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Abstract: When one of two time series undergoes an obvious change in trend, the correlation coef-
ficient between the two will be distorted. In the context of global warming, most meteorological
time series have obvious linear trends, so how do variations in these trends affect the correlation
coefficient? In this paper, the correlation between time series with trend changes is studied theo-
retically and numerically. Adopting the trend coefficient, which reflects the nature and size of the
trend change, we derive a formula r = f(k, [) for the correlation coefficient of time series X and Y
with respective trend coefficients k and I. Analysis of the function graph shows that the changes in
correlation coefficient with respect to the trend coefficients produce a twisted saddle surface, and the
saddle point coordinates are given by the trend coefficients of time series X and Y with the opposite
signs. The curve f(k, [) = f(0, 0) divides the coordinate planes into regions where f(k, ) > £(0, 0) and
f(k, 1) < f(0, 0). When the trend coefficients k and [ are very small and the correlation coefficient is
also very small, then k>0 and I > 0 (or k < 0 and I < 0) amplifies a positive correlation, whereas k > 0
and [ <0 (or k < 0 and I > 0) amplifies a negative correlation, as found in previous research. Finally,
experiments using meteorological data verify the reliability and effectiveness of the theory.

Keywords: trend coefficient; correlation coefficient; time series; sudden change; global warming

1. Introduction

In 2013, the Intergovernmental Panel on Climate Change (IPCC) issued their fifth
climate change assessment report. Based on a large number of observational analyses and
climate simulation data, the report emphasized that global warming is being caused by
increases in anthropogenic emissions [1]. In recent years, global warming has attracted
widespread attention [2-5]. Under this background, meteorological data have been found
to exhibit a certain linear trend [2—4]. For example, since the 1980s, the global climate
has been significantly warming, and this is reflected in the annual, seasonal, and monthly
average temperatures, with the temperature of the sea displaying a significant positive
linear trend. In some areas, long-term drought means that precipitation has a significant
negative linear trend. Such linear trends can also be found in data related to our daily lives.
For instance, improvements in living standards have produced significant positive linear
trends in some conventional index data used in medical research, such as the average blood
fat, weight, cholesterol, and height. For diseases caused by viruses, the number of patients
exhibits a strong positive trend during the period of virus diffusion and transmission.
Therefore, generally speaking, for limited samples of observation data, there will be a linear
trend of a certain magnitude. In studying the trends of observation data, multivariate
analysis can be applied to identify a linear trend [6-8]. Some linear trends are the result
of slow external forcing, whereas others are random. However, when the trend in one (or
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two) of these variables reaches a certain degree, analysis of the correlation between the
sample data of these two variables will lead to false conclusions. This produces a mixture of
internal characteristics and external forced characteristics in the research object. Therefore,
it is necessary to separate the internal inherent characteristics from the external forcing
characteristics, and this poses both scientific and technological problems.

A correlation coefficient is a statistical index describing the relationship between two
time series. Such coefficients are widely used in basic and applied research in the natural
and social sciences, especially in physics [9,10], geoscience (atmospheric science [11-15],
oceanography [16], geology [17], earthquakes [18], geography [19]), agricultural science [20],
environmental science [21], and medical science [22], where there is a need to carry out
data diagnosis, analysis, and simulation and to establish dynamic numerical models [12].

Although the correlation coefficient is a statistical construct, it has strict geometric
and topological significance, as it is the cosine of the included angle between the centered
vectors of two time series. When the correlation coefficient of the two time series is
zero, indicating that they are linearly independent, the included angle of the centered
vectors is 90°. A correlation coefficient of 1.0 indicates a positive relationship between two
vectors that have the same direction, known as a linear positive correlation. In contrast, a
correlation coefficient of —1.0 means that the two vectors have a negative relationship and
have opposite directions, known as a linear negative correlation. Therefore, the correlation
coefficient is a measure of the degree of closeness of the linear correlation between two
vectors. This measure has symmetry and conservatism, and though it cannot reflect the
causal relationship between the two time series, it often suggests the direction of research
into the causes.

