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Abstract Based on previous theoretical studies for local perturbation potential energy (PPE), in this study, we

further focus on the relationship and mechanism between the PPE and atmospheric general circulation anomalies,

and analyze coupled correlation modes between the PPE and upper, middle and lower-level atmospheric kinetic

energy (AKE) and their interannual variability. Meanwhile, we also examine the relationship between the PPE

and sea surface pressure as the measure of atmospheric mass and further discuss the physical mechanisms involved

in the relationships between the PPE and the AKE as well as mass. Analysis results show that the first mode

in the variability of the PPE is also the leading mode in the coupled variation of the PPE and atmospheric

general circulation anomalies, and the corresponding primary modes in the AKE and mass fields are also the

dominant modes in their own variability, which indicates a possible interrelated physical mechanism between

them. Furthermore, it is demonstrated that the formation of the prevailing mode of the extratropical atmospheric

general circulation is closely associated with the feature that the PPE has both a zonal symmetry on global scale

and zonal asymmetry on local scale. Moreover, there is a significant correlation between the first two orders of

moments of the PPE and the southern/northern annular mode indices in the winter, but such a relationship is

apparently weakened in the summer and exists in the southern hemisphere only.

Key words Perturbation potential energy, Atmospheric general circulation anomaly, Kinetic energy, Annular
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1 INTRODUCTION

Atmospheric energetics is of particular importance in atmospheric dynamics. In terms of the classical
atmospheric energetics, atmospheric total potential energy (TPE) can be decomposed into two parts: available
part and unavailable part, where the former may be released and transformed into kinetic energy (KE) and the
latter may not[1−3]. This is referred to as the issue of energy availability (EA). For this issue, the conception of
atmospheric available potential energy (APE) is usually used to demonstrate the TPE-KE transform, energy
cycle and maintenance of atmospheric general circulation, which has also been applied to studies on oceanic
energetics[4−14]. However, the previous studies only concentrated on the global mean APE which can solely
reflect the whole EA of atmospheric system. Therefore, this global-mean-based APE framework is not suitable
for the study of local energetics.

Actually, the features of weather/climate systems and their anomalous occurrences usually have apparent
locality[15−17]. There is an intimate relationship between local atmospheric motion variations and local EA.
The budget, distribution and transformation of atmospheric energetics have significant local characteristics.
Further, generation and development of weather/climate phenomena are so evidently associated with local
energy source/sink which exists inside atmospheric system that anomalous variations of local energetics will
definitely have a significant influence on local atmospheric general circulation. Therefore, it is fairly important
to examine the efficiency and mechanism of regional energy transformation for understanding local atmospheric
circulation variations. This is just the issue of local energy availability (LEA). In our previous studies[17−18],
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the conception of local perturbation potential energy (PPE), which is suitable to addressing the LEA, has been
proposed in order to handle the relevant questions of the transformation between the local TPE and KE. To
better understand the basic conception of PPE, the spatio-temporal characteristics and interannual variability
were examined in the existed studies[17−20].

In this paper, based on the prior studies, a statistical tool of singular value decomposition (SVD) will
be used to examine the coupled relationships between the PPE and different atmospheric motion and state
variables, and aim to reveal the primary coupled correlation patterns as well as the mechanism of their impacts
on atmospheric circulation anomalies. The focus will be on analyzing the coupled correlation patterns and
their interannual variability between the PPE and the atmospheric KE at higher, middle and lower pressure
levels, and on examining the relationship between the PPE and the sea level pressure (SLP) as representing
atmospheric mass distribution, and on discussing the associated mechanism between the PPE and the KE and
SLP.

2 DATA AND METHOD

The data used here is from the National Center for Environment Prediction/ National Center for Atmo-
spheric Research (NCEP/NCAR) reanalysis dataset[21]. The period that this study covers is the wintertime
(Nov-Mar) from 1948 through 2004 and the resolution of horizontal grid point is taken as 5◦×5◦. The analyzed
domain is over the northern hemispheric extratropics (north of 20◦N). The variables addressed are the PPE
integrated at all vertical levels and atmospheric KE at 200 hPa, 500 hPa and 850 hPa. Other data include
the sea level pressure of the NCEP/NCAR reanalysis and the extended reconstructed sea surface temperature
(SST) of the National Climate Data Center. The SVD method is used to obtain the coupled correlation patterns
between the PPE and the KE and SLP, for details of the method refer to the Appendix.

