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ABSTRACT 
 In this study, the authors investigate the time-frequency characteristics of the variations of 
Great Plains (GP) precipitation and its relationship with tropical central-eastern Pacific sea 
surface temperature (SST) by applying several advanced analyses. They focus on the dominant 
timescales of GP precipitation variations, the combined effects of multi-scale oscillating signals 
on the intensity of precipitation, and the variations of SST-precipitation relationships in time and 
frequency domains.  

The variability of GP precipitation is characterized by strong annual and semi-annual 
signals (especially the former), which possess the most stable oscillating frequencies and the 
largest amplitudes. However, non-seasonal oscillation signals, which have smaller amplitudes 
and more variable oscillating frequencies with time, also contribute significantly to the variability 
of GP precipitation. The presence of these multi-scale oscillating signals is often evident during 
periods of heavy precipitation. On the other hand, the non-seasonal oscillating signals and annual 
and semi-annual signals are of opposite phase during the periods of deficient GP precipitation.  

Strong correlations exist between the GP precipitation and the NINO3.4 (5ºS-5ºN, 170ºW-
90ºW) SST, especially in the summertime. The strongest correlations appear near the zero-lag 
(simultaneous correlation) and reach a maximum when the SST leads the precipitation by one 
month. The GP precipitation increases (decreases) during El Niño (La Niña) episodes. The 
precipitation and SST are strongly related in the quasi-biennial, interannual, and interdecadal 
frequency bands, although their coherence is unstable and varies with time. In particular, 
significant relationships are found on semi-annual and annual timescales in the 1950s and on 
interannual timescales in the 1910s, 1940s, and 1980s. A particularly significant relationship 
appears on the biennial timescale in the 1980s. 

 
1. Introduction 
 The U.S. Great Plains (GP), a major region of wheat and other crop growth, is located in a 
transitional zone between the relatively dry climate to the west and the wetter climate to the east. 
Here, the amount of water supply, which determines the growth of wheat crops, depends 
critically on the amount of precipitation. Thus, an improvement in understanding and predicting 
the variability of GP precipitation is of great scientific and socio-economic importance. 
 The GP precipitation varies significantly on different timescales. The variability of the 
precipitation is associated with many weather and climate extremes in the region such as summer 
heat waves (Klein 1952; Karl and Quayle 1981; Namias 1982; Chang and Wallace 1987; Lyon 
and Dole 1995) and winter blizzards accompanied by strong winds and blowing snow (see 
Schwartz and Schmidlin 2002). This precipitation variability is more commonly known for its 
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linkage to the drought and flood events in spring and summer seasons (Dickson 1980; Livezey 
1980; Diaz 1983; Namias 1983, 1991; Trenberth et al. 1988; Palmer and Brankovic 1989; Mo et 
al. 1991; Trenberth and Branstator 1992; Bell and Janowiak 1995; Mo et al. 1995; Trenberth and 
Guillemot 1996; Mo et al. 1997). In particular, the recent 1988 drought and 1993 flood have 
aroused considerable public and scientific interests because of their severity and extent.  
 Although the variability of GP precipitation may be attributed largely by the internal 
dynamics of the atmosphere, it is also associated with the changes in boundary surface conditions 
such as the variations of sea surface temperature (SST), snow and ice cover, and soil moisture 
content (Namias 1983, 1991). A number of previous studies (Ropelewski and Halpert 1986; 
Trenberth et al. 1988; Palmer and Brankovic 1989; Bunkers and Miller 1996; Trenberth and 
Guillemot 1996; Montroy et al. 1998; Mauget and Upchurch 1999; Barlow et al. 2001; Castro et 
al. 2001; Englehart and Douglas 2002; Mauget 2003) have recognized the importance of the 
tropical central-eastern Pacific SST, which is commonly used to measure the conditions of El 
Niño/Southern Oscillation (ENSO). Specifically, the wet (dry) years generally correspond to El 
Niño (La Niña) events (Castro et al. 2001; Mauget 2003). ENSO affects the precipitation through 
its influence on the jet stream and storm tracks over the Pacific and North America (e.g., 
Trenberth and Guillemot 1996). 