In any scientific problem, the correlation coefficient is calculated using limited sample
data. In many cases, the observations are limited, and the data are arranged in chronological
order. It is also difficult to ensure independent sampling. Any two variables related to the
calculation may have a high degree of autocorrelation and may also have their own trends
of variation. Shi et al. state that a linear trend will affect the calculation of the correlation
coefficient, leading to false correlations and influencing the correlation analysis [23]. They
performed several numerical experiments, but did not present any theoretical derivation
or a mathematical expression of how the trend changes affect the correlation coefficient.
Moreover, their numerical experiments considered time series that displayed no trends. In
this paper, the influence of a linear trend on the correlation coefficient is studied theoretically,
and the quantitative relationship between the linear trend coefficient and the correlation
coefficient is determined. On this basis, the numerical test used by Shi et al. [23] is extended
to time series that have discernible trends. Thus, this paper describes the theoretical and
practical application of variations in trends to the related analysis.

2. Materials and Methods
2.1. Trend Coefficient

Consider a time series of length 1, X = (x1, x2, x3, ..., x4). The long-term trend of this
time series is usually expressed by the following linear regression equation:

xX=a+bt t=1,2,------ N, 1

where b is the regression coefficient, which represents the variation in the trend. The
regression coefficient has units corresponding to the variable divided by time. Thus, its
magnitude cannot be compared among variables of different units, even for the same
meteorological element in different regions. For example, in meteorology, b may be equal
to 1.0 potential meter per year in a certain period of time in the center of atmospheric
activity with large variability, indicating a weak positive trend. However, if the same value
is derived near the equator, it reflects a very obvious positive trend in the geopotential
height in this area. Therefore, the long-term trend of large-scale meteorological fields
cannot be obtained from the spatial distribution of the regression coefficient. Based on this,
Shi et al. [11] proposed a dimensionless trend coefficient to reflect the changes in different
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variables in different regions. The trend coefficient is defined as the correlation coefficient
between a time series of meteorological elements with length n and the natural sequence
T=(1,2,3,...,n), thatis,

@

- no__on
where x; is the series,i=1,2, ... ,n,Xis the average value, and t = ”TH Note Y xt = Y x;t.
i=1 i=1
The trend coefficient given by Equation (2) and the regression coefficient b in Equation (1)
have the following relationship:

b:VXT(Ux/(TT>. (3)

where ox and o7 are the mean square deviations of elements X and natural series T,
respectively. For meteorological elements and natural series, the practical difference is that
the trend coefficient of X is less than 1.0, whereas that of T must be 1.0.

The statistical significance of the trend rx7 can be tested using the usual statistical test
method of the correlation coefficient or the Monte Carlo method. The advantages of the
trend coefficient given by Equation (2) mean that it is widely used in the study of long-term
variations in the trend of global and regional meteorological fields. Detrended fluctuation
analysis, trend-free pre-whitening, and the permutation entropy can be used to study the
trend coefficient of observation data [24-27].

2.2. Time Series with Trend Changes

Consider the standardized time series Xy = (xq, X2, X3, ... , Xp)and Y- = (Y1, Y2, Y3, - - - , Yn)s
which have variations in their trends. Suppose that the trend coefficients of X;, and Y} are
k and I, respectively, and the time series after detrending are X and Y. We can write

Xy = X* + kT* @)

Y = Y* +IT* ©)

where X*, Y*, and T* are the standardized series of X, Y, and T, respectively. It is clear that
the trend coefficients of X* and Y* are zero.

2.3. Correlation Coefficients
Take two standardized time series« = (a1, 4, a3, ..., a,) and B = (by, by, b3, ..., by).
The correlation coefficient between « and § is

n
,;1 a;b;
Tap = ——— ©6)

For conciseness, we use the vector inner product form

{w B)

"= eV B P 7
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n
Here, (a, B) = Y a;b; is the inner product of « and B. Substituting Equations (4) and
i=1

(5) into Equation (7)7we obtain the correlation coefficient between time series X* and Y*
with trend coefficients k and I to be

Xy, = f(X* Y k1)
_ (X Y*) 4+ I(X*,T*) + K(T*,Y*) + kI(T*,T*) (8)
VXF XY 4 2k(X5,T*) + K2(T*, T*)A/(Y*,Y*) + 21(Y*,T*) + [2(T*,T*)’

Thus, we have a formula for the correlation coefficient between two time series that
display variations in trend. This is a real function of X*, Y*, k, and I/, which means that the
correlation coefficient is not only related to the original time series X*, Y*, but also to the
trend coefficients k and /. When time series X and Y are given (that is, X* and Y* are fixed),
the above formula is a bivariate function of k and /, which can be written as

Xp Yy = f(k/l)

