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Abstract

The South Asian High (SAH) is the most important upper tropospheric summer
system over Asia. This study aims to analyze the variability of the SAH and its
relationship with the mid-latitude waves. The SAH in this study is represented by the
geopotential height at 200 hPa (Z200). Its extent is defined by the 12520-gpm contour
at 200 hPa, which covers the region of (20-35°N, 40-110°E) based on the 44 years of
climatological mean. Within this region, the maximum Z200 tends to occur over the
Iranian Plateau (45-65°E) and the Tibetan Plateau (80-100°E).

The SAH variability is further investigated by EOF analysis of the Z200 over the
SAH region. The spatial pattern of the first mode displays a monopole structure with
its center to the north of the Iranian Plateau. The spatial pattern of the second mode
exhibits a dipole structure in east-west direction. The dipole structure comprises the
primary variation center over the northeast of the Tibetan Plateau, accompanied by a
secondary variation center with a reverse sign to the north of the Iranian Plateau. The
variation centers of SAH variability are all located near its northern boundary where
the Asian westerly jet exists. The tripole spatial structure in east-west direction of the
third mode reflects geographical enhancement of the eddies trapped within the jet

stream waveguide.

v
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The temporal variability of the leading modes shows two distinct timescales:

quasi-biweekly (10-20 days) and quasi-monthly (20-40 days). The quasi-biweekly

perturbations over the SAH appear as the perturbations intruding from higher latitudes

to the north of the Iranian Plateau and the northeast of the Tibetan Plateau. The quasi-

monthly perturbations are strongly influenced by blocking or trough patterns between

30-60E, situated to the northwest of the Iranian Plateau. The wave train passing

through the north of the SAH, characterized by several eddies trapped within the jet

stream waveguide, can be observed on both the 10-20-day and the 20-40-day timescales.

Finally, the Z200 anomalies during the summer in 1989 is presented to

demonstrate that the findings in this study can be useful in climate services for

interpreting real-time anomalous features in Asia The examples of 1989 confirms that

the variability of the SAH on the quasi-biweekly timescale is associated with eddies

embedded in the jet stream waveguide, with some influenced by the southward

penetration of mid-latitude waves originating from 50N or further north in the

longitude range of 60-90 E and 90-120E.

Key words: Asian summer monsoon, South Asian High, Quasi-biweekly oscillations
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Figure captions

Fig. 3-1. Climatological field (1979-2020) of horizontal wind (vector, unit: m/s) and
geopotential height (shading, unit: m) at 200 hPa during June, July and August.
The black solid line indicates the plateau region with elevation of 3000 m and the
green solid line indicates the geopotential height of 12520 m............ccceevernnne. 42
Fig. 3-2. Topography map of the Iranian Plateau, Tibetan Plateau, and the surrounding

regions around the SAH. The black solid line indicates an elevation of 1000 m.

Fig. 3-3. Climatological field (1979-2020) of horizontal wind (streamline) and
geopotential height (shading, unit: m) at 200 hPa in (a) 6/1~6/10 (b) 6/11~6/20 (c)
6/21~6/30 (d) 7/1~7/10 (e) 7/11~7/20 (f) 7/21~7/31 (g) 8/1~8/10 (h) 8/11~8/20 (1)
8/21~8/30. The black solid contour indicates the plateau region with elevation of

3000 m, and the green solid contour indicates the geopotential height of 12520 m.

Fig. 3-4. The interannual variations of June to September seasonal evolution of the
South Asian High represented by the geopotential height at 200hPa (unit: m)

averaged over the region of 25-35°N and 20-120°E during the years from1979-

Fig. 3-5. Longitudinal distribution of the frequency of maximum value of geopotential
viii
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height at 200hPa within the SAH region based on the data from 1979 to 2020 in

(a) June, July and August (b) June (c¢) July (d) August. Each bar represents a range

of 3.33 degrees of [onGItude. ........c.ceeiiiiiiiiiiicc e 46

Fig. 3-6. Longitudinal distribution of the frequency of maximum value of geopotential

height at 200hPa within the SAH region based on the data form (a) 1979-1990 (b)

1991-2000 (c) 2001-2010 (d) 2011-2020.in June, July and August. Each bar

represents a range of 3.33 degrees of longitude...........cccevviiiiiniiniiiiiiciie e 47

Fig. 3-7. The variance of Z200 (unit: m) within the SAH area and the surrounding

regions. The two black boxes show the defined region of the West Index (25-35°N,

45-65°E) and the East Index (25-35°N, 80-100°E). The gray line represents the

plateau region with an elevation of 3000 m, and the green line represents the

geopotential height of 12520 M. .....ooooiiiiiiiii e 48

Fig. 3-8. The power spectrum of (a) the West Index (Z200 averaged over 25-35°N, 45-

65°E) and (b) the East Index (Z200 averaged over 25-35°N, 80-100°E). The solid

gray line represents the spectrum in each year from 1979 to 2022, and the black

solid line represents the averaged value. Black dashed line represents the 95%

CONTIAENICE LEVELS. oottt ettt e e e e e e e e e e s 49

Fig. 4-1. Percentage of explained variance of the first ten EOF modes. The error bars

are estimated by considering the first one hundred modes. .........c.ccoccvvviiiiinnnennn 50

X
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Fig. 4-2. The spatial structure of (a) EOF1, (b) EOF2 and (c¢) EOF3 modes in the

analysis of geopotential height at 200hPa within the SAH region, based on daily

data from 1979 to 2020 during June to AUZUSL. .........cccereeriiierieiinei i e 51

Fig. 4-3. Time series of the seasonal (JJA) mean of (a) PC1, (b) PC2 and (c¢) PC3 from

1979 to 2020. The error bar in each year represents the standard deviation of PC

01 that YEAT. ...t 52

Fig. 4-4. The wavelet spectrum of (a) PC1, (b) PC2 and (c¢) PC3. In each figure, the

gray solid lines represent the spectrum of each year from 1979 to 2020, the black

solid line represents the averaged value of spectrum across all years, and the black

dashed line represents the 95% confidence levels. ..........cccoovvieiiiiiiiiiiicn 53

Fig. 4-5. The lead-lag correlation between PC2 and PC3. The positive lead days

represents the PC3 leading, and the negative lead days represents the PC2 leading.

The gray lines are the correlation in each year from 1979 to 2020, and the blue

solid line represents the averaged value across all years. ..........ccceevveeiiiieiinenne. 54

Fig. 4-6. Regressed wind (vector, unit: m/s) and geopotential height (shading, unit: m)

at 200hPa on PC1, with the data are (a) unfiltered, (b) 10-20 days filtered and (c)

20-40 days fIItEred. .......cooiiiiieie e 55

Fig. 4-7. (a) The spatial structure of EOF1 at 200hPa within the SAH region and (b)

time series of the seasonal (JJA) mean of PC1 in the analysis of geopotential height,
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based on daily data from 1999 to 2020 during June to August........c..ivvcerieeivin. 56

Fig. 4-8. Winds (vector, unit: m/s) and geopotential height (shading, unit: m) anomalies

at 200hPa for the periods (a) 1999-2009 and (b) 2010-2020 with respect to the 42-

year (1979-2020) climatology. Panel (c) represents the difference between (b) and

) RO PPP T OUPPRTTPPRIN 57

Fig. 4-9. Geopotential height at 200hPa (black contour with interval of 100 m) and its

deviations from the zonal mean (shading, unit: m) over the periods (a) 1999-2009

and (b) 2010-2020. Panel (c) represents the difference between (b) and (a)........58

Fig. 4-10. Regressed winds (vector, unit: m/s) and geopotential height (shading, unit:

m) at 200hPa on the PC1 during the periods of (a) 1999-2009, (b) 2010-2020 and

(€) 19992020 .v..oerveeoeeeeereeeeeeesesesesssesesesesseeessseessseseeeesesseeseeseeessesessseseeesseeeees 59

Fig. 4-11. Latitude-time cross section of monthly mean geopotential height anomalies

(unit: m) at 200hPa, averaged between 40-80°E from 1999 to 2020, for the three

summer months (June, July, and August) each year in the latitude range of 20-

TOON . e 60

Fig. 4-12. The seasonal (June, July, August) mean of difference in (a) OLR (unit:

W/m2) and (b) precipitation (unit: mm/day) between the two periods of 2010-

2020 and 1999-2009. ......ccoiiieie e 61

Fig. 4-13. Regressed winds (vector, unit: m/s) and geopotential height (shading, unit:

X1
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m) at 200hPa on PC2, with the data are (a) unfiltered, (b) 10-20 days filtered and

(€) 20-40 days fIILETEA. ......eeieeeieeiie e be e s 62

Fig. 4-14. Regressed winds (vector, unit: m/s) and geopotential height (shading, unit:

m) at 200hPa on PC3, with the data are (a) unfiltered, (b) 10-20 days filtered, and

(€) 20-40 days fIlLETE. ......ceieeeieeiii et 63

Fig. 4-15. The lead-lag correlation maps between PC2 and the variables of wind and

geopotential height at 200hPa from day -7 to day 7. The data of PC2, wind and

geopotential height at 200hPa are filtered over the periods of 10-20 days. The red

box represents the domain of the EOF analysis (25-35°N, 40-110°E). ............... 64

Fig. 4-16. The lead-lag correlation maps between PC3 and the variables of wind and

geopotential height at 200hPa from day -7 to day 7. The data of PC3, wind and
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box represents the domain of the EOF analysis (25-35°N, 40-110°E). ............... 65
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Fig. 4-18. Stationary wavenumber, Ks (shading), calculated from the equation (4). The
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August in 1989. The green dots represent the four positive PC3 peaks. (b) Time

series of West Index (25-35°N, 45-65°E) and East Index (30-50°N, 80-100°E).

