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ABSTRACT

NCEP/NCAR daily reanalysis data and Chinese daily gridded precipitation data are used to study the
relationship between an aprupt drought-flood transition over the mid-low reaches of the Yangtze River in
2011 and the intraseasonal oscillation (ISO; 30–60 days) in the mid-high latitude meridional circulation of
the upper troposphere over East Asia. The abrupt transition from drought to flood occurs in early June.
The first two recovered fields of the complex empirical orthogonal function show that northward-propagating
westerlies from low latitudes converge with southward-propagating westerlies from high latitudes over the
mid-low reaches of the Yangtze River (MLRYR) in mid–late May. The timing of this convergence corresponds
to the flood period in early–mid June. The ISO index is significantly and positively correlated with rainfall
over the MLRYR. During the dry phase (before the transition), the upper troposphere over the MLRYR is
characterized by cyclonic flow, easterly winds, and convergence. The regional circulation is dominated by a
wave train with a cyclone over east of Lake Baikal, an anticyclone over northern China, and a cyclone over
the MLRYR. During the wet phase, the situation is reversed. The configuration of the wave train during the
dry phase favors the southward propagation of westerly wind disturbances, while the configuration of the
wave train during the wet phase favors the development and maintenance of a pumping effect and sustained
ascending motions over the MLRYR.
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1. Introduction

An atmospheric intraseasonal oscillation (ISO) is

generally a low-frequency oscillation with a period of

30–60 days. Madden and Julian (1971) discovered the

existence of an ISO in the tropics at the beginning of

the 1970s by applying a spectral analysis to observa-

tional data from Canton Island. Madden and Julian

(1972) then confirmed that the ISO (which is often

referred to as the Madden-Julian oscillation, or MJO)

exists throughout the global tropics. Subsequent stud-

ies have shown that such low-frequency oscillations ex-

ist not only in the tropics (Lau and Chan, 1985; Li and

Wu, 1990), but also in mid-high latitudes (Anderson

and Rosen, 1983; Zhang, 1987), and even over the en-

tire globe (Li, 1991). Zhang et al. (1992) showed that

the ISO results from the internal dynamics of the at-

mosphere and is inherent in both the tropics and mid-

high latitudes. Sun et al. (2008, 2010) have recently

applied current understanding of ISO to extended-
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range precipitation forecasts. ISO is not a local but

rather a global phenomenon, and therefore affects not

only local precipitation but also monsoons (Qi et al.,

2008; Sun and Ding, 2008), the El Niño-Southern Os-

cillation (ENSO) (Li and Zhou, 1994), tropical cy-

clones (Tian et al., 2010; Sun et al., 2009; Zhu and

Li, 2004), and global weather and climate patterns

(Zhang, 2005).

The influences of ISO on Chinese and East Asian

rainfall have received increased attention in recent

years. Jeong et al. (2008) found that the MJO signif-

icantly modulates the distribution of wintertime pre-

cipitation over four East Asian countries. Yuan and

Yang (2010) reported a strong MJO influence on rain-

fall over northeastern China during winter. Zhang et

al. (2011) noted that the intensity of rainfall in South

China during the first rainy season changes from heavy

to light when the MJO active center moves from the

Indian Ocean to the western Pacific. Ding et al. (2004)

reported that the northward propagation of the ISO

over the South China Sea can enhance rainfall over

China and East Asia during seasonal transitions. Jia

and Guan (2010) defined an ISO-based intensity in-

dex for interannual variability in precipitation over the

Yangtze-Huaihe River basin (YHRB). They found a

significant correlation between rainfall anomalies over

the YHRB and ISO energetics over the Taiwan Strait

and western Pacific.

The studies mentioned above focused solely on

ISO over low-latitude areas, but ISO over mid-high

latitudes (MHL) may also affect East Asian rainfall.

Ju et al. (2008) confirmed that zonal-propagating ISO

circulations merge with meridional-propagating circu-

lations in the subtropics. Yang and Li (2003) showed

that the influences of ISO activity at 500 and 200

hPa over the YHRB, northern China, and MHL to

the north of China are stronger during severe floods

than during severe droughts. ISO-related meridional

wind disturbances over MHL can propagate southward

and converge with northward-propagating meridional

wind disturbances associated with low-latitude ISO.