According to Ting and Wang (1997), the most dominant mode of the singular value 
decomposition analysis of the Pacific SST and U.S. precipitation is characterized by an apparent 
feature linking the summertime precipitation of central U.S. to the influence of tropical Pacific 
SST. This result has also been supported by Lau and Weng (2002) and Lau et al. (2004a, b). Lau 
et al. (2002) further demonstrate a linkage between the tropical Pacific SST and the predictability 
of central-U.S. summer precipitation. Furthermore, the preliminary analysis by Li et al. (2004) 
indicates that, among the 12 U.S. domains classified by the National Oceanic and Atmospheric 
Administration (NOAA; see Fig. E5 in Climate Diagnostics Bulletin, November 2003), the Great 
Plains is the only region whose annual precipitation and the precipitation averaged for every 
season are significantly related to ENSO. 
 In their studies that focus on the North American monsoon, Higgins and Mo (1998) and 
Higgins and Shi (2000) clearly relate the variability of monsoon precipitation and Southwest 
precipitation to the season-to-season memory of the coupled ocean-atmosphere system over the 
tropical eastern Pacific. The result implies an impact of ENSO on the GP precipitation, which 
changes oppositely to the Southwest precipitation and is controlled by the North American 
monsoon anticyclone over western U.S. (see also Higgins et al. 1997). The variability of 
Southwest Plains precipitation has also been linked to the memory effect of spring snowpack 
over the southern Rocky Mountains, which may also be related to the anomalies of Pacific SST 
(Gutzler 2000). Furthermore, strong relationships have been found between ENSO and the 
precipitation over the larger-scale central United States (e.g. Hu and Feng 2001). In addition, the 
experiments with general circulation modes by Mo et al. (1991) and Atlas et al. (1993) also show 
the influence of tropical Pacific SST on GP precipitation, although the SST is not the only 
impacting factor. 
 In this study, we investigate further the variations of GP precipitation and its relationship 
with the ENSO-related SST of tropical central-eastern Pacific with the following objectives. We 
focus on the detailed features associated with the variations of precipitation and SST and address 
several aspects of these variations that have not been examined previously. We reveal the time-
frequency characteristics of the variability of GP precipitation with an emphasis on the dominant 
timescales, and assess the contributions of dominant oscillating signals to the intensity of 
precipitation. Furthermore, we explore the SST-precipitation relationship in time and frequency 
domains. The study also emphasizes the importance of several advanced analysis tools, some of 
which have not been used previously to understand the variations of GP precipitation and its 
relations to ENSO-related SST. 
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 In the next section, we describe the main features of the observational data and introduce 
the analysis methods applied in this study. The variability of GP precipitation in both time and 
frequency domains is investigated in Section 3. We present the details of the relationship 
between GP precipitation and tropical central-eastern Pacific SST in Section 4. Finally, we 
summarize the results in Section 5. 
 
2. Data and Methods 
a. Data 
 The data fields analyzed in this study are precipitation and SST. The precipitation is from 
the CRU TS 2.0 product (Mitchell et al. 2004) of the Climatic Research Unit (CRU) of the 
University of East Anglia in the United Kingdom. The dataset contains land-only data 
information for the period of 1901-2000, in a resolution of 0.5 degree (longitude) by 0.5 degree 
(latitude). It is a revision to the old (New et al. 2000) 0.5-degree time series, but according to 
Mitchell et al., the previous dataset should not be mixed with the current new dataset. More about 
the details of the CRU dataset can be found at the Web site http://www.cru.uea.ac.uk/~timm. 

The SST comes from the NOAA Extended Reconstructed Sea Surface Temperature 
(ERSST; Smith and Reynolds 2003) dataset. The ERSST was constructed and updated by 
applying the most recently available SST in the Comprehensive Ocean-Atmosphere Data Set and 
using improved statistical methods that allow stable reconstruction with sparse data. It covers the 
time period from January 1854, in a grid of 2º (longitude) by 2º(latitude). 
 The popular NOAA reconstructed SST dataset has been used to force atmospheric general 
circulation models (e.g., Yang and Lau 1998; Gates et al. 1999), to assess model performance 
(Penland and Matrosova 1998), and to understand the coupled ocean-atmosphere processes 
(Zhang et al. 1997; Kinter et al. 2002), among others. The CRU dataset has also been applied 
widely in climate study for various purposes (e.g., George and Saunders 2001; Mariotti et al. 
2002; Yang et al. 2002; Chen et al. 2003; Seth and Rojas 2003; Tippett et al. 2003). An important 
feature of these datasets is their long data records, which are necessary for the analyses carried 
out in the current work. According to Chen et al. (2003), there is an agreement between the CRU 
precipitation and the global land precipitation analysis based on gauge observations for the recent 
years since 1948 (see their Figs. 6 and 7). The GP precipitation analyzed here is the area-
averaged data over the domain of 96º-105ºW, 32º-49ºN. As in Li et al. (2004), this Great Plains 
domain is adopted from the NOAA Climate Diagnostics Bulletin (e.g., November 2003; Fig. E5). 
It has been used for climate diagnostics and prediction purposes for many years. The tropical 
central-eastern Pacific SST is represented by the NINO3.4 SST (area-averaged information over 
5ºS-5ºN, 170ºW-90ºW; Barnston et al. 1997), which has often been used for measuring the 
conditions of ENSO. As in many climate datasets, the quality of data in the earlier years may not 
be as high as that in the recent time. However, it is always possible that the data of some regions 
is more reliable than that of other regions, even in the earlier years. Furthermore, compared to the 
data information of a specific grid-point, the values of area average are usually more superior in 
increasing data stability and reducing data errors. 
 
b. Methods of analysis 
 We apply several advanced tools to understand the features about the variability of GP 
precipitation and its relationship with NINO3.4 SST. Some aspects of these features have never 
been examined previously. We first apply the techniques of wavelet analysis and least-squares 
method to depict the time-frequency features and the dominant oscillating timescales of GP 
precipitation. We then use a multi-stage filter and a leap-step time series analysis model to 
understand the combined effects of multi-scale oscillating signals on precipitation variations. 
More about the methods for these analyses is discussed in Section 3. 
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For the relationship between GP precipitation and tropical central-eastern Pacific SST, we 
analyze the features of lead-lag correlation and their seasonality. In particular, we focus on the 
variability of the SST-precipitation relationship in both time and frequency domains, which has 
not been documented previously, by applying a technique in which a multiple moving-window 
method is used (see Section 4 for details). 
 
