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ABSTRACT 

The 1998 summer-time floods at the Yangtze River basin of China, the severest in last 50 years or so, 
directly resulted from the abnormal extension of Meiyu (rainy season), which was related to a weak East 
Asian summer monsoon and persistent anomalies of extratropical circulation. The long persistence of block- 
ing over the Ural Mountains is a conspicuous feature. The physical processes responsible for the prolonged 

maintenance of this key system are investigated in terms of internal forcing (transient eddy upon basic flow) 
and external forcing (tropical heating forcing) via diagnosis and numerical experiments in the paper. 

Using the adjoint method, the location and structure of optimal perturbations favorable for the devel- 
opment and maintenance of Ural blocking are identified, which shows an apparent coincidence with the ob- 
served storm track at the eastern Atlantic to Europe sector. The diagnosis of E-vector and the response of 
baroclinic stationary wave to transient forcing both suggest further that the enhanced transient eddy activity 
favors the occurrence and maintenance of positive anomalies. 

The upper-level jet and heat sources (sinks) during that period are calculated, and the results indicate 
that the anomaly of upper jet and tropical heating is evident. The ensemble forecasting experiments by a 
GCM, IAP T42L9 show that the anomalous heating over the tropics, especially over the central-western 
Pacific and Atlantic, favors the formation of positive anomalies of height at the Ural region. Finally, a 
self-sustain mechanism of positive anomalies through two-way interaction between planetary stationary 
wave and transient eddy under the stimulation of anomalous tropical heating is proposed. 

Key words: 1998 floods in China, Blocking high over the Ural Mountains, Tropical abnormal heating, 
Transient eddy, Two-way interaction 

1. Introduction 

The 1998 floods at  the Yangtze  River  bas in  in Ch ina  are the second severest in the 20th 

century  next  to 1954. Its direct and  p r imary  cause is the a n o m a l o u s  ex tens ion  of  Me iyu  ( ra iny 

season) (Tao et al., 1998; H u a n g  et al., 1998), which, in turn ,  is closely associated with anoma-  

lous circulat ion.  There existed three a n o m a l o u s  aspects o f  a tmospher ic  c i rcu la t ion  over East  

Asia (Yan, 1998): (1) I T C Z  is weaker t h a n  normal ,  a nd  thus there are less t ropical  s torms 

over the t ropical  western Pacific; (2) b locking  pat terns  emerge f requent ly  at  middle  a nd  high 

latitudes, especially over the Ura l  M o u n t a i n s  a nd  the Okho t sk  Sea; (3) the subt ropica l  high 

~This  work was supported by the CAS Key project KZCX2-203 the Research Program for the Excel- 

lent State Key Laboratory (Grant No.49823002), and the Study on Formation Mechanism of Key 

Weather Disaster in China (Grant No. 97-13G-21).  



88 Advances in Atmospheric Sciences Vol. 18 

over the western Pacific (hereafter, SHWP) is weaker and situated in a position south of  the 
normal. So the anomalous lasting of  the blocking high over the Ural Mountains is an impor- 
tant aspect of  circulation pattern, as was also found by other researchers (Bi, 1998; Yang, 
1998). There have been less studies on summer-time Ural blocking so far in comparison with 
those over Northeast Asia, especially over the Okhotsk Sea, which is associated with abnor- 
mal Meiyu more closely. But the twin blocking pattern with one over the Ural Mountains and 
the other over the northeastern Asia is an important pattern resulting in Meiyu, especially 
during the middle and later phases (Zhu et al., 1982). The floods at the Yangtze River basin 
are usually related to the prolonged Meiyu period, therefore it is essential to study the forma- 
tion and maintenance of  Ural blocking, in particular, those of prolonged persistence. 

There are many theories on the formation and maintenance of blocking, among which 
the forcing from synoptic-scale transient eddy (internal forcing) upstream and that of heating 
source (external forcing) are widely cited (Shutts, 1983; Shukla and Wallace, 1983). Liu and 
Wu (1996) studied the maintenance of  the blockings over the North Pacific, the North 
Atlantic Ocean and Alaska individually, and found that the relative importance of transient 
eddy is different. Nakamura et al. (1997) compared the roles of transient eddy and low-fre- 
quency wave in the blockings over Europe and the Atlantic individually, and pointed out that 
the quasi-stationary wave train plays a more important role than transient eddy in the block- 
ing over Europe, while it is contrary over the Pacific. The low-frequency wave is related to 
external forcing, especially the tropical heat sources. Lu and Huang (1996) conducted numer- 
ical experiments to study the impact of the SSTA over the tropical western Pacific upon the 
blockings over the northeastern Asia, and pointed out that the negative SSTA is in favour of 
the maintenance of the blocking. Tropical heating can also influence blocking through the 
Hadley circulation, upper jet and transient eddy indirectly. 

