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Earth's variable rotation is mainly produced by the variability of the AAM (atmospheric angular mo-
mentum). In particular, the axial AAM component c3, which undergoes especially strong variations,
induces changes in the Earth's rotation rate. In this study we analysed maps of regional input into the
effective axial AAM from 1948 through 2011 from NCEP/NCAR reanalysis. Global zonal circulation pat-
terns related to the LOD (length of day) were described. We applied MSSA (Multichannel Singular
Spectrum Analysis) jointly to the mass and motion components of AAM, which allowed us to extract
annual, semiannual, 4-month, quasi-biennial, 5-year, and low-frequency oscillations. PCs (Principal
components) strongly related to ENSO (El Nino southern oscillation) were released. They can be used to
study ENSO-induced changes in pressure and wind fields and their coupling to LOD. The PCs describing
the trends have captured slow atmospheric circulation changes possibly related to climate variability.
© 2017 Institute of Seismology, China Earthquake Administration, etc. Production and hosting by Elsevier
B.V. on behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Exchange of angular momentum between the atmosphere, the
ocean, and the solid Earth was found to be themain cause of Earth's
variable rotation, composing of the LOD (length of day) variations
and polar motion. The atmospheric influence on the Earth's rota-
tion rate is especially large due to the fact that the atmosphere
having much larger mobility than the ocean, tends to be in zonal
flow direction without closed gyres. The axial (along the parallels,
orthogonal to the rotation axis) component of the angular
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momentum changes, related to zonal circulation, is the largest one
(approximately 5 � 1025 kg$m2/s) [1,2]. Thus, its study is of crucial
importance for understanding the causes of the variable rotation of
the Earth and of the atmosphere. In this work we treat only axial
AAM (atmospheric angular momentum) component.

AAM can be calculated based on the meteorological data and
NWP (numerical weather prediction) models from different
meteorological centers, such as NCEP/NCAR, JMA, and ECMWF [3].
AAM integrated over the globe and converted to ms units is called
EAAM (effective atmospheric angular momentum). It can be used
to study LOD changes and their causes, after zonal tides (according
to Ref. [4]) and some other effects have been removed. Such studies
were reported by numerous authors [5e10], and it has been shown
that the atmosphere induces major excitations with wide ranges of
frequency bands e from days to years e into the LOD changes.

To demonstrate this, we plotted the axial global EAAM and LOD
variations in Fig. 1a. We separated the high-frequency and low-
frequency oscillations of LOD, after the zonal tides were removed
according to IERS convention model, using a filter as shown by Eq.
(4) with the cut-off frequency f0¼1/500 days�1. It is seen that high-
ion and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an
s/by-nc-nd/4.0/).
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Fig. 1. (a) High- and low-frequency LOD changes, EAAM (wind þ IB-pressure) variability and 20-year global temperature mode. (b) EAAM and LOD changes, averaged over the days
of the year on 1962e2010 interval.
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frequency LOD variations correspond very well to EAAM
(windþ IB-pressure) changes. Correlation coefficient for the period
1962e2010 is 0.959±0.001. High-frequency EAAM and LOD varia-
tions averaged for each day of the year are shown in Fig. 1b. Cor-
relation between the quantities is 0:992±0:002. This leaves no
doubt in the axial momentum exchange between the atmosphere
and the solid Earth, there is almost no ocean buffering at these
frequencies.

With regard to low-frequency (decadal or longer) variations of
the LOD, they can not be explained solely by the atmospheric
processes and require input from the ocean and the core [11]. We
found out that the 60- and 20-year component of the Global Mean
Earth Temperature changes (HadCRUT4) extracted using the MSSA
(Multichannel Singular Spectrum Analysis) [12,13], are anti-
correlated with the low-frequency changes in LOD (Fig. 1a. To find
the reasons, one needs to study different modes of zonal atmo-
spheric circulation, for their possible correlations with natural and
anthropogenic climate change signals geographically. In this work
we employed an innovative technique, the MSSA, to improve the
decompositions of the AAM maps into various PCs (principle
components).