The original Index is shown as red (positive) and blue (negative) bars, and the 10-

20 days filtered Index is shown as black solid line. The green dots represent

positive peaks of the 10-20 days filtered West Index and East Index with values

greater than 0.5. The black dashed lines represent 10-20 days filtered Z200 to the

northeast of the West Index (30-50°N, 60-90°E) and East Index (30-50°N, 90-

L20°E). 1ttt 68

Fig. 4-20. Time-longitude cross section of Z200 anomalies (shading, unit: m) and V200

anomalies (contours, unit: m/s), averaged between 30-50°N from June to August

in 1989 in the longitude range of 0-150°E. The green solid (dashed) contours

indicate the wind speed of 10 (-10) M/S...cccveriiiiiiiii e 69

Fig. 4-21. Latitude-time cross section of Z200 anomalies (shading, unit: m) and V200

anomalies (contours, unit: m/s), averaged between (a) 40-60°E, (b) 60-90°E, and

(c) 90-120°E from June to August in 1989 in the latitude range of 20-60°N. The

green solid (dashed) contours indicate the wind speed of 5 (-5) m/s.........cce...... 70

Fig. 4-22. Geopotential height anomalies (shading, unit: m) at 200hPa from 6/1~6/19

in 1989 in every two days. The black line indicates the U200 contour of 20 m/s,

and the green line indicates the Z200 contour of 12520 m. The yellow box
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1. Introduction

In boreal summer, the Asian monsoon circulation is a dominant system over South

Asia and East Asia. It includes the South Asian High (SAH) in the upper troposphere,

cross-equatorial flow from the Indian Ocean to the Indian Peninsula, Bay of Bengal,

and Indochina Peninsula, and the Western Pacific Subtropical High (WPSH) in the

lower troposphere. The SAH is the most intense and persistent upper tropospheric

anticyclone system over southern Asia during boreal summer. The SAH is a thermal

high formed by the surface sensible heat over the high land and monsoon regions, and

its intensity, location and structure exhibit variability in multiple timescales, including

subseasonal, interannual and decadal timescale. The SAH variability is highly

associated with the climate and rainfall variability of Indian summer monsoon (ISM)

rainfall and East Asia summer monsoon.

Climatologically, the upper-level anticyclone is initially generated over the South

China Sea due to the diabatic heating generated by convection over the southern

Philippines in April (Liu et al. 2013). After the Bay of Bengal (BOB) monsoon onset

in May, the southerlies transport abundant moisture into the Indochinese peninsula, and

then the latent heat release which is associated with precipitation causes the

anticyclonic circulation gradually shifts westward to the north of the Indochina

Peninsula and intensify (Liu et al. 2013). After June, the anticyclonic circulation shifts
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more northward, covering the region of the Tibetan Plateau, and it continues to intensify.

By July and August, the SAH reaches its mature phase, with its anticyclonic circulation

extending on a much broader scale than just the Tibetan Plateau, encompassing regions

from Africa to the western Pacific.

Although the SAH presents an anticyclonic circulation with an oval shape in the

climatological mean field, it actually comprises two major high-pressure centers, with

one located over the Iranian Plateau (west center) and the other over the Tibetan Plateau

(east center). The phenomenon of bimodal distribution of the SAH major center was

documented in Zhang et al. (2002). They showed that the major centers of the SAH are

over the Iranian Plateau (west location, 55-65<E) and the Tibetan Plateau (east location,

82.5-92.5<E). The thermodynamics diagnosis reveals that the east center over Tibetan

Plateau is associated with the diabatic heating over and near the Tibetan Plateau, while

the west center over the Iranian Plateau is more related to the adiabatic heating in the

free atmosphere and the diabatic heating near the surface. Afterwards, many studies

have examined the bimodal characteristics of the SAH, including the east-west shift of

the SAH centers and their connection, and the associated influences on the precipitation

over Indian and East Asia monsoon regions (Wei et al. 2015; Yang and Li 2016; Wei et

al. 2019b; Zhang et al. 2002). Wei et al. (2015) found that the SAH has a southeast—

northwest (SE-NW) shift on the interannual time scale. They showed that the
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movement of the SAH towards the southeast (northwest) is closely linked to decreasing

(increasing) ISM precipitation and increasing (decreasing) rainfall in the Yangtze River

valley (YRV). They found that the latent heat released from the rainfall anomalies over

the YRV can result in the SE-NW shift of the SAH. Wei et al. (2019b) confirmed that

that the center locations of the SAH center are frequently over the Iranian Plateau (45-

65E) and the Tibetan Plateau (82.5-102.5E). They found that 10-20-day is one of the

dominant periods on intraseasonal time scales of the zonal shift of SAH center, and the

eastward shift of SAH lags a decreasing rainfall over northern India by about 1 day, but

leads an increasing rainfall over the YRV by about 3 days. Yang and Li (2016) also

identified two primary center locations for the SAH, centered over the Iranian Plateau

(50-62.5<E) and the Tibetan Plateau (87.5-102.5<E). They observed that the zonal shift

of the SAH between two centers exhibits a dominant periodicity of 10-50 days, and

found the eastward (westward) shift of the SAH corresponded to the positive (negative)

rainfall anomalies in northwestern China and the negative (positive) anomalies in

southern China. It indicates that the latent heat release from rainfall anomalies is

associated with the variability of the SAH.

In addition to the influence of diabatic heating and latent heat release from rainfall

anomalies, the variability of mid-latitude waves and Asian jet stream are another

influential factor contributing to the variability of the SAH. Yang and Li (2016)
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demonstrated that the intraseasonal variability of the upper-tropospheric height

anomaly over the eastern and western centers of the SAH, and their zonal shift are

associated with the southward propagation of mid-latitude perturbations. The results of

vorticity budget diagnosis suggests that the southward propagation of perturbations is

primarily influenced by the advection of mean vorticity through the perturbation flow.

Furthermore, a mid-latitude circumglobal teleconnection pattern called the Silk Road

pattern (Enomoto, 2004) for the sector over Eurasian continent is another source of the

SAH variability. Ding and Wang (2005), demonstrated that the presence of the

circumglobal teleconnection during the boreal summer, is a manifestation of the

waveguide effect of the jet stream. The circumglobal teleconnection, containing several

positive and negative eddies through the jet stream, located to the north of the SAH.

Two possible sources of the circumglobal teleconnection were proposed in their study.

One is the tropical diabatic heating over the ISM region can generate an anticyclonic

center in west-central Asia, and subsequently, excite a Rossby wave train extending

downstream to North Pacific and North America. The other possible source is the mid-

latitude Rossby wave excites near the jet exit region of the North Atlantic. It can

subsequently generate an anticyclone in west-central Asia, thereby influencing the

intensity of the ISM.

doi:10.6342/NTU202401227



In the present study, the first objective is to reveal the spatial and temporal patterns

of the SAH subseasonal variability using geopotential height at 200hPa. Subsequently,

we aim to investigate the relationship between the variability and mid-latitude large-

scale waves. Finally, we will use the 1989 summer to demonstrate that the statistical

findings can emerge in the SAH anomalies during a specific year. The remainder of this

paper is organized as follows. The datasets and methodology are introduced in section

2. The climatological mean field of SAH and its bimodal characteristics are introduced

in section 3. The spatial and temporal variational patterns of the SAH and its

relationship with large-scale waves are discussed in section 4. Summary and discussion

are presented in section 5.
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2. Data and Method

2.1 Data

In this studies, the daily reanalysis data obtained from the fifth version of European

Center for Medium-Range Weather Forecasts (ECMWF) Reanalysis (ERAS) during

summers (June, July, August and September) from 1979 to 2022 with 0.25°x0.25°

horizontal resolution are used. The variables include geopotential height (Z), zonal

wind (U) and meridional wind (V) at 200 hPa and 850hPa. The data used to represent

the SAH is the geopotential height at 200 hPa (Z200). The anomalies are deviations

from the climatological means from 1979 to 2020. For the precipitation data, we use

the Climate Prediction Center Morphing product (CMORPH) from 1998 to 2022. For

the outgoing longwave radiation (OLR), we use the data obtained from the National

Oceanic and Atmospheric Administration (NOAA) during the period of from 1979 to

2022.