3. Variability of Great Plains Precipitation 
 In this section, we depict the variability of GP precipitation with an emphasis on the time-
frequency characteristics. We illustrate the wave spectra of the precipitation and explore the 
impact of multi-scale oscillating signals on the intensity of precipitation. 
 To facilitate the following discussion of this paper, we first show in Fig. 1 the monthly and 
seasonal variations of GP precipitation. The upper panel, presenting the monthly precipitation 
anomalies in which the mean annual cycle has been removed, indicates that the monthly 
fluctuation of GP precipitation has the same magnitude of the total precipitation, which 
maximizes in June (see the monthly climatology shown in the second panel). Values of seasonal 
mean precipitation (lower 4 panels) are highest in June-July-August (JJA), followed by March-
April-May (MAM), and lowest in December-January-February (DJF). Note that precipitation 
variability on interannual and longer timescales exists for all seasons. In particular, the JJA 
values are extremely high in 1993 and 1915, and low in 1936 and 1934. The JJA precipitation 
deficit in the 1930s can also be seen in MAM and SON (September-October-November).  

To improve our understanding of the variability of GP precipitation, we perform more 
detailed analyses. First, we apply time-frequency wavelet transform and related analyses to 
reveal the time-frequency characteristics of the precipitation variations. Wavelet analysis has 
been applied to address different issues of the Earth sciences including meteorology (e.g., Morlet 
et al. 1982; Chao and Naito 1995; Lau and Weng 1995; Torrence and Compo 1998; Zheng et al. 
2000; Ding et al. 2002). In this study, we employ the method of Morlet at al. (1982). For a time 
series f(t), its wavelet transform is defined as: 

                                      ( )( ) ( ) dt
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where ψ(t) is the basic wavelet; a is the dilation/compression scale factor defining the 
characteristic frequency; and b is the translational factor in the time domain. As seen from Eq. 
(1), one of the advantages of the wavelet transform is that it can describe the spectra 
characteristics of time series f(t) in the time-frequency domain (or a-b space). 

In our computations, we first remove the known dominant annual cycle from the monthly 
precipitation series to better describe the characteristics of other frequencies. The estimated time-
frequency spectra from the wavelet transform for the anomaly series without the mean annual 
signal (see Fig. 1; top panel) are shown in Fig. 2. It should be pointed out that removal of the 
annual cycle from the original data is not necessary because the wavelet analysis separates the 
signals for various frequencies. However, our comparison indicates that the features of other 
frequencies can be eye-captured more easily from Fig. 2, given the known feature that the annual 
cycle is the most dominant and stable signal as shown in Table 1 (also Figs. 3-4) later. 

Strong signals appear from Fig. 2 on interannual timescales, especially on 2-4 years, 
indicating that the GP precipitation fluctuates on the timescales of biennial oscillation and ENSO 
phenomena, among others. Figure 2 also shows that the precipitation varies on interdecadal 
timescales (about 10 and 20 years); however, the variations are relatively weaker. In addition, the 
figure shows irregular higher-frequency spectral signals on intraseasonal timescales, although 
monthly data are unable to depict the intraseasonal features in the high-frequency (e.g. 20-30 
days) band. 
 We further determine the magnitudes and phases of the temporal variations of GP 
precipitation by applying the method of least squares, which enables an identification or 
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estimation of stable parameters. We focus on the features of annual, semi-annual, interannual, 
and interdecadal timescales as well as the constant and linear trend terms. For this purpose, we 
use the original series of monthly precipitation including the seasonal signals. The least-squares 
method of Householder transform (see Powell and Reid 1969; Feng et al. 1978), which is a linear 
regression problem, is given as follows: 

                               ∑
=

++++=
7

1
)/2sin(

k
tkkkt PtcbtaSL εϕπ                        (2)   

where Pk, ck, and ϕk are, respectively, the periods, amplitudes, and phases of the annual, semi-
annual, interannual, and interdecadal terms; and a and b are the constant and linear terms. Three 
interannual and two interdecadal terms are included in the solution as detailed in the next 
paragraph. Since the periods of interannual and interdecadal fluctuations are relatively unstable 
(see Fig. 2), we determine their mean values by the method of trial and error in the process of 
least-squares computations. 

