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ABSTRACT

In this paper, the concept of stationary-wave nonstationarity is presented and elucidated in the framework
of the Lorenz circulation decomposition. This concept indicates the relative magnitude of the zonal non-
uniform abnormity to the intensity of stationary waves on the monthly mean scale. Based on the Lorenz
circulation decomposition, the nonstationarity degree I.s (I.s) of the global (local) stationary waves is
defined, and then used to analyze the stationary-wave nonstationarity at 30°-60°N, where the intensity of
stationary waves at 500 hPa in the Northern Hemisphere, as is well known, is very high. The following
findings are obtained: (1) There exist seasonal southward and northward movements in the position of the
nonstationarity zones of the global stationary waves. The steady stationary waves occur in midlatitudes
(35°-55°N) in winter and in the subtropical region (south of 35°N) in summer, associated with the major
troughs over East Asia and North America and the weak European trough in winter, and with the relatively
steady subtropical high system in summer. A high value center of Ius is at 35°N in spring and 50°N
in summer, which might be caused by the seasonal variation of stationary-wave intensity, particularly in
association with the interannual variability of trough/ridge positions of stationary waves on the monthly
mean maps. (2) There exists obvious asymmetry in I, with the steady zones always located in the areas
controlled by strong troughs/ridges and the unsteady ones in the areas where the stationary-wave intensity
is low. The I, in the subtropics (south of 35°N) is larger in winter than in summer, and vice versa in
the midlatitude region (north of 35°N). The summertime distribution of I.; on the whole shows a rather
complicated structure. However, North Europe is the most unsteady area for local stationary waves, as
represented by high values of I'; in both summer and winter, while over the North American continent
(about 120°E-60°W), the I, is slightly less than 1 in summer, indicating that the stationary waves in this
region are more steady than those over other mid and high latitude regions. (3) From North China to
Northwest Pacific, there is a high value zone of I'; in summer, with its center (45°N, 130°E) located in the
east of Heilongjiang Province. This influences the summer climate of northern China, including Northeast,
North, and Northwest China. It is obvious that the nonstationarity is an intrinsic attribute of stationary
waves, and can be regarded as being of the same importance as the intensity and energy-spectrum structure
of stationary waves in the studies of the general circulation system.
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1. Introduction

In the early 1950s, Ye and Zhu (1958) summed
up the basic characteristics of geopotential height (H)
waves in midlatitudes, i.e., being strong in winter and
weak in summer with three waves in winter and four
waves in summer, based on the 500-hPa climatic charts
of H in the Northern Hemisphere. Since the 1990s,

Wang and Wu (1995), Li et al. (2000), and Yan and
Wang (2006) have analyzed the structure of H waves
quantitatively with the spherical function method, and
verified the existence of the above basic characteristics.

According to the Lorenz (1967) circulation de-
composition theory, the waves on the H chart are
called stationary waves, denoted as H'. As for a spe-

cific location and month, H" can be written as H
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(A, ¥, tm), where X is longitude, ¢ is latitude, and .,
is the ordinal number of months; H" is constant dur-
ing the studied time period (e.g., 1958-1997), and can
fully determine the two basic characteristics given by
Ye and Zhu (1958). Geng and Huang (1996, 1997)
proposed “the abnormity of stationary waves,” which
refers to the departure of H*(¢,) in an individual
year from the normal F*, where t, is the ordinal
number of years. Meanwhile, they pointed out that
in different regions, the anomalous vorticity sources
may result in different anomalous stationary waves.
Chen and Huang (2005) also demonstrated that there
is interannual variation in the anomalous propaga-
tion of quasi-stationary planetary waves, and therefore
H*(t,) varies year by year. It is worthwhile to know in
what extent H can represent H*(t,) over the years.