2.2 Method

The method of empirical orthogonal function (EOF) analysis is used to capture the

dominant modes of the SAH variability. The data used for the EOF analysis is daily

geopotential height anomaly at 200hPa (Z200) during 1979-2020 in June, July and

August (total 42>02=3864 days) over 40-110E, 20-35N. The principal components

(PCs) in EOF are normalized by one standard deviation of the overall time series.
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To investigate the dominant periods of the SAH variability, we utilized the wavelet

spectrum analysis (Torrence and Compo 1998) and Lanczos filtering (Duchon, 1979).

The spectrum analysis and frequency filtering are applied to the time series of the SAH

index, PCs derived from the EOF analysis and the reanalysis data used in this study.
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3. Basic features of the SAH

3.1 Climatological field of the SAH

In this section, we will introduce the climatological field of the SAH during

summer months of June, July and August. The climatological mean field (1979-2020)

of geopotential height and wind at 200hPa from June to August is shown in Fig. 3-1.

The 12520-gpm contour at 200 hPa (represented by the green solid line) is used as a

reference to delineate the extent of the SAH (Ren et al. 2015). The figure shows a large

anticyclonic circulation over Asia, characterized by a ridge along the 20-35N latitude

belt, extending from the Arabian Peninsula, Indian Peninsula, and southern Tibetan

Plateau to South China. The topography map around the SAH is depicted in Fig. 3-2, it

shows that the height of the Iranian Plateau is about 1,000-2,000 meters, while the

Tibetan Plateau is over 3,000 meters. The large anticyclonic circulation covers a

significant portion of the high terrain over the south of Iranian Plateau and Tibetan

Plateau.

The seasonal evolution of the SAH represented by the climatological mean fields

of the geopotential height and streamline at 200hPa in every 10 days from June and

August is presented in Fig. 3-3. In early June (6/1-6/10, Fig. 3-3a), the SAH is in its

developmental phase, with its center situated at the northwestern Indochina Peninsula

around 20N, 90E. The SAH expands rapidly during mid to late June (6/11-6/30, Fig.
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3-3b-c), its center slightly shifts northward, and the 12520-gpm expands westward to

cover the Iranian Plateau and Arabian Peninsula. In late June, the 12520-gpm contour

at 200 hPa covers a large region in West Asia and East Asia, with the maximum center

of 2200 located over the Himalayas and south Tibetan Plateau. In July and early August,

the SAH reaches its mature phase (7/1-8/10, Fig. 3-3d-g). Fig. 3-3d shows that in

addition to the primary center over the south Tibetan Plateau, another center in the west

emerges over Iranian Plateau around 25-30N, 50-60E. The western SAH rapidly

weakens during mid to late August (8/11-8/30, Fig. 3-3h-i), while the anticyclonic

circulation and the location of the maximum Z200 of the eastern SAH vividly remains.

In short, the SAH develops in June and reaches to its mature phase in July and early

August. and it starts to weaken, then starts to weaken by late August.

To better understand the progression of seasonal evolution of the SAH and its

interannual variations, the strength of SAH represented by area-averaged Z200 over the

main circulation of the SAH (25-35N, 20-120E) is shown in Fig. 3-4 for June-

September from 1979-2022. As discussed above, the SAH is in its developing stage in

June, and reaches to its peak strength in July and August. From the latter half of August

through September, the SAH gradually weakens. The interannual fluctuations and long-

term intensification of the SAH are evident in Fig. 3-4. Before the year of 2008 the

SAH is particularly strong in certain years such as 1988, and 1998. After 2008, strong
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SAH appears almost every year except 2011 and 2015. The persistently strong SAH

since 2009 is a unique feature during the period of 44 years.

3.2 Bimodal distribution of the 200hPa geopotential height daily maximum

In the previous section, we pointed out that there are two centers of the SAH in

early July: one over the Tibetan Plateau and the other over the Iranian Plateau. This

finding aligns with previous studies (Zhang et al. 2002) that suggested the presence of

two high Z200 centers within the expansive anticyclones. To identify the centers, we

first determined the location of the maximum Z200 within the area of 10-40N, 20-

120<E on the daily basis, then count the frequencies of the occurrence of a maximum

value along the longitude. The result of longitudinal distribution of the daily maximum

values during the summer season and in each month of June-August is presented in Fig.

3-5. The bimodal pattern is evident in Fig. 3-5 in both seasonal (JJA) and monthly

diagrams. The two locations with frequent maximum Z200 are the west peak near the

Iranian Plateau (45-65<E), and the east peak is near the Tibetan Plateau (80-100E).

The frequency of the east peak is slightly higher than that of the west peak, but in July

the frequencies over the west and east are almost equal. The locations of the peaks

coincide with the topographic peaks along the latitude belt of 25-30N in Fig. 3-2.

To further illustrate the changes of bimodal distribution of the SAH center on the

decadal timescale, as what we see in Fig. 3-4, the JJA longitudinal distribution is
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separated into four segments: 1979-1990 (Fig. 3-6a), 1991-2000 (Fig. 3-6b), 2001-2010

(Fig. 3-6¢), and 2011-2020 (Fig. 3-6d). In the period from 1979 to 1990, the

longitudinal distribution of the frequencies shows one vague peak near 90-100E and

the distribution to the west of 90E is quite flat. The bimodal pattern becomes distinct

after 1991 with a decreasing tendency of the west mode. It indicates that the distribution

of the SAH two centers has become more separable in recent years, and the frequency

of the east center occurrences is on the rise.

Based on the two prominent frequency peaks observed in the daily location of the

maximum Z200 within the SAH area, we defined two indexes to represent the west and

east center of the SAH. The West Index is defined as the area mean Z200 over 25-35N,

45-65E (left black box in Fig. 3-7), and the East Index is defined as the area mean

Z200 over 25-35N, 80-100<E (right black box in Fig. 3-7). Fig. 3-7 shows the variance

of Z200 within the SAH area and the surrounding regions. The variance of Z200

exhibits the maximum meridional gradient within the SAH area, and the variance of

Z200 in the region of the West Index is slightly larger than that in the region of the East

Index. Moreover, the temporal characteristics of two indexes revealed by their spectrum

power density (Fig. 3-8) show significant signals at the 95% confidence level within

the quasi-biweekly (6-20-day) timescale. The spatial and temporal variability of the

11
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SAH and the relationship with high-latitude large-scale waves, as what is reflected in

the large variance in Fig. 3-7, will be discussed in the next chapter.

12
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4. Leading modes of the SAH

To understand the sub-seasonal variability of the SAH, we utilize an Empirical
Orthogonal Function (EOF) analysis method to capture the dominate modes of Z200
over the SAH. Subsequently, the upper-level winds and geopotential height at 200hPa
are regressed on the Principal Components (PCs) of the major modes to reveal the
large-scale circulations associated with the leading modes of SAH.

To eliminate the influence of the seasonal cycle, we computed the geopotential
height daily anomalies by subtracting the daily means computed from 1979-2020 from
the daily data before calculating the EOFs. The percentage of explained variance and
North test for the top ten EOF modes is shown in Fig. 4-1. The first, second and third
modes explained 41.57%, 23.18% and 12.58% of the total variance, respectively. Only
the first three leading modes will be discussed because they are the most important
modes that all together explains more than 75% of the total variance.

4.1 Spatial and temporal characteristics of the leading modes

The temporal characteristics of leading modes in this subsection will be presented
in terms of the three-month mean and standard deviation to focus on their interannual
variations, and the power spectral density of the PCs in each year and their average to
reveal the intra-seasonal variations.
4.1.1 EOF1

13
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The spatial structure of the first leading mode shows that the anomalies have the

same sign in the entire region of analysis, with the center of the variations over the

Iranian Plateau around 35N, 60<E (Fig. 4-2a). The three-month mean and standard

deviation of the PC1 in each year from 1979-2020 (Fig. 4-3a) shows that the positive

PC1 became unprecedentedly frequent since the year of 2010. Particularly noteworthy

is the period of post-2015, the negative PC1 was almost entirely absent. The wavelet

spectrum of PC1 (Fig. 4-4a) shows a weak signal over the entire 10-60 days band with

mild power density peak that passes the 95% confidence level significance test in the

quasi-biweekly timescale.