Influence of atmosphere on the Earth rotation can be decom-
posed into the influence of winds and pressures. Thus, the axial
EAAM c3 includes two components: pressure (mass) cP3 and wind
(motion) cW3 . The first one is related to the changes of atmospheric
tensor of inertia, the second one is related to the relative angular
momentum of zonal winds. The Earth is decelerated when the at-
mospheric moment of inertia cP3 increases, resulting from the
redistribution of the air mass. According to the conservation of
momentum principle, the increase of cW3 also leads to the decel-
eration of the Earth's rotation rate and LOD increase. Westerly
winds, taking the momentum out from the solid Earth, produce
positive input into the EAAM, at the same time decelerating Earth
rotation. Increase of easterly winds, vise versa, accelerates the Earth
and decelerates the atmospheric superrotation. On average, in 70
days atmospheremakes 71 rotations around the Earth axis [14]. The
latter is seen from the positive mean value of the wind EAAM term.
Its mean value is <cW3 > ¼ 1:4� 1026 kg,m2=s, and its standard
deviation is scW

3
¼ 2:3� 1025 kg,m2=s. Pressure term (IB) mean is

<cP3 > ¼ 102� 1026 kg,m2=s, and its standard deviation is
scP

3
¼ 0:4� 1025 kg,m2=s. Converted to milliseconds in LOD,

these values correspond to <cW3 > ¼ 2:34 ms, scW
3
¼ 0:384 ms,

<cP3 > ¼ 127:29 ms, scP
3
¼ 0:055ms.Wind variability is larger than
the pressure variations, but the latter has a larger mean. Fig. 1b
shows that maxima in EAAM occur in May (1/05) and December (7/
12), minima e in August (4/08) and February (27/02), and they are
mainly determined by seasonal wind changes.

The goal of this work was to study the axial AAM components
represented in the form of maps (multidimensional time series) by
means of MSSA (Multichannel Singular Spectrum Analysis), to
detect physical signals in AAM and LOD through it. Being a gener-
alization of the Empirical Orthogonal Functions (EOF) method, well
known in atmospheric and climate research [15e18], MSSA is more
flexible than simple EOF by allowing one to more effectively
separate different frequencies and filter out noises of multidi-
mensional data [19].

Similar study of the axial AAM over the interval 1970e1998 was
earlier performed [20e22]. In the last two papers AAM averages in
20 longitude belts were processed byMSSA. MSSAwas also applied
to 1104 spatial sector elements of AAM maps by Ref. [23]. El Nino
pattern was revealed in the 5- and 2-year frequency bands, illus-
trating its propagation to the polar regions in the latitude-time
Hovmoeller plots. Our work extends the previous studies to the
regional values of AAM being given on the latitudeelongitude grid
and with a longer time span (1948e2010). For the first time the
joint MSSA for mass and motion AAM terms was performed. This
technique based on joining two components into complex lagged
trajectory matrix revealed coupled changes in both terms and
allowed enhanced principal component decompositions. Animated
maps obtained allow to quantify the behavior of different compo-
nents, including their relationship to, but not limited to El Nino. The
components were not obtained with pre-designed filters, but
directly computed from MSSA.

The mathematical basis of our study will be provided in the next
section. The initial data and method of their conversion will also be
described. You may find MSSA method in the third section and the
results in the fourth section. In conclusion the applicability of re-
sults to the Earth's rotation studies and the perspectives of the
method will be discussed.
2. Model equations and data

The EulereLiouville equation of the rotating Earth [24,25] states
for the small correction m3 to the Earth's angular velocity
U(1 þ m3):
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m3 ¼ j3 (1)

Here the axial component of excitation j3 stands to the right. It
can be considered as input, producing changes of Earth's rotation
rate m3. The excitation depends on variations of the Earth's inertia
tensor, resulting from the redistribution of mass, relative move-
ment of matter (winds and currents), and external forces. Processes
in atmosphere, ocean, Earth's core, and mantle influence planetary
rotation, providing the corresponding excitation. Below we restrict
our consideration only to the axial atmospheric excitation.

In the EulereLiouville equation (1) the variable m3 can be
expressed through LOD changes as m3 ¼ �DLOD=LOD [26,27].
Instead of excitation function it is better to use the EAAM (effective
angular momentum) function c, whose axial component differs
only in sign, j3¼�c3. Good agreement between LOD variability and
global EAAM, as seen from Fig. 1, allows us to assume in this work
that DLOD/LOD ¼ c3 holds, and all the components of c3 obtained
below influence Earth's rotation, resulting in LOD variations. To have
a suitable unit to estimate this effect throughout this article we will
multiply c3 by the conventional value of LOD ¼ 86,400,000 ms,
converting EAAM units to milliseconds. In contrast to global EAAM,
we call the regional inputs as AAM (without E).