In the framework of the Lorenz circulation decom-
position, this paper will focus on the nonstationarity
of stationary waves, which indicates the relative mag-
nitude of the climatic variability of zonal component
of H*(t,) to the intensity of stationary waves on the
monthly mean scale. Obviously, the nonstationarity of
stationary waves is a new statistical property of the at-
mospheric general circulation. We explain the nonsta-
tionarity of stationary waves through H and H *(ty)
at 45°N, and introduce a scheme for quantitatively
analyzing the nonstationarity of stationary waves in
terms of the Lorenz circulation decomposition. The

key part in the scheme is that the nonstationarity of
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stationary waves (I,s) is defined, as a measure of the
In addi-
tion, the geographic distribution and seasonal varia-

non-stationary degree of stationary waves.

tion of the nonstationarity of the global/local station-
ary waves within 30°-60°N are analyzed, and the re-
lation with the stationarity of climate in winter and

the abnormality of climate in summer are discussed.

2. Concept of the stationary-wave nonstation-

arity

Figure 1 shows distributions of H along 45°N at
500 hPa in January and July of 1958-1997.
be seen that the stationary waves are stronger in Jan-

It can

uary than those in July: there is a clear pattern of “3
troughs and 3 ridges” in January with the trough along
the Ural Mountains (60°E) obviously weaker than the
troughs around East Asia (147.5°E) and North Amer-
ica (287.5°E); in July the pattern of “4 troughs and 4
ridges” becomes less typical due to the frequent small
fluctuations over the northeastern Asia and northern
Pacific.

The analysis of the harmonic-wave variance con-
tribution of the zonal component of H along 45°N to
the total geopotential height field shows that the vari-
ance contributions of “wave 1”7 in January and July are
the greatest, accounting for about 50%; the variance
contributions of “waves 3” in January and “waves 4”

in July are the second greatest. This is consistent with
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Fig. 1. Distributions of the 40-yr (1958-1997) mean geopotential height H along 45°N at 500 hPa in (a) January and
(b) July. Symbols T and | denote locations of ridges and troughs, respectively. Straight lines denote the zonal averages

of geopotential height [H] along 45°N, which are 5421 and 5770 gpm in January and July, respectively.
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the characteristics of stationary waves, i.e., “3 waves
in winter and 4 waves in summer”. In addition, the
variance contributions of “wave 2”7 in January and es-
pecially “waves 5 and 6” in July are also great, being

close to those of “wave 4” and “wave 3” in January and
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July. Therefore, the wave power in the wavenumber
domain of the 500-hPa mean height in midlatitudes is
dominated by 4 to 6 waves (long waves) in July but

by 2 to 3 waves (ultra-long waves) in January.

Table 1. Variance contributions (%) of the zonal harmonic-wave components of H~ along 45°N

‘Wave number 1 2 3 4 5 6 7 8 9 10
January 44.7 23.8 27.9 2.5 1.0 0.1 0.0 0.0 0.0 0.0
July 59.1 4.4 4.1 10.3 10.1 7.2 2.8 0.3 1.2 0.0

Figure 2 displays {H*(ty),ty, = 1,---,40}, the
aggregation of waves in the 500-hPa height field along
45°N during 1958-1997 in January and July, abbre-
viated as H*(t,) and defined by Eq. (2) below. It
can be seen that the numbers, positions, and inten-
sities of troughs and ridges of H*(ty) in January are
generally close to those of the stationary waves of the
corresponding H (Fig. 1). However, the discrepan-
cies between them vary with longitudes. According
to the natural climatic region division (Zhang, 1959),
in January, the H*(ty) and H" are very close over
the Asian region (60°E to 165°W) and North Amer-
ica (165° to 45°W) for most years, but greatly dif-
ferent in the European region (45°W to 105°E); in
July, they are much different, except for some areas
in North America (135° to 45°W) and Europe (15° to
60°E). The differences between H*(t,) and H" along
45°N indicate that as a mean attribute of individual
zonal waves H*(t,) for multiple years, the climatolog-
ical stationary waves (H ) also vary with season and

geographical location.

Height (gpm)

120°E 180

120°W 60 0

The concept of the stationary-wave nonstationar-
ity is used to illustrate the relative difference between
the annual mean zonal waves H*(t,) and the clima-
tological stationary waves H'. From the above anal-
ysis, we conclude that the stationary waves are non-
stationary over the regions/seasons where/when small-
amplitude H~ and big differences between H *(ty) and
H" in wave number, phase, and amplitude (Fig. 2)
coexist; otherwise they are stationary. Obviously, the
nonstationarity of stationary waves is a new statistical
property of the atmospheric general circulation, and
it desribes an attribute other than the intensity and

trough/ridge numbers of stationary waves.