The strongest ENSO event in the last century occurred in 1997/98,  which reached its 
peak in December 1997 and began to retreat from May 1998. There was a band of cold water 
along the equator near the dateline in June. It is under the background of  ENSO event that 
the floods occurred. Some studies (e.g. Tao et al., 1998; Huang et al., 1998; Yan, 1998, etc.) 
suggest that the abnormal precipitation in summer over the Yangtze River basin does not re- 
sponse to ENSO as directly as that over the. areas such as South America, North African and 
Indian monsoon areas, but is related to the evolution of  events. And the floods are likely in 
the following, rather than the current, year of an ENSO event. However the physical mecha- 
nism underlying remains unclear. 

The long maintenance of the blocking over the Ural Mountains is studied in terms of two 
aspects, namely internal and external forcing, especially tropical heating. This paper is written 
in five sections. In Section 2 the persistent anomaly of circulation over the Ural Mountains is 
defined, and its connection with abnormal Meiyu is investigated. In Section 3 the long main- 
tenance of  the blocking over the Ural Mountains is diagnosed, and the roles of  transient eddy 
and tropical anomalous heating are explored. Section 4 is the numerical experiments, in which 
the contribution to the blocking from the synoptic-scale transient eddy is estimated by a 
baroclinic linear stationary wave model (Ting and Held, 1990), and that from abnormal heat- 
ing over different tropical areas is studied through ensemble experiment of a global GCM, 
IAP T42L9. The last section contains a summary and discussion. 

The data set used here includes N C A R / N C E P  reanalysis from 1980 to 1997 for grids of 
2.5 by 2.5 longitude-latitude degrees. And for the 1998 data, NCEP analysis was used instead 
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for lack of N C A R / N C E P  reanalysis in 1998, which has been interpolated into the same 
grids. All data include 12 vertical levels of 1000, 850, 700, 500, 400, 300, 250, 200, 150, 100, 
70, 50 hPa. 

2. The floods in China in the 1998 summer and the blocking over the Ural Mountains 

Here blocking is studied in terms of the persistent anomaly, the threshold of which can be 
seen in Li and Ji (2000), and will be introduced briefly below. First we choose a key point to 
represent an interesting area, then calculate the departure of geopotential height from the sea- 
sonal trend at 500 hPa, and normalize it by the zonal-average standard variance. The season- 
al trend is fitted by the daily climate with the least quadric method as Dole and Gordon 
(1983) (DG83 hereafter). If the normalized anomaly at the key point is greater than 0.9 (less 
than -0.9) and persists for more than 10 days, then a case of positive (negative) persistent 
anomaly can be defined. The height has been filtered by 5-day-running mean in order to re- 
move the impact upon the case definition by the synoptic-scale transient eddy. According to 
this threshold, the global distribution of persistent anomaly case is calculated in the boreal 
winter and summer from 1980 to 1997, and the results over the extratropics in winter /sum- 
mer are in agreement with DG83, and Li and Ji (1994), respectively. Although the definition 
is just a modification of DG83, it is suitable for global analysis but the latter suitable only for 
the extratropics. 

We choose (60~ 60~ as the key point of the region over the Ural Mountains. The 
threshold 0.9 of normalized anomaly corresponds to different height anomaly at different lati- 
tudes, and is equivalent to about 82 gpm over the Ural Mountains (Li and Ji, 2000). By this 
threshold the cases in the 1998 summer can be identified. The results show that there is a per- 
sistent positive anomaly case (blocking) with the duration of 19 days from 17 July to 4 
August, and a negative one with the duration of 11 days from 25 June to 5 July respectively. 
The another positive one lasts only 8 days from 11 to 18 June, and does not meet the persist- 
ence threshold of 10 days, thus is not included. The first positive case is the longest in last 20 
years or so (Li and Ji, 2000). Comparing with the Meiyu period (Tao et al., 1998), we can see 
that the period of positive anomalies (blocking) corresponds to the second stage of the Meiyu, 
and the negative to the intermittence between the two stages. The second stage of Meiyu plays 
a direct role in the formation of severe floods. We will focus on the Ural blocking in the fol- 
lowing. 

Figure 1 is the composite height and anomaly at 500 hPa during the blocking period. One 
can see a strong blocking high over the Ural Mountains, and the "twin blocking" pattern over 
Eurasia, with the other blocking over the eastern Siberia and a deep trough over the Lake 
Baikal. Correspondingly there are positive centers with maximum departure of 14 dam over 
the Ural Mountains and 10 dam over the eastern Siberia respectively (Fig. lb). Negative 
anomalies extending from North China and the middle reaches of the Yangtze River to the 
southern Japan indicate that SHWP is weaker than normal. Under the background of this 
stable flow pattern, the confluence of cold and dry air from the north with warm and moist 
flow along the northwestern flank of SHWP dominates the Yangtze River basin, thus leading 
to the recurrence of Meiyu. This suggests that the long persistence of the Ural blocking is 
closely related to the recurrence of Meiyu, i.e. the prolonged rainy season, and thus is one of 
the key contributor to the floods. 
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Fig. 1. Composite height and anomalies at 500 hPa from 17 July to 4 August in 1998 Unit: dam. 
(a) height (b) height anomaly to climate. 

