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ABSTRACT

The barotropic processes associated with the developnienprecipitation system are investigated through analysis
of cloud-resolving model simulations of Mei-yu torrentiainfall events over eastern China in mid-June 2011. Duittreg
model integration period, there were three major heavyfatiavents: 9-12, 13-16 and 16—-20 June. The kinetic energy
is converted from perturbation to mean circulations in tihet fand second period, whereas it is converted from mean to
perturbation circulations in the third period. Furtherlgsis shows that kinetic energy conversion is determineddstical
transport of zonal momentum. Thus, the prognostic equatiorertical transport of zonal momentum is derived, in which
its tendency is associated with dynamic, pressure gradietitbuoyancy processes. The kinetic energy conversion from
perturbation to mean circulations in the first period is maassociated with the dynamic processes. The kinetic gnerg
conversion from mean to perturbation circulations in thedtperiod is generally related to the pressure gradientgsses.

Key words: tropical cyclone—trough interaction, upper troposphedely momentum flux convergence

Citation: Li, T. T., and X. F. Li, 2016: Barotropic processes ass@atawith the development of the Mei-yu precipitation
system.Adv. Atmos. <., 33(5), 593-598, doi: 10.1007/s00376-015-5146-z.

1. Introduction events, and they found differences in rainfall types and-hor
. : zontal scale between the three periods. Wu and Yanai (1994)

Barotropic processes represent one of the most importan . .
. . .-~ fevealed the effects of vertical wind shear on the develop-
physical process types in the development of precipitation L . :
. . ment of a precipitation system through the change in vértica
systems. They are described by the kinetic energy conver- . ) :
’ . . ransport of horizontal momentum. But does vertical wind
sion between the mean background circulations and pertur- . S : :
. . ; : . shear determine barotropic kinetic energy conversiorctlire
bation (secondary) circulations associated with vapor cop

densation and deposition for the production of precigtati through the change in vertical transport of horizontal mome

° . . .
Such kinetic energy conversion is primarily determined btum. And which physical processes control vertical trartspo

. . . ' 29F horizontal momentum?
vertical transport of horizontal momentum acting on veitic s . . . .
: . The objective of this study is to examine the barotropic
shear of the mean background horizonta| winds (e.g., Pa‘?’écesses associated with the Mei-yu precipitation system
tushkov, 1975). Barotropic processes may affect the dpvel yu precip y

ment of precipitation systems through the vertical windsshe rough analys_ls of the dlfferer_lces N bar(_)troplt_: procx?bee
tween three rainfall events using the Mei-yu simulatioradat

of background circulations (e.g., Corbosiero and Molinar, . X .
2002; Lang et al., 2007; Ueno, 2007). The vertical wind shear " Zhai et al. (2014). The model, large-scale forcing, and

may have impacts on the timing of convection (Xu et aIsensmvny experiments are briefly described in sectiohtie

1992), the organization of convection (Robe and Emanu“(?jsugs are presented in section 3. A summary is given in sec-
2001) and rainfall (e.g, Wang et al., 2009; Shen et al., 201 l) na.

Severe floods and associated natural disasters occur in the
Mei-yu season as torrential rainfall frequently occursrov .
the middle and lower reaches of the Yangtze River duri:?g Model and experiments

the early season of the NH summer. Zhai et al. (2014) con- 1hg experiment analyzed in this study was conducted by
ducted a cloud-resolving model study of a Mei-yu heavy raiy, 5; 1 a1, (2014) using the 2D version of a cloud-resolving
fall event that occurred over eastern China in mid-June 20}, 4¢| (Table 1). The model was integrated with imposed
During the modeling period, there were three major rainfa}ﬂrge-scale forcing from 0800 LST 9 June to 0800 LST 20
June 2011. The forcing was averaged in a rectangular box
* Corresponding author: Xiaofan LI of (30°—31°N, 114-122E) using NCEP/GDAS data. There
Email: xiaofanli@zju.edu.cn are three upward motion centers while westerly winds pre-
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vail (Zhai et al., 2014, Fig. 1). The three torrential ralhfa
events are forced by the three upward motion centers during
the model integration period (Fig. 1). The rainbands are bet
ter organized in the third rainfall event than in the two pre-
vious rainfall events, while the second rainfall event eccu
pies a larger area than the two other rainfall events. Thus,
the model integration period is divided into the three sub-
periods: 0800 LST 9 June to 0000 LST 13 June (the first pe-
riod); 0000 LST 13 June to 1200 LST 16 June (the second pe-
riod); and 1200 LST 16 June to 0800 LST 20 June (the third
period). The large-scale forcing is averaged for the thegie p
ods and shown in Fig. 2. The averaged vertical profiles show
that westerly winds generally increase with increasinglhiei
(Fig. 2a). Near the surface, averaged zonal winds are zero in
the first period and weak easterly winds in the two other peri-
ods. In the upper troposphere, the westerly winds in the first
period are stronger than in the third period, whereas they ar
weaker in the second period. The averaged upward motions
prevail in the troposphere and reach their maxima around 8
km (Fig. 2b). Below 10 km, the averaged upward motions in
the third period are stronger than in the first period, buy the
are weaker than in Fhe s_econd_perlod: Above 10 km, the a\.ll-:ig. 1. Time—zonal distribution of simulated surface rainfalkrat
eraged upward motions in the first period are stronger than Irﬂmm h-1y.