3 COUPLED RELATIONSHIPS BETWEEN PPE AND KE

In the previous studies[17−20], we have analyzed the spatiotemporal characteristics of different components
of the PPE and found their apparent associations with the KE. Therefore, to examine the coupled relationships
between the PPE and KE, we first do the SVD analysis by taking the winter 500-hPa KE at the northern
hemispheric extratropics as the left field and taking the vertically-integrated PPE as the right field.

Table 1 presents information of the first five SVDs of 500-hPa kinetic energy and PPE. It is seen that
there is a clear “gap” of the percentage of explained covariance square summation (CSS) between the first two
patterns and the third and fourth modes. The first three SVD modes explain accumulatively greater-than-60%
total CSS between the left and right fields, which can represent the main features of the coupled modes of the
two fields. The first SVD mode explains 30.3% of the total CSS, 8.4% of the 500-hPa KE variance and 12.83%
of the PPE variance, respectively. This indicates that the principal coupled mode takes up a large variance
percentage (VP) in the PPE field but a relatively small VP in the KE, which also reflects that the KE has a
more complicated feature than the PPE. On the other hand, for most of the coupled modes, their correlations
between the extension coefficients (ECs) of the left and right fields can reach 0.8∼0.9, significant statistically
at the 99.9% confidence level.

Table 1 Information of the first 5 SVDs of 500 hPa kinetic energy (left) and PPE (right)

No.
Singular Explained Accumulatively Correlations Explained VP of Explained VP of

values CSS/(%) explained CSS/(%) between ECs the left/(%) the right/(%)

1 92.1 30.30 30.30 0.908 8.40 12.83

2 67.6 16.32 46.61 0.898 6.78 8.77

3 62.6 14.00 60.61 0.849 6.41 9.33

4 52.6 9.90 70.51 0.799 4.99 10.63

5 41.2 6.07 76.58 0.858 5.78 4.80
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Note that the SVD modes prefer to reflect the relationships between two fields as much as possible rather
than the either individual variability. As a result, although the first 10 modes have the singular values which
decrease linearly (all greater than 0), their contributions to explaining variance of either field do not certainly
decrease in the same sequence. In contrast, the first coupled SVD mode can explain the biggest percentages
in both the variances and the covariance. Therefore, the emphasis in the following will be put on the spatio-
temporal feature of the first mode.

Figure 1 shows the homogeneous and heterogeneous correlation maps as well as the extension coefficients
for the first mode of the left and right fields. This mode can explain 30.3% of the total covariance, reflecting its
predominance in the coupled relationship. Indeed, the contributions that the first mode makes to the variance
of either the left or the right field is relatively smaller than that to their covariance. Also, such a coupled mode

Fig. 1 The first SVD of winter 500 hPa kinetic energy (left) and PPE (right)

Panels (a) and (b) are the left and right homogeneous correlation maps, (c) and (d) the left and right heterogeneous correlation

maps, (e) the extension coefficient series of the left and right fields with a 3-point running mean. The dark (or light) shadings

denote the significant positive (or negative) correlation areas at the 95% confidence level. The outmost latitude is at 20◦N

and longitudinal interval is 20◦. Contour interval is 0.2. TCC: temporal correlation coefficient; PV: percentage of variance.
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may play slightly different role in either of the fields. It is found that the left heterogeneous correlation pattern
is quite similar to the first empirical orthogonal function (EOF) pattern of the standardized KE deviation,
and the right heterogeneous correlation pattern is quite similar to the first EOF of PPE as well. In the left
homogeneous correlation pattern, the significant features are the positive correlations which distribute over the
North America–North Atlantic region and the North Africa–South Asian region, and the negative correlations
which are annularly located in the subtropics. In the right homogeneous correlation pattern, the significant
positive correlations are mainly resided in the south of South America, West Europe and North Pacific regions,
and the significant negative correlations are located in the north of North America and the subtropical Atlantic
- North African regions. Except the polar regions, the high latitudes north of 50◦N are covered by positive
correlations and the mid-latitude areas are covered by negative correlations. It is also seen in Fig. 1 that
the heterogeneous and homogeneous correlation patterns for the left and right fields are almost same, which
indicates clearly that the first SVD mode is not only dominant in the covariance of the two fields, but also in
the individual variance.