We used NCEP/NCAR reanalysis data which were obtained
through meteorological data processing with use of NWP (nu-
merical weather prediction). The interpolated fields of wind and
pressure all over the globe are available since 1948 with 6-hour
steps. The data for different heights (pressure levels) can be
found at http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.
reanalysis.html.

These data were processed and converted to AAM maps at the
Center for Astro-geodynamics of Shanghai Astronomical Observa-
tory (Y.H. Zhou, personal communication). At every geographical
data point the pressure component was calculated according to the
expression

XP
3ðl;fÞ ¼

0:756R4

Cmg
psðl;fÞcos3f (2)

and the wind component e according to

XW
3 ðl;fÞ ¼ R3

CmUg

Z
uðl;f; pÞcos2fdp (3)

where R and U are mean Earth's radius and angular velocity, Cm is
the principal moment of inertia of the mantle around Earth's
rotation axis, g is the gravitational acceleration, l and f are longi-
tude and latitude of a grid point, p is pressure level, ps is surface
pressure, u is zonal wind velocity and is integrated for the selected
grid cell. The pressure component reduced to the surface was
calculated, according to Eq. (2), taking into account the IB (“inver-
ted barometer”) hypothesis [28]. Eq. (3) requires integration along
the atmospheric pressure levels. Thus, not only the surface winds
but also winds in troposphere and stratosphere account for this
term [29].

As a result, the maps of effective AAM with 6-hour temporal
steps and 2.5� � 2.5� angular resolution were obtained. The pro-
cessing of 50 years of data at fine spatial resolution requires
intensive computer resources. Our resources were limited (AMD
with 4 cores, 32 Gb of memory) and the grid was converted to
5� � 5� resolution containing 35 � 72 ¼ 2520 points (poles
excluded) by summation in the corresponding regions. Before
applying MSSA, we also reduced the temporal resolution. The time
series for every cell was filtered with the Panteleev low frequency
filter, whose impulse response is
hðtÞ ¼ u0

2
ffiffiffi
2

p e�
u0 jtjffiffi

2
p
�
cos

u0tffiffiffi
2

p þ sin
u0jtjffiffiffi

2
p

�
(4)

with parameter u0 ¼ 2pf0, defining the cut-off frequency [30]. The
parameter value f0 ¼ 10 yr�1 was selected. Then the data were
resampled by decimation with 10-day steps without any distortion
of filtered low-frequency component. Such preprocessing reduced
the data volume by 4 times through spatial resampling, then by 40
times through temporal resampling.

Integration (summation) over all the longitudes and latitudes
gives EAAM

cP;W3 ¼
Z Z

XP;W
3 ðl;fÞdldf (5)

EAAM check showed that it completely coincides with data
(not gridded) provided by IERS (http://www.iers.org/IERS/EN/
DataProducts/GeophysicalFluidsData/geoFluids.html).

Global EAAM after Panteleev's filtering is shown as initial data
by the black line in Fig. 2: (a) is shown for pressure, while (c) is for
wind component. Their spectrograms are shown by thick lines in
Fig. 3. The peaks with periods 1, 1/2, and 1/3 of a year can be clearly
identified.

3. Multichannel singular spectrum analysis

Multichannel Singular Spectrum Analysis (MSSA), also called
Extended EOF, is a generalization of Singular Spectrum Analysis
(SSA) for multidimensional (multichannel) time series [31,32]. SSA
in its turn is the Principal Component Analysis generalized for time
series, so that the trajectory matrix, rather than simple correlation
matrix, is analyzed. It is obtained by means of time series embed-
ding into the L-dimensional space.

At every point of the map we have a time series (channel), which
could be studied through SSA. Themain parameter of themethod is a
lag L. The time series segments of L points are to be put sequentially
as columns into the trajectorymatrix, then are subject to the Singular
Value Decomposition (SVD). As a result, a sequence of singular
numbers (SNs) in order of decreasing values and corresponding ei-
genvectors are obtained. The principal components (PCs) can be
reconstructed from them. It may well be that some of SNs are related
to the same PC. In this instance the corresponding SN-components
have to be grouped together and reconstructed as one PC. The
grouping methods given in Ref. [33] are based on recognition of SN-
components having similar behavior. Finally, the set of PCs with
decreasing amplitudes representing different modes of time series
variability is obtained. The method allows one to extract periodic
components with changing amplitudes, to separate the trend, noise,
etc. The details of the method can be found in the works [30,32e35].