This convergence is observed over the YHRB during

years with severe flooding, but not during years with

severe drought. Ju et al. (2005a, b) noted that ISOs

follow a “monsoon stream” pattern during the East

Asian summer monsoon. As an ISO moves northward

with time, differences in its magnitude at different lati-

tudes reflect differences in local large-scale rainfall pro-

cesses. The ISO enhances rainfall over the mid-low

reaches of the Yangtze River (MLRYR) during active

East Asian monsoon years. Han et al. (2006) dis-

covered that drought-flood transitions over East Asia

during summer are closely correlated with westward

movement of the ISO in the central and eastern Pacific

with subtropical easterly winds. These transitions are

also closely correlated with southwestward movement

of low-frequency disturbances that pass the subtrop-

ical North Pacific during long-wave adjustment over

MHL. The ISO over MHL has a clear relationship with

rainfall anomalies over China and East Asia; however,

the link between upper tropospheric ISO and these

rainfall anomalies remains unclear.

An abrupt drought-flood transition occurred over

the MLRYR in 2011. Such abrupt transitions often

occur in China during boreal summer, but this event

has not yet been discussed in detail. Most past stud-

ies have been based on anomalies in total precipita-

tion during summer. Less attention has been paid to

intraseasonal changes, which are as important as to-

tal summer rainfall for socioeconomic concerns such

as quality of life, water resource allocation, and in-

dustrial and agricultural production. Abrupt drought-

flood transitions are one type of intraseasonal rainfall

variation. Wang et al. (2009) discussed the climatic

characteristics of these transitions during the principal

flood season over the YHRB. Wu et al. (2006) investi-

gated the correlation between long-period abrupt tran-

sitions (both drought-to-flood and flood-to-drought)

over the MLRYR during the summer and large-scale

circulation anomalies. The current study focuses on

an abrupt transition from drought to flood over the

MLRYR during 2011. The relationship between this

transition and ISO is explored by focusing on the cor-

relation between the evolution of the ISO in the merid-

ional circulation of the upper troposphere (200 hPa)

and precipitation over the MLRYR. The characteris-

tics of the meridional circulation during this abrupt

transition provide useful insight for future attempts
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to forecasting precipitation over the MLRYR.

2. Data and methodology

The daily gridded precipitation is obtained from

the Chinese real-time analytic system (version 1.0),

which has a latitude-longitude horizontal resolution of

0.25◦×0.25◦. The data are obtained by performing

optimal interpolation on daily precipitation from 2419

Chinese stations based on climatic background fields.

The MLRYR is defined as the area 28◦–32◦N, 110◦–

122◦E.

The daily gridded reanalysis data are provided

by NCEP/NCAR, and have a horizontal resolution of

2.5◦×2.5◦ (Kalnay et al., 1996). The reanalysis data

include zonal wind (u), meridional wind (v), and tem-

perature (T ). The vertical vorticity (ζp) in spherical

coordinates is calculated at the standard isobaric sur-

faces (1000, 925, 850, 700, 600, 500, 400, 300, 250,

200, 150, and 100 hPa). Isentropic potential vortic-

ity (IPV) at the 325-K isentropic surface is calculated

as described by Hoskins et al. (1985), i.e., vorticity

is first calculated on isobaric surface and IPV is then

computed via linear interpolation.

The seasonal cycle is removed from all reanalysis

data. The prevalent period of the height and wind

fields at 200 hPa over the MLRYR was 30–60 days

in 2011. Each field is processed using a Butterworth

band-pass filter (Murakami, 1979). The filtered u, v,

ζp, and IPV are denoted throughout this paper by u′,

v′, ζ ′
p
, and IPV′, respectively.

The abrupt change in rainfall is tested using the

Mann-Kendall method (Wei, 2007) and evaluated us-

ing complex empirical orthogonal function analysis

(CEOF) (Barnett, 1983). The circulation fields are re-

constructed using the complex eigenvectors and time

coefficients from the first two CEOF modes, as in Wu

et al. (1994).

