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ABSTRACT

The energetics of the third stage of a snowstorm over Chirmamalyzed using ECWMF data. The analysis of the
energy budget for the Middle East trough and the westernfiPagugh that developed toward China on 25-28 January
2008 showed the advection of the geopotential by the agrastr wind to be both a crucial source and the primary sink
of the eddy kinetic energy centers associated with the heudhe magnitudes of the energy conversion terms, interact
kinetic energy conversion and baroclinic conversion, viecesmall to explain the development of the energy centedstan
jet streaks. The energy centers gained energy at theimeetragions via the convergence of the ageostrophic gaujaite
fluxes, and then lost energy at their exit regions by the saimedl At the entrance regions, the fluxes converged, inagas
the geopotential gradient, which generated a strongertrggdsc wind and higher kinetic energy, resulting in an asibeg
motion in this area. When the troughs moved to China, thenalicg motion caused by the convergence of the fluxes at
entrance region intensified the snowstorms over centrataathern China.
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1. Introduction Uccellini and Kocin (1987) found that vertical motions en-

. hanced by the ascending branches of the two jets over the
From early January to early February 2008, China EXPELortheast and the south-central United States contrittoted

m- ) : :
heavy snowfall. Using a set of observations and numerical
perature, an excessive amount of snow and severe freezmrﬁ . .
. . Simulations, the dual jet stream pattern was found to play an
rain over central and southern China caused deaths and.se- : ' . ;
. important role in locally enhancing the vertical motion and
vere damage to property. The snow and ice storms occurre

in four episodes: 1016, 18-22, 25-29 January, and 31 J%reupnatlon rates (Velden and Mills, 1990; Crochet ef al.

uary ~2 February (Sun and Zhao, 2010). aggﬁgizlgi:()etii;i ':Leszgs(t)r)éam was important to the develop-
There have been numerous studies that relate tropo- pical) P P

o ment of the snowstorm over central and southern China in
spheric jet streams to the development of severe convg

tive storms. The upper tropospheric jet stream advects Cogﬁuary 2008. ‘When the Middle East jet streams strength-
' PP Posp J ened and shifted southeastward, the westerlies over India

ﬁggcderg 3" Igrtr:/;pgi(\a/;?nedngdc:ﬁ dtrtcizgng?t;e,tr\:é h:::nin d the southern Tibetan Plateau were enhanced (Wen et al.,
PP g ' . P 09; Zhou et al., 2009; Shi et al., 2010). During the same
heat downstream from the convective region (Pettersserel,riool 2 deepening trouah embedded in the southern branch
1956; Reiter, 1963; Ludlam, 1963; Newton, 1963, 19675 > " pening froug
A . : of the westerlies, enhanced the water vapor transport from
Palmén and Newton, 1969; Danielsen, 1974). Jet-stream- : . . .
: ! . : . western Asia and the Bay of Bengal to China. The intensifi-
induced transverse circulations and their associatechdsce . . . .
: . : . cation and southeastward shift of the Middle East jet steeam
ing motion can cause a wide range of convective storms, . .
were accompanied by a decreasing temperature over most of

China and wet conditions over southern China (Wen et al.,
* Corresponding author: GAO Shouting 2009). In this paper, we focus on the factors that strengttien
Email: gst@mail.iap.ac.cn and shifted the subtropical jet streaks, and then affetted t
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ascending motion associated with the snowstorm over China On 25 January 2008, there were two obvious troughs:
in January 2008. one over the Middle East with a northeast—southwest odenta
tion, and the other over the western Pacific with a northwest—
southeast orientation. The eddy kinetic energy center was
2. Dataand method located upstream (western side) or downstream (eastezh sid

Six-hourly ECMWF (European Centre for Medium-of each trough (Fig. 1a). In Fig. 1, the letters A to F indicate
Range Weather Forecasts) Interim Re-analysis (ER#e eddy kinetic energy centers: A is around*(S8P80°E),
Interim; Simmons et al., 2007) data (geopotential and wirlis around (38N, 65°E), C is around (3N, 8C°E), D is
speed) for January 2008 were used in our analysis. The hariound (38N, 14C°E), E is around (58N, 120E), and F is
zontal resolution of the dataset is 1:561.5° with 37 vertical around (50N, 170E). These letters also indicate the centers
pressure levels from 1000 to 1 hPa. of the jet streams. The first four energy centers are assaociat

To study the development of jet streams over China dwith the maxima of the zonal wind, and the energy cerfters
ing the third stage of the snowstorms, an eddy kinetic energydF are associated with the maxima of the meridional wind
(EKE) tendency equation was used as a fundamental toolfrig. 1a).