The main difference between MSSA and SSA is that in MSSA the
trajectory matrices for every time series (every pixel of an image)
are joined into one block trajectory matrix. In our MSSA realization
we put the trajectorymatrices for every channel one under another,
which up to transposition coincides with the standard technique
described in Ref. [32].

In this study we applied joint MSSA to mass and motion terms,
when they are incorporated into large block trajectory matrix
together. Most of the PCs require SNs pairs grouping. As a result, the
PC's maps can be obtained, representing the main components of
variability of the geophysical fields in this study. Such maps
demonstrate spatio-temporal regions with correlated behavior
more evidently.

There are several recommendations for parameter L selection
[36]. It has to be less than half of the time series length, preferably,

http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html
http://www.iers.org/IERS/EN/DataProducts/GeophysicalFluidsData/geoFluids.html
http://www.iers.org/IERS/EN/DataProducts/GeophysicalFluidsData/geoFluids.html


Fig. 2. AAM principal components (PCs) for pressure (a and b) and wind (c and d) terms integrated all over the globe. Annual PC 1 and low-frequency trend PC 3 compared to the
initial data on the (a) and (c). Plots on the (b) and (d) are given from 1990 to 2000 yr. They represent the PC 2,4,5,6 related to the semiannual, quasi-5-year, 4-monthly, and quasi-
biennial oscillations, respectively.

Fig. 3. Integrated PCs spectra for pressure (a) and wind (b). Thick solid curves give spectra of initial data. Other curves give spectra of PCs. PC 1 has annual periodicity, PC 2 e

semiannual, PC 3 corresponds to the low-frequency trend, PC 4 e to 5-yr ENSO pattern, PC 5 has period of 4 months, PC 6 and PC 7 are related to the quasi-biennial and low-
frequency oscillation teleconnected to ENSO.

1 Without subtracting before MSSA, the mean will be reconstructed as the
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being the multiples of periods of the expected oscillations. Strict
result on asymptotic stability states, that within such a strategy the
separability of mutually orthogonal components is improving with
increase of the time series length. L selection strategy is heuristic
and the results for different L values have to be compared. From
spectrum analysis in Fig. 3, we expect the presence of components
whose periods are multiples of a year. We performed comparisons
for L being equal to 2, 5, 6, and 18 years, finding the results more or
less similar. With increase of L the trajectory matrix size grows, and
its processing becomes more consuming, at the same time the
extraction of the low-frequency PCs improves. Relatively good
quality of separation was achieved for L being equal to 6 years
(L ¼ 219 for maps with 10-day step), which was finally selected.

To compare the results with simple EOF, we performed calcu-
lations for the case of L¼ 1 (no lag), when simple correlationmatrix
is analyzed without signal embedding into the multidimensional
space. It turned out that simple EOF only allows one to separate the
annual component as the first PC, with all other components rep-
resenting the sequence of noisy mixed signals of increasing fre-
quency and decreasing amplitude. Earlier it has already been
shown [34,37,38] that simple EOF has limited potential to separate
the trend from annual and semiannual components, and is less
effective than MSSA to operate on variable geophysical fields. The
tests presented in cited papers have also shown that MSSA recovers
more than 90% of variability of the simulated annual, semiannual
and long-periodic signals mixed with noises.

Separate MSSA application to mass and motion terms was also
tested. The reconstructed PCs were very similar to that obtained by
joint MSSA, with only small variations in amplitude and different
sequence of singular numbers to be grouped. It means that the PCs
obtained are really the main stable modes of AAM pressure and
wind changes. On the other hand, joint processing improved the
signals separation uncovering the couple effects.
4. Joint MSSA of AAM mass and motion terms

Before MSSA processing, average wind and pressure fields over
the 62-year interval were subtracted.1 Their maps are presented in
first PC.
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Fig. 4 together with plots obtained by integration over meridians
and parallels. The average maps represent the constant part of the
zonal circulation and pressure distribution.

