analysis of several stations in the states east of the region showed a complete
absence of distinct 20- and 12-yr variations but rather
a pronounced, much lower frequency variation of 30to 40-yr period. As an example, we show in Fig. 9 the
time series of annual precipitation and its running
mean result for Philadelphia, Pennsylvania. The outstanding component in this result is a quasi 40-yr
variation.
4 . Summary and discussion
Using statistical methods and the wavelet transform, we have analyzed a century worth of precipitation data at 168 cooperative stations in the central
plains region of the United States, including Missouri,
Illinois, Kansas, Nebraska, and Iowa. The results show
significant interdecadal variations of annual precipitation in the region, in particular a quasi 20-yr variation and a quasi 12-yr variation. The results also
suggest that these interdecadal variations may be limited to the central plains region and are not present in
the eastern and high-latitude northern sections of the
contiguous United States. The quasi 12-yr variation
227
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FIG. 9. Time series of the annual precipitation for Philadelphia,
Pennsylvania (—A—) and its running mean result (—•—).

is significant in the central regions excluding most of
Nebraska.
The 12-yr precipitation variation in the region has
amplified since the mid-1960s. With the amplification,
its influence on the annual precipitation anomalies has
increased. Using the wavelet transform, we further
showed that the increase of amplitude of the 12-yr
variation after the mid-1960s may be partially attributed to the shift of a portion of the variation energy of
the quasi 20-yr variation to that particular frequency
variation.
Identifying the interdecadal variations of annual
precipitation in the central plains region has the following applications. First, the quasi-periodic feature
of these slow timescale variations and their significant
influence on the development of annual precipitation
anomalies can be used to assist in long-range prediction of annual precipitation anomalies in the region.
Because these interdecadal variations are evolving
much more slowly than the annual and interannual
timescale variations, they are more persistent, from a
forecasting standpoint, than those variations. Relying
on this persistency, we may predict the annual precipitation anomalies in future year(s) based on the current
variation tendencies of these interdecadal variations.
The amplitude variations of these interdecadal oscillations will have to be considered in developing such
a predicting scheme. Of course, the annual and
interannual timescale variations, which are not discussed in this paper, will inevitably interact with the
interdecadal variations and complicate this prediction
process.
Second, knowledge of interdecadal variations of
precipitation is essential in detection and understand228

ing of the regional/local climate variations. The natural variability of regional precipitation needs to be
understood in order to evaluate and estimate the climate change due to, for example, the anthropogenic
effect. Interactions of slow timescale precipitation
variations, such as that between the 20-yr variation and
the 12-yr variation shown in Figs. 6-8, may be related
to the causes of the recent increase of the annual precipitation in the central plains region. They need to be
taken into consideration while we try to understand the
decadal and interdecadal timescale variations of regional precipitation.
Concerning the cause for development of the
interdecadal variations of precipitation in the central
plains region, we propose that it may be directly influenced by the slow time variations in the North Atlantic region, which have been identified as the most
likely causes of the observed interdecadal variations
in global circulations (Knox et al. 1988; Del worth et al.
1993; Kushnir 1994). The reasons are as follows. The
variations of the sea surface temperature (SST) and sea
level pressure (SLP) in the North Atlantic Ocean region have significant interdecadal timescales, including a quasi 20-yr variation (Delworth et al. 1993;
Kushnir 1994; Zorita and Frankignoul 1997). These
interdecadal variations of the SST and SLP directly
affect the intensity and circulation of the subtropical
anticyclone in the North Atlantic region. Analysis of
a long-term series of the North Atlantic Oscillation
index by Rogers (1984) shows that the variations at
"periods of 20 years . . . are significantly larger than
would be expected assuming the background continuum is white noise" (Rogers 1984). Furthermore,
the circulation of the anticyclone in the North Atlantic directly influences the atmospheric circulation and
precipitation development in the central plains region
of the United States. The climatology of the wellknown low-level jet in the central plains, based on both
observations (Bonner 1968) and model simulations
(Helfand and Schubert 1995), shows that the low-level
jet is a large-scale phenomenon related to the southerly branch of the low-level subtropical anticyclone
centered in the North Atlantic. This low-level jet accounts for more than half of the moisture inflow to the
central plains region (Helfand and Schubert 1995).
Storms generated from interactions of this low-level
jet and the upper-level midlatitude westerly jet stream
(Uccellini and Johnson 1979; Raymond 1979) influence profoundly the precipitation development in the
central plains region and, hence, the interdecadal
timescale variations of annual precipitation.
Vol. 79, No. 2, February 1998
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Another fact supporting this proposal is that the
change of the intensity of the quasi 20-yr variation of
the annual precipitation in the central plains region
after the mid-1960s is temporally coherent with
changes of the interdecadal variations in the North
Atlantic after the mid-1960s (Folland and Parker
1990; Kushnir 1994; Rogers 1984). These consistent
changes suggest a systematic connection between the
interdecadal variations of the precipitation in the central plains region of the United States and the similar
timescale variations in the North Atlantic region. A
comprehensive study aiming at understanding this
relationship is in development.
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