this study. From 25 to 26 January 2008, energy center A in the mid-
Based on Murakami's (2011) work, the EKE)equation latitudes and energy center B on the upstream of the deepen-

is given as ing Middle East trough decreased, while on the downstream
oK o of the trough energy center C increased (Figs. la and b).
5t ~V.OK -Vy-(V'-O0V,) — During the same period, energy center D on the upstream of

, , ;e the western Pacific trough and energy center E in the midlat-
V0@ -+ v, (VI-OVy) X, (1) itudes decreased, and energy center F on the downstream of
wheregis geopotentiak’ = (U2 +Vv?)/2,V = [u,v,w]" (su- the western Pacific trough increased (Figs. 1a and b). From
perscript T denotes a vector transpodé)= [u,v,0]",a’ = 26 to 27 January 2008, the Middle East trough and the ac-
—a¢' /dp,(u,v) represents the zonal and meridional windgompanying energy centers moved eastward abduFigs.
w(=dp/dt) is the vertical velocityp is pressure (hPa),is 1b and c). Energy center B increased and energy center C re-
time, andd is the three-dimensional gradient operator. Thmained the same (Figs. 1b and c). During this period, energy
overline denotes the zonal mean, and the prime denotes sroaliter D decayed and energy center F split into two weak
perturbations to a zonal mean flow. centers (Figs. 1b and c). From 27 to 28 January 2008, the
The term on the left-hand side of Eq. (1) is the local teMiddle East trough moved continually eastward, and energy
dency. The first term on the right-hand side (rhs) of (1) senters C and D combined and strengthened on the down-
the eddy kinetic energy advection by flow, which can be detream of the trough. This new energy center arounéiN35
composed into the mean and eddy advection¥ - Ok’ = 12C°E) is indicated by the letter G on 28 January 2008 (Figs.
—V -0OK —V'-K). The second term on the rhs of Eq. (1)c and d). During the same period, two energy centers on the
is interpreted as an energy conversion rate between thre intlownstream of the western Pacific trough combined around
action kinetic energyuu’ +w’) and the eddy kinetic energy,(45°N, 18C°E), which is also indicated by the letter F (Figs.
when averaged over the zone (Orlanski and Katzfey, 199k, and d).
Murakami, 2011). The third term is the generation of the The longitude—height cross sections of the eddy kinetic
eddy kinetic energy, associated with the pressure gradight energy and zonal wind averaged over285°N and 25-
eddies. Similar to Orlanski and Katzfey’s (1991) work, thid5°N are not shown here. The zonal wind maximum centers
term can be rewritten as corresponded to the eddy kinetic energy centers from 25 to
/ _ / 28 January 2008.

VD¢ =-0-(Vad), ) The energy centers in the subtropics were actually the sig-
where the subscript a indicates ageostrophic aad= nature of the well-known “jet streams” and the development
[Ua,Va, ] . This term represents the divergence of a radigf the energy center can be considered as the development
tive energy flux. The fourth term on the rhs of Eq. (1) is thef the jet streams (Uccellini and Johnson, 1979; Bluestein,
baroclinic conversion of the eddy available potential gger 1993; Orlanski and Sheldon, 1995). In the next section, the
Whenw'a’ is negative, the eddy available potential energy isddy kinetic energy equation is used to study the variatfon o
converted to eddy kinetic energy. The fifth term on the rife energy centers and also the variation of the jet streams
of Eq. (1) is the energy conversion by Reynolds stresses aVér southern China.
is zero in the zonal mean sensé.represents the horizontal
frictional sink.

4. Eddy Kinetic energy budget

3. Thevariation of eddy kinetic energy and jet To better understand the conversion, transport, sources
' and sinks associated with the eddy kinetic energy patterns

streamsin the subtropics during the third stage of the snowstorm over southern China
The evolutions of the 250-hPa eddy kinetic energy and jetJanuary 2008 shown in Fig. 1, the eddy kinetic energy bud-
streams from 25 to 28 January 2008 are shown in Fig. 1. getis analyzed by applying Eq. (1).
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Fig. 1. The 250-hPa eddy kinetic energy (thick solid lines, interga< 10 m? s—2), geopoten-
tial (thin solid lines, 1x 10 m? s~2), and zonal wind (shaded; 45 m s°1, interval is 5 m 51)
on (a) 25, (b) 26, (c) 27, and (d) 28 January 2008. The upperletters indicate the positions
of kinetic energy centers.