(X Y*) 4+ (X3 T*) + k(T*,Y*) + kI{T*,T*) 9)
VXX 2k(XH, T + R2(T*, T/ (Y5, Y*) + 20(Y*,T*) + 2(T*,T*)"

Equation (9) is the focus of this paper. Terms with coefficients k and / are influenced by
the trend of time series X and Y, respectively, while terms of the form kI(T*, T*) indicate
coupled influence, in which the influence of the trend on the correlation coefficient is
nonlinear. Note that the numerical test used by Shi et al. [23] considers the influence of
the trend coefficients k and I on the correlation coefficient to be exchangeable—as long as
k and I do not change, then f(k, I) = (I, k) and the influence of the trend coefficient on the
correlation coefficient is the same. However, from Equation (9), this result is not strictly
correct and should be modified. We can see from Equation (9) that when X* and Y* are
given (thatis, X and Y are fixed), then f(k, I) # f(I, k), which indicates that the correlation
coefficients of X;, and Y, are not strictly symmetrical with respect to the trend coefficients
k and I. This is because the correlation coefficient given by Equation (9) is related to the
probability distribution of the trend coefficient distributions of k and [ —when k and [ are
exchanged, it is not guaranteed that the correlation coefficient will be unchanged. Although
there is some quasi-symmetry, the expression is not strictly symmetrical. This corrects the
result in Ref. [23], as will be confirmed in the following numerical tests.

2.4. Special Cases

If time series X;; and Yy have no trend, the trend coefficients k and I in Equation (9)
should be zero, and then

(X5 Y")
VI X /(77
In this case, there are no variations in trend superimposed on time series X* and
Y*. This shows that Equation (9) is a more general calculation formula for the correlation

coefficient of time series with trend changes. If time series X;, has no trend, while Y}, has a
trend, we have

X, Y, = f(0,0) = =rxy- (10)

XY, = f(l) = \/<X*,X*> . \/<Y*,Y*> +21{(Y*, T*) + 12<T*,T*> ' ()

This is a single-variable function of . If time series Y} has no trend, while X;, has a
trend, we obtain
(X*,Y*)y + k(T*,Y*)
VX, XF) 4 2k (X5, T*) + K2 (T*, T*) - / (Y5, Y*)’

Xy, = f(k) = (12)

which is a function of k. Equations (11) and (12) have good duality, which is intuitive
because k and ] have some degree of quasi-symmetry. Indeed, Equations (11) and (12) are
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rXtrYtr

= f(k1)

= f(ko,lo) +

special versions of Equation (9) for cases where one of the two time series has no variation
in trend.

2.5. Function Properties and Graph

In this section, we discuss the properties and graphical representation of Equation (9).
For simplicity, let

A= (X" Y"), B=(X*,T"), C=(T",Y"), D=(T",T"), E= (X", X"), F=(Y",Y");
these are constants. Equation (9) can be written as

A + Bl + Ck + Dkl

r = k,l = ’
s = D) = e B DR VE S 20T - DP

(13)

The first-order partial derivatives with respect to independent variables k and [ are

df _ (C+ DI)(E + 2Bk + Dk?) — (A + Bl + Ck + Dkl) (B + Dk)

k,1 5 , (14)
filled) =3¢ = (E + 2Bk + Dk2)2/F +2Cl + DI2
AT = %Jlf (B + Dk)(F +2CI + DI?) — (A + Bl + Ck + DkI)(C + DI) 15)

VE + 2Bk + DR2(F +2Cl + DI2)?

Setting these two partial derivatives to zero, we can solve a simultaneous equation to
obtain the stagnation point (kg, lp), i.e., the point at which the first-order partial derivatives
are equal to zero:

A?D2-2ABCD—D2EF+ C2DE{ B:DF (16)
Jo — 2ABC2—A2CD—B*CF—C3E+CDEF_ °
0 = A2D2—2ABCD—D2EF+C2DE+B2DF

{ ko = 2AB*C—A2BD—BC?E—B3F+BDEF

Taking the Taylor expansion of Equation (9) at the stagnation point (ko, ly), we find that

(17)