3. Diagnosis on the maintenance of Ural blocking 

To shed some light on the long persistence of  the Ural blocking, two factors have been 
investigated: the internal forcing by the transient eddy and the external forcing by the tropical 
anomalous diabatic heating. 

3.1 The contribution from synoptic-scale transients -adjoint optimal sensitivity perturbation 
(OSP) and E-vector analysis 

The contribution from transient forcing is well acknowledged. However, the favorable 
transient cannot be arbitrary. One may ask: given a target area, where and what kind of  struc- 
ture a perturbation is that contributes most to a specific weather system in that area. This 
perturbation is called optimal sensitivity perturbation (OSP hereafter), and can be calculated 
by the adjoint technique in a linear framework, given a slow-varying basic flow in finite time 
(Yang et al., 1998a). Yang et al. put forward the concept of  OSP and used this technique to 
make a comparative analysis for 1991 floods and 1985 drought in the Yangtze and Huaihe 
River basin. For  our  case, the target will be the blocking (negative vorticity) over the Ural 
Mountains area. 

The OSP under the basic flow of  the 1998 blocking period is calculated with the model as 
Yang et al. (1998a). F rom Fig. 2a one can see that the OSP favoring the development of  
blocking over the Ural Mountains in 4 days is mainly situated over the areas: (1) negative 
vorticity area from the Arabia to the eastern Nor th  Atlantic with the center over the 
Mediterranean Sea, (2) positive vorticity area from the central Asia and Caspian Sea to the 
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Fig. 2. Optimal sensitivity perturbation in vorticity field for Ural blocking case in 1998. The inter- 

val of  contour 2 x 10 -5 1 / s and the magnitude have only relative meaning. (a) t = 4d; (b) t = 8d. 

northern Europe, (3) negative vorticity area from Ural eastward to the Lake Baikal. One can 
see that the first two of  the OSP are in N W - S E  orientation, and a perturbation to the south 
of  a jet with this kind of  orientation, i.e. a leading structure, is apt to extract energy from ba- 
sic flow and develop. Figure 2b shows the OSP for the finite time of  8 days. As expected, the 
basic feature is similar to Fig. 2a, except for a slight phase shift and the train of  centers with 
alternate signs extending further southwest. Besides, the OSP centered at the Mediterranean 
Sea stretches southeastward with another  center appearing at the Bay of  Bengal. Initial 
perturbations with major projection on these OSP will favor the development of  Ural  block- 
ing in 8 days. 
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In order to investigate the connection between the transient eddy activity and the optimal 
sensitivity perturbation during this period, we have calculated the observed synoptic-scale 
eddy distribution, and compared with the climatological mean of the same period. Here we 
adopt the mean variance of synoptic-scale eddy height to represent the strength of transient 
eddy activity using a 31 points filter (Sun, 1992). In Fig. 3, it is shown that the eddy activity is 
more frequent than the climate over the northern Pacific and Atlantic, especially from the 
central North Atlantic to the western Europe around the point (20~ 60~ In comparison 
with Fig. 2, one can see that the intensified eddy activity center is just situated in one of the 
optimal sensitivity perturbation centers, which suggests that the anomalous synoptic-scale 
perturbations favor the maintenance of the Ural blocking. Whether this coincidence is just an 
incident or there is some mechanism behind to lead the two into a consistent manner is an in- 
teresting problem to be further studied. 

In order to investigate further the role of synoptic scale eddy in the maintenance of the 
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Fig. 3. Synoptic scale transient eddies distribution during Ural blocking and its comparison to the 

climate mean. (a) 17 July to 4 August 1998; (b) climate mean from 17 July to 4 August; (c) (a)-(b). 

Unit: 102 m 2. 
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Fig. 4. Mean synoptic-scale eddies E-vector (a) from 17 July to 4 August and its divergence (b), 

In  (a) the length of E-vector at the point (60~ 70~ represents  8.95 m 2 s -2, in (b) the interval is 
10 -5 m s -2. 

Ural blocking, E-vector of  synoptic-scale eddy and its divergence are calculated (Fig. 4). The 
divergence of  E-vector indicates the transient eddy forcing upon the t ime-mean basic flow, 
and westerlies will accelerate (decelerate) where E-vector diverges (converges) (Hoskins et al., 
1983). 

j~--'__-- (V/2 - -  U / 2 , -  U/V/) 

From Fig. 4, it can be seen that there is a convergence of  E~over the Ural Mountains and 
the west flank, while divergences on the south and north, which suggest that the 
synoptic-scale eddies make the westerlies decelerate over the Ural Mountains and separate 
into two branches on the south and north individually, and thus favor the maintenance of  the 
blocking. The maximum area of  synoptic-scale eddy activity is just located upstream of  
E-vector convergence over the Ural Mountains, thus plays an important role in the mainte- 
nance of  the blocking, which is consistent with the OSP analysis above. 