the third period, but they are weaker than in the second pe-

riod. The averaged rain rates are 0.98 mm im the first pe- . : . .
riod, 1.38 mm h in the second period, and 1.17 mmitin of imposed horizontal-mean zonal wind, and vertical trans-

the third period. The rainfall is stronger in the secondqéri port of vertical momentum acting on the vertical shear of im-

than in the two other periods due to stronger upward motio 'ogig?rcr::nrI\ig:al-eT;ar(]z\(/)%gl)C::](\j/(aslcr)g:]yét?;ln((:got]r_]f) (':::j{';(l:;te
in the second period. The rain rate is about 20% higherint 1 9 ' ' indi

= o . .
third period than in the first period, while the upward moson (K’K.) 'S negligile, the bamtTOp'C_ conversion from the
are only slightly stronger in the third period. The diffecen mean kinetic energy to perturbation kinetic energy term can

in vertical wind shear implies barotropic effects on Mei—ytﬂJe simplified to

June 2011

rainfall. _ _Ju
N _ / 0
Cu(K,K") = [uw’—az]
Zt T Zt
3. Results _ / <p—uw%) dz— / PUWdT, . (2)
2 0z 2

Following Li et al. (2002b), barotropic conversion be- . o _ _
tween the mean kinetic energy to perturbation kinetic energ T0 examine the contribution from height-dependent ki-

can be symbolically expressed by the sunCefK,K’) and hetic energy conversion ©,(K,K’), we calculate the verti-
Cw(K,K"), where cal profile of barotropic kinetic energy conversion (BKEC),
which can be written as:

— 0U,
Cu(K.K') = — [U/WE} ; (1a) BKEC = BKEC1 x BKEC2 3)
g BKEC1=du,; (3a)
an
_____OW [ /:
Cu(K.K) = [Wwﬁ(;/vo] , (1b) BKEcz f)uvv’-. | -(3b)
z Here, BECK1 is the vertical difference in zonal wind, and

in which u andw are the zonal and vertical components dBBKEC?2 is the air density weighted covariance between per-
wind, respectively; an overbar indicates the model domaumrbation zonal wind and vertical velocity or vertical tegrort
mean; a prime indicates a perturbation from the model dofzonal momentunC,(K,K’) is calculated by vertically in-
main mean; the subscriptis an imposed value from NCEP/tegrating BKEC or adding BKEC for all vertical layers in our
GDAS; [[] = _fzz‘ﬁ -dz and p is height-dependent air den-calculations.

sity, z andz, are the heights of the top and the bottom of The calculations of BKEC show that the BKEC is gener-
the model atmosphere, respectiv€ly(K,K’) andCy(K,K’) ally negative in the troposphere in the first period (Fig.. 3a)
are the barotropic conversions between the mean domhirthe second period, the BKEC is positive below 4 km but
mean kinetic energyK)) andK’, respectively, through ver- negative above 4 km (Fig. 3b). The BKEC is generally pos-
tical transport of zonal momentum acting on the verticabsheitive from 1 to 9 km (Fig. 3¢). Since negative and positive
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Table 1. Model setup.

Model property Description

Model history Originally developed by Soong and Ogura (398®ong and Tao (1980) and Tao and Simpson (1993),
and modified by Sui et al. (1994, 1998) and Li et al. (1999, 2002

Prognostic equations Potential temperature, specificditynperturbation zonal wind and vertical velocity, anding ratios

of five cloud species
Cloud microphysical schemes  Lin et al. (1983), Rutledgetdolobs (1983, 1984), Tao et al. (1989) and Krueger et al. (1995

Radiation schemes Chou et al. (1991, 1998) and Chou andZS{1&@4)
Boundary conditions Cyclic lateral boundaries and modelaipd2 hPa
Basic parameter set Model domain (768 km), horizontal gregim(1.5 km), time step (1.5 s), and 33 vertical levels
Large-scale forcing Vertical velocity, zonal wind, sudatuxes and horizontal advections
References Gao and Li (2008) and Li and Gao (2012)
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Fig. 2. Vertical profiles of (a) zonal wind (m<) and (b) vertical velocity (cm
s~ 1) averaged from 0800 LST 9 June to 0000 LST 13 June (red), frdd® 0
LST 13 June to 1200 LST 16 June (green) and from 1200 LST 16t&0®00
LST 20 June (blue).