Shown in Table 1 is the information estimated for seven terms (annual, semi-annual, three 
interannual, and two interdecadal) in Eq. (2) for the monthly GP precipitation. The selection for 
the number of modes is based on the wavelet spectra estimated from Fig. 2 and the periods are 
identified by the means of least squares adjustment of Householder transform. The phase 
estimation is referenced to the epoch of January 1901. (When estimating the parameters of 
periodic signals, the beginning, middle, or end epoch of the data series are usually taken as the 
reference epoch.) It can be seen that the annual and semi-annual variations (rows 8 and 9) have 
the largest amplitudes (31.85 and 5.66 mm per month, respectively) and the most stable estimates 
of phases (see the values of root-mean-squares (RMS) of ±1.1 and ±6.3 in the last column). The 
analysis also identifies apparent fluctuations on interannual (rows 5-7) and interdecadal 
timescales (rows 3-4). In particular, the estimated timescales of 19.68 and 11.17 years are 
consistent with the interdecadal timescales of 20 and 12 years found by Hu et al. (1998) for the 
variability of annual precipitation over the central U.S. The estimated values of amplitudes for 
these fluctuations can reach about 2 mm per month and more. However, the phases of these 
fluctuations are unstable with larger standard deviations. Table 1 also indicates that there exists 
an increasing tendency in the GP precipitation, with a mean rate of 0.47 mm/month per decade 
during the last century. If this tendency is maintained, the GP precipitation at the end of this 
century will be 4.7 mm per month larger than at present. 

The RMS value of ±15.26 mm per month shown in Table 1 is calculated from the residual 
series after the seven oscillation signals (rows 3-9) and the constant and linear trend terms given 
in the table have been removed from the monthly precipitation data. The contribution of the 
frequency-oscillating signals detected by the wavelet spectrum to the RMS of monthly 
precipitation (±27.65 mm per month) is about 45%, calculated as (27.65-15.26)/27.65. It is 
known from the estimates of amplitude and standard deviation for the phases (see Table 1) that 
annual and semi-annual timescales, especially former, have the strongest oscillating signals with 
the most stable oscillating frequency. Therefore, most of the above-mentioned contribution 
should come from the seasonal oscillations.          
 The above analysis has quantitatively demonstrated the mean dominant oscillating signals 
of the variability of GP precipitation. Here, we study the combined effects of these multi-scale 
oscillating signals on precipitation variability. We first apply the technique of wavelet time-
frequency spectra again, but to the original series of monthly precipitation (shown in Fig. 3, the 
upper panel for 1901-1950 and the third panel for 1951-2000), instead of the anomaly series. In 
Fig. 3, the frequency bands from intraseasonal to interannual timescales are displayed. By 
comparing the spectral signals in the various frequency bands to the monthly precipitation of the 
same time epochs, we are able to reveal the relationship between precipitation variations and the 
multi-timescale oscillating signals in the precipitation data. The dotted lines in Fig. 3 mark four 
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heavy precipitation periods: June 1915, June 1941, May 1957, and May 1982. It is found that 
spectral signals of increased precipitation (“warm” yellow and red colors), ranging from 
intraseasonal, annual, and quasi-biennial to interannual frequency bands, occur synchronously in 
these heavy precipitation epochs (also see Table 2 later). In contrast, for the four deficient 
precipitation periods in June 1910, June 1952, June 1980, and June 1988, “cool” color (green and 
blue) spectral signals appear on intraseasonal, quasi-biennial, and interannual timescales. (Here, 
warm color spectral signals also appear on the seasonal timescale in these summers, relative to 
other seasons, because of the nature of the annual cycle of GP precipitation.) Thus, the results 
from wavelet spectral analysis shown in Fig. 3 indicate, preliminarily, that the variations of GP 
precipitation are influenced strongly by the non-seasonal, multi-scale oscillation signals, in spite 
of the dominance of annual and semi-annual cycles. 

We then extend our analysis of assessing the combined effects of multi-scale oscillations 
on GP precipitation variability by applying the Multi-Stage Filter (MSF) method that provides 
higher resolutions in the truncated frequency bands (Zheng and Dong 1986; Zheng and Luo 
1992). The theoretical formula for the frequency response function R of the MSF is 
                                                                                                                 
                                               MLefAcR )),(1( −=     .                                     (3)                                   
 
In Eq. (3), c is a real constant, taken as 1 generally; L and M are positive integers, determined by 
the band-width of truncated frequencies; and A(f, e) is the frequency response in the Vondrak’s 
smoothing method (Vondrak 1977):  
 
                                                 161 ))2(1(),( −−+= feefA π                        (4)                                         
 
where f and e are, respectively, the corresponding frequency component and the smoothing factor. 

