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ABSTRACT

High-resolution numerical simulation data of a rainstoriggering debris flow in Sichuan Province of China simulated
by the Weather Research and Forecasting (WRF) Model wecgtaséudy the dominant cloud microphysical processes of the
torrential rainfall. The results showed that: (1) In thesg precipitation period, particle sizes of all hydromesgacreased,
and mean-mass diameters of graupel increased the modicsigtly, as compared with those in the weak precipitatiaroge
(2) The terminal velocity of raindrops was the strongest agnall hydrometeors, followed by graupel’s, which was much
smaller than that of raindrops. Differences between varioydrometeors’ terminal velocities in the strong preaitpin
period were larger than those in the weak precipitationgoerivhich favored relative maotion, collection interactiand
transformation between the particles. Absolute termimdbaity values of raindrops and graupel were significantater
than those of air upward velocity, and the stronger the pitation was, the greater the differences between them;were
(3) The orders of magnitudes of the various hydrometeonstces and sinks in the strong precipitation period wereelarg
than those in the weak precipitation period, causing ardiffee in the intensity of precipitation. Water vapor, clouater,
raindrops, graupel and their exchange processes playefbanaia in the production of the torrential rainfall, ancete were
two main processes via which raindrops were generated:dalntinvater vapor condensed into cloud water and, on the one
hand, accretion of cloud water by rain water formed rain watbile on the other hand, accretion of cloud water by graupe
formed graupel, and then the melting of graupel formed raitew
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1. Introduction more likely to lead to debris flows and other disasters. There

. . . ., fore, understanding the physical processes responsitifego
Orographic torrential rainfall can cause floods, landsljde . . . . ;
; . - development of orographic torrential rainfall is cruciat the
debris flows and other natural disasters, constituting atgre ! L
mprovement of operational forecasts in this area.

_threat to the lives and propeme_s of people, and represe Sawyer (1956) revealed three important factors for oro-
ing a great challenge to mountain weather forecasters. The

Sichuan Basin, with its complex terrain, is located eashef tgraph_lc rainfall Iarge_r-scale atmosphe_n(.: circulatitTe n-

Tibetan Plateau, north of the Yunnan—Guizhou Plateau atecriac_tlon of the ambient .ﬂOW by terrain; and cloud micro-

: ' j)rhysmal processes. Smith and Barstad (2004) developed a
i

SOUth ofthe Qinling _He|ghts. Itis a storm-prone pIace,_ vehe inear steady-state theory for orographic rainfall andwaet
debris flows, landslides and other secondary geological dis ; S

. . a linear precipitation model that can represent many com-
asters occur frequently. Following two major earthquakes—lex rocesses in orographic rainfall using a relativety-si
Wenchuan earthquake (2008) and Ya’an earthquake (20132— P grap 9

the situation has worsened because the soil of Sichu I equation (Crochet et al., 2007; Smith and Evans, 2007).

. . alqgwever, this linear model cannot include flow blocking,
complex terrain surrounding these earthquake zones has be-

, : . %ravity wave breaking, and other non-linear processes, and
come much looser, meaning frequent torrential rainfall . ) . . ) .
uses relatively simple microphysics. Compared with this-si

ple linear model, high-resolution mesoscale models, sach a
* Corresponding author: CUI Xiaopeng the Weather Research and Forecasting (WRF) model, can
Email: xpcui@mail.iap.ac.cn better reflect nonlinear dynamics, thermodynamics, and de-

© Institute of Atmospheric Physics/Chinese Academy of Sciences, and Science Press and Springer-Verlag Berlin Heidelberg 2015