Pressure mean, Fig. 4a. The largest pressure input into EAAM
comes from the equatorial belt, emphasizing its part over the
ocean, quickly decreasing at ±30� latitudes. Generally, the mass
term gives larger mean input into EAAM than the motion term.
Input from the mountain and polar regions is smaller, which can
be well seen in the plots which were obtained through integra-
tion over meridians and pictured above and below the maps in
Fig. 4.
Fig. 4. Mean (average) pressure (a) and wind (b) terms. Plots to the (a) and (b) and to
Wind mean, Fig. 4b. The wind minima are along the equator and
maxima are along the ±45� latitudes. The wind minima (negative
extrema) along the equator is due to strong easterly winds blowing
in stratosphere at low latitudes. The change of the zonal winds
occurs in the so-called “horse latitudes” at ±30� in both hemi-
spheres. The latitudes from 30� to 60� and �30� to �60� can be
characterized by large westerly winds and tropospheric currents.
Westerly winds prevail in the atmosphere, containing an excess of
angular momentum (atmosphere rotates slightly quicker than the
rigid Earth). According to the zonal circulation theory [2,39,40], the
angular momentum is pumped into atmosphere at low latitudes
the left of the maps represent the sum over meridians and parallels in 5� belts.
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and returns to the rigid Earth in the zone of westerly winds
(350�e60� N and S latitudes).

After average subtractionwe performed MSSA processing jointly
for mass and motion terms. It helps to obtain the PCs of axial AAM
variability, representing coupled changes in both terms. The corre-
sponding maps were animated and placed as Supplemental
materials at http://lnfm1.sai.msu.ru/~tempus/science/MSSA/ATMZ/.

EAAM curves for the PCs calculated through integration over the
globe are shown in Fig. 2: (a) and (b) for the pressure components,
(c) and (d) for thewind components. Fig. 3 represents the spectra of
integrated PCs in order to demonstrate which frequencies the PCs
correspond to. Every PC gives a portion of the signal spectrum, with
the sum of all PCs reconstructing the exact initial signal. The plots in
Figs. 2 and 3 prove that MSSA of the wind and pressure terms
allowed us to extract long-periodic trend and oscillations with
periods 5, 2, 1, 1/2, 1/3 of a year. In Table 1 standard deviations are
given for the first seven PCs of wind and pressure terms. They
absorb most of the signal variability (power) and below we will
describe them in detail. The components with higher numbers
(SN > 12) have smaller amplitudes and include mostly noises. They
look like random high-frequency variations on the maps, their
analysis is not attempted in this study.

PC 1 of pressure (obtained by grouping of 1 and 2 SN) reflects the
annual cycle of pressure change. The changes over the continents
are much larger than that over the ocean, which is easy to explain
as a result of pressure compensation by water level changes over
the sea, accounting for the inverted barometer effect. In January the
positive input comes from the northern hemisphere, and the
negative is from the southern hemisphere. It is related to the an-
ticyclonic circulation, air mass increase in winter hemisphere, and
its redistribution to the continents.

The beginning of the year can be characterized by overall inte-
grated minimum of PC 1 (Fig. 2a), with the regions accelerating the
Earth (AAM minima) prevailing over the decelerating regions (AAM
maxima). Negative input is located over South America, Africa to the
south from equator, Tibet, and especially Australia. Positive input is
observed over Arabian peninsula, India, and Eastern China. Less
strong positive input comes from the Sahara, South of Aral, North
coast of the Gulf ofMexico. By the end of June the picture inverts: the
geographical regions with the AAM maxima become the minima,
while theminima become themaxima. Generally, the air mass in the
northern/southern hemispheres increases in the winter, and de-
creases in the summer. The pressure over the ocean, being equili-
brated by “inverted barometer”, is smaller in January than that in
July, which can be explained by air mass redistribution from the
ocean to the continents. The observations of the opposite PC 1
contribution in the mountains (Tibetan Plateau) and nearby valleys
agree well with results obtained by Ref. [2].

PC 1 of wind (1 þ 2 SN) reflects annual oscillation having inte-
grated maximum at the beginning of the year in opposite phase to
the pressure PC 1. The amplitude of the wind component is one
order of magnitude higher than the pressure one (Table 1), thus it
defines the overall AAM variability and the annual maxima and
minima of LOD (Fig. 1b). The influence of the wind component over
the ocean is slightly larger than that over the continents, with re-
gions of the same sign being elongated along the parallels with
small inclination to the North-East.
Table 1
The standard deviations (STD) of PCs in ms. The amplitude of sin wave is
approximately

ffiffiffi
2

p
of its STD.