In Fig. 1e, it is seen that the temporal extension coefficients of the left and right fields are highly cor-
related (0.908), indicating a perfect coupled relationship between the PPE and KE fields. Consequently, the
corresponding temporal coefficients have overall the same signs between the left and right fields. This suggests
that the variation of the KE is largely coherent with the non-zero variations of the PPE.

Next, we further examine the characteristics of the high-level and low-level KE and their coupled relation-
ships with the PPE. Thus, the SVD analysis is operated by taking the vertically-integrated PPE as the right
field and the extratropical 200-hPa or 850-hPa KE north of 20◦N as the left field, respectively.

To quantify the relationship between the PPE and 200-hPa KE, Table 2 presents the information for the
first five SVDs. This information is basically analogical to that of 500 hPa. That is, the first SVD mode
explains 32% of the TCS between the two fields, and 11.04% and 13.49% of the variances of the KE and PPE,
respectively. Compared to 8.4% and 12.83% of 500-hPa level, the coupled mode becomes more important in the
individual variation with height increasing. Moreover, the TCS explained by the first three SVD modes reaches
63%, which indicates these modes are able to represent the main features of the coupled variations between
the two fields. Most of the correlations between the extension coefficients of the left and right fields reached
0.8∼0.9, which are significant at the 99.9% confidence level.

Table 2 Information of the first 5 SVDs of 200 hPa kinetic energy (left) and PPE (right)

No.
Singular Explained Accumulatively Correlations Explained VP of Explained VP of

values CSS/(%) explained CSS/(%) between ECs the left/(%) the right/(%)

1 107.8 31.57 31.57 0.904 11.04 13.49

2 79.4 17.13 48.70 0.882 8.86 9.93

3 72.1 14.10 62.79 0.918 7.64 8.38

4 57.9 9.09 71.89 0.835 5.26 10.56

5 44.4 5.36 77.24 0.897 5.30 5.32

The correlation coefficients corresponding to the first SVD mode are shown in Fig. 2. It is clear that the
spatial patterns of singular eigenvectors between the 200-hPa KE and the PPE appear to be almost completely
opposite to those at 500 hPa, and the evolutions of time coefficient series are almost opposite as well. It is
actually easy to understand that based on the previous studies[14−15], the PPE has an opposite sign at 200
hPa, compared to the middle-lower levels, which yields the opposite distributions in the SVD. Indeed, this
situation has no impact on the eventual conclusions in this study because the patterns at the two levels will
become consistent as long as both the singular eigenvectors and time coefficients are factored by –1. For the
homogeneous and heterogeneous maps, the spatial patterns at 200 hPa are fairly consistent with those at 500
hPa, where the former appears to be more regular, smoother and more zonally symmetric than the latter. Still,
the two extension coefficient series are highly correlated (0.904).
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Fig. 2 The same as Fig. 1, but for the 200 hPa kinetic energy as the left field

In Table 3, we further give the information for the first five SVDs between the PPE and 850-hPa KE,
which looks basically similar to that at 500 hPa. The first SVD mode explains 34% of the TCS between the two
fields, and 7.09% and 12.87% of the variances of the KE and PPE, respectively. The TCS explained by the first
three SVD modes reaches 60%, indicating that the modes can represent the major features of the two coupled
fields. Indeed, these “gaps” in the explained variance percentages can be taken as the natural scale truncation
in the diagnostic analysis, such as those between the second and third mode as well as those between the fourth
and fifth modes. Also, it is seen that the correlations between the extension coefficients of the left and right
fields mostly exceed 0.8∼0.9, significant at the 99.9% confidence level.