The advection of the eddy kinetic energy by wind is ndhe geopotential gradient or generate a new energy center, a
shown here, but the horizontal flux of the eddy kinetic erits contribution to the eddy kinetic energy is largely cdlexzk
ergy (V2k') at 250 hPa from 25 to 28 January 2008 is showmhen integrated over a volume including the whole distur-
in Fig. 2. The maxima of the flux were located in the eddyance.
kinetic energy centers with the direction from the upstream The conversion between the eddy kinetic energy and the
to the downstream of each energy center (Fig. 2). Althouglteraction kinetic energy at 250 hPa is shown in Fig. 3.
the advection was larger than the other terms of Eq. (1), @ the upstream of the Middle East trough, the interaction
function was mainly to redistribute the eddy kinetic energiinetic energy was converted to eddy kinetic energy in en-
from the upstream to the downstream of the energy cengrgy center B, which increased energy center B from 25 to
not between the energy centers (this can also be found in #8&January 2008 at 250 hPa (Fig. 3). On the downstream
latitude—height cross sections, which are not shown hére)of this trough, the eddy energy was mainly converted to in-
is important to point out that this process could not inceeateraction energy in energy center C at 250 hPa during this
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Fig. 2. The 250-hPa geopotential (thin solid lines; 107 m? s~2) and eddy kinetic energy flux
vectors (units: & 10 m3 s=3) on (a) 25, (b) 26, (c) 27, and (d) 28 January 2008.

period, which decreased energy center C (G on 28 Januamgased energy center C (G on 28 January). During these

(Fig. 3). With the eastward movement of the energy centéour days, energy center B (C) decreased (increased), while

the conversion moved eastward. The conversion associateg conversion contributed to strengthen (weaken) theggner

with the western Pacific trough was less than in the Middtenter, which indicates that the net tendency of the centers

East trough (Fig. 3). were determined more by the remaining terms in Eq. (1). On
The longitude—height cross sections of the conversion libe downstream of the western Pacific trough, the conversion

tween the interaction kinetic energy and the eddy kinetic ewas less than in the Middle East trough (Figs. 4e—h).

ergy and zonal wind averaged over285°N and 25-45°N The eddy kinetic generation-(V' - O¢') and the baro-

are shown in Fig. 4. On the upstream of the Middle Easlinic conversion between the eddy available potentiaigne

trough (Figs. 4a—d), the conversion from interaction kinetand the eddy kinetic energyx(a’) play significant roles in

energy to eddy kinetic energy increased energy center B. @ net growth or decay of the eddy kinetic energy.

the downstream of the trough (Figs. 4a-d), the conversion The baroclinic conversion at 250 hPa is shown in Fig. 5.

from eddy kinetic energy to interaction kinetic energy deFhe conversion decreased energy center B on the upstream
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Fig. 3. The 250-hPa conversion between the interaction kineticggnend the eddy kinetic
energy (thick black solid lines: positive; thin black solides: negative; interval is & 103
m? s~3) and geopotential (thin gray linesx110%2 m? s~2) on (a) 25, (b) 26, (c) 27, and (d) 28
January 2008.

of the Middle East trough, and almost increased energy cegeostrophic geopotential flux at 250 hPa is shown in Fig.
ter C on the downstream of the trough from 25 to 28 JanuaryIn this section, we mainly focus on the development of the
(Figs. 5a—d). On the western Pacific trough, the baroclirdownstream of the Middle East trough, i.e., energy center C
conversion played little role in the variations of the eddly kor G, because this area of the trough played a crucial role in
netic energy (Figs. 5a—d) the snowstorm over southern China in January 2008.

In the vertical section (Fig. 6), the negative conversion The magnitude of this term is obviously more than those
mainly appeared in the middle and upper troposphere. Tbfethe baroclinic conversion and the conversion between the
negative conversion on the downstream of the trough ieedy kinetic energy and the interaction kinetic energy ti$®m,
dicated that ascending motion was active, which providedriation of the energy centers or jet streaks was mainly de-
favorable conditions for the growth of the snowstorm oveiided by this term. On 25 January 2008, the fluxes diverged
southern China. at the exit region of energy center A in the midlatitude and

The quantity —V’ . O¢ together with the vector of energy center B on the upstream of the Middle East trough,
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Fig. 4. Longitude—height cross sections of the conversion betwheeimteraction kinetic energy
and the eddy kinetic energy (thick solid lines: positivackidashed lines: negative; interval:
2x 1073 m? s~3) and zonal wind (solid lines, interval: 10 m’ averaged over 26-35°N (left
panels) and 25-45°N (right panels) from 25 to 28 January 2008.

and they converged at the entrance region of energy cerdgrergy at its entrance region, it did not grow limitlessiyeT