All PC 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7

mass � 10�2 4.84 3.14 0.73 0.34 0.54 0.42 0.57 0.28
motion � 10�1 3.77 2.84 1.60 0.61 0.53 0.30 0.39 0.17
The state especially contrasts at the end of January, with
maximum stripe stretching around 30� (slightly inclined) north
parallel and stripe of less intensive minimum banding all over the
Earth at 30� south. The picture changes to the opposite by the end
of July. At this time the minimum is visible in wind AAM and LOD
variations, which means acceleration of the Earth's rotation.

PC 2 of pressure (3þ 4 SN) represents the semiannual oscillation.
The extrema of this component were found to have a one month
delay with respect to the extrema and zeros of annual PC 1. In
January and July, PC 2 has maxima over Africa, emphasizing the
South of Sahara, Brazil, Mexico, and South of US, minima over
Eastern Canada, Australia, and almost all of Asia. Integrated PC 2 of
pressure component has maxima in these months. The picture in-
verts in April and October.

PC 2 of wind (3 þ 4 SN) is semiannual with integrated minima at
the beginning and middle of the year, coinciding with extrema of
the annual oscillation. The pattern of PC 2 is quite complicated. The
zone of maximum at the 25� north over the Pacific ocean is
accompanied by minima over the Atlantic ocean, West Sahara,
Mexico, North and Equatorial Pacific, Indian Ocean to theWest from
Australia. The picture inverts with half period of 3 months.

According to Ref. [2], the annual and semiannual components of
relative momentum change physically follow from the same pro-
cess e the work of hemispherical heat engine transferring the air
mass from one hemisphere to another and changing zonal circu-
lation type of the relocated air mass. As a result of overheating of
the northern hemisphere with respect to the southern hemisphere,
cW3 has deep minimum in August and less deep minimum in
February (Fig. 1b). This joint effect is represented as annual and
semiannual oscillations in MSSA decomposition.

PC 3 of pressure (5 SN) reflects slow changes (trend). The dif-
ference between 1948 and 2011 is shown in Fig. 5. During this
period the atmospheric mass increases over South America, Africa,
Western Europe, Asia and Australia. The pattern is especially
intensive in Sahara desert. The increase of pressure AAM over the
continents is accompanied by its decrease over the ocean. Fig. 5c
shows integrated decrease for this PC.

PC 3 of wind (5 SN) representing the trend is shown in Fig. 5. The
difference between 1948 and 2011 shows AAM increase around
equator and 60� south, accompanied by the decrease at 30� south. It
could be attributed to the increase of the westerly winds over
equator and Antarctic circumpolar circulation region, and easterly
winds component increase at 30� south. The total increase of EAAM
for this PC is seen from Fig. 5d. Low-frequency changes of clima-
tological origin including the trend in ENSO intensity can be
attributed to PC 3.

Fig. 5 for PC 3 shows that AAM pressure term decreases over the
continents and increases over the ocean. It accelerates the Earth by
approximately 0.02 ms in 60 years. But this effect is overlapped by
the dominant wind AAM decrease, caused by the westerlies
intensification, which, due the conservation principal, decelerates
the Earth by approximately 0.25 ms in 60 years, causing LOD in-
crease. These results qualitatively agree with the results of Ref. [5],
whose estimates of the effects in LOD under the sceptical Global
Warming scenarios for 60 years in the future are:�0.05ms for AAM
mass term, and 0.11ms for wind effect. The proposed reasons were:
the polar shift of atmospheric pressure, causing the change of the
atmosphere flattening and acceleration of the Earth from one side;
zonal winds increase, especially in the southern hemisphere,
causing dominant slow-down effect from another side. That is
similar to which is observed for PC 3 in Fig. 5. Still we cannot
exclude the influence of AAM noise and artefacts on this PC. For
example, the increase of number of meteorological stations since
1950 could affect the accuracy of the estimated trend (see https://
esrl.noaa.gov/psd/cgi-bin/data/ISPD/stationplot.v2.pl).