Figure 3 shows the correlation coefficients corresponding to the first mode. It is clearly seen that the
singular eigenvector patterns between the 200-hPa KE and the PPE are fairly similar to those between the
500-hPa KE and the PPE. In particular, the homogeneous and heterogeneous maps for the right field, the two
spatial patterns at 850 hPa are not only consistent with those at 500 hPa, but also similar to each other. In
contrast, the two correlation maps for the left field are also similar to each other, which are slightly different
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from those of 500 hPa over the North Pacific. This reflects that the coupled modes between the two variables are
basically consistent in the middle-lower-level atmosphere. The two time series of extension coefficient appear to
be highly correlated (0.88) with each other, which is slightly lower than that of 500 hPa, however, the evolutions
of the two time series are almost same.

Table 3 Information of the first 5 SVDs of 850 hPa kinetic energy (left) and PPE (right)

No.
Singular Explained Accumulatively Correlations Explained VP of Explained VP of

values CSS/(%) explained CSS/(%) between ECs the left/(%) the right/(%)

1 81.2 33.55 33.55 0.877 7.09 12.87

2 54.3 15.03 48.57 0.858 4.68 9.46

3 46.9 11.21 59.78 0.822 4.28 8.55

4 45.1 10.34 70.12 0.760 4.28 10.79

5 33.5 5.72 75.84 0.817 4.15 4.91

Fig. 3 The same as Fig. 1, but for the 850 hPa kinetic energy as the left field
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4 COUPLED RELATIONSHIPS BETWEEN PPE AND SLP

As we know, anomalous variations of atmospheric motion can yield a change of atmospheric mass distribu-
tion, and thus an anomalous variation of SLP. Therefore, to understand the anomalous association between the
PPE and atmospheric mass, we here will examine the relationships between them through the SVD analysis by
taking the SLP north of 20◦N in the winter northern hemisphere as the left field and the vertically-integrated
PPE as the right field. This analysis will help us understand the relationships between the atmospheric energy
availability and the dynamical features of atmospheric general circulation.

We give the information for the first five SVDs between the PPE and SLP in the mid-high latitudes in
Table 4. The first SVD mode explains 44.69% of the TCS between the two fields, and 21.93% and 13.08% of
the variances of the SLP and PPE, respectively. That is, the first coupled correlation mode is dominant and
explains most of the variance in the SLP field. This situation does not appear in the analysis results regarding
the atmospheric KE, which reflects that given a known principal spatial pattern of the PPE, its corresponding
time coefficients can represent the typical spatial distribution of the SLP field. The TCS explained by the first
three SVD modes reaches 72.42%, which indicates that the modes can represent the main features of the two
coupled fields. For most of the coupled modes, the correlations between the corresponding extension coefficients
between the left and right fields exceed 0.8, significant at the 99.9% confidence level.

Table 4 Information of the first 5 SVDs of mid-high-latitude SLP (left) and PPE (right)

No.
Singular Explained Accumulatively Correlations Explained VP of Explained VP of

values CSS/(%) explained CSS/(%) between ECs the left/(%) the right/(%)

1 131.90 44.69 44.69 0.816 21.93 13.08

2 75.09 14.49 59.18 0.832 9.29 9.73

3 71.81 13.25 72.42 0.861 8.80 9.09

4 55.84 8.01 80.43 0.841 5.97 8.49

5 41.94 4.52 84.95 0.867 5.39 5.13

Further, Fig. 4 shows the homogeneous correlation, heterogeneous correlation, and time extension coeffi-
cient corresponding to the first SVD mode. It is found that the left heterogeneous correlation pattern is quite
similar to the first EOF pattern of the normalized SLP (not shown), whereas the right heterogeneous correlation
pattern is similar to the first eigenvector pattern of the first-order moment of the PPE[17]. In Fig. 4, on one hand,
the homogeneous and heterogeneous correlation patterns are fairly similar, i.e., significant negative correlations
over the polar region and significant positive correlations over subtropics, especially, over the North Pacific and
North Atlantic. On the other hand, the two correlation patterns for the right field are almost same and it is
more important that they both are also consistent with those corresponding to the coupled modes of the PPE
and atmospheric KE. These clearly indicate that the first mode of the PPE is likewise the principal mode of
the coupled variations between the PPE and atmospheric general circulation anomalies, and the primary modes
of the corresponding atmospheric KE and mass fields are also the dominant modes of their own variability.
Therefore, there possibly exists a physical mechanism that contributes to generating the co-variability between
the PPE and atmospheric general circulation anomalies.