The MSF method separates the signals of various timescales in the monthly precipitation 
data shown in Fig. 4a. Band passes of <0.3, 0.3-0.7, 0.7-1.3, 1.3-2.5, and 2.5-6.5 years 
(corresponding to intraseasonal, semi-annual, annual, quasi-biennial, and interannual timescales), 
are used respectively in the filtering process. Figure 4 shows the results obtained for the various 
timescales: intraseasonal (b), semi-annual (c), annual (d), quasi-biennial (e), and interannual (f). 
It should be noted that a so-called Leap-Step Time Series Analysis model (Zheng et al. 2000), 
which aims at improving the data information of end points in wavelet analysis, is also applied in 
the filtering process to reduce effectively the edge effects of the output signals.  
 Compared to Fig. 3, Fig. 4 demonstrates the combined effects of multi-scale oscillating 
signals on the variations of GP precipitation more quantitatively and more intuitively. It can be 
found from Fig. 4 that peak values occur almost synchronously for the four heavy precipitation 
periods in 1915, 1941, 1957, and 1982 on intraseasonal, quasi-biennial, and interannual 
timescales, besides the annual and semi-annual signals. For example, for the case of 1915, the 
peak values of annual and semi-annual signals are 36.4 and 1.8 mm per month, and those of 
intraseasonal, biennial, and interannual signals reach, respectively, to 7.2, 10.1, and 9.7 mm per 
month (see Table 2). For 1957, the peak values are 35.9 and 7.4 mm per month for the annual 
and semi-annual signals, and 14.3, 8.6, and 8.9 mm per month for the intraseasonal, quasi-
biennial, and interannual timescales. During these two periods of heavy precipitation, the 
contributions by the interannual and quasi-biennial signals to the total precipitation is equivalent 
to 53% and 42% of those by the seasonal signals. Also, for both cases, the contribution of each 
non-seasonal signal is clearly larger than that of the semi-annual signal, differing from the mean 
feature shown in Table 1. On the other hand, during the four periods of deficient precipitation in 
1910, 1952, 1980, and 1988 (lower portion of Table 2), lower peak values appear on the various 
time scales and opposite signs are apparent between the seasonal and non-seasonal signals. (The 
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peak values of the annual cycle are positive for both heavy and light precipitation conditions 
because of the generally heavier precipitation in summer than in other seasons.) These light 
precipitation events are often associated with heat waves, as recorded in 1952 (Klein 1952) and 
1980 (Dickson et al. 1980; Livezey 1980; Karl and Quayle 1981; Namias 1982). 
 In the summer of 1993, major floods occurred in the central U.S. including part of the 
Great Plains domain analyzed in this study. Our analysis indicates that, for June 1993 whose 
monthly mean GP precipitation is 113.7 mm per month (anomaly of 29.9), the peak values of 
intraseasonal, semi-annual, annual, quasi-biennial, and interannual signals are 1.0, 12.3, 36.2, 9.0, 
and 0.5, respectively. 

The above investigation indicates that both the wavelet analysis and the method of MSF 
consistently demonstrate the combined effects of multi-scale oscillating signals on the variations 
of GP precipitation. The results obtained may also possess a useful potential for precipitation 
prediction. Namely, heavy precipitation may be predicted for the summers when the peak values 
of ENSO (e.g., NINO3.4 SST; see next section) and quasi-biennial signals occur synchronously. 
On the other hand, when low values of ENSO and quasi-biennial signals occur, deficient 
precipitation may be foretold. The features discussed here are consistent with the results obtained 
by Joseph et al. (2000) who indicated that, in the Midwest U.S., extreme summer drought and 
flood events are manifestations of persistent anomalous dry or wet conditions across multiple 
timescales. 
 
4. Relationship between Great Plains Precipitation and Tropical Pacific SST 
 One of the important features discussed in the above section is that the GP precipitation 
varies strongly on interannual timescale. Here, we carry out a further analysis to reveal the 
relationship between the precipitation and tropical Pacific SST including its time-frequency 
features and seasonal dependence. We particularly focus on the NINO3.4 SST, the data averaged 
over 5ºS-5ºN, 170ºW-90ºW.  

Figure 5 shows the residual series of GP precipitation in which the seasonal signals and the 
constant and linear trend terms are removed (Fig. 5a) and its filtered series by a 6-month moving-
average filter (Fig. 5b).  A relationship is apparent between the filtered precipitation and the 
NINO3.4 SST shown in Fig. 5c. We first examine this relationship by analyzing the cross-
correlation function in the time domain and the squared coherence spectrum in the frequency 
domain, between the two fields. Following Jenkins and Watts (1968), we compute the cross-
correlation function ρ(τ) and squared coherence spectrum γ2(f) between the two time series as: 
 
     

                                                                                                                                                                 
                                                                                                                                 
In Eq. (5), σ12 is the cross-
covariance function of phase lag τ; and σ11 and σ22 are the variances of the two time series. In 
Eqs. (6) and (7), f is the frequency; S12(f) is the cross-power spectrum between the two time 
series; and S11(f) and S22(f) are the auto-power spectra of the two series, respectively. Here, the 
multi-window spectrum technique of Thomason (1982) is used in the calculations of power 
spectrum, with application of the Fourier transform. 
 Figure 6 shows the cross-correlation and cross-coherence, calculated by Eqs. (5)-(7), 
between NINO3.4 SST (Fig. 5c) and GP precipitation (Fig. 5a). Note that the constant and linear 
trend terms have been removed from the above series to meet the principle of statistics for 
correlation and coherence calculations. As seen from Fig. 6a, significant positive correlations 
between the SST and the precipitation appear near the zero-lag (simultaneous correlation) and 
reach a maximum when the SST leads the precipitation by one month. The positive correlations 
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indicate an increase (a decrease) in GP precipitation under the influence of El Niño (La Niña). 
These correlations exceed significantly the threshold value at the confidence level α=0.95 
determined by the Monte Carlo test (Zhou and Zheng 1999). In fact, significant correlations 
occur over a wide range of time, from the 11-month lead to the 6-month lag by the SST. (In the 
figure, values of negative lags represent the correlations in which SST leads precipitation.) 
Because of these broad bands of significant correlations, it seems difficult to claim a firm cause-
and-effect relationship between the SST and the precipitation. The positive SST-precipitation 
relationship has also found by previous studies (e.g., Castro et al. 2001; Mauget 2003). 
Furthermore, it is consistent with the result of Higgins et al. (1999) who found that the North 
American monsoon precipitation, which varies out of phase with GP precipitation, decreases 
(increases) during El Niño (La Niña) years. 