3. Basic features of the abrupt drought-flood

transition

More than 90% of the MLRYR region was af-

fected by drought between early April and late May

of 2011. The water levels in some channels of the

Yangtze River fell below 15 m, and millions of peo-

ple were confronted with drinking water shortages in

Hubei, Hunan, Jiangxi, Anhui, and Jiangsu provinces.

This situation changed abruptly on 3 June 2011, with

the provinces of Jiangxi, Hunan, Guizhou, and Zhe-

jiang receiving heavy rain and storms after 3 June.

Figure 1 shows the distribution of mean precipitation

in China during the drought period (from 1 May to

2 June; Fig. 1a) and the flood period (from 3 June

to 1 July; Fig. 1b). The daily mean rainfall was less

than 10 mm day−1 over the MLRYR (the rectangu-

lar area) for one month prior to 3 June. The largest

rainfall during this period was located to the south of

the Yangtze River, with a peak rain rate of 20 mm

day−1 (Fig. 1a). By contrast, the largest rainfall after

3 June was centered over the MLRYR, with peak rain

rates of more than 30 mm day−1. The mean rainfall

Fig. 1. Distributions of precipitation (mm day−1) in China during (a) the drought period (1 May–2 June) and (b) the

flood period (3 June–1 July) of 2011. The rectangular indicates the mid-low reaches of the Yangtze River.
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in other regions was less than 9 mm day−1, except

for some small areas of South China and Tibet. This

shows that the daily mean rainfall in the MLRYR

changed abruptly from low to high on 3 June. In

the following discussion, the regional average daily

mean precipitation refers to daily mean rainfall in the

MLRYR.

The characteristics of the drought-flood transi-

tion are investigated using the time series of the re-

gional rainfall anomaly from 1 March to 1 July 2011

(Fig. 2a). The rain anomaly was predominantly neg-

ative before 3 June, with positive anomalies occurring

only intermittently. The anomaly then changed to

predominantly positive on 3 June and remained pre-

dominantly positive for 2–3 weeks. This result con-

firms that mean rainfall in the MLRYR transitioned

abruptly from below average to above average in early

June. The exact timing of this shift is identified us-

ing the Mann-Kendall method (Fig. 2b). UF and

UB are two statistical variables that are functions of

mathematical expectation and variance. UF and UB

are derived with estimation U based on forward and

backward orders of time series of daily rainfall, respec-

tively. The increase in rainfall in early June is evident

in the UF testing curve, and passed the 5% signifi-

cance level on 16 June. The intersection of the UF

line and UB line indicates that the shift occurred on

1 June. These results show from a statistical perspec-

tive that this abrupt transition from drought to flood

exists, and the shift occurred in early June. This tran-

sition is several weeks earlier than the typical date of

drought-flood transitions obtained by Wu et al. (2006)

who indicated that the transition date is late June.

4. Correlations between precipitation and the

ISO circulation

4.1 The East Asian mid-high latitude ISO be-

fore and after the shift

The basic characteristics of the ISO circulation

are analyzed in this section. Slingo et al. (1996, 1999)

proved that ISO activity can be represented by u′;

the following analysis therefore focuses on u′ at 200

hPa. The spatio-temporal distribution of rainfall from

1 March to 1 July is analyzed using CEOF. The two

leading modes of the CEOF, i.e., CEOF1 and CEOF2,

contribute 55.89% and 24.88% of the variance, respec-

tively. The error ranges of the eigenvalues show that

CEOF1 and CEOF2 are statistically independent from

higher-order modes (North et al., 1982). The primary

features during the shift period are reconstructed as

in Wu et al. (1994). Figure 3a shows a latitude-time

cross-section of this reconstruction at 120◦E. The sum

of the first two reconstruction fields is adequate for

examining the primary features of u′ because the first

two CEOF modes contribute to such a high propor-

tion (80.77%) of the total variance.

A westerly wind disturbance propagated north-

ward from low to high latitudes in mid–late April.