Indeed, in the right heterogeneous correlation pattern, there is a slightly different feature from other similar
correlation patterns; i.e., the negative correlations tend to be separated into two independent centers, located in
the North Pacific and in the North Atlantic, respectively, which is not present on the homogeneous correlation
maps. In this case, noting the positive correlations over the North Pacific and North Atlantic in the correlation
patterns of the left field, and considering the dominant role of the PPE in generating local or regional circulation,
we can infer that by taking 60◦E–120◦W as a boundary in the PPE patterns, the positive/negative centers of
the PPE over the Atlantic supply the available energy for the Atlantic section of the left field, whereas the
positive/negative centers of the PPE over the Pacific provide the available energy for the Pacific section of the
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Fig. 4 The same as Fig. 1, but for the SLP as the left field, where contour interval is 0.1

left field. This phenomenon still needs further verification. Moreover, the correlation coefficient between time
coefficient series of the left and right fields is approximately 0.82, which is slightly lower than those in the
fore-mentioned correlation coefficients.

5 INTEGRATED ANALYSIS AND DISCUSSION ON THE PPE-KE RELATIONSHIP

Based on the anterior correlation analyses between the PPE and the high, middle, and low-level atmo-
spheric KE, it is clearly seen that the primary coupled correlation patterns all have an out-of-phase contrast
between mid-high latitudes and subtropics with a global annular distribution, especially on the 200-hPa map. In
contrast, the KE has a more regular annular or zonally symmetric structure, whereas the PPE has an increased
zonal asymmetry and tends to include three action centers at the southern South America, western Europe
and North Pacific regions. By further contrasting with the SVD results of the PPE and SLP, we find that the
principal pattern of atmospheric mass field also has an out-of-phase structure between mid-high latitudes and
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subtropics, which is actually consistent with the features of the famous Arctic or Antarctic oscillations[22−26].
That is, there is a global-scale zonal annular action belt and two significant action centers which are located
over the North Pacific and North Atlantic, respectively. The implication of the analysis is that from a point of
view of atmospheric thermodynamics, the generation of the principal mode of extratropical atmospheric general
circulation is intimately related to the fact that the principal PPE pattern has both the global-scale zonally
symmetric structure and the local-scale zonally asymmetric structure. This may provide a new insight into
the polar oscillation phenomenon through focusing on the energetic availability. On one hand, since the PPE
used here is integrated vertically, it has a consistent coupled mode features with either the atmospheric KE at
different levels or the SLP, with the apparent asymmetric and localized patterns. This implies that the energy
availability, which is influenced directly by thermal forcing, may be generated as a result of both the equator-
pole temperature difference and the land-sea contrast. The former tends to contribute a zonally symmetric
annular structure and the latter appends a zonal asymmetries. It is conceivable that under the condition of
the pure driving due to the equator-pole difference, the fist coupled mode pattern should have a feature with a
completely zonally symmetric annular distribution. However, due to the irregular thermal heating induced by
the land-sea contrast, this coupled SVD-mode pattern become to have both the regular annular structure and
the zonal asymmetries to some degree.

On the other hand, as we know, many previous studies have revealed that the PPE is a physical source of
the atmospheric KE. Based on the above results, it can be easily found out that the APE in a global sense is
actually an integration of the PPE that is much different locally. Because the PPE is still regarded as a whole in
this study, the first-order moment of the PPE has a zero global net contribution while the second-order moment
of the PPE makes a primary contribution to the global APE even though the surface PPE may be contributive
as well. Therefore, considering the significant local characteristics in the major coupled SVD patterns, the
first-order moment of the PPE definitely makes a crucial contribution to the local and global atmospheric KE,
and in this case its net contribution to the global mean is evidently nonzero. Indeed, the second-order moment
of the PPE need to be considered as well through an additional SVD analysis of the individual components of
the PPE and the KE. Moreover, under the action of the same dominant PPE mode, the atmospheric KE is
manifested by the slightly different correlation modalities at the different vertical levels; i.e., with height going
up, the primary coupled patterns associated with the KE become more zonally symmetric.