3. Calculation of the nonstationarity of stati-

onary waves

The stationary-wave nonstationarity is a measure
of the non-stationary degree of stationary waves. Li
et al. (2003) defined the nonstationarity of spherical

stationary waves (two-dimentional) in the height field
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Fig. 2. Latitudinal distributions of H*(ty) (zonal components of geopotential height at 500 hPa) along 45°N in (a)

January and (b) July from 1958 to 1997.
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over the Northern and Southern Hemisphere, and
obtained a series of meaningful findings about the
spatial-temporal characteristics of the height field. In
this paper, we analyze the nonstationarity of station-
ary waves along a certain latitude (one dimensional)
based on the Lorenz circulation decomposition.

The NCEP/NCAR monthly 500-hPa height
H(i,j,tm,ty) data in the Northern Hemisphere from
1958 to 1997 are used, with a grid spacing of 2.5°.
The relations between grid ordinal numbers ¢ and j,
and longitude A; and latitude ¢; are given as follows:
Ai = 1AN p; = jAp, wherei =0, ---,143,5 =0, ---,
36. ty and t, are the ordinal numbers of month and
= 1-12, and ¢, = 1-40. The
decomposition equation in time domain is given by

year with the range of ¢,

H(i,j tm, ty) = H(i, jotw) + H' (4, §,tm, ty), (1)

and the decomposition equation in space domain \ €
[0,360°) is given by

H(i,jotm, ty) = [H](j, tm, ty) + H (i, 4, tms ty),  (2)

«“.»

where is the normal arithmetic mean over 40 yr;
“[']” denotes the arithmetic mean along a latitudinal
circle; “” denotes anomaly relative to the climatolog-
Wk

ical mean, and is the latitude partial-differential
operator, i. e., deviation from the latitudinal mean.
The spatial domain decomposition is conducted

on the first term of the right side of Eq. (1):

H(i,jytw) = [H](Gytm) + H (i, tm), 3)

where [H](j,tm

tm on the climatological map, independent of station-

) is the zonal mean of H at ¢, and
ary waves; H (4,7,tm) denotes stationary waves in ¢y,
at A; and ¢;, which can also be obtained from the
time mean of the second term of the right side of Eq.
(2). In Fig. 1, the curve denotes H along 45°N (i =
0,...,143; j = 18) with t,, being January and July, and
the straight line is for [H].
The anomaly can also be decopmosed into
H'(i, j,tns ty) = [H'](J tms ty) + H™ (i, , tns ty), - (4)

where [H'](j,tm,ty) is the mean anomaly along a lati-

tudinal cycle (i.e., zonal uniformity). It is independent
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of the wave abnormity in year ¢, at ¢;, but related to
the abnormity of zonal mean height at 500 hPa and
the abnormity of zonal mean air temperature below
500 hPa.

(4) is the wave abnormity in ¢y,

The second term of the right side of Eq.
at ¢; (i.e., zonal non-
uniformity), which is the deviation of the waves in ¢,
at ¢; from stationary waves.

According to Egs. (3) and (4), the following pa-
rameters are defined:

(1) Intensity of stationary waves

143

{ZH (i, 5, tm /144} ” (5)

which is the measure of the strength of stationary
at ©j-

(2) Intensity of zonal non-uniform abnormity in
ty:

waves in ty,

143

‘ ere 1/2

At ty) = { 30 H (Gt ty) /1441, (6)
i=0

which is the intensity of wave abnormity in ¢, and ¢,

at P
(3) Intensity of climatological zonal non-uniform

abnormity:
Rt = { 3 (S 80 tmety)/18) a0}
ty=1 i=0
40 1/2
= {3 @G tmty)/20} (")
t,=1

which is the climatic variability of wave intensity in ¢,

at ;.
(4) Nonstationarity degree of stationary waves:

[us(j7tm) :Ia(jatm)/lc(jvtm)a (8)

which is the ratio of the climatological zonal non-
uniform abnormity to the stationary wave intensity

in t,, at ;.
4. Analysis of I

Based on the analysis of the wvariation of
stationary-wave intensities (I.) for various months, we

focus on the latitudinal zone with greater I. over the
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whole year and study the variation of s for the sta-
tionary waves with season (t,,) and latitude () in the
global domain, then give the definitions of the intensi-
ties and nonstationarity degree of the local stationary
waves (I! and I.) and analyze their variation with sea-
son (t) and geographical location (A, ). The global
domain refers to A € [0,360°).