C on the downstream of this trough. The eddy kinetic eenergy was transported by the eddy kinetic energy flux itself
ergy was transported from energy centers A and B to enei@pk’) from the entrance region to the exit region of energy
center C via ageostrophic geopotential fluxes. These fluxamnter C. It then lost energy primarily through the diverggen
from different regions were deposited on the downstream aff the ageostrophic geopotential flux, which transferred en
the trough, increasing the geopotential gradient and géneergy down to the tropic somewhere (Fig. 7a), and to a lesser
ing a stronger geopotential wind and higher eddy kinetie ceextent through the conversion to interaction energy (Figs.

ter C. Energy center B was compensated by the ageostrognd 4a).

geopotential flux convergence at its entrance region fram it From 25 to 28 January 2008, energy center A decreased
upstream and by the conversion from interaction energy mdiecause it lost energy to energy center C. The decay of energy
tioned above in Fig. 3. Although energy center C obtainegnter B was slight relative to energy center A because of the
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Fig. 5. The 250-hPa baroclinic conversion (thick black solid linpssitive; thin black solid
lines: negative; interval is 8 10-3 m? s~3) and geopotential (thin gray lines x110? m? s~2)
on (a) 25, (b) 26, (c) 27, and (d) 28 January 2008.

energy compensation from its upstream by the ageostropbiitained energy from these two areas, and lost energy from
geopotential flux (Fig. 7) and the conversion locally frora thits exit region to energy center F on the downstream of the
interaction energy (Figs. 3 and 4). Energy center C obtainegstern Pacific trough by the ageostrophic geopotential flux
energy from energy centers A and B from 25 to 27 Januaffyig. 7a). On 26 January 2008, energy center D no longer
2008 (Figs. 7a—c). With the movement of the Middle Eastbtained energy from the tropic (Fig. 7b), resulting in tiee d
trough and the variation of the western Pacific trough, gnergrease of the flux convergence at the entrance region from
centers C and D were combined as the energy center G aaout 30 M s~ on 25 January 2008 (Fig. 7a) to 2G s 3
central China on 28 January 2008 (Fig. 7d). on 26 January 2008 (Fig. 7b). Simultaneously, the flux di-
We now focus on the development of energy center D @& rgence at its exit region decreased from about 3514
250 hPa. On 25 January 2008, the ageostrophic geopot@fig. 7a) to 10 m s 3 (Fig. 7b). Consequently, the energy
tial fluxes converged at the entrance region of energy cententer decayed during this period (Figs. 1a and b). From
D from energy center E and south of°A0 Energy center D 26 to 27 January 2008 at 250 hPa, the convergence of the
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Fig. 6. Longitude—height cross sections of the baroclinic conwar&hick solid lines: positive,
thick dashed lines: negative; interval:x2L0~3 m? s~3) and zonal wind (solid lines, interval:
10 m s1) averaged over 20-35°N (left panels) and 25-45°N (right panels) from 25 to 28
January 2008.

ageostrophic geopotential flux decreased continuallg atit the ageostrophic geopotential flux (Fig. 7). These behavior
trance region and moved northward fron?B&0 40°N, and were similar to the southward propagation of the planetary
the divergence increased at its exit region (Figs. 7b and wjve (Zuo etal., 2013). The North Pacific cyclone was exam-
resulting in its decay and northward movement (Figs. 1b aimbd in terms of eddy energy and a phase-independent wave
c). From 27 to 28 January, the energy centers C and D awtivity obtained by Takaya and Nakamura (2001). Contrast-
countered and merged as energy center G over central arglthese two diagnoses, there were minor differences durin
southern China at 250 hPa (Figs. 7c and d). Energy cemteuch of the initial evolution (Danielson et al., 2006). Taes
D or G (on 28 January) mainly obtained energy from energydicated thad’, - ¢/ could be used to track a wave packet as
center E by the ageostrophic geopotential flux from 25 to 28noved downstream not only in the mid-high latitudes, but
January (Fig. 7). The eddy kinetic energy was transportat$o in the subtropics.

to central and southern China from the mid-high latitude via The longitude—height cross sections of the quantity
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Fig. 7. The 250-hPa eddy advection of geopotential (thick blackdsates: positive; thin
black solid lines: negative; interval isx810-3 m? s~3), geopotential (thin gray lines,110?
m? s~2), and ageostrophic geopotential eddy flux vectors (units1@* m® s~3) on (a) 25, (b)
26, (c) 27, and (d) 28 January 2008.