390 DOMINANT CLOUD MICROPHYSICAL PROCESSES OF A TORRENTIAL RAIFALL VOLUME 32

tailed microphysical processes in complex orographic-raisimulation and cloud microphysical scheme are briefly de-
fall, which has been intensively applied to studies of sevescribed in section 2, the results are presented in section 3,
weather and torrential rainfall (Ge et al., 2008; Maussibn and a summary is given in section 4.
al., 2010; Smith et al., 2010; Wang et al., 2011; He and Li,
2013; Wang etal., 2013; Liet al., 2014). Lu et al. (2009) sim- ) ) ) )
ulated and analyzed several local heavy rainfall events ove  Numerical simulation and cloud microphys-
the western Sichuan Basin during August 2003 using the Ad- ical scheme
vanced Regional Eta-coordinate Model (AREM), and show%d1
that heavy rainfall events over this area are highly sesesit =
the initial local water vapor conditions. Chen et al. (208x0) A torrential rainfall event in Sichuan Province of China
plored a method to improve the accuracy of Sichuan torrentfeom 1800 UTC 17 August to 0000 UTC 20 August 2010
rainfall forecasts based on Bayesian decision theory. Ch&as simulated using the same WRF model setup as in Li et
and Li (2013) used satellite, radar and routine meteoroldgi al- (2014). The simulation was integrated for 54 hours, us-
data to analyze a mesoscale convective system (MCS) andngthree nests with resolutions of 27, 9, and 3 km. In the
effects on short-term heavy rainfall in the Sichuan Basin dud km domain, only the cloud microphysical parameterization
ing July 2012. Wang et al. (2013) simulated and analyzedgheme was used [for simulation verification and other de-
rainstorm process influenced by the terrain in Sichuan usit@s, see Li et al. (2014)], and the cloud microphysicabdat
the WRF model and carried out a diagnostic analysis usifigcluding cloud microphysical conversion terms) were-out
dynamical parameters. Li et al. (2014) analyzed obsemsatid?ut and analyzed in this study.
and a WRF simulation of a rainstorm process that trigger
debris flows, and their results indicated that this preatjon
process had a short duration, strong intensity and locat cha The cloud microphysical scheme used was the Milbrandt
acteristics, and the heavy rainfall occurred mainly nesggst 2-mom scheme (Milbrandt and Yau, 2005a, b), which in-
terrain in the Wenchuan—Ya’an earthquake fault zone. Thélkdes water vapor and six cloud species: water vaQgy; (
study (Li et al., 2014) also noted that, under favorabledargcloud water Qc); rain water Q); cloud ice Qi); snow Q);
scale circulations, the development of a southwest vorex draupel Qg); and hail Q). Figure 1 shows the microphys-
its interaction with strong wind at the western edge of tHgal flowchart for the Milbrandt 2-mom scheme [for detailed
subtropical high enhanced the lifting effects of steepaiarr Microphysical conversion processes, see Milbrandt and Yau
and caused heavy rainfall. Because of the combined effeGt§05b)]. The tendencies for the mixing ratios are
of complex dynamic, thermodynamic and cloud microphys-
ical processes over complex terrain, more accurate gaantit S, = —QVDy¢ — QVDyr — QNU,; — QVD,; —
tive precipitation forecasts (QPFs) remain a huge chatleng QVDys—QVDyg—QVDy, , Q)
Studies on or(_)graphlc torrer_mal ralnf_all in Sichuan, imtjga  So. = QVDyc— QCNy — QCLy, — QFZy —
ular, and studies on cloud microphysical processes assdcia
with torrential rainfall have seldom been conducted, altito QClLei — QClLes— QCLeg — QCLeh ©)
some numerical sensitivity experiments of cloud microphys Sg, = QCN; + QCL¢, + QVD,, + QML +
ical parameterization schemes have been carried out (Li and QML+ QMLg + QML — QCLy; —
He, 2011; Liao et al., 2012; Ma et al., 2012). Overall, how- Cl. — OCL..— OCLr — OF 3
ever, a number of open questions remain. For example, what QClys — QCLg — QCLin — QFZy )
is the key cloud microphysical process for the formation of Sy = QNU,; + QFZ; +QVD,; + QIM;+ QIMg; +
orographic torrential rainfall? And what are the main rain- QCL¢ — QCL;; — QCLis — QCLig — QCLj, —
drop sources for the production of torrential rainfall?

Li et al. (2014) carried out a numerical simulation of a QCNs — QCNg — QML , )
rainstorm in Sichuan using the WRF model. They discussedSqs = Osrs(QCLs + QClLs;) + QCNs + QVDys +
the role of large-scale C|rcqlat|0n evolution and develeptn QClL¢s+ QCLis — QCNyg— QCLg,— QCLgy—
of the mesoscale system in the emergence of the rainstorm

; ; ; QlMsi_QMLsrv (5)

over complex terrain from macroscopic and dynamic per-
spectives. However, since the formation of a rainstorm-s re Sog = 8irg(QCL;; + QCLy;) + dsrg(QCLs+ QClys) +
lated to both mg_croscopoilc (lj)ynam_i::_and cloud mif[:rop}hysical Jgrg(QCLgr + QCLyg) + QCNg + QCNg+
processes, as discussed above, it is necessary to also exam-
ine the dominant cloud microphysical processes involved in QClLeg + QCLg — QCLy +QVDyg —