4.1 Seasonal variation of the global-domain

stationary-wave intensity (I.)

Figure 3 shows the calculation results of I.(j, tm).
It can be seen that the stationary-wave intensity is
greater within 30°-75°N, higher in winter and lower
in summer; the strongest stationary waves show up
around 50°N except in July and August, when there
are two maximum values of I. appearing around
62.5°N (main) and 40°N (minor). Based on the expe-
riences in analyzing the climate abnormity in China,
the region of 30°-60°N (5 = 12-24) is selected as the
key latitudinal zone for the study of stationary-wave

nonstationarity.
4.2 Variations of I

From the latitude-time cross-sections of the
global-domain I, I,,, and I. within 30°-60°N (Fig.
(1) The
largest Is zone of stationary waves (indicated by the

4), the following conclusions are obtained.

thick line in Fig. 4a) shows an obvious annual vari-
ation. It moves northward from 30°N in March and
April, reaches the farthest north position in July and
August, and comes back to 30°N in November and
December. During this period, the speed of the north-
ward/southward movement and the I,s values alter,

130
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Fig. 3. Longitudinal variations of I, (stationary-wave in-
tensity) in different months for the 500-hPa H field. The
thick lines denote I, in January, April, July, and October,

respectively.
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with a quicker northward movement and smaller non-
stationary degree (I,s < 1) in June. This can be the re-
flection of the “sudden change of the atmospheric cir-
culation in June” (Ye et al., 1958) in the nonstationar-
ity of stationary waves. (2) The stationarity of station-
ary waves is the greatest in midlatitudes in winter and
in the subtropical region in summer. This is mainly
attributed to the stronger stationary waves (Fig. 4b)
in winter and to both weaker climatological zonal non-
uniform intensity (Fig. 4c) and the higher stationary-
(3) The non-
stationarity of the stationary waves is the greatest in

wave intensity (Fig. 4b) in summer.

the subtropical region in winter and in midlatitudes
(around 50°N) in summer. This is mainly determined
by both the weaker stationary waves (Fig. 4b) in win-
ter and the stronger climatological zonal non-uniform
intensity (Fig. 4c¢) in summer.

5. Analysis of I\,

It is found out through analyzing Figs. 1 and 2
that the deviations of H*(t) from H vary in different
longitudes for a specific month. Therefore, it is neces-
sary to examine the non-stationary degrees of station-
ary waves in local domains (I..) and their zonal vari-
ations (only in January and July between 30°—60°N).

5.1 Definition of I.,

At latitude ¢;, a domain (D) centered around \;
is selected, with the width being 2igAX from \;_;, to
Aitig, consisting of (2ig + 1) grid points. The zonal

mean operator for a local domain is defined as:

i+(io—1)

[ﬂW)Z{ >

i'=i—(io—1)

f(@)

% [f(i — i) + f(d +z’o)} }/(2i0)~ (%)

Using operator | ]! to replace | | in Egs. (2)—(8),
we obtain the definition equations for the intensity of
a local stationary wave (I1), the intensity of the local
climatological zonal non-uniform abnormity (1), and

the nonstationarity of the local stationary wave (I.).

5.2 Variations of I\,

Based on the feature of “3 waves in winter” and
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Fig. 4. Latitude-time (month) evolution of (a) I.s, (b) Ic, and (c) I.. The thick line denotes the most non-stationary

zone of stationary waves with the part of I,s < 1 dashed.

“4 waves in summer,” we set \; of the domain D to be
120°E and 90°E for January and July (the correspond-
ing jo is 24 and 18) respectively, and the distributions
of Il, I}, and I, between 30° and 60°N are obtained
(Figs. 5, 6).