BKEC values indicate kinetic energy conversion from peout of phase with BKEE vertically. BKEGy is negative but
turbation to mean circulation and from mean to perturbati®@KEC+ is positive through the troposphere in the first period
circulation, respectively, the positive BKEC value descte (Fig. 3a). BKEC is controlled by BKEf. In the second pe-
dynamically unstable system and the negative BKEC valded, BKEGy is negative from 2 to 8 km (Fig. 3b). BKEC
represents a dynamically stable system. Thus, the precipinegative above 7 km, whereas it is positive below 7 km.
tation system is dynamically stable in the first and secofidhe negative BKEC is associated with the negative BKEC
periods and dynamically unstable in the third period. above 8 km and BKE(; from 4 to 8 km. The positive BKEC
The BKEC is associated with the vertical shear of incorresponds to the positive BKE®elow 4 km. In the third
posed zonal wind (BKEC1) and the vertical transport of zonpériod, BKEG, is positive throughout the troposphere (Fig.
momentum (BKEC2), which are time-dependent. Thus, ti3e). BKEGC; is negative above 5 km but it is positive be-
time-mean BKEC (BKEC hereafter) can be decomposed intaw 5 km. The positive BKEC is determined by the positive

the two components BKECy.
Since BKEC is controlled by BKEfz, the time-mean
BKECw = BKEC1y x BKEC2y , (48) BKEC1 and BKEC2 are analyzed (Fig. 4). The imposed

zonal winds increase with increasing height in the three pe-
riods (Fig. 4a). The time-mean vertical wind shear (BKEC1)
BKECr = BKECIr x BKECZr , (4b) barely changes in the first period. The time-mean vertical
where BKEC}, and BKECZ, are the time averageswind shear is similar in the second and third period, except
of BKEC1 and BKEC?2, respectively, and BKEE€Xnd that the vertical wind shear is decreased to zero around 12
BKEC2r are the deviations of BKEC1 and BKEC2 fromkm in the second period but around 10 km in the third period.
BKEC1y and BKECZ,, respectively. In general, BKggis Inthe second and third period, the vertical wind shear resch

and
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Fig. 3. Vertical profiles of barotropic kinetic energy conversion

(BKEC; black) and its components (BKE(G red; BKEGC, M _ —i(u’v_vo+UOV\/+u’V\/)—
blue) averaged (a) from 0800 LST 9 June to 0000 LST 13 June, ot ox
(b) from 0000 LST 13 June to 1200 LST 16 June, and (c) from Ei_ _ v S
1200 LST 16 June to 0800 LST 20 June. Units® 165", 5 57P (2 o+ WW —ww)
o(01) < e’
: _ . c +9g( = +0.61q,—q | . 5b
its peak near the surface, reduces in magnitude around 4 km, P oz g 6o G (5b)

and reaches a sub-peak at around 8 km. Since the timgere, 6 is potential temperature, ar@l is initial potential
mean vertical wind shear has the same sign in all three pemperaturesr = (p/po)* andk = R/cp; Ris the gas con-
riods, the differences in BKE@ between the three peri-stant;c, is the specific heat of dry air at constant pressyre
ods are attributable to the differences in BKEC2. The timghere p, = 1000 hPay, is specific humidity; andy is the

mean BKEC2 changes from negative values (upward zong{m of the mixing ratios of cloud water, raindrops, cloud ice
momentum transport) in the first and second period to pagiow and graupel.

itive values (downward zonal-momentum transport) in the \Myltiplying Eq. (5a) by —pw and Eq. (5b) by—pu/,

third period, through a significantincrease in positive EKE adding the equations nd taking the model domain mean, the
from the first and second period to the third period (Fig. 4bandency equation of BKEC2 (BKE@Zan be expressed by

Thus, the dynamic stability (BKEg) of the precipitation
system is determined by BKEC2 in this Mei-yu precipitation BKEC2 = BKECZ + BKEC2, + BKEC2, , (6)

system. where
To furtherinvestigate if the vertical wind shear directly a 9 9 L
fects the BKEC2, or through which physical factors if the-ver BKEC2 = BKEC2= — (—puw) , (6a)

tical wind shear indirectly affects the BKEC2, the tendency
equation of BKEC2 is derived from the perturbation momen-
tum equations. Following Li et al. (2002b), the perturbatio