2
totn) (K = ko) (I = 1o) + 2L 10y (1 = 10)P)] + 0(p),

82
(kolo) (k — kO) 2akz{l

l[ﬂ
21382

2
where %
ok (k /ZO

is the value of the second-order partial derivative of f(k,!) with respect

92

' al{ (ko,lo) and Wg[ (koo
term on the right-hand side is the value of f(k, 1) at (ko, lp); this is independent of the trend
coefficient, as will be explained later. The second term is the quadratic form of k and ,
the graph of which is called a quadric surface, and this is obviously related to the trend

coefficients. The third term is the Peano remainder, which is a high-order infinitesimal that

can be neglected; p = \/(k — ko)2 +(I— 10)2, which means that as (k, I) approaches (ko, lp),
o(p) approaches zero faster. In the special case where the stagnation point (ky, ly) occurs at
the origin, that is, (ko, Ip) = (0, 0), Equation (17) takes the following form:

to k at the stagnation point (ko, lp);

are similarly defined. The first

"Xu Yy = f(k/ Z) (18)
= £(0,0) + 3 [frx(0,0)k* + 24 (0,0)kl + £31(0,0)12] + o (VK% + I2).

This is the theoretical method for studying Equation (9), and requires the second-order
partial derivatives to be obtained. However, the form of the first-order partial derivatives
in Equations (14) and (15) is somewhat complex, making it difficult to find an analytical
expression for the second-order partial derivatives. Thus, the remainder of this paper
focuses on the graph of the function described in Equation (9).

To study the graph of Equation (9), as in Ref. [23], two time series X and Y with
sample sizes of 68 are first generated at random. Their trend coefficients are —0.024 and
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0.027, respectively, which are obviously very small. The time series X and Y are illustrated
in Figure 1.

— Time series X

Time series

rs

Figure 1. Time series X and Y (trend coefficients of X and Y are —0.024 and 0.027, respectively).

In statistical terms, there is no variation in the trends for time series X and Y, and
we can consider the trend coefficients to be zero and their correlation coefficient to be
—0.0035. In Ref. [23], a large number of simulations are used to superimpose the trend
changes on time series X and Y in order to determine the correlation coefficient with respect
to k and I (see Figure 1 in Ref. [23]). However, we can plot the graph of this function
directly through the analytical expression in Equation (9). Figure 2a shows the isoline form
of Equation (9), where (k,1) € [—1,1] x [—1,1]; graphs of Equations (11) and (12) in the
interval [—1, 1] are presented in Figure 2b,c. Substituting X and Y into the stagnation
point formula (Equation (16)), we find that the coordinates of the stagnation point are
(0.024, —0.027), which happen to be the trend coefficients of X and Y with opposite signs;
this coincidence has not been proven theoretically.

a b

~ r=-0.0035

0005 r=-0.0035

Figure 2. Graph of correlation coefficient function (trend coefficients of X and Y are —0.024 and 0.027,
respectively). (a) rx, v, = f(k,1) (left), (b) rx, v, = f(k) (upper right), (c) rx, v, = f(I) (lower right).

The equation of the two white hyperbolae in Figure 2a is f(k,1) = f(0,0) = —0.0035,
which is one contour line of Equation (9). The coordinate origin, marked by the white
star, is located on the upper branch. The correlation coefficient of time series X and Y is
—0.0035, which means that the superimposed trend coefficient is zero. The purple star
denotes the stagnation point at (0.024, —0.027), where the function value is —0.0029 and
the correlation between X and Y has effectively been detrended. Thus, the superimposed
trend coefficient is the opposite of the trend coefficient. From Figure 2a, we can see that
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the graph of Equation (9) forms a saddle surface, so the stagnation point is a saddle point.
Taking different time series X and Y and conducting numerical experiments, we find that all
function graphs form a saddle surface, but the degree of deformation of the saddle varies for
different time series. All of these function graphs have the same spatial structure, that is, the
lower-left and upper-right corners are high-value areas where the function value is larger
than at the saddle point, and the upper-left and lower-right corners are low-value areas
where the function value is smaller than at the saddle point. The coordinate plane is divided
into two parts by the white hyperbolae, namely, the part between the two branches and the
area outside (above and below) the branches. When the superposition coefficients (k, /) lie
between the two branches, the function value is greater than —0.0035, which indicates that
when the superposed linear trend coefficients are in this range, the correlation coefficient is
greater than this value. In contrast, when the superposition coefficients (k, I) are above the
upper branch or below the lower branch of the hyperbolae, the function value is less than
—0.0035, indicating that the correlation coefficient will be less than this value. Because the
absolute value of the trend coefficient of time series X and Y is small, and the saddle point is
very close to the coordinate origin, the white hyperbolae coincide with the coordinate axis.
In addition, the correlation coefficient of X and Y is close to zero, so the above conclusion
can be approximately described as follows: when k> 0 and / > 0 (or when k <0 and / < 0),
the correlation coefficient becomes larger and the positive correlation increases; when k > 0
and / < 0 (or when k < 0 and / > 0), the correlation coefficient is smaller and the negative
correlation increases. This is the conclusion reached from Figure 1 in Ref. [23].