In addition, it is worthy of note that the significant positive/negative anomalies (where the heterogeneous
correlation patterns are completely consistent with the singular eigenvector patterns of the SVD, only different in
their magnitude) have zero lines which is likely in consistence with the trough/ridge lines of the positive/negative
anomalies of the KE at the different levels. Thereby, if we add the zero lines of the PPE patterns on the
homogeneous and heterogeneous correlation patterns of the KE (refer to Figs. 1–3), it can be clearly seen that
the zero lines of the primary patterns of the PPE are basically consistent with the centers of the anomaly
extrema of the KE patterns. The reason of concerning the PPE zero lines is that the positive (negative) PPE
anomalies are likely corresponding to the external heating (cooling) sources, which lead to the air temperature
increasing (decreasing) and thus the local PPE greater (less) than the global mean. Thus, the PPE zero lines
are located between the relative heating and cooling regions, where the maximum wind speed appears in terms
of the thermal wind rule. Indeed, another worth point of view is that in terms of the transform relationship
between the PPE and the atmospheric KE, the relative transform between them will be the most complete
when the PPE anomaly becomes zero, the time that the KE anomaly is maximum.

6 CORRELATION OF PPE WITH MID-HIGH-LATITUDE ANNULAR MODE INDICES

As we have known, the northern-hemispheric annular mode index (NAMI) and southern-hemispheric annu-
lar mode index (SAMI) are usually used to represent the variation features of the mid-high-latitude atmospheric
general circulation. That is, the high (low) index values indicate the enhanced (reduced) subtropical high,
deepened (shallow) subpolar low, strengthened (weakened) mid-latitude westerly and zonally (meridionally)
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distributed circulation regime. Based on the previous analyses, it will be implicative to examine the charac-
teristics of the PPE that are associated with these global-scale annular modes. Since the summation of the
first two order moments of the PPE have been used in the above analyses, we here will analyze separately the
correlations between the first-order and second-order moments of the PPE and the two annular mode indices
by taking January and July data as representing typical months of the boreal wintertime and summertime,
respectively, which can also provide a reference to the next detailed SVD field analysis.

Figures 5 and 6 show the correlations between the boreal winter NAMI and SAMI and P ′
A1 and P ′

A2,
respectively. It is clear that the correlation patterns associated with NAMI basically take on zonally symmetric
annular distributions, and interestingly, the correlations for P ′

A1 and P ′
A2 are out of phase, which can be more

clearly seen in the zonally averaged correlation curves. There are similar correlation patterns for SAMI, where
the differences are only that the annular patterns are not as excellent as those for NAMI due to the boreal
summertime. Also, the out-of-phase relationship between the two moments is clear, as shown in Fig. 6. Overall,
for the northern-hemispheric extratropics, the zonal circulation regime at the middle latitudes is characterized
by higher subtropical P ′

A1 and lower P ′
A2, as well as lower subpolar P ′

A1 and higher P ′
A2, which is completely

caused by the anomalous variations of the extratropical perturbation temperature T ′.
Further, Figs. 7 and 8 show correlations between the boreal summer NAMI and SAMI and P ′

A1 and P ′
A2,

respectively. It is seen that different from Fig. 5, in the northern-hemispheric mid-high latitudes, there are no
robust correlation distributions, but a few isolated centers, which are similar between the two moments. The

Fig. 5 Correlations between January NAMI/SAMI and P ′
A1/P ′

A2
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Fig. 6 Zonal-mean correlations between January

NAMI/SAMI and P ′
A1/P ′

A2

situations in the southern hemisphere become much
better than those in the northern. Not only there are
the significant correlations appearing in the Antarctic
continent, but also the out-of-phase correlations in the
surrounding areas, which is only slightly weaker than
the boreal winter. Indeed, this may be worthy of note
because it is generally believed that the cold-season cir-
culation is far more regular than the warm-season cir-
culation whereas the results here show an opposite sit-
uation. Moreover, it can be found that whether NAMI
or SAMI has better correlations with P ′

A1 than P ′
A2,

and particularly, NAMI seems to have much higher
correlations with the southern-hemispheric P ′

A1 than
the northern hemispheric, for which the reason is still
unclear and needs further investigations. In the bo-
real wintertime, the significant correlation pattern for
NAMI is annularly distributed on the whole, and the

Fig. 7 The same as Fig. 5, but for July
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Fig. 8 The same as Fig. 6, but for July

correlation distributions are opposite in the tropics be-
tween P ′

A1 and P ′
A2. The similar situations are for

SAMI, which can be also clearly seen in Fig. 6.