Numerical ssimulation

S% Cloud microphysical scheme

the torrential rainfall event. To address this, we used-simi QCNy — QML — QIMy; (6)
lar schemes and the same model as Li et al. (2014) to carmg, = & (QCLy + QCLy) + Gsh(QCLer+ QClLys) +

out a high-resolution numerical simulation of the orogriaph

rainfall event. However, as an extension to the work of Li et Bi(QCLgr +QClLyg) +QFZn + QCNgn +

al. (2014), in our study cloud microphysical data were otitpu QClen+QCLi + QCLjy + QClgy +

and analyzed to investigate the above aspect. The numerical QVDy,, — QMLy,, , (7
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Fig. 1. Microphysical flowchart for the Milbrandt 2-mom scheme. Thetangles represent the various
water species (water vapor, cloud water, rain water, cloedsnow, graupel, hail), and the arrows are
the processes that link the species.

where Sy, , Sq., S S » o Sqp @and g, are microphysical hail was negligibly small in this rainfall event and is nogan
source/sink terms of water vapor and cloud species, resplgeed in the following discussions. In the strong precithita
tively. The notation for the terms involving two interadin period, the area and intensity of precipitation and cloud hy
categories is denoted by QAB(also see Milbrandt and Yau,drometeors increased compared with those in the weak pre-
2005b), wher®) is the prognostic variable mass mixing ratiogipitation period (Fig. 2). In the weak precipitation petj6-
AB represents microphysical processes (QCL for collegtionourly accumulated rainfall did not exceed 40 mm, compared
QCN for conversion, QFZ for freezing, QIM for ice multipli-to the maximum 6-hourly accumulated rainfall of over 100
cation, QML for melting, QNU for nucleation, QSH for shedmm in the strong precipitation period (Figs. 2a and b). As for
ding, QVD for diffusional growth), and the subscrigx’ in-  the 6-hourly averaged and vertically integrated mixingpsat
dicates that mass is being transferred from categaxy x of hydrometeors, the maximum of the mixing ratios increased
[X,y € (v,c,1,i,s,0,h) denote various water speciesy is from less than @9 x 1023 kg kg to more than ®7x 103
a determination coefficient meaning that catego(g,i,g) kg kg for cloud water (Figs. 2c and d), from less than
and raindrops collide to form categow(s,g,h). For ex- 0.06x 10°kg kg ! to more than B x 102 kg kg™ for rain
ample, if raindrops and snow collide to form graupel, themater (Figs. 2e and f), from less thar®8x 103 kg kg~ to
Osrg = 1, srs= 0 anddgn = O (for details, see Milbrandt andmore than QL4 x 103 kg kg ! for cloud ice (Figs. 2g and h),
Yau, 2005b). from less than @ x 103 kg kg~! to more than @ x 103
kg kg1 for snow (Figs. 2i and 2j), and from less tha®®x
102 kg kg~! to more than 6 x 102 kg kg™ for graupel

3. Resllts (Figs. 2k and I). In the strong precipitation period, the-cen
ters of the rain water mixing ratio coincided well with rain-
fall centers as well as cloud water, snow and graupel, indi-

Figure 2 shows the distributions of 6-hourly accumulateshting that the evolutions of both liquid and solid hydrom-
rainfall and 6-hourly averaged and vertically integréteix- eteors may have important contributions to precipitatien d
ing ratios of hydrometeors in the weak (0000-0600 UTC M&lopment. Compared with the weak precipitation period, in
August 2010) and strong (1800 UTC 18 August to 0000 UThe strong precipitation period, not only liquid hydromete
19 August 2010) precipitation periods. The mixing ratio adrs (cloud water and rain water) increased significantlg (th

3.1. Precipitation and cloud hydrometeors distribution

gntegral calculation methodQy yint = f‘f; Qxdp/(pt— ps) Where,Qy int represents vertically integrated mixing ratio of categorQx), i andPs are
pressure at the top and the surface of the atmosphere.
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maximum growth of cloud water content was more than thrébuted much more to the rainfall in the strong precipdati
times greater, and the maximum growth of rain water contgumeriod.