4.1.2 EOF2

The spatial structure of the second leading mode shows an east-west dipole pattern

with the primary variation center over the northeastern edge of the Tibetan Plateau at

359N, 105E, and another variation center over the Iranian Plateau at 35N, 65 (Fig.

4-2b). This indicates that the second leading mode is primarily associated with Z200

variations in the eastern SAH, with anomalies of opposite sign observed in the western

SAH. The three-month mean and standard deviation of the PC2 in each year from 1979-

2020 (Fig. 4-3b) shows that the negative PC2 became more frequent since the year of

2009. The positive PC2 was almost absent from 2009 to 2020 except the years of 2011

and 2015. Recall that these two years are also the years with extremely weak SAH

14
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compared with other years since 2009 (Fig. 3-4). The wavelet spectrum of PC2 (Fig. 4-

4b) shows the spectrum power with the period of 5-24 days exceeds the 95% confidence

level which indicates that the second leading mode is closely associated with the

oscillations on the quasi-biweekly timescale.

4.1.3 EOF3

The spatial structure of the third leading mode shows a tripole pattern along the

latitude of 35N (Fig. 4-2c). The tripole pattern consists of three main centers: two

positive centers located over the Black Sea (35N, 35<) and central China (35N,

110E), and a negative center situated over Central Asia (35N, 80 E). It shows that the

EOF3 is mainly associated with the variations over central SAH, associated with the

anomalies of opposite sign located to its east and west. The three-month mean and

standard deviation of the PC3 from 1979-2020 (Fig. 4-3c) does not show obvious

interannual or long-term variation patterns. However, the wavelet spectrum of PC3

(Fig.4-4c) shows a prominent spectral power density peak at approximate 14 days with

a band of periods of 5-19 days exceeds the 95% confidence level.

Because both PC2 and PC3 show significant spectrum power at the quasi-

biweekly timescale, in the following we check the lead-lag correlation between PC2

and PC3, with PC2 serving as the reference while shifting the time series of PC3 from

-10 days to 10 days (Fig. 4-5). The result reveals that the PC2 and PC3 has the
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maximum correlation of 0.23 at lag 3 days, and minimum correlation of -0.29 at lead 3

days. This suggests that PC3 lags behind PC2 by approximately 3 days, which means

the high pressure and low-pressure centers of EOF2 that oscillate at the quasi-biweekly

timescale exhibit westward movement as what is reflected on the EOF3 variation

centers (Fig. 4-2). In Section 4.3 we will continue the discussion on the quasi-biweekly

oscillation components of the second and third leading modes.

4.2 The 200-hPa large-scale wind and geopotential height association with the EOF1

— the decadal variability

The most distinct feature of EOF1 is the unprecedentedly frequent positive PC1

since 2010. To understand this feature, here we present the regressed band-pass filtered

winds at 200 hPa with the periods of the 10-20-days and 20-40-days. The ratios of the

filtered to the total variance of PC1 are 0.107 and 0.093 for the 10-20-day and 20-40-

day, respectively.

The regressed upper-level circulations and Z200 on PC1 without filtering (Fig. 4-

6a) shows positive geopotential height anomalies accompanied with an anticyclonic

circulation over the western part of the SAH (20-45N, 40-80E), which is consistent

with the EOF1 pattern (Fig. 4-2a). To the north of the anticyclone, we see negative

geopotential height anomalies with a weak cyclonic circulation at 50-65°N, 40-70°E.
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A wave train oriented in northeast-southwest direction the latitude band of 50-70 N,

spanning from 0°to 120E.

In Fig. 4-3, we see an increasing trend in positive PC1, particularly after 2010s. In

order to compare the periods before and after the 2010s, we repeat the EOF analysis

but for the periods of the recent 22 years from 1999 to 2020. The results show that the

spatial structures and explained variances in the first modes bear a close resemblance

to the analysis results of the period from 1979 to 2020 (Fig. 4-7a), with only differences

in the sign. The PC1 shows a positive phase before 2010 and a negative phase afterward,

indicating a decadal shift (Fig. 4-7b). Therefore, we compared the periods before and

after by dividing the 22 years into two segments: 1999-2009 and 2010-2020. Anomalies

were calculated as deviations from the 22-year average. The Z200 and wind anomalies

during JJA during the period of 1999-2009 (Fig. 4-8a) shows negative geopotential

height anomalies across most regions of the SAH. A pronounced anomalous cyclonic

circulation is evident to the northwest of the SAH, centered around 40N, 65 E. During

this period, the SAH anomalies was mild and exhibited weaker intensity, particularly

over the western SAH. The Z200 and wind anomalies during the period of 2010-2020

(Fig. 4-8b) shows positive anomalies almost over the entire region except the areas over

northern Atlantic and central Asia. The differences between the periods of 2010-2020

and 1999-2009 (Fig. 4-8c) show positive differences across the entire domain.
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Particularly, there are more pronounced positive geopotential height anomalies and

anomalous anticyclonic circulation to the northwest of the SAH, located around 40-

60N, 20-60E. This indicates an increase in the intensity of blockings over that region

during the period of 2010-2020.

Next, we subtract the zonal mean of Z200 at each latitude to enhance the wave

structure and to see the changes in the mid-latitude wave structure during the two

periods of 1999-2009 and 2010-2020 (Fig. 4-9). Firstly, in the mid-latitudes, we

observe the prominent ridges over land and troughs over the oceans. Over the Eurasian

Continent, two distinct ridges appear over Europe (60N, 40E) and eastern Siberia

(60N, 120<E), separated by a trough with the center at 70-80 E, 40-50 N. This pattern

is consistently observed across both periods. The subtropical regions, also show high

Z200 over land such as Asia and America and low Z200 over the Pacific and Atlantic.

Note that over the ocean areas to the south of 40 N only the western North Pacific (120-

150<E) is covered by high Z200. This is also the area with active summer monsoon

convective activity. The high-latitude differences between these two periods of 2010-

2020 and 1999-2009 (Fig. 4-9c) show positive centers over northeast America and

eastern Europe, while negative centers over the Atlantic, Northeast China and Alaska.

This suggests that in the later period, the trough over northeast America was weakened,

while the ridge in the eastern Europe was intensified. Within the SAH region, it shows
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weak negative difference. The result suggests that the frequent positive PC1 anomalies

after 2010 is likely to be mainly caused by the positive anomalies in the zonal mean

component that was subtracted before plotting Fig. 4-9.

The regressed winds and Z200 on the PC1 (defined from section 4.1) during the

periods of 1999-2009, 2010-2020, and 1999-2020 are presented in Fig. 4-10. For the

period of 1999-2020 (Fig. 4-10c), the regressed pattern reveals the positive Z200 over

the western SAH (20-45N, 40-80 E) is associated with an anticyclonic circulation and

positive Z200 anomalies over the entire latitudinal belt of 10-30N. Within this

latitudinal belt the zonally averaged Z200 during 2010-2020 (Fig. 4-10b) is higher than

that during 1999-2009 (Fig. 4-10a). The fact supports the aforementioned speculation

that the frequent positive PC1 anomalies after 2010 is likely to be caused by the positive

anomalies in the zonal mean component of Z200. To the west and northwest of the

SAH, we see the positive Z200 accompanied with the anticyclonic winds over Europe

and a weak negative Z200 accompanied with cyclonic winds over the Mediterranean

Sea. To the north of the western SAH, we see the negative Z200 over western Russia

(50-70N, 40-80E). The regressed maps during two periods of 1999-2009 and 2010-

2020 show interesting difference. During the period 1999-2009 (Fig. 4-10a), the

negative geopotential height anomalies to the north of the west center of the SAH

extended further, north reaching the latitudes of 70-80N. The positive Z200 over the
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northeastern Atlantic is much weaker compared with Fig. 4-10c. During the period of

2010-2020 (Fig. 4-10b), the positive geopotential height anomalies over Europe and

the northeastern Atlantic Ocean became more pronounced. The associated quadrupole

pattern that shows the negative Z200 over the Black Sea and western Russia and

positive Z200 over the western SAH is more distinct compared with Fig. 4-10a. A wave

train oriented in the northwest-southeast direction from the Black Sea to the Arctic

Siberia can be identified.