BKEC2 :pw;—x (2UTo+ Ul)+

?eowﬁtr;;%rgye.quations in the 2D cloud-resolving model can W%E(WUO—I—V_VOU’—FWU/)—F
0
aa_l:/ = —gi(Zu’UoJru’U’) - PU 3 (U0 + ToW -+ U'w)+
X
— 0 -
%aizﬁ(V\/Uo+Wou/+V\/u/—W)—Cpa(g:, e W 52P (2 o W) . (60)
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= — (a)
_o(er) _a(en) 101 <
BKEC2, = cppW /
% = CpPW T T (60) g 8-
and 2 °]
o 3 4 |
BKEC2, = —pgu’ (50 +0.61q}, — qf) . (6d) m 5]
Here, BKEC2, BKEC2, and BKEC32, are the co_ntributors ‘3600‘2600511{68%2 % gggot 2000 3000
to BKECZ from the processes related to dynamics, the pres- =
sure gradient and buoyancy force, respectively. BKE€h ~101
be further partitioned into three terms: E 8-
S + 64
o g
BKEC2y; = —pgu’ — ; (7a) 2
6o a .
BKEC2y, = —0.61pgu’q), ; (7b) . . .
= -3000-2000-1000 0 10
BKEC2y3 = pgu'q|. (7¢) BKEC?2 Budg%qc 20003000
. . © ‘
The tendency budget of BKEC2 is integrated with time ~ ~10+
and each term in the budget has a contribution to BKEC2. E 8
BKECZ;, is largely balanced by BKEGZn the three periods, = 6
indicating the dominance of the processes related to dynam- @ 4
ics and the pressure gradientin determining BKEC2. BKEC2  §
is at least three orders of magnitude smaller than these-domi 21
nant terms. Negative values of BKEC2 correspond mainly to —3000—2000—1000 O 1000 2000 3000
those of BKECZ below 8 km and BKECR above 8 km in BKEC2 Budget

the first period (Fig. 5a), and those of BKEEL2bove 4 km

and BKEC2 below 4 km in the second period (Fig. 5b). The F?g. 5. Vertical profiles of BKEC2 (black) and associated con-
magnitudes of BKEC2and BKEC2 decrease from the first tribution from BKECZ (red), BKEC3 (purple), BKECZ,
and second periods to the third period (Fig. 5c). In the thirdggggt)'a?lzig’gé(?;l;izgnﬁdoi}égi%éoéa‘?gz Totqezc?gfgi 10
period, positive vqlues of BKEC2 are mainly associated Wlth‘]une’ (b) from 0000 LST 13 June to 0000 LST 15 June, and
those of BKECZ in the lower and upper troposphere and .y ¢,m 1200 ST 16 June to 1500 LST 18 June. Units? 10
BKECZ2; in the mid troposphere. BKEG2 and BECK2» Il

contribute to negative values of BKEC2 in the first and sec-
ond periods, whereas BKEgZcontribute to positive values getermined by vertical transport of zonal momentum acting
of BKECZ in the third period. on the vertical shear of imposed mean zonal wind. Since
the upward increase in zonal winds is imposed during the
4. Summary :nodel integration_period, the barotropic conversion is-co_n
rolled by the vertical transport of zonal momentum (verti-
The barotropic processes associated with the develegd zonal-momentum flux or covariance between perturba-
ment of a Mei-yu precipitation system are investigateiibn zonal wind and vertical velocity). The zonal-momentum
through analysis of conversion between perturbation afidx is changed from upward in the first and second period to
mean kinetic energy. The data analyzed are from a 2wnward in the third period, which leads to the change from
cloud-resolving model simulation of three Mei-yu torreti a dynamically stable system in the first and second period to
rainfall events that occurred over eastern China in miceJua dynamically unstable system in the third period.
2011. The calculations of barotropic kinetic energy conver An equation for predicting the vertical transport of zonal
sion show that the precipitation system is dynamicallylstabmomentum is derived based on prognostic equations of per-
(with conversion from perturbation to mean kinetic energyiirbation zonal wind and vertical velocity. The tendency of
throughout the troposphere, turns to be weakly unstablein vertical momentum flux is associated with the processes re-
mid and lower troposphere, and eventually becomes dyndated to dynamics, the pressure gradient and buoyancy.force
ically unstable (with conversion from mean to perturbatiohhe budget analysis of vertical momentum flux reveals that
kinetic energy) throughout the troposphere. the buoyancy term and pressure gradient term are largely bal
The vertical wind shear in the simulation period is inanced and barotropic stability is mainly related to dynamic
creased in imposed zonal winds upward, and the magnitytfecesses, whereas barotropic instability is generaigcis
increases in the mid and lower troposphere from the figted with the processes related to the pressure gradient.
period to the second period and barely changes from the sec-Since only one torrential rainfall event is analyzed and
ond period to the third period. The barotropic conversion ibe cloud-resolving model used is 2D, a 3D model is needed



598 MESO- AND MICRO-SCALE METEOROLOGY VOLUME 33

to study different torrential rainfall cases in variousite
regimes to validate the results of this study.

Pastushkov, R. S., 1975: The effects of vertical wind sheahe
evolution of convective cloudQuart. J. Roy. Meteor. Soc.,
101, 281-291.
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