It can be seen from Fig. 6b that the SST has strong coherence with the precipitation on 
multiple frequency bands: 0.08-0.12, 0.20-0.22, 0.80-0.81, 1.37-1.42, 1.76-1.77, 1.87-1.90, 2.21-
2.25, and 2.37-2.38 cycles per year. The values of coherence estimates for these frequency bands, 
which correspond to intraseasonal-interdecadal timescales, exceed significantly the threshold 
value at the 95% confidence level (Chao 1988). The largest coherence spectral peaks occur on 
decadal and intraseasonal timescales, exceeding significantly the threshold value of 0.54 at the 
99% confidence level. 

It should be pointed out that the cross-coherence estimations discussed above only 
represent the mean features of the entire time span and the squared coherence information in the 
frequency domain. They are unable to depict the stability and variability of the features in 
specific frequency bands with respect to time process over the data span. As shown by Hu and 
Feng (2001), the intensity of the teleconnection of ENSO with precipitation over central U.S. 
varies on interdecadal timescales. Thus, we now explore the coherence features between 
NINO3.4 SST and GP precipitation in both time and frequency domains by applying a new 
technique in which a moving window is used. With this method, the coherence in time-frequency 
domains are derived first by estimating the values of a sub-series of ten years and then by moving 
successively the data points for subsequent estimations.  

Figure 7a shows the time-frequency coherence between the SST and the precipitation in 
frequency bands up to 3 cycles per year. In the figure, the coherence intensities are presented by 
the various colors and the confidence levels of coherence estimates are shown by the dashed lines 
in the color bar on the right-hand side of the figure. The figure indicates that significant 
coherence estimates between NINO3.4 SST and GP precipitation appear mainly in the lower 
frequency bands up to one cycle per year, especially on interannual timescales. In addition, large 
coherence appears in the frequency bands of about 7-10 months in the 1920s-1930s and 5.5-7.5 
in the 1950s. It can be seen from the figure that the coherence estimates are unstable and vary 
with time in all frequency bands. This manifests the advantage of this method in depicting the 
detailed features of the relationship between NINO3.4 SST and GP precipitation.  

One of the important features shown in Fig. 7a is that the significance of the SST-
precipitation relationship shifts among different frequency bands in different decades. To reveal 
this feature more clearly, we zoom in its specific aspects, respectively, for several time periods. It 
can be seen from Fig. 7b that significant SST-precipitation relationships occur on biennial and 
ENSO timescales (about 20-60 months) before the 1920s and in the early 1940s, and on semi-
annual timescale (about 7-10 months) from the late 1920s to the early 1930s. The NINO3.4 SST 
coheres significantly with the GP precipitation on the timescales of about 13-24 months during 
1948-54 and about 6-7.5 months (semi-annual) during 1950-60 (Fig. 7c). A particularly strong 
SST-precipitation relationship is found between 1982-88 on biennial timescale (see Fig. 7d). 
During this period, the NINO3.4 SST and the GP precipitation are also related strongly on ENSO 
timescale, about 30-60 months. 
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During the past decades, several major El Niño events have occurred in 1957/58, 1965/66, 
1972/73, 1982/83, 1991/92, and 1997/98; and major La Niña events in 1955/56, 1973/74, 
1975/76, 1988/89, and 1998/99 (see 
http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ensoyears.html). It may 
be interesting to note from Fig. 7 that, during these events, significant relationships between 
NINO3.4 SST and GP precipitation appear in different frequency bands (no information since the 
1996 because of the truncation resulted from the data-filtering technique). For example, during 
the 1982/83 and 1988/89 episodes, the SST and the precipitation are mainly related on quasi-
biennial and longer timescales. However, during the 1957/58 episode, they are coherent mainly 
on semi-annual timescale. The coherence between NINO3.4 SST and GP precipitation is 
generally weak in the 1970s. While the cause of this feature is a subject of future studies, the 
above results indicate that the SST-precipitation relationship is unstable with time and that the 
variability of GP precipitation does not respond linearly to the intensity of NINO3.4 SST. They 
also indicate the existence of other slowly-varying factors that affect the GP precipitation and its 
relationship with the tropical Pacific SST (see Ting and Wang 1997). 
 We now investigate the seasonality of the cross-correlation and cross-coherence between 
the seasonal GP precipitation (see Fig. 1) and NINO3.4 SST for MAM, JJA, SON, and DJF, 
respectively. Figure 8 shows the results for cross-correlation in (a) and those for cross-coherence 
in (b) calculated by Eqs. (5)-(7). The simultaneous correlations between the precipitation and the 
SST (Fig. 8a) exceed significantly the threshold value of 0.20 at the 95% confidence level 
determined by the Monte Carlo test (Zhou and Zheng 1999) in the seasons of spring, summer, 
and winter. Especially for summer, when the precipitation increases (decreases) in response to El 
Niño (La Niña), the correlation exceeds the threshold value of 0.26 at the 99% confidence level. 
In addition, the NINO3.4 SST leads (for MAM and JJA) and lags (for SON and DJF) the GP 
precipitation on decadal timescales. However, it is difficult to explain this feature without an 
understanding of the physics of any possible relationship between the SST and the precipitation 
on such long timescales, especially when the seasonality of the relationship is taken in account. 