We now explore the symmetry of the graph of Equation (9). From Figure 2a, we can
see that the graph is approximately axisymmetric with respect to the line | — Iy =k — k
or | — Iy = —(k — kp), and is approximately centrosymmetric with respect to the saddle
point at (ko, lp). Thus, the graph has good quasi-symmetry, but not strict symmetry. At the
same time, we can see that although the graph is a saddle surface, it is slightly deformed
compared with the standard saddle surface. In Figure 2b, when | = 0, the correlation
coefficient increases monotonically with k; this monotonicity is caused by the distortion of
the saddle surface. The same is true for Figure 2c, but these conclusions are not general.
When taking different time series X and Y, the graph may first increase and then decrease,
or vice versa.

In this experiment, the time series X and Y are randomly generated and their trend
coefficients are —0.024 and 0.027, so we can imagine that there is no actual trend. More
generally, let us consider the result when the trend coefficients of time series X and Y are
large. It is almost impossible to generate sample data with a clear trend at random. In
Ref. [23], no further research along this direction was reported. Thus, we select time series
X and Y from meteorological data. Take China’s temperature and precipitation data from
1951-2019 as X and Y. These time series have 68 data points, trend coefficients of 0.36 and
0.34, respectively, and a correlation coefficient of 0.32, after standardization. The data are
illustrated in Figure 3.

Time series X
Time series Y

I f\m fﬁ\\//\/\ A \/\wf\ [.' ,A\f
.J N /\/\ \/\/\ \\ / /\/\// \ / \/ V | J 1\\\

Figure 3. Time series X and Y (trend coefficients of X and Y are 0.36 and 0.34, respectively).
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After standardization, X* and Y* are substituted into Equation (9), the graph of which
is shown in Figure 4a. As the absolute value of the trend coefficient is limited to a maximum
of 1.0, the range of the independent variable k in Figure 4 is [-1.36, 0.64] and the range
of I is [—1.34, 0.66]. The rest of the illustration is exactly the same as in Figure 2a. By
substituting X and Y into Equation (16), we find that the coordinates of the stagnation point
are (—0.36, —0.34), which are the trend coefficients of X and Y with the opposite signs.

a b
: - 7=0.32

Figure 4. Graph of correlation coefficient function (trend coefficients of X and Y are 0.36 and 0.34,
respectively). (a) rx, vy, = f(k,1) (left); (b) rx, v, = f(k) (upper right); (c) rx, v, = f(I) (lower right).

The graph of the correlation coefficient function in Figure 4a is also a deformed saddle
surface. The white hyperbolae have the equation f(k, I) = f(0, 0) = 0.32. The coordinate
origin, marked by the white star, is located on the upper branch; the saddle point is denoted
by the purple star at (—0.36, —0.34), where the function value is 0.22. Similar to Figure 2a,
the high-value areas of the saddle surface are in the lower-left and upper-right corners,
and the low-value areas are in the upper-left and lower-right corners. However, the white
hyperbolae are now in the lower-left and upper-right quadrants of the coordinate plane.
Again, the coordinate plane can be divided into two parts, the area between the two
hyperbolae and the area outside (above and below) the branches. When the superposition
coefficients (k, [) lie between the two branches, the function value is less than f(0, 0) = 0.32,
that is, the function value becomes smaller; in contrast, the function value will be larger than
£(0, 0) = 0.32 when the superposition coefficients (k, I) are above the upper branch or below
the lower branch. For example, the coordinates of point A are (—0.1, 0.6) and the correlation
coefficient is 0.34 (>0.32); the coordinates of point B are (0.3, —0.13) and the correlation
coefficient is 0.3 (<0.32). Comparing Figures 2a and 4a, we can see that the saddle point is
obviously further away from the origin in Figure 4a. This is because there is a significant
trend in the selected time series and the correlation coefficient of X and Y is not close to
zero. Thus, the approximate conclusion reached from Figure 2a cannot be applied here. We
also know that, for different time series, the coordinate origin may be located to the upper-
right, upper-left, lower-right, or lower-left of the saddle point. The graph of Equation (12)
in the interval [—1.36, 0.64] is presented in Figure 4b, and the graph of Equation (11) in
[—1.34, 0.66] is presented in Figure 4c. The differences between Figures 2b,c and 4b,c are
caused by the twisting deformation of the surface. There is no need to repeat the arguments,
but for different time series X and Y, the function monotonicity may change, and this may
be caused by the distortion of the saddle surface.