To further illustrate the decadal contrast of the high-latitude influence on the SAH,

we plot the monthly mean Z200 anomaly averaged over the longitudinal range of 40-

80°E, covering the western SAH, from 1999 to 2010 (Fig. 4-11). The figure indicates

that in the tropical and subtropical region (20-40N), negative anomalies are

predominant before 2010, while positive anomalies are predominant after 2010. The

predominance of positive Z200 anomalies in the tropical and subtropical region after

2010 is consistent with the observed increasing trend in PC1. However, in the higher

latitudes of 50-70 N, although strong positive anomalies are more frequent after 2010,

negative anomalies also appear from year to year. In order to know the relationship

between Asian monsoon and the positive trend of western SAH, we plot the decadal

contrast in tropical convection in the Asia summer monsoon region represented by

Outgoing Longwave Radiation (OLR) and precipitation between the time periods of
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2010-2020 and 1999-2009 (Fig. 4-12). The results suggest that the convection (negative

OLR) is stronger over the western part of India Peninsula in the later period (Fig. 4-

12a), which is consistent with the wetter condition over the Indian Peninsula (Fig. 4-

12b). More active convection in the tropical region implies more heating to the south

of the SAH that can lead to the intensification of the western SAH and the zonal mean

Z200 over the entire latitudinal belt of 10-30N.

4.3 The 200hPa large-scale wind and geopotential height association with the EOF2

and EOF3 — the intraseasonal variability

In Section 4.1, we observed that the main variability of the second and third

leading modes of the Z200 of the SAH appears at the northern edge of the SAH. The

PC2 and PC3 show significant power spectrum density at the quasi-biweekly (5-25 days)

timescale. For understanding the large-scale circulation patterns associated with EOF2

and EOF3, the 200-hPa winds and geopotential height data were first filtered using the

periods of 10-20 days band-pass filters then regressed on the filtered PC2 and PC3 in

the same frequency bands. The ratio between the variance of the 10-20-day filtered PC2

(PC3) and the total variance of PC2 (PC3) is 0.189 (0.244).

The regressed pattern on the unfiltered PC2 (Fig. 4-13a) shows a positive Z200

anomalies and anticyclonic circulation to the north of the Iranian Plateau (30-45°N, 50-

80°E), and negative Z200 anomalies and cyclonic circulation to the east of the Tibetan
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Plateau (30-45°N, 90-120°E). These two centers are situated slightly to the north of the

SAH as the EOF2 in Fig. 4-2. In the mid-latitude, there are significant negative Z200

anomalies over 50-70°N, 40-70°E, and weak positive Z200 anomalies over 50-70°N,

90-120°E. The quadrupole structure suggests that EOF2 can be sensitive to the

perturbations occurred at the central point of 40-50N and 70-100“E. The regression

map of the 10-20-day filtered data (Fig. 4-13b) shows a similar pattern to the unfiltered

regression map but with clearer teleconnection pattern as the wave trains originated

from northeastern Atlantic. To the north of the Iranian Plateau, we see the regressed

positive Z200 anomalies located to the north of the Black Sea with a regressed negative

7200 anomalies located to its east. Along the latitudinal belt of 30-50 N, an east-west

elongated wave train is observed from the eastern Atlantic through the Mediterranean,

the Iranian Plateau, the Tibetan Plateau, South China, and to the far northeastern Asia

and Pacific. The regression map of the 20-40 day filtered data (Fig. 4-13c) reveals an

intensification of negative Z200 anomalies over 50-70°N, 40-70°E and positive Z200

anomalies over 50-70°N, 90-120°E. This suggests that EOF2 has a stronger association

with higher-latitude circulations on the timescale of 20-40 day, such as Rossby waves,

blocking and troughs patterns over the Ural Mountain region. In summary, the

regression pattern on PC2 suggests that the EOF2 of the SAH is highly correlated with

circulations at higher latitudes.
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As for the EOF3, all the unfiltered and filtered regression maps (Fig. 4-14) show

a prominent wave train teleconnection pattern along the latitudes of 25-40°N. The three

variance centers along 35°N with the longitudes at 45°E, 80°E, 110°E over the SAH

and embedded in the wave train is identical to the variance centers of EOF3 (Fig. 4-2).

The location of the wave train corresponds closely with the jet stream within the 30-

45°N, suggesting that the eddies may reflect the waveguide trapping effect of the jet

stream. The teleconnection in the east-west direction is more evident in the 20-40-day

filtered results (Fig. 4-14c¢) compared to that obtained by the 10-20-day filtering (Fig.

4-14b). The 20-40-day filtered data shows the longest wave train that originated from

North Atlantic (resembling the positive phase of North Atlantic Oscillation) and

extended eastward through the Mediterranean, the Iranian Plateau, the Tibetan Plateau,

South China, and to the far northeastern Asia and Pacific. In summary, EOF3 reflects

fluctuations in the wave train embedded in the jet stream on both the 20-40 day and 10-

20 day time scales.

4.4 The relationship between mid-latitude waves and the SAH leading modes

In this section, we will show the evolution of the quasi-biweekly (10-20 days)

oscillations captured by the second and third leading modes. The temporal evolution is

illustrated by the correlation maps between PC and the variables of wind and

geopotential height (filtered over 10-20 days) from day -7 to day 7 are presented in Fig.
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4-15 and Fig. 4-16.

For EOF2, Fig. 4-15 shows both of the positive correlation center in the western

region (40-80<E) and the negative correlation center in the eastern region (90-110 E)

on Day 0 were evolved from the positive and negative correlation centers to their

northeast at 40-50N as it is shown in the maps of Day -4 to Day -1. On Day -5 we can

clear identify a positive correlation center at 70 E, 50N that can be tracked back to

Day -7 together with a negative correlation center over eastern Europe. The positive

center gradually moves to the southwest and reached 50 <€, 30N on Day 0. Similarly,

the negative correlation center at 110E, 50N on Day -4 gradually moves

southwestward and reached 100 E, 30N on Day 1. Thus, the lead-lag correlation maps

suggest that the quasi-biweekly variability of EOF2 may be resulted from the

southwestward penetration of mid-Ilatitude waves originated from 50 N or further north

in the longitude range of 60-90E and 90-120E. The characteristics of the

southwestward penetration of the correlation maps of PC2 may reflect the perturbation

associated with the mid-latitude Rossby wave on the time scale of 10-20 days.

For EOF3, Fig. 4-16 shows that the primary variability of the correlation centers

is all situated within the latitudinal belt of 20-40N, corresponding to the location of

the jet stream. The correlation centers exhibit a slight westward movement on the time

scale of 10-20 days. The characteristics are consistent with the regression maps, which
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indicates that eddies may be generated by the waveguide trapping effect of the jet

stream.

It is known that the subtropical jet stream is an effective wave guide (Hoskins and

Ambrizzi, 1993). To comprehend the progression of the seasonal evolution of the jet

stream to the north of the SAH from June to August, we plot the Hovmoller diagram of

climatological zonal wind averaged between 40-110°E (Fig. 4-17). The maximum

position of zonal wind at 200 hPa is between 35-40°N in June, and it shifts northward

to 40-45°N in July and August. The intensity of zonal wind slightly decreases in July

and August compared to June.

To confirm if the observed eddies in Fig. 4-16 are linked to the waveguide trapping

effect of the jet stream, we adopt the dispersion relation for barotropic Rossby waves

(Hoskins and Ambrizzi, 1993) as below,

— *k
w=TUk-55 (1)
where
920
p.=p— 57 (2)

is the meridional gradient of absolutely vorticity, U is the westerly flow and K =
(k? + 1%)1/2 is the total wave number. For stationary Rossby waves w = 0, the total

wave number is determined by the equations shown below

K=K, = (%)2 (3)
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The equation (3) is possible if the flow is westerly and £, is positive. The stationary

wavenumber equation can be written on the Mercator projection as shown below

= foo- ) s on]ifoss

where ¢ is the latitude, 7 = U/acos¢ is the relative rotation of the atmosphere.

The K calculated from equation (4) in Asia region is presented in Fig. 4-18. U is
the climatological zonal wind during summer months of June to August over the periods
0f 1979-2020. We observe that in the jet stream latitude range of 30-40°N the stationary
wavenumber is approximately 6-7. The eddies observed in Fig. 4-16 and Fig. 4-17, the
wave length is about 60-80 degrees of longitudes, which is equivalent to zonal
wavenumber is about 5-6. The zonal wavenumber in the second mode is slightly smaller
than the theoretical stationary wavenumber, whereas in the third mode, it closely
matches the theoretical stationary wavenumber. It indicates the eddies represented by
second and third leading mode are actually affected by wave guide effect within the
Asian westerly jet.