7 SUMMARY AND DISCUSSION

This study focuses on the relationships between
the PPE and the atmospheric general circulation
anomalies. The SVD analysis method has been applied
to the examinations of the coupled correlation modes
and interannual variability between the PPE and the
atmospheric KE, and of the relationship between the
PPE and the SLP. Based on these analyses, the as-
sociated mechanism has been preliminarily examined
for the relationships between the PPE and the atmo-
spheric KE and SLP.

The results show that the first mode of the PPE variability is the principal mode of the co-variability
between the PPE and the atmospheric general circulation fields, and the corresponding primary coupled modes
between the PPE and the atmospheric KE and SLP are also the dominant modes in their own variability. This
indicates there may be a mechanism which restricts the co-variability of the PPE and the general circulation
anomalies. Furthermore, the formation of the primary patterns of the extratropical atmospheric circulation is
intimately linked with the fact that the PPE has both the global-scale zonally symmetric structure and the
local-scale zonal asymmetries. Moreover, the excellent correlations exist between the boreal-winter NAMI and
SAMI and the first two order moments of the PPE, which become reduced in the boreal summertime and are
only located in the southern hemisphere.

Indeed, most of the analyses in this study have focused on the whole PPE instead of its individual com-
ponents except the examinations of the correlations between the mid-high-latitude circulation indices and the
PPE, in order to make the story simple and the points clear. In the next, to obtain the more detailed physical
pictures of the coupled variations and mechanisms, we are going to conduct the SVD analysis for the relation-
ship between the separated PPE components and the atmospheric circulation anomalies. In addition, we may
further concern a new conception of the moist PPE because many moist physical processes usually play crucial
roles in generating the climate variability[27−28] even though it was considered in previous studies[29].

APPENDIX: SINGULAR VALUE DECOMPOSITION

Singular value decomposition (SVD) has been broadly applied in meteorological research. The SVD is
one of the best method separating coupled patterns from two fields, which is quite concise, easily understood,
and independent on any parameter without systematic errors. Principle and application of the SVD analysis
can be found in many literatures and textbooks. To make the current analysis easy, the method will be briefly
introduced in the following.

To two arbitrary scalar fields, Si(t) denotes observation of one variable at the i spatial point, and Zj(t)
denotes observation of another variable at the j spatial point, which are usually termed the left and right fields,
respectively. Here, i = 1, 2, · · · , NS, j = 1, 2, · · · , NZ and t = 1, 2, · · · , T . In general, NS may not be equal to NZ.

Set the covariance matrix of the two fields as CSZ, then CSZ = Si(t)ZT
j (t), which is a matrix of size

NS × NZ. If Si(t) and Zj(t) are standardized data, CSZ will be a correlation matrix. The SVD of CSZ is as



Gao L et al.: Relationship and Mechanism Between Perturbation Potential Energy and Atmospheric General · · · 371

follows

CSZ =
R∑

k=1

σkpkqT
k , R ≤ min(NS, NZ), (A1)

where, pk is one of the R orthogonal left singular vectors of CSZ, qk is one of the R orthogonal right singular
vectors of CSZ, which represent the typical distributions of the left and right fields, respectively. σk is the
singular value of CSZ, where σ1 ≥ σ2 ≥ · · · ≥ σk ≥ · · · ≥ σR > 0.