This propagation continued until the westerly wind

disturbance approached 50◦N on 16 May. After that

date, the disturbance propagated southward from

Fig. 2. (a) Daily rainfall anomaly (mm) in the MLRYR. The two horizontal dotted lines denote the mean anomalies

from 13 May to 2 June and from 3 June to 1 July 2011. (b) Mann-Kendall test curves for the time series of daily rainfall

anomaly. The dashed line indicates the critical value for 5% significance from 1 March to 1 July 2011.
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Fig. 3. Latitude-time cross-sections along 120◦E of (a) u′ reconstructed from CEOF1 and CEOF2 and (b) u′ from the

raw data. Blue and gray shadings denote westerly and easterly wind disturbances, respectively. The contour interval is

1 m s−1 and the arrows indicate the direction of propagation.

50◦N toward lower latitudes. At the same time,

another northward-propagating westerly wind distur-

bance moved from approximately 20◦N to mid lat-

itudes. These two westerly wind disturbances con-

verged over the MLRYR in mid June, creating a strong

local westerly wind anomaly with a maximum value

of approximately 8 m s−1. An easterly wind anomaly

developed over the area to the south of the MLRYR

at about the same time (Fig. 3b). The upper tro-

pospheric circulation over the MLRYR was therefore

dominated by an anticyclonic anomaly in early–mid

June, which favored local divergence. The zonal wind

anomaly over the MLRYR in mid–late May was east-

erly, while that in the area to the south of the MLRYR

was westerly (Fig. 3b). The anomalous circulation

in the upper troposphere over the MLRYR in mid–

late May was therefore opposite to that in early–mid

June, with a cyclonic anomaly that favored local con-

vergence.

To summarize, the upper tropospheric circulation

was characterized by an easterly wind disturbance and

anomalous convergence over the MLRYR during the

drought period. By contrast, the upper tropospheric

circulation was characterized by a westerly wind dis-

turbance and anomalous divergence during the flood

period. Convergence in the upper troposphere pro-

motes subsidence, while divergence promotes ascent.

These characteristic vertical motions aided in the de-

velopment of the drought and flood events, with local

subsidence acting to suppress precipitation and local

ascent acting to enhance it.

The analysis in Section 3 indicates that the

abrupt transition from drought to flood occurred on

1 June. The zonal wind anomalies in the area im-

mediately north and south of 25◦N switched on ap-

proximately the same day. An easterly wind anomaly

north of 25◦N switched to westerly, while a westerly

wind anomaly south of 25◦N switched to easterly. The

rainfall anomaly was evidently different between the

drought and flood periods (Fig. 2a). The differences

in the ISO circulation of the upper troposphere at

MHL between the two periods are evaluated using

separate composites of u′, v′, and ζ ′
p
for the two pe-

riods (Fig. 4). The upper tropospheric circulation

over the MLRYR was characterized by cyclonic vor-

ticity and an easterly zonal wind anomaly during the

drought period, but by anticyclonic vorticity and a

westerly zonal wind anomaly during the flood period.

The (unfiltered) 5880-gpm isoline associated with the

western Pacific subtropical high extended more west-

ward in early–mid June than in mid–late May. This

westward extension enhanced water vapor transport

into the MLRYR region from lower latitudes along

the southern flank of the subtropical high. Cooper-

ation between the upper- and lower-level circulation

systems during the different periods therefore led to

the abrupt drought-flood transition. Figure 4 shows a

positive-negative-positive vorticity pattern in mid–late

May, which switches to a negative-positive-negative

pattern in mid–early June. The three centers of this
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Fig. 4. Reconstructions of u′, v′ (vectors; m s−1), and ζ ′p (shaded; 10
−6 s−1) at 200 hPa during (a) the period of

low rainfall from 15 to 31 May 2011 and (b) the period of enhanced rainfall from 3 to 19 June 2011. The blue line

indicates the unfiltered 5880-gpm isoline, and green and gray shadings denote positive and negative vorticity anomalies,

respectively.

pattern were located over the east of Lake Baikal (pos-

itive then negative), northern China (negative then

positive), and the MLRYR (positive then negative).

The remainder of this paper focuses on the link be-

tween variations in this circulation pattern during the

drought and flood periods and the abrupt transition

between them.