3.2 Upper-level jet and tropical heating during the blocking period 

It is natural to ask why the synoptic-scale transient eddy activity is so frequent at the 
sector from the northwestern Atlantic to western Europe during the period. Since there exists 
interaction between the large-scale upper jet and the synoptic-scale transient eddy, and the 
position of  maximum eddy activity is usually situated in the poleward side of  upper jet exit, 
we will address the problem from the point that upper jet will modulate and steer transient ac- 
tivity. 

Here the zonal wind u at 200 hPa is used to analyze the upper jet. Figure 5 shows u-wind 
during the period and the climatological mean of  the same period is also given for 
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Fig. 5. Zonal  wind speed at 200 hPa during 1998 case and its comparison to climate mean. Unit: 

m / s .  (a) F rom 17 July to 4 August  1998; (b) climate mean  from 17 July to 4 August ;  (c) (a)-(b). 

comparison. F rom Fig. 5 we can see that the zonal wind is greatly different from the climate 

in several aspects: (1) the upper jet at mid-lati tudes from Eurasia to the Pacific extends 

eastward and bifurcates into two branches. The eastern branch is situated over the central Pa- 

cific with the maximum speed of  20 m / s ,  and the western branch over the central Asia with 

the maximum speed over 35 m / s ,  greater than the climate mean of  30 m / s .  (2) The mid-lat- 

itude jet from northern America to the Atlantic extends eastward with the contour 20 m / s  

covering from the central North  Atlantic to western Europe, the maximum speed being more 

than 30 m / s ,  5 m / s  greater than the climatological mean near the jet core. The jet track is 

longer but  narrower with easterly anomalies on the south and north of  the track (Fig. 5c). (3) 

The easterly jets over the tropical East Pacific and Atlantic shift a bit northward. The position 

with the maximum synoptic-scale transient activity is just situated at the poleward side of  the 

jet exit over Nor th  America and the Atlantic, which demonstrates that the enhancement of  

synoptic-scale transient activity is tied to the jet anomaly. 

To go a step further, we will examine what is behind the anomalous jet during the period 
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in the following. The formation of the large-scale upper westerly jet is related to the conver- 
sion of potential energy into kinetic energy in the frontal zone, and the local Hadley circula- 
tion has a direct influence on the frontal zone and upper jet. The vertical meridional circula- 
tion over the sector from North America to the Atlantic (120-10~ during the case period 
was calculated, and the strengthening of Hadley circulation can be found (not shown) com- 
paring with the climate, which can be seen from the strengthening of the subtropical high over 

the Atlantic too (see Fig. 1). 
One of the factors to drive Hadley circulation is tropical heating. Mo et al. (1994) simu- 

lated the response of extratropics to SSTA in the tropics, and found that the positive SSTA 
will intensify the convection and hence the local Hadley circulation, and change the position 
and strength of upper divergence flow. Consequently, the position and strength of upper jet 
will change, and then the synoptic-scale eddies will be re-organized. The tropical heat 
sources (sinks) will also influence middle and high latitudes by the triggering of Rossby wave. 
The above results naturally lead us to look into the feature of tropical thermal forcing. 

Figure 6 shows the distribution of apparent heat sources derived from the residual meth- 
od (Yanai et al., 1973). Climate mean is calculated daily from 17 July to 4 August of 
1987-1996. In Fig. 6, there are several regions with the positive heating anomaly greater than 
100 W / m  2 over the tropics or subtropics of the Northern Hemisphere: (1) from the tropical 
East Pacific to the west of North America, central America and the tropical Atlantic, (2) from 
the south end of the Indian peninsula to the Arab Sea and the Central East Africa, (3) from 
the Korea peninsula to South Japan, and the western North Pacific. There are several regions 
with the negative anomaly (cooling) lower than -100 W/m2:  (1) most of the area along the 
equator and the tropical central western Pacific (2) from Indo-China Peninsula to South 
China, (3) the central-west of the subtropical Atlantic. The joint effects of the positive heat- 
ing anomaly from the tropical East Pacific to central America, the equatorial Atlantic and the 
cooling over the region of the subtropical western Atlantic will result in the strengthening of 
the local Hadley circulation, hence the acceleration of the upper jet over North America to 

the central Atlantic. 
The results above show that the anomalous heating distributes over the whole tropics, 

but each anomalous heating center may have different contribution to the maintenance of the 
Ural blocking. Trenberth and Branstator (1992) used a linear primitive equation spectral 
model to estimate the contribution of heating at different positions to the formation of anom- 
aly circulation resulting in 1998 drought over North America. We will conduct numerical ex- 
periments to study the contribution to the maintenance of the Ural blocking from these 
anomalous tropical heating centers, individually. 