4.5 Showcase of the SAH leading modes: the summer in 1989

In this section we use the year 1989 to demonstrate the relationship between mid-
latitude waves and SAH on the quasi-biweekly timescale. The PC2 and PC3 in 1989
from Section 4.1 are presented in Fig. 4-19a, and the West Index and East Index defined
in Section 3.2 for the year 1989 are presented in Fig. 4-19b. The PC2 and PC3 in 1989
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exhibit the coherent relationship, with PC3 lagging behind PC2 by approximately 2-3

days. The quasi-biweekly oscillations (QBWOs) are clearly shown in June and July

with about five cycles in two months. This observation aligns with the statistical

findings shown in Fig. 4-5. The relationship between PC2 and PC3 also suggests the

presence of westward-moving features on the quasi-biweekly timescale. The original

West Index and East Index in 1989, shown in Fig. 4-19b, are presented as bars, while

the 10-20 days filtered West Index and East Index are shown as solid lines. Both the

West Index and East Index exhibit quasi-biweekly oscillations in June and July. In

Section 4.4, we find that the West Index and East Index are associated with

southwestward penetration of perturbations from the northeast. To illustrate this, black

dashed lines in Fig. 4-19b are used to present the 10-20 days filtered Z200 to the

northeast of the West Index (30-50N, 60-90<E) and East Index (30-50N, 90-120E).

The results show that the 10-20 days filtered Z200 to the northeast of the West Index

and East Index leads the West Index and East Index by about 2-3 days. This aligns with

the statistical findings presented in Section 4.4.

In this paragraph, we will present the Hovmdler diagram of Z200 anomalies and

the meridional component of wind at 200hPa (V200) anomalies for the year 1989 in

both the time-longitude (Fig. 4-20) and latitude-time cross sections (Fig. 4-21). Fig. 4-

20 shows time—longitude cross section of Z200 and V200 anomalies averaged between
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30-50N, which corresponds to the position of the westerly jet. From June to July, there

are several times that wave trains between 0-140°E can be clearly observed, such as on

6/1-6/10, 6/13-6/21, and 7/1-7/5, indicating the presence of eddies within the jet stream.

Additionally, the wave train structures in the east appear to lag slightly compared to

those in the west. In June, there are two instances where negative Z200 anomalies in

60-90 E slightly move westward to 40-60 E, while the positive Z200 anomalies in 90-

120<E remain stationary. In July, two cycles of negative and positive Z200 anomalies

from 90-120 E move westward to 40-60 E, with the most pronounced positive anomaly

occurring from 7/20-7/31. This confirms the findings discussed in the previous section

regarding the presence of westward-moving features. Fig. 4-21 shows the latitude-time

cross section of Z200 and V200 anomalies averaged between 40-60E (western part),

60-90E (middle part), and 90-120E (eastern part). In all three regions, the quasi-

biweekly oscillations between 30-50N are clearly observed in June and July. In the

region of 90-120E (eastern part), the quasi-biweekly oscillations are associated with

the southward movement of Z200 from 50N and further north. This indicates that the

quasi-biweekly oscillations of the SAH are not only associated with eddies within the

jet stream but also perturbations originating from the northern regions of the jet stream.

In the following, we will show the daily Z200 anomalies during June and July in

1989 (Fig. 4-22~4-24) to discuss the evolution of the QBWO and its relationship with
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the mid-latitude waves. The QBWO with the positive PC3 peaks on 6/5 (P1), 6/17 (P2),

7/3 (P3) and 7/15 (P4) can be identified in Fig. 4-19. On the first peak on 6/5, we notice

the negative Z200 anomalies over 30-50 N and 70-90E. The negative Z200 anomalies

originated from the northeast and shifted southward and westward from 6/3 to 6/9. This

southward intrusion created an eddy of negative Z200 anomalies trapped in the jet

stream, propagating westward. For the second peak on 6/17 and the third peak on 7/3,

the evolution pattern suggests that they are excited within the jet stream waveguide.

Clear evidence of a wave train along the jet stream is observable from 6/13 to 6/21 and

7/1 to 7/5, with the eddies within the jet stream displaying a slightly westward

movement. As for the fourth peak at 7/15, negative Z200 anomalies were observed over

30-50N and 60-90<E. These anomalies gradually shifted southward and westward

from 7/13 to 7/17, which is similar to the evolution pattern of the first peak.

Additionally, another wave train along the jet stream to the north of SAH was

observable from 7/19 to 7/23.

In addition to the quasi-biweekly oscillations, we also try to investigate low-

frequency mid-latitude features on a quasi-monthly timescale in 1989. Fig. 4-25

displays the latitude-time cross-section of the zonal component of wind (U200) and

its anomalies in a 20-day moving average for the year 1989. It shows that the jet stream

is stronger in June and the first half of July, but weaker in the second half of July. Fig.
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4-26 displays the wind and geopotential height anomalies at 200 hPa from June to July

in 1989, divided into three periods: 6/1-6/20, 6/21-7/10 and 7/11-7/31. Fig. 4-27 shows

the same field with 20-40 day filtered data. In Fig. 4-26a (6/1-6/20), a wave train with

a northwest-southeast orientation is observed from the mid-latitudes, with positive

anomalies over 50-70N, 30-60E, and 30-40N, 90-120E, and negative anomalies

over 40-50N, 70-90 E. This wave train can also be observed in the 20-40 day filtered

field (Fig. 4-27a), indicating that it is a low-frequency wave, and it has an impact on

the eastern part of the SAH. In Fig. 4-26b (6/21-7/10), a weak wave train between 0-

120<E in the latitude range of 30-50N is observed, with positive anomalies between

0-90E in the latitude range of 50-70<N to its north. However, in the 20-40 day filtered

field (Fig. 4-27b), this pattern does not exist; instead, it appears only negative

anomalies to the eastern part of the SAH (30-50N, 90-120<E). In Fig. 4-26¢ (7/11-

7/31), a clear wave train is observed to the upstream of the SAH between 30W-60E

in the latitude range of 40-70N. In the 20-40 day filtered field (Fig. 4-27c), this wave

train becomes an arch shape in the mid-latitudes. Furthermore, positive anomalies

appear to the eastern part of the SAH (30-40 N, 80-110<E). In summary, on the quasi-

monthly timescale, mid-latitude waves are less pronounced, with a more dominant

presence in the first half of June, primarily influencing variability in the eastern part

of the SAH.
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5. Summary and Discussion

5.1. Summary

In this study, the variability of the SAH during the summer months of June-August
is identified by using geopotential height at 200hPa. Two preferred locations of the
SAH center over Iranian Plateau (45-65<) and Tibetan Plateau (80-100E) are
identified. The variability is further investigated by EOF analysis of the Z200 over the
SAH region. Three leading modes that explains more than 76% variance indicate that
the variance centers are all located near the northern boundary of the SAH. Regressed
large-scale wind and geopotential height field on these modes are examined to
understand how the SAH variability associated with the large-scale waves.

The spatial pattern of the first mode shows a monopole structure with its center
over the north of the Iranian Plateau (50-70<E). The temporal pattern, represented by
PC1, suggests an increasing trend with more positive anomalies observed after 2010.
The regressed upper-level circulations and Z200 on PC1 shows that the variability of
the first mode is closely linked to the mid-latitude fluctuations in the North Atlantic and
Ural blocking highs. The spatial pattern of the second mode displays a dipole structure
in the zonal direction, The dipole structure comprises the primary variation center over
the northeast of the Tibetan Plateau, accompanied by a secondary variation center with

a reverse sign to the north of the Iranian Plateau. The variability of the second mode
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can be classified into two distinct timescales: quasi-biweekly (10-20 days) quasi-

monthly (20-40 days). The temporal variability of the second mode can be classified

into two distinct timescales: quasi-biweekly (10-20 days) quasi-monthly (20-40 days).

On the 10-20-day timescale, the variability of EOF2 involves the southward

penetration of mid-latitude waves originating from 50N or further north, while on the

20-40-day timescale, it is linked to the low-frequency large-scale waves, particularly

the Ural blockings and its associated perturbations. The spatial pattern of the third mode

exhibits a tripole structure in east-west direction, and its variability are associated with

the waveguide trapping effect within the jet stream. The wave train passing through the

north of the SAH, characterized by several eddies within the jet stream, can be observed

on both the 10-20-day and the 20-40-day timescales.

Finally, the Z200 anomalies during the summer in 1989 is presented to

demonstrate the relationship between mid-latitude waves and SAH in particular on the

quasi-biweekly timescale. The QBWOs in PC2 and PC3 are clearly shown in June and

July, each exhibiting four cycles. In this case, we observe a southward intrusion of

negative Z200 anomalies between 70-90E, with eddies trapped within the jet stream

waveguide. Additionally, clear evidence of a wave train along the jet stream is

observable. It confirms that the variability of the SAH on the quasi-biweekly timescale

is associated with eddies embedded in the jet stream waveguide, with some influenced
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by the southward penetration of mid-Ilatitude waves originating from 50N or further

north in the longitude range of 60-90E and 90-120€E.