4.2 Definition of the ISO index

Changes in ζ ′
p
, which reflect circulation variabil-

ity, appear to correspond well with changes in rain-

fall during the drought-flood transition. Figure 5

shows the spatial distribution of the correlation coef-

ficient between rainfall over the MLRYR and 200-hPa

ζ ′
p
between 1 March and 1 July 2011. These corre-

lation coefficients follow a negative-positive-negative

pattern from the east of Lake Baikal in the north to

the MLRYR in the south. Three key areas (A, B,

and C) are selected to represent this negative-positive-

negative pattern. The longitudinal scope of each key

area is 110◦–120◦E, and their latitudinal scopes are

50◦–60◦N, 36◦–43◦N, and 22◦–32◦N, respectively. The

average correlation coefficients of A (RA), B (RB), and

C (RC) are –0.3085, 0.3276, and –0.2500, respectively.

The weighted ISO index (IISO) is defined by the fol-

lowing equation:

IISO =
|RB|ζ

′

B

|RA|+ |RB|+ |RC|

−
|RA|ζ

′

A

|RA|+ |RB|+ |RC|
−

|RC|ζ
′

C

|RA|+ |RB|+ |RC|
, (1)

where ζ ′
A
, ζ ′

B
, and ζ ′

C
(in 10−6 s−1) represent

the average vorticity anomaly in each key area

and
|RA|

|RA|+ |RB|+ |RC|
,

|RB|

|RA|+ |RB|+ |RC|
, and

|RC|

|RA|+ |RB|+ |RC|
are weighting coefficients. The

sign of the coefficient RB is opposite to those of RA

and RC (Fig. 5); therefore, the weighting coefficient

for RB is opposite in sign to those for RA and RC.

IISO is the weighted sum of the ISO vorticity anomaly

in the three key areas. Changes in vorticity reflect

changes in the circulation, so Eq. (1) expresses the
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Fig. 5. Spatial distribution of the correlation coefficient

between rainfall over mid-low reaches of the Yangtze River

and 200-hPa ζ ′p between 1 March and 1 July 2011. Shad-

ings indicate statistical significance at the 5% level, with

dark and light shadings indicating negative and positive

correlations, respectively. The key regions A, B, and C are

marked as rectangular areas.

state of the ISO circulation over the MHL of Eurasia.

This state evidently affects the abrupt drought-flood

transition in the MLRYR.

Figure 6a shows the time series of IISO and rain-

fall over the MLRYR. The correlation coefficient be-

tween the two series is 0.4387. The structure of the

ISO time series over this time period is wavenumber

3. The largest amplitude cycle in this wavenumber-

3 pattern occurred during mid May and late June,

with the drought and flood periods corresponding to

the negative and positive phases of the cycle, respec-

tively. The minimum IISO during this cycle (ap-

proximately –9.3×10−6 s−1) occurred on 21 May and

the maximum IISO (approximately 13.8×10−6 s−1)

occurred on 15 June. The correlation between the

time series of IISO and the ISO rainfall anomaly is

considerably higher, with a correlation coefficient of

0.8717 (Fig. 6b). The amplitude and phase of the

IISO series correspond almost exactly to the ampli-

tude and phase of the ISO rainfall series over this

period. The ISO rainfall anomaly explains approxi-

mately 36.3% of the total variance in rainfall. IISO

as defined above is well correlated with MLRYR pre-

cipitation and successfully reflects the characteristics

of the abrupt drought-flood transition. The most

intense wave cycle of the IISO is divided into eight

phases according to the method described by Mao and

Wu (2005). Phases 1 and 5 are transitional phases,

with Phase 1 representing a transition from positive

to negative and Phase 5 representing a transition

from negative to positive. Phases 3 and 7 represent

the trough and crest of the wave cycle, respectively.

Fig. 6. (a) Observed precipitation (dashed line; mm) and (b) ISO precipitation (dashed line; mm) over the MLRYR

from 1 March to 1 July 2011. The ISO index time series (solid line; 10−6 s−1) is shown in both panels, with the eight

phases marked by the numbers 1 to 8.
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Phases 2, 4, 6, and 8 represent the times when the am-

plitude reaches half-minimum or half-maximum. The

dates of each phase are provided in Table 1 (the labels

correspond to the numbers plotted in Fig. 6). Phases

1 to 4 correspond to the drought period and together

make up the “dry phase”, while phases 5 to 8 corre-

spond to flood period and together make up the “wet

phase”. The evolution of the ISO circulation from the

drought period to the flood period is explored in the

next section.