To look for the cause of tropical anomalous heating, it is natural to link to the SSTA. 
The strongest ENSO of the 20th century happened in 1997 / 98, and +SSTA with a maximum 
greater than 2.5~ over the equatorial eastern Pacific lasting till May 1998. Although -SSTA 
had begun to emerge over the equatorial central Pacific at the beginning of June 1998, -SSTA 
was mainly confined in the area (5~176 180-120~ till the end of July, while +SSTA re- 
mained evident over the east of 120~ especially with +SSTA~ +2.5~ north of 10~ 
(Huang et al., 1998). It can be seen that the positive/negative heating anomaly centers well 
correspond to the positive/negative SSTA in most tropical areas, which indicates that 
anomalous tropical heating during this period is related to the background of ENSO event. 
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Fig. 6. Column heating during 1998 case and comparison to climate mean. (a) 17 July to 4 August 
in 1998; (b) climate mean from 17 July to 4 August; (c) (a)-(b). The interval of contour is 50 Wm -2, 
but 100 when the value is greater than 100 in (c). 

4. Numerical analysis 

4.1 The effect o f  transients 

I t  is diff icul t  to es t imate  the c o n t r i b u t i o n  o f  t rans ien t  forcing a n d  d i aba t i c  heat ing by  

G C M  because  o f  non l inea r  in terac t ion ,  so we use a ba roc l in i c  l inear  s t a t i o n a r y  m o d e l  (Ting 

and  Held ,  1990) to add res s  this p rob lem.  The h o r i z o n t a l  r e so lu t ion  o f  the mode l  is 

r h o m b o i d a l  R15,  a n d  there  are  nine ver t ica l  a levels wi th  unevenly  d i s t r i bu t ed  a values 
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Fig. 7. (a) Thermodynamic forcing FTemp at 700 hPa during the blocking period. Unit: 10 -6 K s -1. 

(b) The stationary response of  500 hPa height to the transient forcings. Unit: dam and the interval 

is 5. (c) The stationary wave response of  200 hPa zonal wind to transient forcings. Unit: m / s  and 

the interval is 5. 

(0.025, 0.095, 0.205, 0.350, 0.515, 0.680, 0.830, 0.940, 0.990). The basic state 
(~,D(u,v),T,6,1n(Ps)) is defined as the mean during the case period and can be calculated by 
NCEP daily analysis. The forcing terms in the model include the diabatic and the transient 
forcing. Dissipative terms include Rayleigh friction, Newtonian damping, and biharmonic 
diffusion in the vorticity, divergence, and thermodynamic equations. Here transient forcing is 
calculated of synoptic scales, and they can be expressed as follows in the pressure coordinate. 

Fvo r = _ V o (V' h ~') , 

1 V 2  �9 VI] FDiv = - -  k o V x ( V 1 h ~ ' ) - -  ~ 

= _ ( p ) Jc, 
FTemp \ ~ 0  / ( V ~  (V'hO')~ ~P ) " 
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To shed light on the strength of transient forcing, Fig. 7a displays the distribution of 
transient thermodynamic forcing FTemp at 700 hPa. Figures 7b, c are the responses of 500 hPa 
height and zonal wind at 200 hPa of stationary wave respectively. The maximum response of 
height is situated at the Ural Mountains, which illustrates the contribution of the transient 
forcing to the positive height anomaly at 500 hPa, or to the maintenance of Ural blocking. 
From Fig. 7c, it can be seen that transient forcing is in favor of the weakening of zonal wind 
at 200 hPa at the Ural Mountains and intensification over the area south and north to of the 
Ural Mountains respectively, thus favorable for Ural blocking. These results of the linear sta- 
tionary wave are in agreement with the diagnosis above. 

4. 2 The effect of  abnormal tropical heating 

We conduct ensemble integration experiments with 5 members to investigate the contri- 
bution of tropical anomalous heating to the maintenance of blocking. The model adopted 
here is IAP T42L9, a global spectral model developed by Ji et al. (Ji et al., 1990; Zhang et al., 
1995). Its dynamic frame is formed by introducing hydrostatic extraction on the basis of 
ECMWF version with triangle truncated wave number 42 in horizontal, and 9 levels in the 
vertical using the terrain-following sigma coordinate ( a = p / P s  ). The main physical pro- 
cesses include radiation, vertical turbulent transfer, surface process, large-scale condensation 
and cumulus convection, horizontal diffusion, subgrid-scale gravity wave drag, etc. Zhang et 
al. (1995) also conducted a series of forecasting experiments, and showed that the model has 
good performance, and can forecast some complex synoptic processes such as the termination 
of Meiyu, the northward shift of the subtropical high, and the evolution of some tropical 
storms well. 