http://lnfm1.sai.msu.ru/%7Etempus/science/MSSA/ATMZ/
https://esrl.noaa.gov/psd/cgi-bin/data/ISPD/stationplot.v2.pl
https://esrl.noaa.gov/psd/cgi-bin/data/ISPD/stationplot.v2.pl


Fig. 5. The maps of difference between 1948 and 2011 for PC 3 atmospheric pressure (a and c) and wind (b and d) term and the corresponding plots of integrated EAAM below.
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PC 4 (6 þ 7 SN) has period of approximately 5 years for both
terms. The three maps of PCs 4 are presented in Fig. 6 a,c,e for
pressure and b,d,f for wind. The strongest pressure changes are over
the continents surrounding the Indian ocean, while the wind
changes are mostly pronounced in the Eastern Pacific. We
compared the integrated PC 4 to the Southern Oscillation Index
(SOI) describing the activity of ENSO. SOI curve was preliminary
inverted and smoothed by the Panteleev filter (4) with parameter
f0 ¼ 0.3 yrs�1. Comparison presented in Fig. 7 indicates that PC 4 is
related to ENSO. The maxima and minima of pressure and wind
terms correspond well to each other and to SOI extrema. The cor-
relation coefficient is r ¼ �0.72 ± 0.02 for wind term and
r ¼ �0.56 ± 0.03 for pressure term.

During El Nino phase the increase of thermocline depths in the
Eastern and Southern Pacific ocean and decrease in Western Pacific
reduce the atmospheric pressure gradient, so the trade winds are
weakened and even become westerly there. The change of circu-
lation also affects high atmosphere, producing the increase of the
axial AAM, which is observed in Fig. 7. The LOD increases up to
approximately 0.1 ms at that time.

When El Nino prevails, the maps of PC 4 for pressure (Fig. 6a)
demonstrate the regions of positive influence (pressure increase)
over Australia, India, Africa, and Amazonia. The negative input is at
western coasts of South and North America. With the development
of the opposite event e La Nina (Fig. 6e) the picture changes to
opposite values.

During El Nino epoch the wind component (Fig. 6b) has pro-
nounced positive patterns with zones of maxima located in the
Eastern Pacific at ±30� latitudes, minima located at equator and
±70�. In the Indian Ocean maxima are over Arabian peninsula, In-
dia, Madagascar, and ±20�. Minima are over US and Argentina.
With development of La Nina the picture inverts. The animated
maps show how ENSO propagates over the Earth's oceans and
continents, touching even distant regions, like Europe. They can be
used for studying interconnections and possibly revealing the
precursors of El Nino/La Nina [41].

In Refs. [21e23,42], the latitude-time Hovmoeller plots were
used to demonstrate the polar propagation of ENSO pattern in axial
wind AAM term. It had been related to the ocean surface temper-
ature changes and tropospheric wind in response to it. We also
found the so-called V-shaped (better to say C-shaped) signatures in
latitudinal-averaged Hovmoeller plot for PC 4 of wind (Fig. 8).
However, it does not give the complete picture, but only its pro-
jection. The animated maps demonstrate that there is no direct
polar propagation of AAM along the meridians, but the periodic
change in the sign of the anomalies (Fig. 6).

During El Nino epoch the positive and negative wind anomalies,
especially well seen in the Pacific Ocean, propagate to the East. But
with El Nino phase changing to La Nina, the sign of the anomalies
slowly inverses (Fig. 6c,d). The momentum flow from positive to
former negative zones (located approximately in tesseral order)
makes the effect observed in longitudinal projection as a polar
propagation of the atmospheric momentum.

PC 5 of pressure (9 þ 10 SN) has a period of 4 months. Its overall
minimum is in December, April, and August with the negative input
coming from Northern Africa, Europe, Asia, except India, central
Amazonia, and Antarctica. Positive input comes from South Africa,
Mexico, India, and Australia. The picture inverts with half period of
2 months.

PC 5 of wind (9þ 10 SN) has very complicated patterns, changing
with period of 4 months. We will not describe it here.

PC 6 of wind (11 þ 12 SN) has period of approximately 2 years
and is related to the QBO (quasi-biennial oscillation) teleconnected
to ENSO [22,43e45]. The maps of PC 6 demonstrate the patterns,
which are very similar to those of PC 4, with polar propagation
of momentum from equator to the tropics. We filtered SOI
sequentially by the Panteleev filters with parameters f0 ¼ 0.3 and
f0¼1 yrs�1, subtracted one signal from another and compared the
obtained signal in 0.5 yrs�1 frequency band with PC 6. The changes
correspond well to each other. Coefficient of correlation was found
to be r ¼ �0.52 ± 0.02.