The bulk parts of the coherence spectral estimations (Fig. 8b) exceed significantly the 
threshold value of 0.39 at the 95% confidence level in multiple frequency bands for all seasons. 
For MAM, the frequency bands of significant coherence are 0.08-0.10 and 0.42-0.45 cycles per 
year (namely, on the timescales of about 10.0-12.5 and 2.2-2.4 years). For JJA, those significant 
bands are 0.10-0.12, 0.22, and 0.39-0.42 cycles per year (about 8.3-10.0, 4.5, and 2.4-2.6 years). 
The frequency bands of significant coherences occur in 0.12-0.18 cycles per year (5.6-8.3 years) 
for SON, and 0.12 and 0.19-0.20 cycles per year (8.3 and 5.0-5.3 years) for DJF. Strong 
coherence appears mainly in the low frequency band in SON and DJF, but higher frequencies in 
MAM and JJA. It can also be seen that the GP precipitation and the NINO3.4 SST are coherent 
on much longer timescales. A combination of the correlation and coherence features indicates 
that the precipitation and the SST have the strongest relationship on ENSO timescales in summer. 
 
5. Summary and discussion 
 In this study, we have investigated the variations of U.S. Great Plains precipitation and its 
relationship with the tropical central-eastern Pacific SST by applying a number of advanced 
statistical tools. We have first used the techniques of wavelet analysis and least-squares method 
to depict the time-frequency features and the mean dominant oscillating timescales of the 
variability of GP precipitation. We have then used a multi-stage filter to demonstrate the 
combined effects of multi-scale oscillating signals on the variations of the precipitation. 
Furthermore, we have studied the lead-lag relationship between the precipitation and the tropical 
Pacific SST as well as the time-frequency features of their coherence, by employing a cross-
covariance function analysis and a multiple moving-window method. 



 10

Among the timescales examined in this study (ranging from intraseasonal to interdecadal) 
for the variability of GP precipitation, annual and semi-annual signals, especially the former, 
have the most stable oscillating frequencies and the largest amplitudes. The non-seasonal 
oscillation signals have smaller amplitudes and more variable oscillating frequencies with time. 
However, the combined effects of multi-scale oscillating signals on the variations of precipitation 
are evident. The GP precipitation increases when the phases of the peaks of non-seasonal 
oscillating signals including intraseasonal, quasi-biennial, and interannual timescales are the 
same as those of seasonal signals. On the other hand, the precipitation decreases when the phases 
of non-seasonal oscillating signals are opposite to those of seasonal signals. During the periods 
of heavy precipitation, the contribution of interannual and quasi-biennial oscillating signals to the 
total precipitation can be equivalent to about 40-50% of that of the seasonal signals. The 
variability of GP precipitation should be related closely to the changes in both local and remote 
atmospheric circulation patterns. For example, the quasi-biennial signal of the precipitation may 
be linked to the variability of the Great Plains low-level jet. 

The GP precipitation is significantly correlated with NINO3.4 SST and the strongest 
relationships appear near the zero-lag (simultaneous correlation) and reach a maximum when the 
SST leads the precipitation by one month. It increases (decreases) during El Niño (La Niña) 
episodes. Significant coherence between the precipitation and the SST occurs in quasi-biennial, 
interannual, and interdecadal frequency bands. An analysis of the time-frequency features of the 
coherence between the precipitation and the SST indicates that the coherence estimates are 
unstable and vary with time. Significant relationships are found on semi-annual timescale in the 
1950s and on interannual timescales in the 1910s, 1940s, and 1980s. Particularly significant 
relationships appear on the biennial timescale in the 1980s and on the annual timescale from the 
late 1940s to the early 1950s. It is also found that the most significant correlation between the 
precipitation and the SST occurs in summertime, followed by winter and spring. However, even 
in SON, the GP precipitation is strongly related to NINO3.4 SST in the band of 5.5-8.5 years. 
 In brief, we have carried out this work with two main purposes: to conduct a pilot study of 
the applications of several advanced tools in precipitation analysis and to depict the time-
frequency characteristics of the variations of GP precipitation and its relationship with tropical 
central-eastern Pacific SST. A number of interesting features have been revealed especially in the 
combined effects of multi-scale oscillating signals on GP precipitation and in the time-frequency 
characteristics of the relationship between the precipitation and NINO3.4 SST. However, to fully 
explain these features, substantial effort is needed to understand the associated changes in the 
dynamical processes of atmospheric, oceanic, and land surface conditions. 
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Table 1. Estimates of the amplitudes and phases of oscillation signals of GP 
precipitation, ranging from seasonal to interdecadal timescales, derived by the 
least-squares method of Householder transform. The estimated phases in the 
table are referenced to the epoch of January 1901. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Precipitation variations 

  Period            

(in year) 

Amplitude          

(in mm/month) 

Phase  

(in degree) 

     19.68       2.03±0.63       10.6±17.5 

     11.17       1.90±0.62      -63.6±18.8 

       4.49       1.79±0.62       50.8±20.0 

       3.00       2.37±0.62    -129.7±15.0 

       2.00       2.27±0.62        -3.7±15.7 

       1.00      31.85±0.62      -75.4±1.1 

       0.50        5.66±0.62    -162.8±6.3 

Linear trend: 0.47±0.015 mm/month/decade 

RMS: ±15.26 mm/month  
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Table 2. Precipitation rates (mm per month) identified for different time scales. 