—V'.0¢ averaged over 26-35°N and 25-45N are shown down to its entrance region by the ageostrophic geopotentia
in Fig. 8, which demonstrates the zonal and vertical trarispflux (Figs. 8b and c¢). Energy center D obviously obtained en-
of kinetic energy; and the latitude—height cross sectidns ergy from the surface before it combined with energy center
—V'.0¢ over 60-9C°E and 100-15CE are shown in Fig. C (Figs. 8e—f). After energy center G appeared, the energy
9, which demonstrates the meridional and vertical trartsptmansport from the surface decreased (Fig. 8h). Energy cen-
of the kinetic energy. The characteristics of convergencetars C and D or G not only gained energy from its upstream
the entrance region of energy center C and the divergencaadl surface but also from the mid-high latitude and tropic in
the exit region of energy center B can also be seen in Figsth& upper troposphere (Fig. 9).

and 9. The ageostrophic geopotential flux transported gnerg The formation of the energy centers can be considered
from the downside of B’s exit region up to C’s entrance regiass the manner in which the jet streaks were generated. The
and converged there (Figs. 8b and c). Note that energy ceariation of the upper jet streaks and the trough could have
ter C also transported energy internally from its exit regiccaused the development of vertical motion. From 25 to 26
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Fig. 8. Longitude—height cross sections of eddy advection of geopial (thick solid lines:
5x 10-3 m? 573, thick dashed lines:5 x 10~3 m? s~3), eddy kinetic energy (thin solid lines,
interval: 2x 10 m? s~2), and ageostrophic geopotential eddy flux vectors averaged20—
35°N (left panels) and 25-45°N (right panels) from 25 to 28 January 2008.

January, the ascending motion decreased over southera Ckimuthern China in January 2008 and appeared primarily at the
(Figs. 10a and b), since energy center D or the East Asiangetrance region of the jet streaks or energy centers C and D or
decreased. With the eastward movement of energy centeGQFig. 10). Since this was an area in which the ageostrophic
and the northward movement of energy center D from 26 geopotential flux converged, the geopotential height gratdi

27 January 2008, a tilting jet controlled central China §Figincreased and therefore strengthened the jet streaks and ki
1b and c), resulting in the ascending motion increasing andtic energy, thereby enhancing the ascending motion over
moving northward (Figs. 10b and ¢). When energy centeentral and southern China in January 2008, adding to en-
G appeared over China, the tilting jet moved southward aedyy centers C and D or G via baroclinic conversion. So the
strengthened (Fig. 1d), leading to the ascending motion wertical motion over central and southern China was aftecte
creasing and moving southward (Fig. 10d). Ascending moet only by its upstream (energy centers B and C) and down-
tion played a crucial role in the snowstorm over central arsiream (energy center D) systems but by the midlatitude sys-
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Fig. 9. Latitude—height cross sections of eddy advection of gemyiatl (thick solid lines:
5x 1073 m? s73, thick dash lines:—5 x 10-3 m? s~3), eddy kinetic energy (thin solid lines,
interval: 2x 10 m? s~2), and ageostrophic geopotential eddy flux vectors averaged60—
9C°E (left panels) and 106-150°E (right panels) from 25 to 28 January 2008.

tems (energy centers A and E) and somewhere in the trofdined the major source of energy centers on the downstream
via ageostrophic geopotential fluxes. of the Middle East trough and upstream of the western Pacific
trough from 25 to 28 January 2008. The magnitudes of the
energy conversion terms;V, - (V' - 0V,) and—w/a’, were
5. Conclusions too small to explain the development of the energy centers
and jet streaks. The energy centers obtained energy at their
The evolution of EKE and jet streaks during the thiréntrance region and lost at their exit region by ageostmphi
stage of the snowstorms over China in January 2008 was greopotential fluxes. There were four source regions of the
vestigated using the ECMWF data. The energy center, feix: upstream, downstream, midlatitudes, and tropicshAt t
streaks and associated Middle East trough and western &atrance region, the fluxes converged, increasing the geopo
cific trough displayed a characteristic of propagation talvatential gradient, which generated a stronger geostropimid w
China. A detailed EKE budget revealed thaV’’ - ¢’ con- and higher kinetic energy, resulting in an ascending motion
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Fig. 10. Latitude—height cross sections of vertical velocity (khéolid lines: negative; thick
dotted lines: positive, interval is 0.1 Pals), zonal wind (shadow, interval: 10 nT%), and
ageostrophic wind flux vectors (the vertical component waltiplied by 100, unit vector: 25)
averaged from 105to 120 E from 25 to 28 January 2008.

which intensified the snowstorms over central and southerdunker, N. W., R. E. Bell, and R. H. Grumm, 1990: Develop-
China. ment, maintenance and strengthening of a cyclonic circulat
system by coupled jet€onference of Severe Local Storms.
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