Here total 6 sets of experiments with 5 members in each of them are carried out, and the 
specification is described as follows. 

Experiment 1, i.e. control run (denoted as CLI ht): the diabatic physical processes of 
the model are turned off, and model heating is replaced by climate mean heating over the 
tropics (30~176 during the blocking period and remains constant in the integration. 

Experiment 2 (denoted as 98HT): as CLI ht but model heating over the tropics is re- 
placed by the mean heating during the period. 

Experiment 3 (denoted as 98HT EP): as 98HT but only the heating over the East Paci- 
fic (135-80~ 0~176 replaced. 

Experiment 4 (denoted as 98HT___INAF): as 98HT but only the positive heating over the 
tropical Indian Ocean and North Africa (0~176 15~176 replaced. 

Experiment 5 (denoted as 98HT WCP): as 98HT but only the heating over the tropical 
central and West Pacific (90-135~ 15~176 replaced. 

Experiment 6 (denoted as 98HT___ AA): as 98HT but only the heating over the 
mid-America and the tropical Atlantic (130~ ~ 15~176 replaced. 

The regions with changed heating above are showed in Fig. 8a. The NCEP analysis of 
1200UTC 14, 15, 16 July and 0000UTC 15, 16 July, 1998 are used as initial fields of each 
ensemble experiment, and the integration time is 15 days. We use the ensemble mean of inte- 
gration valid for 20-29 July. Here two factors have been considered: (1) integration within the 
spin-up time of the model is removed; (2) all experiments are on extended-range scale, and 
there will be greater errors with longer integration time. Figures 8b, c display the evolution of 
global root mean square (RMS) vorticity, total kinetic and potential energy for the experi- 
ment CLI ht, 98HT respectively, both of which have the same initial field of 1200 UTC, 14 
July. It can be seen that these statistical variables approach a steady state after the integration 
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Fig. 8. Regions with changed heating for all experiments and the evolution of some statistical va- 
riables with time. (a) Regions with heating changed, and the background is the heating anomaly as 
Fig. 6c, (b) global RMS vorticity, unit: 10 --4 s -1, (c) Total kinentic and potential energy, unit: 105 
kg m 2 s -2 and 10 s kg m 2 s -2 individually. In (b) and (c), the solid line is for the experiment 
CLI ht, the dashed is for the experiment 98HT. 

o f  4 - 5  days ,  a n d  therefore  the s p i n - u p  t ime o f  4 o r  5 days  is enough.  

The  c o n t r i b u t i o n  to the m a i n t e n a n c e  o f  the  b l o c k i n g  f r o m  t rop i ca l  a n o m a l o u s  hea t ing  

can  be  e s t ima ted  b y  the c o m p a r i s o n  o f  the  expe r imen t  9 8 H t  wi th  C L I  ht, a n d  the con t r ibu -  

t ion  f r o m  di f fe ren t  t r op i ca l  a n o m a l o u s  hea t ing  centers  can  be  e s t ima ted  b y  the c o m p a r i s o n  o f  

C L L _ h t  w!th o t h e r  exper iments .  
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Fig. 9. 500 hPa height and 200 hPa zonal wind response difference between the experiments. Unit: 
dam in (a), (c), (e), (g) and (i), m / s in (b), (d), (f), (h) and (j). (a) and (b) are for 98HT CLI ht, 
(c) and (d) for 98HT E P -  CLI ht, (e) and (f) for 98HT INAF-CLI ht, (g) and(h) for 
98HT CWP-CLI ht,(i) and(j)for 98HT A A -  CLI ht. 

In  Fig. 9a the response o f  height at 500 hPa to the tropical  anoma lous  heating resembles 
the observed anomalies  (Fig. lb). There exists a positive anomaly  center with the max imum 

value o f  more  than  50 gpm  near the Ural  Mounta ins ,  a negative center a round  the Baikal 

Lake  downs t ream o f  the Ural  Mounta ins ,  and ano ther  positive center o f  more  than  20 gpm 

over  the eastern Siberia and  the O k h o t s k  Sea, and  these 3 centers together  make up an  anom- 

aly pat tern  similar to the " twin blockings".  Over  o ther  areas o f  the Nor the rn  Hemisphere,  the 

anomalies  are small, but  the dis tr ibut ion pat tern is similar to the observed one. In  Fig. 9b, the 

response o f  the zonal  wind at 200 hPa also resembles the observed one. There is a negative 

a n o m a l y  center o f  less than  - 2  m / s  a round  the Ura l  Mounta ins ,  a positive anoma ly  on its 

southern  and nor the rn  flanks, and  a positive center o f  over  2 m / s over  the sector f rom the 

nor theas tern  Atlant ic  to Europe,  which implies the acceleration o f  westerly over  the central 

no r the rn  Atlant ic  and  the decelerat ion over the Ura l  Mounta ins .  All these simulated results 

demons t ra te  that  the anomalous  heating over  the tropics contr ibutes  much  to the mainte- 

nance o f  the Ura l  blocking in agreement  with the diagnosis above. 
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The response of height at 500 hPa and zonal wind at 200 hPa to the abnormal heating 
over the tropical eastern Pacific (Fig. 9c-d) is much weaker than those in Figs. 9a-b, which 
shows that there is less contribution from the anomalous heating over the tropical East 
Pacific. 