Table 1. Dates corresponding to each phase of the ISO index during the drought and flood periods

Category Phase Date Phase Date Phase Date Phase Date

Dry phase 1 12 May 2011 2 16 May 2011 3 21 May 2011 4 30 May 2011

Wet phase 5 3 June 2011 6 8 June 2011 7 15 June 2011 8 24 June 2011

4.3 Evolution of the ISO circulation

The results presented above show a clear connec-

tion between ISO-related circulation variability and

the abrupt transition from drought to flood in the ML-

RYR. We now examine the evolution of ζ ′
p
, u′, and v′

with respect to the phases of the ISO. The value of

each variable is defined for each phase by taking a 3-

day mean centered on the date of the phase as listed

in Table 1.

Figure 7 shows latitude-height cross-sections of

ζ ′
p
in each phase, averaged between 110◦ and 122◦E.

The pattern during the dry phase was opposite to the

pattern during the wet phase. During the dry phase,

ζ ′
p
was positive in the upper troposphere and nega-

tive in the mid-lower troposphere over the MLRYR

(bounded by the two yellow dotted lines). During

the wet phase, the opposite was true. The pattern

of ζ ′
p
during the dry phase indicates an ISO-related

upper-level cyclone and lower-level anticyclone, while

the pattern of ζ ′
p
during the wet phase indicates an

upper-level anticyclone and a lower-level cyclone. The

ISO-related circulation during the dry phase contained

anomalous convergence in the upper layer and diver-

gence in the lower layer, which favored descent over

the MLRYR. By contrast, the ISO-related circulation

during the wet phase contained divergence in the up-

per layer and convergence in the lower layer, which

favored a vertical pumping effect over the MLRYR.

This pumping effect, which was caused by the upper

tropospheric anticyclone, led to sustained ascending

motions over the MLRYR during the wet phase.

The sign of ζ ′
p
in the upper troposphere over the

MLRYR was the same as that over the north of Lake

Baikal (bounded by the two red dotted lines) and was

opposite to that over northern China (bounded by the

two blue dotted lines). The distribution of ζ ′
p
during

the dry phase favored the westward propagation of

zonal wind anomalies. Chen et al. (2005) concluded

that the southward propagation of ISO signals from

MHL is primarily caused by horizontal advection of

westerly momentum and temperature. The southern

flank of westerly u′ in the upper troposphere was lo-

cated near 35◦N during the dry phases (Figs. 8a–8d),

then shifted southward to approximately 25◦N during

the wet phases (Figs. 8e–8h). This shift is consistent

with the southward propagation of westerly u′ shown

in Fig. 3. Chen et al. (2005) reported that the merid-

ional circulation in the lower-mid troposphere can shift

the ISO anticyclone in MHL southward, allowing the

anticyclone to interact with low-latitude weather sys-

tems. The circulation pattern during the dry phase fa-

vored the southward propagation of westerly u′. The

following paragraph provides a more detailed phase-

by-phase analysis of the primary features of the ISO

circulation.

During Phase 1, ζ ′
p
was negative in the upper tro-

posphere over most of the MHL of Eurasia (Fig. 7a).

The center of this negative ζ ′
p
was located between 30◦

and 40◦N. The anticyclonic anomaly at MHL resulted

in a negative u′ (an easterly wind anomaly) at 200 hPa

to the south of ∼35◦N and a positive u′ (a westerly

wind anomaly) to the north (Fig. 8a). The circula-

tion in the upper troposphere over the MLRYR was

therefore anticyclonic, with an easterly wind anomaly.