In terms of the orthogonality between the singular vectors, the time coefficients (i.e., extension coefficients
or principal components) can be expressed as follows

ak(t) =PT
k S(t) =

NS∑
i=1

pkiSi(t), (A2)

bk(t) =QT
k Z(t) =

NZ∑
i=1

qkjZj(t), (A3)

ak(t) and bk(t) stand for the time coefficients corresponding to the k pair of singular vectors of Si(t) and Zj(t),
whose covariance just is the singular value σk. Therefore, the correlation between ak(t) and bk(t) is

rk =
σk

1
T

√√√√ T∑
t=1

a2
k(t)

T∑
t=1

b2
k(t)

. (A4)

The percentage of the squared covariance explained by the k pair of spatial canonical distribution is

SCFk =
σ2

k
R∑

k=1

σ2
k

× 100%. (A5)

If taking the first N(N ≤ R) pairs of spatial canonical distributions, the explained accumulated covariance
square has a percentage as

SCFk =

N∑
k=1

σ2
k

R∑
k=1

σ2
k

× 100%. (A6)

After obtaining ak(t) and bk(t), the coupled spatial canonical distribution patterns can be generally obtained
through analyzing the left and right singular vectors directly. However, the more ordinary procedure is to
analyze two kinds of correlation maps, homogeneous and heterogeneous correlations. If set r[f(t), g(t)] for
denoting the correlation between the two series of f(t) and g(t), the k left (right) homogenous map (which are
expressed by r[Si(t), ak(t)] and r[Zj(t), bk(t)], respectively) can be obtained from the correlation between the
left (right) and the k left (right) time coefficients. In the similar way, the k left heterogeneous map can be
obtained through r[Si(t), bk(t)] and the k right heterogeneous correlation r[Zj(t), ak(t)].

For the homogeneous correlation, the percentage of the k pair of time coefficients explaining the variances
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for the left and right fields can be estimated as

VFLk =

T∑
t=1

a2
k(t)

R∑
k=1

T∑
t=1

a2
k(t)

× 100% =

1
T

T∑
t=1

a2
k(t)

NS
× 100%, (A7)

VFRk =

T∑
t=1

b2
k(t)

R∑
k=1

T∑
t=1

b2
k(t)

× 100% =

1
T

T∑
t=1

b2
k(t)

NZ
× 100%. (A8)

If take N pairs of time coefficients, the percentage regarding the accumulated variance will be

VFLN =

N∑
k=1

T∑
t=1

a2
k(t)

R∑
k=1

T∑
t=1

a2
k(t)

× 100% =

N∑
k=1

1
T

T∑
t=1

a2
k(t)

NS
× 100%, (A9)

VFRN =

N∑
k=1

T∑
t=1

b2
k(t)

R∑
k=1

T∑
t=1

b2
k(t)

× 100% =

N∑
k=1

1
T

T∑
t=1

b2
k(t)

NZ
× 100%. (A10)

For the heterogeneous correlation, the percentage of the k pair of time coefficients explaining the variances
for the left and right fields can be estimated as

VFLk =

NS∑
i=1

r2[bk(t), Si(t)]

NS
× 100%, (A11)

VFRk =

NZ∑
j=1

r2[ak(t), Zj(t)]

NZ
× 100%. (A12)

The percentage regarding the accumulated variance explained by the N pairs of time coefficients will be

VFLN =

N∑
k=1

NS∑
i=1

r2[bk(t), Si(t)]

NS
× 100%, (A13)

VFRN =

N∑
k=1

NZ∑
j=1

r2[ak(t), Zj(t)]

NZ
× 100%. (A14)

It is worthy of note that to obtain the two kinds of correlation maps, the left and right fields may not certainly
be fixed in the spatial domain where the SVD analysis was done, but may be enlarged somewhat. Generally
speaking, a homogeneous correlation pattern is not proportional to a singular vector, whereas a heterogeneous
correlation pattern is positively proportional to a singular vector. Indeed, a homogeneous pattern can reflect well
the polarity and amplitude of the spatial patterns that correspond to time coefficients, whereas a heterogeneous
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pattern can reflect the degree that one field is explained by the other field with its spatial pattern known first.
It may be naturally expected that a heterogeneous correlation is weaker than a homogeneous correlation in
general. Also, given that they differ significantly, these two correlations can reveal the cause and consequence
between the two fields to some degree.
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