In Figs. 9e-f, the positive anomalous heating over the area including West Asia, the west 
of South Asia, the Arab Sea, and tropical Africa contributes to negative anomalies of height 
at the Ural Mountains, and thus does not favor the maintenance of the Ural blocking. 

In Figs. 9g-h the response anomaly of 500 hPa height over Ural is over 8 dam, and there 
is the distribution pattern o f "  positive-negative-positive" over Eurasia, similar to the ob- 
served one. The response of 200 hPa zonal wind is less than -6 m / s around the Ural Moun- 
tains and positive on the southern and northern flanks of Ural, which shows that the westerly 
wind bifurcates and decelerates over the Urai Mountains, and also positive over the region 
from the North Atlantic to the west coast of Europe. These results show that the anomalous 
heating over the tropical central and western Pacific favors the maintenance of the Ural 
blocking. The response in Fig. 9g is similar to but greater than that in Fig. 9a, which suggests 
that the anomalous heating over the central and western Pacific favors the maintenance of the 
Ural blocking greatly. 

Figures 9i-j give the response to the anomalous heating over the area from the tropical 
eastern Pacific to mid-America and the tropical Atlantic. The response of the height anomaly 
in Ural is greater than 4 dam, and positive over Eurasia and negative over the area from East 
Beigal Lake to Okhotsk Sea. The response of the zonal wind at 200 hPa is negative and less 
than -2 m / s  at the Ural Mountains, positive on the southern and northern flanks of the 
Ural Mountains, which shows westerly bifurcation. The response is positive and greater than 
2 m / s over North America to the Atlantic, which shows the eastward extension of upper jet. 
All results show that the anomalous heating from the tropical eastern Pacific to 
mid-America, the tropical Atlantic, favors the maintenance of Ural blocking. From Figs. 
9c-d, we have pointed out that the anomalous heating over the tropical eastern Pacific has 
less contribution to the anomalous height, which indicates that the contribution in Figs. 9i-j 
is mainly from the tropical Atlantic. It is to say that the positive anomalous heating over the 
tropical Atlantic favors the maintenance of Ural blocking. In Fig. lb the observed maximum 
anomaly over the Ural Mountains is greater than 14 dam, but in all experiments above the 
maximum response is not greater than 8 dam (see Fig. 9g), much weaker than the observed. It 
is not difficult to understand this point considering that all these experiments are on 
extended-range scale, in which forecasting depends on both the internal dynamics and exter- 
nal forcing, and the observed anomalies include the contributions from both internal dynam- 
ics and external forcing such as tropical heating. All experiments here are carried out with the 
same initial fields but different tropical heating, so only the contribution from individual dif- 
ferent tropical forcings can be seen through the comparison among these experiments. 

All the results above are on the basis of ensemble analysis, and their significance depends 
on the scatter among the members, and is yet to be justified. We address the significance 
check by comparing " intra-set" variance (i.e. between members of an ensemble) with 
"inter-set" variance (i.e. between 6 ensemble experiments) of the 500 hPa mean height. And 
the inter-set departure is significant only when they are much greater than the intra-set. We 
calculated the intra-set standard deviation of all the 6 sets (not shown), and found that they 
are below 20 gpm, much less than the inter-set (Figs. 9a, c, e, g, i), which suggests that the re- 
sults are significant. 
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By the way, the wave-train-like anomaly distribution along the coast of eastern Asia is 
in agreement with Lu and Huang (1996), in which they studied the impact upon Northeast 
Asia blocking from the anomalous heating around the Philippine warm-pool. 

All the results above suggest that the abnormal tropical heating, especially over the trop- 
ical central and western Pacific and the tropical Atlantic, favors the maintenance of the Ural 
blocking. 

5. Summary and discussions 

The enormous floods over the Yangtze River basin of China in the 1998 summer are 
mainly attributed to the recurrence of Meiyu and the abnormal extension of rainy season. The 
connection between abnormal Meiyu and circulation anomalies at the Ural Mountains is ana- 
lyzed briefly, and it is found that the long persistence of the blocking at the Ural Mountains is 
one important aspect making up the circulation pattern of anomalous Meiyu. The mainte- 
nance of the Ural blocking is investigated from two aspects, internal forcing (synoptic-scale 
transient forcing) and external forcing (tropical anomalous heating) via diagnosis analysis 
such as adjoint sensitivity analysis, composite and E-vector analysis, and numerical 
simulations. 