5.2. Discussion

In the analysis of SAH Z200 variability, we observe that the primary center of this

variability is situated at the northern edge of the SAH. We find that a portion of this

variability is notably influenced by southward movement of oscillations originating

from the mid-latitudes, aligning with the findings presented in Yang and Li (2016).

They further applied vorticity budget diagnosis to explain the process of southward

movement of intraseasonal perturbations, and proposed a potential positive convection-

circulation feedback mechanism to explain the process of southward movement of

perturbations. This indicates that the southward movement of oscillations not only

influences the SAH variability but also correlates with local precipitation patterns and

circulations. The influence of upper-level wave trains on the East Asia climate on the

intraseasonal timescale was further examined in Yang et al. (2017). They proposed the

existence of two types of upper-level wave trains originating from the Eurasian

Continent. One type occurs in the quasi-biweekly (12-24 day) timescale, starting from

Northern Europe and propagating southeastward to the Eastern Tibetan Plateau. The

other type operates in the quasi-9-day timescale, originating from Western Europe and

the Mediterranean, with eastward propagation to the Eastern Tibetan Plateau within the
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jet stream. Both upper-level wave trains are located at the northern edge of the SAH

and influence its variability. It indicates that SAH variability caused by upstream

influences can be roughly divided into two factors: midlatitude waves and eddies within

the jet stream. Furthermore, they also observed that significant precursory signals,

including a giant Ural Mountain Ridge and a large Lake Balkhash trough in the upper-

level on the quasi-biweekly (12-24 day) timescale, which further influenced the zonal

variability of the SAH. This observation aligns with our findings in the second mode,

where we also identify that the blocking patterns over the Ural Mountains are associated

with the variability of the SAH. Therefore, strong ridges and troughs in the upstream

regions can serve as precursory signals of SAH variability. However, further research

is needed to understand how these ridges and troughs influence the downstream regions.

The wave-like Silk Road pattern (SRP) is one of the major teleconnection patterns

observed along the summertime Asian jet. In Kosaka et al. (2009) , they find that the

main source of energy for the Asian jet is primarily through baroclinic energy

conversion, while barotropic energy conversion, though weaker, is a critical factor for

the preferred geographical phase of the wave train. They also show that the preferred

geographical phase for the wave-like SRP is indeed caused by the mean state of the

Asian jet. However, there are significant differences in the mean state of the Asian jet

between June and July to August, including variations in zonal position and strength.
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The Asian jet is situated more poleward, and its wind speed is relatively smaller during

July to August compared to June. In Hong et al. (2018), they compared the SRP

between early and late summer, find that the SRP is stronger and more geographically

fixed in late summer. Furthermore, they also show that the SRP is closely connected

with the North Atlantic Oscillation (NAO), and it can efficiently trigger the SRP to

propagate along the Asian jet in late summer, but not in early summer. This indicate

that the Asian jet is more influenced by circulations upstream in late summer compared

to early summer. Therefore, when discussing the influence of the Asian jet on the

variability of the SAH, it may be necessary to separate June from July to August due to

the significant differences in the mean state.

Another important feature in our study is that the combination of the second and

third modes shows a westward-moving wave train. The result is associated with the

rapid westward movement of low-PV air in the SAH, a phenomenon known as “eddy

shedding”. In Amemiya and Sato (2020), they demonstrated a westward-moving large-

scale geopotential anomaly pattern along the subtropical jet on the quasi-biweekly

timescale. They found that the movement of low-PV air is mainly controlled by passive

advection, and the zonal flux at 360K is mainly westward between 30 and 120E. The

westward eddy shedding breaking off from the Tibetan anticyclone can be observed

several times during a summer and is confined to the upper troposphere (Popovic and
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Plumb 2001). Previous studies have also aimed to investigate the factors influencing

this variability. One explanation is that the variability is generated by convective

forcing in southeast Asia. In Amemiya and Sato (2020), they revealed that statistically

significant OLR anomalies were in phase with geopotential anomalies over the southern

Tibetan Plateau and southern China. Another explanation is that the variability driven

by dynamical instability of two-dimensional anticyclonic flow, and the idea has been

supported by studies using nonlinear models (Hsu and Plumb 2000).

In our study, we utilize geopotential height at 200 hPa to define the SAH. However,

it's important to acknowledge that there are some limitations associated with this

approach. The first limitation is that in the context of global warming, a significant

increase in geopotential height has been observed of the SAH (Zhang et al. 2021). Our

results demonstrate an increasing trend in the time series of PC1 of the SAH, with

notable variability observed both before and after 2010. This indicates the conventional

definition of the SAH using geopotential height at 200 hPa may reflect the changes

arise from the natural variability of the SAH and the impacts of global warming.

Therefore, employing corrective methods such as the eddy geopotential height used in

Zhang et al. (2021) may better describe the variability of the SAH within the context of

global warming. Another limitation is that the geopotential height at 200 hPa primarily

reflects influences in the mid-latitudes and does not effectively capture the impact in
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the tropics. This is due to the larger variance of geopotential height at 200 hPa in the

mid-latitudes and its smaller variance in the tropics. The findings of this study suggest

an association between variability of the SAH and upstream waves in the mid-latitudes.

However, due to the smaller variance of geopotential height at 200 hPa in the tropics,

we did not examine the tropical influences. The connection between the western Pacific

Subtropical High (WPSH) in the lower troposphere and the SAH is another important

topic. Previous studies suggested the eastward extension of SAH is accompanied with

the westward extension of WPSH, and it’s associated with the increasing precipitation

over the Yangtze River region and decreasing precipitation over the South China (Ren

et al. 2015; Wei et al. 2019a). Studies in these directions may be conducted in future

research.
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Figures

JJA 200hPa Wind and Geopotential Height — 5tm/sl 102 m
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Fig. 3-1. Climatological field (1979-2020) of horizontal wind (vector, unit: m/s) and

geopotential height (shading, unit: m) at 200 hPa during June, July and August. The

black solid line indicates the plateau region with elevation of 3000 m and the green

solid line indicates the geopotential height of 12520 m.
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Fig. 3-2. Topography map of the Iranian Plateau, Tibetan Plateau, and the surrounding

regions around the SAH. The black solid line indicates an elevation of 1000 m.
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Climatology of 200hPa Wind and Geopotential Height
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Fig. 3-3. Climatological field (1979-2020) of horizontal wind (streamline) and

geopotential height (shading, unit: m) at 200 hPa in (a) 6/1~6/10 (b) 6/11~6/20 (c)

6/21~6/30 (d) 7/1~7/10 (&) 7/11~7/20 (f) 7/21~7/31 (g) 8/1~8/10 (h) 8/11~8/20 (i)

8/21~8/30. The black solid contour indicates the plateau region with elevation of 3000

m, and the green solid contour indicates the geopotential height of 12520 m.
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Z200 averaged over 25-35°N, 20-120°E
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Fig. 3-4. The interannual variations of June to September seasonal evolution of the

South Asian High represented by the geopotential height at 200hPa (unit: m) averaged

over the region of 25-35°N and 20-120°E during the years from1979-2022.
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Longitudinal distribution of daily SAH center
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Fig. 3-5. Longitudinal distribution of the frequency of maximum value of geopotential
height at 200hPa within the SAH region based on the data from 1979 to 2020 in (a)
June, July and August (b) June (c) July (d) August. Each bar represents a range of 3.33

degrees of longitude.
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Longitudinal distribution of daily SAH center
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Fig. 3-6. Longitudinal distribution of the frequency of maximum value of geopotential

height at 200hPa within the SAH region based on the data form (a) 1979-1990 (b) 1991-

2000 (c) 2001-2010 (d) 2011-2020.in June, July and August. Each bar represents a

range of 3.33 degrees of longitude.
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Fig. 3-7. The variance of Z200 (unit: m) within the SAH area and the surrounding

regions. The two black boxes show the defined region of the West Index (25-35°N, 45-

65°E) and the East Index (25-35°N, 80-100°E). The gray line represents the plateau

region with an elevation of 3000 m, and the green line represents the geopotential height

of 12520 m.