Pressure PC 6 (11 þ 12 SN) is also biennial and has similar
behavior as PC 4, but with smaller period. Its amplitude is given in
Table 1.

Finally, PC 7, coming from SN 8, can be attributed to low-
frequency ENSO variability. Fingerprints for both wind and



Fig. 6. The three maps of PC 4 for pressure (a,c and e) and wind (b, d and f). The maps on the top correspond to the developed El Nino phase, on the bottom to La Nina. The maps in
the middle row show the transition phase, with sign of negative and positive anomalies changing. Depicted evolution creates the effect of polar propagation of momentum for AAM
wind component.
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pressure are similar to fingerprints of PC 4 and PC 6. There are
periods from 3 to 15 years in this PC, but they are not very well
separated from biennial variability, as seen in the wind term. The
amplitude of this component is rather small (Table 1).

5. Conclusions

In this work, for the first time the joint MSSA of wind and
pressure axial AAM maps was performed, allowing us to extract
coupled changes in both terms. The PCs with periods 5, 2, 1, 1/2, 1/3
of a year were shown to have been effectively separated from the
low-frequency trend and noises. Their animated maps were ob-
tained. Low-frequency, 5- and 2-year PCs reflect the changes of
wind and pressures over the globe in the ENSO and QBO cycles
covering different frequency bands. Animated maps for these PCs
help to track the changes, which cannot be reduced to the
simplified explanation of zonal polar propagation of the mo-
mentum. This extends the results of Ref. [22,23,42]. The ENSO in-
fluence on LOD is found to be at the 0.1 ms level.

The animated maps addressed various meteorological and
climatological questions, such as annual air mass redistribution,
zonal winds circulation changes, patterns of El Nino at different
continents and its precursors. In this article, relying on study of Ref.
[2], we have just briefly described the main features of zonal cir-
culation, revealed by the PCs.

The obvious application of the obtained results is to study the
changes of Earth's rotation rate. Each pattern on the PCsmapsmake
an input into the integrated EAAM, being directly transferred to
LOD changes according to Eq. (1). Initial AAM data could incorpo-
rate some observational noises and modelling errors, but MSSA
helps to filter them out and produce improved signal
decompositions.



Fig. 8. Latitude-time Hovmoeller plot for the wind PC 4. C-shape of light and dark regions refers to the polar propagation of longitudinal-averaged momentum. The maxima of
filtered and inverted SOI, corresponding to El Nino, are marked with vertical grid lines.

Fig. 7. AAM PC 4 for pressure and wind integrated over the globe, compared to the filtered and inverted SOI index.
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We tried to collect empirical arguments to answer the important
scientific question: does climate change and its natural variability
induce atmospheric circulation changes, influencing the Earth rota-
tion? Our study confirms that themainplanetary climate oscillations,
such as ENSO, biennial and multidecadal oscillations, are reflected in
zonal circulation of the atmosphere, and can be transferred to LOD.

The revealed low-frequency component PC 3 (Fig. 5) is prob-
ably related to the trends in wind and pressure fields for the
period 1948e2011. AAM pressure increase on the continents and
westerly winds strengthen, especially in the southern hemi-
sphere, produced approximately 0.02 acceleration and approxi-
mately 0.25 ms deceleration effect, resulting in LOD increase in
60 yrs. This result qualitatively agrees with the results of Ref. [11],
which predicts the influence of climate change on LOD variations.
Though it is hard to exclude the influence of AAM processing ar-
tefacts, noises, etc., we speculate that global warming can
modulate the main climatological circulation modes. However, it
does not explain anticorrelation between decadal changes in Earth
temperature and LOD (Fig. 1a), see Ref. [12]. Further research
should clarify this issue.

Besides the axial AAM, the equatorial components influencing
the polar motion (PM) are of particular interest. Their analysis is
preferred for the annual and Chandler frequency bands [46].

One aim of this article is to demonstrate the strength of MSSA
and its usefulness for multidimensional time series processing.
Another is in detecting significant signals in AAM. In the next paper
we will try to apply these techniques to the longer extent (100
years) ECMWF AAM fields.
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