To summarize the above two experiments, the graph of Equation (9) is a deformed
saddle surface, and the saddle point coordinates are the trend coefficients of time series
X and Y with the opposite signs. The high-value areas are the lower-left and upper-right
corners of the saddle, whereas the low-value areas are the upper-left and lower-right
corners of the saddle. The isoline f(k, I) = (0, 0) produces hyperbolae that divide the
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coordinate plane into two parts. For the different locations given by the trend coefficients
(k, 1), we can determine whether the correlation coefficient becomes larger or smaller after
superposing the trend items, allowing us to quantitatively evaluate the influence of the
trend item on the correlation coefficient.

In detail, when two time series are given, the correlation is determined by two factors,
namely, the trend coefficient and the inherent correlation coefficient. We have discussed
the influence of the trend coefficient on variations in the correlation coefficient. The terms
containing both k and / in Equation (9) are the reason for these variations (The correlation
coefficient is related to the size of the time series and the autocorrelation of each series, but
this issue is not discussed in this article).

Let us briefly consider the Taylor expansion in Equation (17). The first term f (ko, ly)
has been shown to be the correlation coefficient of time series X and Y after detrending,
which has nothing to do with the trend and is an inherent attribute of time series X and
Y. The second term is obviously related to the trend coefficients k and /. Therefore, the
significance of Equation (17) is that it decomposes the correlation coefficient into the sum
of the internal attributes and external environmentally induced term, that is, it separates
the internal attributes from the external attributes inspired by the environmental field.

2.6. Operational Process

The process of checking the influence of the trend coefficients on the correlation
coefficient is as described below.

Step 1: Time series X and Y are chosen arbitrarily.

Step 2: Calculate trend coefficients k and I of time series X and Y, respectively.

Step 3: Calculate correlation coefficient of X and Y after detrending; this only requires
the calculation of f(—k, —I) in Equation (9), recorded as a = f(—k, —I).

Step 4: Calculate the correlation coefficient of X and Y; this only requires the calculation
of (0, 0) in Equation (10), recorded as b = £ (0, 0).

Step 5: If k and I have the same sign, then a > b means that the correlation coefficient is
increasing; if k and [ have different signs, then a < b means that the correlation coefficient
is decreasing.

Attention: As the coordinate axes are contours of the standard saddle surface, the
graph f(k, ) is not a standard saddle surface, and the above conclusion is not applicable
near the axes.

3. Two Examples

We obtained 100 datasets from 160 observation stations of the China Meteorological
Administration, please see Supplementary Materials. The start time is the summer of 1951
and the end time is the spring of 2019, giving a data length of 68.

Test 1: Time series X contains spring data from the polar vortex area in the northern
hemisphere (No. 50) with trend coefficient —0.72. Time series Y consists of spring precipita-
tion data from the YuShu site (No. 144) with trend coefficient 0.41. Substituting X, Y, k=0,
and / = 0 into Equation (10), we found the correlation coefficient of X and Y to be —0.27. It
was easy to find that the saddle point coordinates were (0.72, —0.41) and that the function
value at the saddle point was 0.04 (correlation coefficient detrended). This indicates that
when detrended, the correlation coefficient is 0.04, but the original correlation coefficient
is —0.27. As k and [ have different signs and —0.27 < 0.04, the trend terms increase the
negative correlation (value becomes smaller).

Test 2: Time series X is taken as the winter data of the 850-hPa East Pacific Trade
Wind (EPAC850, No. 85), which has a trend coefficient of —0.63. Time series Y is the
winter precipitation data from the Duolun site (No. 26), where the trend coefficient is
—0.38. The correlation coefficient between X and Y is 0.26, and the saddle point coordinates
are (0.63, 0.38), where the function value is 0.03 (detrended). This indicates that when
detrended, the correlation coefficient is 0.03, but the original correlation coefficient is
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0.26. As k and [ have the same sign and 0.26 > 0.03, the trend terms increase the positive
correlation (value becomes larger).