48

doi:10.6342/NTU202401227



(@) West Index

—— Mean of Power spectrum
---- 95% confidence level

32.0

16|.0 8?0 4.‘0
Periods (days)
(b) East Index

—— Mean of Power spectrum
---- 95% confidence level

32.0

16.0 8.0 4.0
Periods (days)

49

Fig. 3-8. The power spectrum of (a) the West Index (Z200 averaged over 25-35°N, 45-

65°E) and (b) the East Index (Z200 averaged over 25-35°N, 80-100°E). The solid gray

line represents the spectrum in each year from 1979 to 2022, and the black solid line

represents the averaged value. Black dashed line represents the 95% confidence levels.
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Fig. 4-1. Percentage of explained variance of the first ten EOF modes. The error bars

are estimated by considering the first one hundred modes.
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EOF analysis of 200hPa Z anomaly
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Fig. 4-2. The spatial structure of (a) EOF1, (b) EOF2 and (c¢) EOF3 modes in the

analysis of geopotential height at 200hPa within the SAH region, based on daily data

from 1979 to 2020 during June to August.
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Fig. 4-3. Time series of the seasonal (JJA) mean of (a) PC1, (b) PC2 and (c) PC3 from
1979 to 2020. The error bar in each year represents the standard deviation of PC for that

year.
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Fig. 4-4. The wavelet spectrum of (a) PC1, (b) PC2 and (c¢) PC3. In each figure, the

gray solid lines represent the spectrum of each year from 1979 to 2020, the black solid

line represents the averaged value of spectrum across all years, and the black dashed

line represents the 95% confidence levels.
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Lead-lag correlation between PC2 and PC3
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Fig. 4-5. The lead-lag correlation between PC2 and PC3. The positive lead days

represents the PC3 leading, and the negative lead days represents the PC2 leading. The

gray lines are the correlation in each year from 1979 to 2020, and the blue solid line

represents the averaged value across all years.
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(b) Regressed UVZ200 on PC1 (10-20 days filtered)
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Fig. 4-6. Regressed wind (vector, unit: m/s) and geopotential height (shading, unit: m)

at 200hPa on PC1, with the data are (a) unfiltered, (b) 10-20 days filtered and (c) 20-

40 days filtered.
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EOF analysis of 200hPa Z anomaly (1999-2020)
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Fig. 4-7. (a) The spatial structure of EOF1 at 200hPa within the SAH region and (b)

time series of the seasonal (JJA) mean of PC1 in the analysis of geopotential height,

based on daily data from 1999 to 2020 during June to August.
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Fig. 4-8. Winds (vector, unit: m/s) and geopotential height (shading, unit: m) anomalies
at 200hPa for the periods (a) 1999-2009 and (b) 2010-2020 with respect to the 42-year

(1979-2020) climatology. Panel (c¢) represents the difference between (b) and (a).
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Fig. 4-9. Geopotential height at 200hPa (black contour with interval of 100 m) and its

deviations from the zonal mean (shading, unit: m) over the periods (a) 1999-2009 and

(b) 2010-2020. Panel (¢) represents the difference between (b) and (a).
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Regressed Winds and Geopotential Height at 200hPa
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Fig. 4-10. Regressed winds (vector, unit: m/s) and geopotential height (shading, unit:

m) at 200hPa on the PC1 during the periods of (a) 1999-2009, (b) 2010-2020 and (c)

1999-2020.
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Z200 anomalies averaged between 40-80°E
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Fig. 4-11. Latitude-time cross section of monthly mean geopotential height anomalies

(unit: m) at 200hPa, averaged between 40-80°E from 1999 to 2020, for the three

summer months (June, July, and August) each year in the latitude range of 20-70°N.
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(a) OLR difference between 2010-2020 and 1999-2009 in JJA w/m?
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Fig. 4-12. The seasonal (June, July, August) mean of difference in (a) OLR (unit: W/m?)
and (b) precipitation (unit: mm/day) between the two periods of 2010-2020 and 1999-

2009.
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(a) Regressed UVZZOO on PC2
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Fig. 4-13. Regressed winds (vector, unit: m/s) and geopotential height (shading, unit:

m) at 200hPa on PC2, with the data are (a) unfiltered, (b) 10-20 days filtered and (c)

20-40 days filtered.
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Fig. 4-14. Regressed winds (vector, unit: m/s) and geopotential height (shading, unit:
m) at 200hPa on PC3, with the data are (a) unfiltered, (b) 10-20 days filtered, and (c)

20-40 days filtered.
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Correlation maps for PC2 (10-20 days filtered)
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Fig. 4-15. The lead-lag correlation maps between PC2 and the variables of wind and

geopotential height at 200hPa from day -7 to day 7. The data of PC2, wind and

geopotential height at 200hPa are filtered over the periods of 10-20 days. The red box

represents the domain of the EOF analysis (25-35°N, 40-110°E).
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Correlation maps for PC3 (10-20 days filtered)
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Fig. 4-16. The lead-lag correlation maps between PC3 and the variables of wind and

geopotential height at 200hPa from day -7 to day 7. The data of PC3, wind and

geopotential height at 200hPa are filtered over the periods of 10-20 days. The red box

represents the domain of the EOF analysis (25-35°N, 40-110°E).
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Fig. 4-17. Time-latitude cross section of climatological 200hPa zonal (u) wind (unit:

m/s), averaged between 40-110°E from June to August in the latitude range of 20-50°N.
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Fig. 4-18. Stationary wavenumber, Ks (shading), calculated from the equation (4). The

black line represents the contour of u wind at 200hPa in 20 m/s.
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(a) PC2 and PC3in 1989
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Fig. 4-19. (a) Time series of the PC2 (blue line) and PC3 (orange line) during June to
August in 1989. The green dots represent the four positive PC3 peaks. (b) Time series
of West Index (25-35°N, 45-65°E) and East Index (30-50°N, 80-100°E). The original
Index is shown as red (positive) and blue (negative) bars, and the 10-20 days filtered
Index is shown as black solid line. The green dots represent positive peaks of the 10-20
days filtered West Index and East Index with values greater than 0.5. The black dashed
lines represent 10-20 days filtered Z200 to the northeast of the West Index (30-50°N,

60-90°E) and East Index (30-50°N, 90-120°E).
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1989 Z200 anomalies (shading) and V200
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Fig. 4-20. Time-longitude cross section of Z200 anomalies (shading, unit: m) and V200

anomalies (contours, unit: m/s), averaged between 30-50°N from June to August in

1989 in the longitude range of 0-150°E. The green solid (dashed) contours indicate the

wind speed of 10 (-10) m/s.
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1989 Z200 anomalies (shading) and V200 anomalies (contours)
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Fig. 4-21. Latitude-time cross section of Z200 anomalies (shading, unit: m) and V200

anomalies (contours, unit: m/s), averaged between (a) 40-60°E, (b) 60-90°E, and (c)

90-120°E from June to August in 1989 in the latitude range of 20-60°N. The green solid

(dashed) contours indicate the wind speed of 5 (-5) m/s.

70

doi:10.6342/NTU202401227



1989 200hPa Geopotential Height Anomalies (Shading)
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Fig. 4-22. Geopotential height anomalies (shading, unit: m) at 200hPa from 6/1~6/19

in 1989 in every two days. The black line indicates the U200 contour of 20 m/s, and the

green line indicates the Z200 contour of 12520 m. The yellow box represents the

domain of the EOF analysis (25-35°N, 40-110°E).
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1989 200hPa Geopotential Height Anomalies (Shading)
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Fig. 4-23. Geopotential height anomalies (shading, unit: m) at 200hPa from 6/21~7/9

in 1989 in every two days. The black line indicates the U200 contour of 20 m/s, and the

green line indicates the Z200 contour of 12520 m. The yellow box represents the

domain of the EOF analysis (25-35°N, 40-110°E).
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1989 200hPa Geopotential Height Anomalies (Shading)
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Fig. 4-24. Geopotential height anomalies (shading, unit: m) at 200hPa from 7/11~7/29

in 1989 in every two days. The black line indicates the U200 contour of 20 m/s, and the

green line indicates the Z200 contour of 12520 m. The yellow box represents the

domain of the EOF analysis (25-35°N, 40-110°E).
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(a) 1989 U200 averaged between 40-110°E
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(b) 1989 U200 anomalies averaged between
40-110°E (20-day moving average)
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Fig. 4-25. Latitude-time cross section of (a) U200 and (b) its anomalies (shading, unit:
m) averaged between 40-110°E, from June to August in 1989 in the latitude range of

20-50°N.
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1989 200hPa Wind Anomalies
and Geopotential Height Anomalies
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Fig. 4-26. Winds anomalies (vector, unit: m/s) and geopotential height anomalies

(shading, unit: m) at 200hPa averaged between (a) 6/1~6/20, (b) 6/21~7/31, and (c)

7/11~7/31 in 1989.
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1989 200hPa Wind Anomalies and Geopotential
Height Anomalies (20-40 day filtered)
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Fig. 4-27. Winds anomalies (vector, unit: m/s) and geopotential height anomalies
(shading, unit: m) at 200hPa with 20-40 days filtered averaged over (a) 6/1~6/20, (b)

6/21~7/31, and (c) 7/11~7/31 in 1989.
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