During Phase 2, ζ ′
p
was positive and the circulation
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was cyclonic in the upper troposphere over east of Lake

Baikal (Fig. 7b). The value of ζ ′
p
transitioned from

negative to positive over the MLRYR, but was still

negative (with an anticyclonic circulation) over north-

ern China. Accordingly, the zonal wind anomaly over

the MLRYR was easterly (Fig. 8b). During Phase 3,

ζ ′
p
was positive in the upper troposphere over the ML-

RYR (with a maximum value of more than 10×10−6

s−1) and the zonal wind anomaly was still easterly

(Fig. 7c), but the zonal wind anomaly over the area

to the north of the MLRYR was gradually becoming

westerly (Fig. 8c). The positive ζ ′
p
to the east of Lake

Baikal increased from that observed during Phase 2

(Fig. 7c), leading to an easterly wind anomaly north

Fig. 7. Phase-by-phase evolution of latitude-height sections of ζ ′p (10
−6 s−1) averaged between 110◦ and 122◦E. (a)–(h)

denote phases 1–8 respectively. Green and gray shadings indicate positive and negative values of ζ ′p, respectively. The

yellow, blue, and red dashed vertical lines denote the latitude ranges of areas A, B, and C, respectively (see Fig. 6).
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Fig. 7. (Continued.)

of 55◦N (Fig. 8c). Phase 3 was the most intense

dry phase, and contained the strongest positive value

of upper tropospheric ζ ′
p
over the MLRYR. By con-

trast, Phase 4 was a decaying phase. The maximum

ζ ′
p
in the upper troposphere over the MLRYR (5×10−6

s−1) was half that observed in Phase 3. Moreover,

ζ ′
p
was already weakly positive over northern China

(Fig. 7d). This change caused the high-latitude west-

erly wind anomaly to propagate southward and weak-

ened the easterly wind anomaly in the upper tropo-

sphere over the MLRYR (Fig. 8d). Phases 5 and 6

were transitional phases between the dry phase and

the wet phase. Upper tropospheric ζ ′
p
gradually be-

came negative over both the MLRYR and the east of

Lake Baikal, and positive over northern China (Figs.

7e–7f). The zonal wind anomaly in the upper tropo-

sphere over the MLRYR became westerly, while that

over the south of the MLRYR became easterly (Figs.

8e–8f). Phase 7, which contained the strongest nega-

tive value of upper tropospheric ζ ′
p
over the MLRYR

(more than 10×10−6 s−1), was the most intense wet

phase. The values of ζ ′
p
over the area east of Lake

Baikal were also strongly negative, while those near

northern China were positive (Fig. 7g). The negative-

positive-negative pattern in upper tropospheric ζ ′
p
was

accompanied by a westerly-easterly-westerly pattern

in u′ from high latitudes to the MLRYR, with easterly

anomalies south of the MLRYR (Fig. 8g). All of the

dominant patterns observed during Phase 7 are oppo-

site to those observed during Phase 3. Phase 8 repre-

sented the decay of the wet phase. The values of ζ ′
p
in

the upper troposphere over the MLRYR, over northern

China, and over the region east of Lake Baikal were all

weaker during Phase 8 than during Phase 7 (Fig. 7h).

The westerly wind anomaly in the upper troposphere

over the MLRYR was also substantially weakened

(Fig. 8h).

The patterns of both ζ ′
p
and u′ over the MHL

of East Asia were distinctly different between the dry

and wet phases. During the driest phase (Phase 3),

the circulation in the upper troposphere over the ML-

RYR was cyclonic, with convergence and an easterly

wind anomaly. These conditions do not favor precipi-

tation. During the wettest phase (Phase 7), the circu-

lation was anticyclonic, with divergence and a westerly

wind anomaly. These conditions do favor the develop-

ment of rainfall. The sign of ζ ′
p
over the east of Lake

Baikal was also the same as that over the MLRYR

during both the driest and wettest phases. The ISO-

related circulation anomaly over East Asia contained

a cyclonic-anticyclonic-cyclonic wave train from high

latitudes (near Lake Baikal) to low latitudes (the ML-

RYR) during the driest phase, and an anticyclonic-

cyclonic-anticyclonic wave train during the wettest

phase.

5. Conclusions and discussion

NCEP/NCAR daily reanalysis data and Chinese

daily gridded precipitation data have been used to an-
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Fig. 8. Phase-by-phase evolution of the distribution of u′ (m s−1) at 200 hPa. (a)–(h) denote phases 1–8 respectively.

Gray and blue shadings indicate the easterly and westerly wind anomalies, respectively.
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Fig. 8. (Continued.)

alyze the characteristics of the abrupt drought-flood

transition over the MLRYR in May and June 2011

and its relationship with the meridional structure of

the ISO circulation at mid-high latitudes over East

Asia. The principal findings of the current study are

as follows.