In January, over the most part of the domain,
Il, < 1, but the whole European continent is con-
trolled by high nonstationarity (I, > 1.6) with the
center around Russia (55°N, 32.5°E). It is induced by
both the weak European trough (Fig. 5b) and the
strong wave abnormity (Fig. 5c¢). The mid and high
latitudes of Asia and the Pacific are the most station-
ary (having a large area of I\, < 0.6), with the center
over Mongolia and the southeastern Aleutian Islands.
This is behind the strong and stationary East Asian
trough and the West American ridge.

In July, in most part of the region, I', > 1, the

nonstationarity of local stationary waves obviously in-

creases. The zone of high nonstationarity (11, > 2.0)
extends southeastward from North Europe to East
Asia, and can be divided into two systems: one is cen-
tered around North Europe, distributed zonally, with
the center lying slightly southwestward; the other is
the strong nonstationaity belt extending northeast-
ward from the North China Plain to the southern
Aleutian Islands with the center in the eastern Hei-
longjiang Province (45°N, 130°E). The two systems
are mainly resulted from the drastic decrease of the
regional summer stationary-wave intensity. Li and Ji
(2001) held that the regions having persistent abnor-
mity in summer in the Northern Hemisphere include
a) the region from North Pacific to West Pacific and b)
the area from North Atlantic to the west coast of Eu-
rope. The geographical locations of the summer non-
stationary zones derived in this paper are in agreement

with the previous result.
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6. Causes and significance of the stationary-

wave nonstationarity

The nonstationarity degree of stationary waves
I (I.,) defined in this paper consists of the inten-
) and the
intensity of stationary waves I. (I!) (Eq. (8)). In the

sity of zonal non-uniform abnormity I, (I!
region where the intensity of stationary-wave abmnor-
mity is large, and the intensity of stationary waves is

small, greater I,s (1!

L) can be seen.

Figure 4a shows the latitude-time evolution of
Iys. In spring, a) the winter stationary waves (mainly
East Asian trough, North American trough, and Eu-
ropean trough) within 30°—40°N weaken obviously; b)
the summer stationary waves (mainly subtropical high
(Liu and Wu, 2000) and continent low) have not yet
reached this latitude zone; ¢) the intensity of station-

ary waves reaches its minimum (Fig. 4b), and d) the

60°N
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intensity of zonal non-uniform abnormity remains rel-
atively large (Fig. 4c), so there appears a maximum
I,s within 30°—40°N. In summer (July-August), the I,
at 50°N reaches a minimum while the I, shows only a
minor decrease, so I,s obtains a maximum at this lati-
tude. In fall, there appears a process reverse to that in
spring in the region to the south of 50°N, leading to a
maximum [ in this region. Therefore, the extremely
large I,s zone is mainly attributed to the weakening of
stationary waves during the seasonal transition of the
atmosphere. The latter is often considered a result of
the seasonal variation of stationary waves in the mid-
latitude temperature field of the lower troposphere.
The horizontal distributions of I, (Figs. 5a, 6a)
reveal more clearly the zonal difference in January and
July. From January to July, there always exists an

area with a greater I

4s in the northern Europe. It is

known from the climatological wave chart (figure omit-

180 0

Fig. 5. Distributions of local stationary-wave statistics in January of (a) I\, (b) I', and (c) 1.
(dashed) lines denote the trough (ridge) lines of stationary waves, and the thick solid lines delineate the zone of high
nonstationarity.

The double solid
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Fig. 6. As in Fig. 5, but for July.

ted) that waves in this area are relatively weak, and I}
is smaller. Meanwhile, since the area is located around
the exit of the Atlantic jet, where disturbances oc-
cur frequently and the trough/ridge distribution in the
area changes easily, resulting in the frequent interan-
nual variation of circulation patterns in the area; that
is, I} is greater. The greater I} and smaller I! even-
tually lead to the occurrence of maximum I} . From
winter to summer, there appears a new non-stationary
zone with the center around the eastern Heilongjiang
Province, where the greater I'. is closely related to
the smaller I! (Fig. 6b). The East Asian trough
moves from the East Asian coast to the vicinity of the
The

circulation pattern in the area from Northeast China

Kamchatka Peninsula from spring to summer.

to the central Pacific becomes obviously straight and
smooth. Especially, since the area around Northeast
China is controlled by a weak ridge behind the East

Asian trough, a low I} center (I} < 10) appears over

there. Similarly, the maximum I, in the tropical re-
gion showing up only in winter (January) is mainly
caused by the minimum 1.