Results are shown for four heavy (upper portion) and four light (lower 
portion) precipitation events, respectively. 

 

Heavy Precipitation Events 

 June 1915 June 1941 May 1957 May 1982 

Intraseasonal        7.2       28.8       14.3          2.5 

Semi-annual        1.8      -15.9         7.4        16.0 

Annual      36.4       34.8       35.9        34.4 

Quasi-biennial      10.1         3.9         8.6          0.8 

Interannual        9.7       11.3         8.9          7.1 

Monthly mean 

(Anomaly) 

     121.4  

     (37.6) 

      125.0  

     (41.2) 

      131.9  

     (53.5) 

      137.6  

      (59.2) 

Light Precipitation Events 

 June 1910 June 1952 June 1980 June 1988 

Intraseasonal       -4.7        -9.0        -4.0        -6.5 

Semi-annual         1.9          4.0        -6.6        -4.0 

Annual       26.1        28.3        25.8        25.8 

Quasi-biennial       -3.5       -10.8        -4.3          0.6 

Interannual       -5.8         -1.6        -6.5        -7.2 

Monthly mean 

(Anomaly) 

      49.8  

    (-34.0) 

       54.3  

    (-29.5) 

      56.7  

    (-27.1) 

       55.8  

     (-28.0) 
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Fig. 1. Monthly anomalies in which the mean annual cycle is removed (top panel), mean annual 
cycle (second panel), and seasonal means (lower four panels) of the GP precipitation (mm 
per month). MAM, JJA, SON, and DJF stand for March-April-May, June-July-August, 
September-October-November, and December-January-February, respectively. 
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Fig. 2. Estimations of the time-frequency spectra of wavelet transform derived from the 

anomalous GP precipitation (see top panel in Figure 1). The red and blue colors represent 
the largest positive and negative amplitudes of wavelet spectra, respectively. The y-
coordinate represents the periodic timescales of the time-frequency spectra. 
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Fig. 3. Wavelet time-frequency spectra demonstrating the combined effects of multi-scale 

oscillating signals on the intensity of GP precipitation in the ranges of 0.2-8 years. The 
yellow and red colors indicate an increase in precipitation in the corresponding frequency 
bands, while green and blue indicate a decrease in precipitation. The curve shows the 
monthly precipitation. To increase the clarity of the figure, results for the entire time period 
are shown separately for two subsets of 1901-1950 and 1951-2000. The dotted (dashed) 
lines indicate four heavy (light) precipitation events (see text for details). 
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Fig. 4. Monthly GP precipitation (a) and oscillating signals on the intraseasonal (b), 

semi-annual (c), annual (d), quasi-biennial (e), and interannual (f) timescales. 
The dotted (dashed) lines indicate four heavy (light) precipitation events (see 
text for details). 
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Fig. 5. (a) Residual series of GP precipitation in which the seasonal cycles and constant and 

linear trend terms have been removed. (b) Filtered residuals of precipitation by a 6-month 
moving- average filter. (c) NINO3.4 SST (ºC) with the constant and linear trend terms 
removed. 
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Fig. 6. Estimated cross-correlation (a) and squared coherence (b) between NINO3.4 SST and GP 

precipitation. Values of negative (positive) lags shown in the x-coordinate represent the 
correlations in which the SST leads (lags) the precipitation. The dashed lines show the 
threshold values of significant test (assessed two-sided) at the 95% and 99% confidence 
levels. 
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Fig. 7. (a) Estimations of coherence spectra between NINO3.4 SST (see Figure 5c) and GP 

precipitation (Figure 5a) shown in time-frequency domain. The threshold values of the 
significant test at the 95% and 99% confidence levels are given by the dashed-dotted lines 
in the color bar on the right-hand side of the figure. Note that a 5-year truncation occurs at 
each end of the figure. Shown also are the time-frequency features of the coherence spectra 
between NINO3.4 SST and GP precipitation zoomed in, respectively, for periods 1906-45 
(Figure 7b), 1945-65 (7c), and 1975-95 (7d). 
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Fig. 8. Estimated cross-correlation (a) and squared coherence (b) between NINO3.4 SST and GP 

precipitation for the various seasons (MAM, JJA, SON, and DJF). Values of negative 
(positive) lags shown in the x-coordinate represent the correlations in which the SST leads 
(lags) the precipitation. The dashed lines show the threshold values of significant test at the 
95% and 99% confidence levels. 

 
 
 
 
 
 
 

 
 