(1) The abrupt drought-flood transition over the

MLRYR occurred in early June 2011. A northward-

propagating 200-hPa westerly wind anomaly from low

latitudes and a southward-propagating 200-hPa west-

erly wind anomaly from high latitudes converged in

the upper troposphere over the MLRYR at the begin-

ning of June. The upper troposphere over the ML-

RYR was characterized by convergence and an east-

erly zonal wind anomaly during the drought period.

By contrast, it was characterized by divergence and a

westerly wind anomaly during the flood period.

(2) The distribution of ζ ′
p
during the drought-

flood period has been used to define an ISO index.

This index is related to the MHL circulation over

East Asia and is positively correlated with rainfall

over the MLRYR. During the dry phase (phases 1

to 4; see Table 1 and discussion in the text), the

ISO-related circulation anomaly over the MLRYR was

cyclonic in the upper layer and anticyclonic in the

lower layer. This circulation led to convergence in

the upper layer and divergence in the lower layer,

which favored descending vertical motion. The sit-

uation was reversed during the wet phase (phases 5

to 8), creating a pumping effect and sustained ascend-

ing motion over the MLRYR. The meridional cyclonic-

anticyclonic-cyclonic wave train during the dry phase

had a significant influence on the southward propaga-

tion of the upper tropospheric westerly wind anomaly

during the drought period. The anticyclonic-cyclonic-

anticyclonic wave train during the wet phase acted to

maintain the pumping effect and sustained ascending

motion over the MLRYR. Upper tropospheric zonal

wind anomalies over the MLRYR were easterly during

the drought period and westerly during the flood pe-

riod.

This study has focused on the association between

rainfall and the meridional circulation at MHL over

East Asia, but this type of rainfall event is also affected

by several other factors. These factors include the po-

sition of the western Pacific subtropical high (Wu et

al., 2006; Gong et al., 2004) and ISO-related varia-

tions in the zonal circulation at high latitudes (Yang,

2001), among others. Gong et al. (2004) found that

rainfall over the YHRB is centered on the northern

edge of the subtropical high (at the 5880-gpm line),

where high-latitude air meets midlatitude air. From

the perspective of synoptic meteorology, this interac-

tion is a convergence of cold and warm air masses.

Yang (2001) studied the relationship between the in-

terannual variability of drought-flood transitions over
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Fig. 9. Time series of IPV′ at 325 K (curve) and precipitation anomaly over the MLRYR (columns) from 10 May to

30 June 2011.

the MLRYR and ISO-related circulation variability

over Eurasia during the summer season. They found

wave trains propagating at MHL over Eurasia in ISO

geopotential height anomalies at 500 hPa, and re-

ported that the intensity of the wave trains was closely

correlated with the frequency of flood periods. Fig-

ure 9 shows that this abrupt drought-flood transition

is also closely associated with cold air supplied by

the ISO circulation. Although changes in isentropic

potential vorticity (IPV) are often used to represent

transport of cold air (Ding and Ma, 2008; Li et al.,

2010), Zhao and Ding (2009) showed that this trans-

port is best represented by low-frequency IPV. Here,

air masses near the MLRYR are represented using

IPV at 325 K (Shou, 2010) averaged over the region

25◦–32◦N, 110◦–122.5◦E. The standardized IPV′ and

rainfall anomaly time series are positively correlated

with a correlation coefficient of 0.5103. This result

indicates that the abrupt drought-flood transition

over the MLRYR in 2011 was closely related to low-

frequency atmospheric transport activity.

The low-frequency oscillations in the rainfall are

primarily expressed in the peak value of precipitation.

The negative values result from filtering. This study

has focused on the correlation between low-frequency

variability in the circulation and the original rainfall

field; the local rainfall is therefore not a principal

concern. The abrupt drought-flood transition can be

discussed in terms of low-frequency variability because

the original rainfall field contains a low-frequency os-

cillation throughout the transitional stage. This study

has only analyzed the low-frequency evolution of the

circulation during the period of the abrupt drought-

flood transition. Additional research should examine

the features and causes of this circulation variability

more thoroughly.
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