The results by diagnosis indicate that the maximum region of transient eddy activity 
(storm track) over the central Atlantic is evidently abnormal and stretches eastward to the 
coastal Europe during the period, so as to intensify the transient eddy activity upstream of the 
Ural Mountains. The analysis of adjoint optimal sensitivity perturbation (OSP) indicates that 
the eddies at suitable position can absorb energy from basic flow efficiently, and favor the 
triggering of internal model, hence the maintenance of the Ural blocking. The E-vector 
diagnosis and the results of linear stationary wave support this point further. 

The diagnosis also indicates that the tropical heating, the mid-latitude upper jet and the 
Hadley circulation are evidently abnormal during the case period. As is well known that 
anomalous tropical heating can result in the anomaly of the Hadley circulation, and thus the 
upper jet. Although there is interaction between upper jet and transient eddy, the role of basic 
flow in modulating transient eddies "is primary and important. So the enhancement of transi- 
ent eddies activity upstream of the Ural Mountains can be attributed to tropical anomalous 
heating, at least partly. Tropical anomalous heating can also influence the stationary wave 
directly, hence the anomaly at middle and high latitudes. The conducted experiments clearly 
demonstrate the two-fold function of the tropical heatings. 

To understand the possible mechanism responsible for the long persistence of the Ural 
blocking, we have analyzed the contributing factors in terms of internal dynamics and exter- 
nal forcings. Quite a few authors (e.g. Trenberth et al., 1999) have studied and summarized 
the possible mechanisms of persistent anomalies. Though it has been pointed out that the in- 
ternal and external forcings often work in concert instead of being mutually exclusive, they 
are dealt as two independent mechanisms in most of the works. 

The formation and maintenance of the blocking can be explained well when the internal 
and external forcings are taken into account together. The tropical anomalous heating can 
cause the anomaly of the stationary wave, with positive height anomaly at the Ural Moun- 
tains and the anomaly of upper jet. These two will modulate and re-organize storm track, in 
turn, lead to the enhancement of transient activity upstream of the Ural Mountains. The 
re-organized transient activity can further favor the increase of positive anomaly till the for- 
mation of blocking. This is a positive feedback of two-way interaction between transient ed- 
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dy and stationary wave, and the tropical anomalous heating stimulates and helps to maintain 
this process. Though the response to the tropical heating itself may not reach the strength of  
blocking, it can be indispensable when it is involved in the internal dynamics. This is the 

point. 
The analysis in the former section mentions that the tropical anomalous heating is relat- 

ed to the SSTA in the 1997 / 98 ENSO event. These results partly support  the empirical find- 
ing that flooding is likely to occur in the following year of  ENSO, normally the retreat phase. 
It suggests that the special distribution of  SSTA should be taken into account, and that we 
cannot confine our  sight to the impact of  ENSO on the subtropical high over the western Pa- 
cific (SHWP), as most authors did so far. The impact on the mid-lat i tude circulation up- 
stream, i.e. that from the tropical eastern Pacific and the Atlantic cannot  be ignored (see also, 
Wang et al., 2000). 

But there are some questions deserving to be discussed in this paper. In the context, we 
have used the concept of  OSP (optimal sensitive perturbation) in an attempt to suggest a pro- 
cess of  self-sustain, i.e. the slow varying basic flow decides the OSP, and the OSP acts to ex- 
cite normal mode, thus maintains the basic flow. And the roles of  tropical forcing are two 
folds: it excites Rossby wave to maintain the basic flow in one hand, and strengthens the 
mid-lat i tude upper jet, in turn, to reorganize the transients in the other. In this sense, the 
anomalous tropical heating, i.e. external forcing intervenes and promotes the operation of  the 

two-way  interaction mentioned above. 
Some weakness of  the approach used is also apparent. The OSP analysis used above is 

based on a linear framework assuming the slow-varying of  the basic flow. This assumption 
may not be applicable in an episode of  long duration. However, since we are dealing mainly 
with the problem of  maintenance rather than a rapid development or decay, it is expected that 
the concept of  OSP may serve as a clue to link the context of  the background flow and 
feedback of  perturbation. Nevertheless, we have to resort to numerical experiments for the 
further check. 

As for the location and strength of  observed transients, to a large extent, it is associated 
with the jet. The contribution of  the tropical heating analyzed above only partly explains the 
strengthening of  the jet: The feedback of  eddies to the jet may also be essential. If  the latter 
proves to make a major contribution, it could lower the predictability of  the episode. This 
may involve another  two-way  interaction between the jet and eddies, which is beyond the 
scope of  the paper. 

We investigated the role of  tropical abnormal heating in the maintenance of  the blocking 
over the Ural Mountains. In fact, there is also significant anomaly of  extratropical heating 
during the blocking period, what role these anomalies are playing has not been studied and 
remains to be explored. In addition, the data set of  1998 used here is not consistent with other 
years, which may lower the confidence of  the results to some extent. 
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