4. Spatial Distribution of Correlation Coefficient

In Figures 2a and 4a, as well as in other numerical experiments, the positional relation-
ship between the coordinate origin and the saddle point can be classified as one of four
types: (i) the coordinate origin is to the upper-right of the saddle point; (ii) the coordinate
origin is to the upper-left of the saddle point; (iii) the coordinate origin is to the lower-left
of the saddle point; and (iv) the coordinate origin is to the lower-right of the saddle point.
According to this classification, the distribution of the variation in the correlation coefficient
with trend coefficients k and [ is as shown in Figure 5. Figure 5a illustrates the first case,
where the black star denotes the coordinate origin and purple star denotes the saddle point,
and the light cyan lines are the isolines equal to f(0, 0). These lines divide the coordinate
plane into two parts. In the region between the two cyan curves, we have f(k, [) <f(0, 0), and
so the value of the correlation coefficient becomes smaller. In the regions above and below
the cyan curve, f(k, [) > f(0, 0), and the value of the correlation coefficient becomes larger.
The quasi-symmetry of the function graph means that Figure 5a is similar to Figure 5c, and
Figure 5b is similar to Figure 5d.

a b
Sl)>f(0,0) S)<10,0)
— (0,0)= *0,0) Q)
~ @‘9 ¥ = \@’
e, N\
Hfk,)>£(0,0) = t ) Sk, )<f(0,0)
I O x '
c d
Sk, D)>£1(0,0) Sk,D)<f0,0)
- 9
= & ~ r\\\\’
o ' 3
0,0, Soo, ., .
Hf(k,1)>£10,0) i * o [k D<f(0,0)

k k

Figure 5. Conceptual map of the spatial distribution of correlation coefficient with trend coefficient.
Coordinate origin is to the (a) upper-right, (b) upper-left, (c) lower-left, and (d) lower-right of the
saddle point.

5. Conclusions

This paper has discussed the influence of the trend coefficients of time series on the
correlation coefficient. Our theoretical research produced the exact functional formula
rxtrytr = f(k 1) for the correlation coefficient in terms of the trend coefficients. Using a
function expansion method, this formula was decomposed into the sum of the intrinsic
correlation coefficient (detrended) and the term that varies with the trend. Numerical
experiments were conducted for different time series X and Y, and in each case the graph
of rxpytr = f(k, 1) produced a saddle surface on which the saddle point coordinates were
the trend coefficients of time series X and Y with opposite signs. Studying the function
graph, we found that the isoline f(k, I) = (0, 0) divides the coordinate plane into two
parts where either f(k, I) > f(0, 0), in which case the correlation coefficient increases in
magnitude, or f(k, I) < (0, 0), in which case the correlation coefficient decreases. According
to this, the spatial distribution of the correlation coefficient with respect to changes in the
trend coefficients was derived. Two examples were presented to verify the practicality of
the theory.

We can also see that the approach is based on a strict mathematical definition of the
correlation coefficient. By deduction, the analytic expression of the correlation coefficient
can be obtained with respect to the trend coefficients (k and I), so the proposed approach
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rx,y, = Flk(t),1(t)] = 7

References

can be applied to general data. Although meteorological data were used in our case studies,
the method is completely applicable to other types of data. Supplementary Material:
Meteorological data.

In this paper, the time series displayed a linear trend, which is commonly observed in
meteorological data. However, the trend of a time series may sometimes be nonlinear. In
this case, Equations (4) and (5) become

Xy = X* + k()T (19)

Yy = Y* +1(1) T (20)

where k(t) and [(t) are nonlinear functions that can be obtained using a curve fitting
method. Similarly, Equation (9) becomes

(X YV (X ()T k(DT Y*) + (k()T* 1(1) T*) 1)
(X%, X5)+2(X* k() T*)+ (k(£) T* k(£) T) -/ (Y5, Y5 +2(Y* () T*) +(1() T* 1 (1) T*)

where rx, v, is a function of k(t) and I(t). This scheme works beautifully in theory, but the
difficulty lies in identifying the universal trend functions k(t) and I(t). Our investigations
show that the trend can be better represented by an exponential function for some time
series, whereas a power function is better for others. Thus, determining the form of k(t)
and I(t) will be the focus of future research.
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