It should be pointed out that the maximum non-
stationarity zone from North China, through North-
east China, to North Pacific (south of 50°N) is the
only nonstationarity zone of the stationary waves in
summer. From the definition of I',, we find that
this area, extending east and westward with a span
of 90 longitude degrees (including East, North, and
Northwest China), has the largest interannual varia-
tion in the summer mean circulation waves, compared
with other areas at the same latitudes. Considering
the carbon cycle (Rayner et al., 1999), a vast area
of Northeast China is in the balance of carbon budget
(source/sink). This indicates, from another viewpoint,
that the carbon balance in this area is vulnerable and
can be easily affected by the climate change. The cli-

mate change may turn this area from being in carbon



NO.3

balance into a carbon source. In recent years, some
Chinese researchers (Fu and Ye, 1995; Fu et al., 2003;
Lian et al., 2005) pointed out that in some specific ge-
ographical regions, the interannual variability of the
climate, environment and ecological system is strong
and complicated, thus these regions are called sensitive
or vulnerable regions. The Intergovernmental Panel
on Climate Change (IPCC) has defined a concept of
vulnerability of the society to climate change (IPCC,
2001). Lian et al. (2005) found that Northeast China,
Inner Mongolia (North China), and Northwest China
are the typical sensitive and vulnerable regions ecolog-
ically. These are basically in agreement with the areas
of high stationary-wave nonstationarity described in
this paper. Our results reveal that Northeast China,
North China, Northwest China, Mongolia, and Rus-
sian Far East, are the areas with strong stationary-
wave nonstationarity at 500 hPa in summer, which
could be the dynamical cause of the climate vulnera-
bility in these areas. The corresponding local areas in
North America (about 120°-160°W), with I\ slightly
less than 1, are the areas with relatively steady sta-
tionary waves in summer. Therefore, the mid and high
latitudes of the North American continent exhibit the
least climate abnormity in summer.

In summary, the nonstationarity of stationary
waves is an intrinsic statistical attribute of station-
ary waves. It should be of the same significance as the
intensity and energy-spectral structure of stationary

waves of the atmosphere.
7. Conclusions

In this paper, the concept of stationary-wave
nonstationarity is presented and elucidated in the
framework of the Lorenz circulation decomposition.
The stationary-wave nonstationarity indicates the rel-
ative magnitude of the zonal non-uniform abnormity
to the intensity of stationary waves on the monthly
mean scale. Based on the Lorenz circulation decom-
position, the nonstationarity degree I (Il.) of the
global (local) stationary waves is defined, and then
used to analyze the stationary-wave insatiability be-
tween 30° and 60°N, where the intensity of stationary

waves in the Northern Hemisphere 500-hPa geopoten-
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tial height, as is well known, is significantly high. The
following conclusions are obtained:

(1) There exist seasonal southward and northward
movements in the position of I,5 zones of the global
stationary waves. The non-stationary height center
appears at 35°N in spring and 50°N in summer; the
stationary zone appears in midlatitudes (35°-55°N) in
winter and in the subtropical region (south of 35°N)
in summer.

(2) The nonstationarity of local stationary waves
is greater in winter than in summer in the subtropical
region (south of 35°N), and vice versa in midlatitudes
(north of 35°N). The summer geographical distribu-
tion of I', displays a rather complicated structure.

(3) From North China to Northwest Pacific, there
is a high value zone of I in summer, with its cen-
ter (45°N, 130°E) located to the east of Heilongjiang
Province. It influences the northern China, including
Northeast, North, and Northwest China, and can ex-
plain why these areas become vulnerable climatically
in summer.

(4) It is obvious that the nonstationarity is an
intrinsic attribute of stationary waves, and it can be
regarded as of the same importance as the intensity
and energy-spectrum structure of stationary waves in
the studies of the atmospheric general circulation.
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