was more than five times greater), but also solid hydromete- ] ) o

ors (cloud ice, snow and graupel) grew significantly (the max-2- Cloud microphysical characteristics

imum growth of cloud ice content was more than two times To further study the differences in cloud microphysical
greater, the maximum growth of snow was more than threbaracteristics between the weak and strong precipitagen
times greater, and the maximum growth of graupel was maieds, we focused our analysis on the region of°(ZE°N,
than fifteen times greater), and their centers were comsist&00°—106E) in the 3 km domain. Grids whose 6-hourly

with strong rainfall centers, showing that cold cloud preaccumulated rainfall was greater than 35 mm (256 grids in
cesses developed remarkably and ice-phase processes wiah in the weak precipitation period (0000—-0600 UTC 18
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Fig. 2. Distribution of (a, b) 6-hourly accumulated rainfall (umitmm) and 6-hourly averaged and vertically
integrated hydrometeors mixing ratios [(c, d) cloud water;f) rain water; (g, h) cloud ice; (i, j) snow; (k, I)

graupel (units: 10% kg kg~1)] in the weak precipitation period (0000-0600 UTC 18 Aug 20&€ column)

and the strong precipitation period (1800 UTC 18 Aug—000@CUP Aug 2010, right column).
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Fig. 2. (Continued.)

August 2010) and grids whose 6-hourly accumulated raiwherep is the air densitycx anddy are parameters for the
fall was greater than 80 mm (228 grids in total) in the strongass—diameter relations [see Milbrandt and Yau (2005a) for
precipitation period (1800 UTC 18 August to 0000 UTC 18pecific values]Qy is the mixing ratio, and\x is the total
August 2010) were chosen for analysis.
Figure 3 shows composites of vertical profiles of hydrontumulations of the above profiles of mixing ratios and num-
eteor mixing ratios (Figs. 3a and b), number concentratiopsr concentrations, respectively. In the weak precipitati
(Figs. 3c and d), mean-mass diameters (Figs. 3e and f), gsdiod, graupel was the most abundant (3.9036), the mix-
terminal velocities and air vertical velocities (Figs. 3gda ing ratios of cloud water (2.5644) and rain water (2.3247)
h) in the weak and strong precipitation periods. In the Milwvere similar, and cloud ice (0.6282) and snow (0.7426) were
brandt 2-mom scheme, the mean-mass dianitgifor each the least prevalent (Fig. 3a, Table 1). In the strong precip-
hydrometeor categomywas computed by

PQx

Dmx: (C

) 1/dyx

(8)

number concentration. Tables 1 and 2 show the vertical ac-

itation period, the abundance of the main hydrometeors in-
creased significantly (Fig. 3b). The ratios of the mixingost

of cloud water, rain water, cloud ice, snow and graupel be-
tween the weak and strong precipitation periods were 1.6170
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2.5864, 5.1195, 9.0687 and 1.7009, respectively (Table ®as not significant. In Eq. (8), the mean-mass diamefgs
A larger rain water mixing ratio (6.0126) corresponded witts not only correlated with the number concentratign but
the strong precipitation. Higher snow (6.7344) and graupako with the mixing ratid@Qx. Although the number concen-
(6.6396) mixing ratios may have made an important conttiations of all hydrometeors increased (Figs. 3¢ and d,eTabl
bution to the development of the cloud system and strof9, their mixing ratios increased as well (Figs. 3a and bl&lab
precipitation; compared with the weak precipitation pdyio 1). Therefore, the ratio of the mixing rat@, to the number
the higher cloud water mixing ratio (4.1467) in the strongoncentratiomNk for each hydrometerincreased (but with dis-
precipitation period may also have played an important rdi@ctly different magnitudes), indicating that the meanas
in the strong surface precipitation (Fig. 3b, Table 1). Rert diameter increased, thereby increasing the mean parizée s
more, as shown in Figs. 3a and b, and the vertically stratifi@€igs. 3e and f). The increasing of graupel particle sizeg ma
accumulation results in Tables 1 and 2, the cloud water abdye partially related to the accretion of cloud water by grau-
and below the zero layer possessed similar magnitudes, aetito form graupel, which causes the graupel mixing ratio
abundant super-cooled cloud water may have made an imgorincrease while the graupel number concentration remains
tant contribution to the heavy rainfall. Rain water (cload,i roughly the same. Similarly, the increasing of rain water pa
snow and graupel) was mainly distributes below (above) thiele sizes may be partially related to the accretion of dlou
zero layer, and the coalescence of cloud water and rain waater by rain water to form rain water. Besides, the increas-
ter below the zero layer should also plays an important rdteg of particle sizes of all hydrometeors is favorable fo th
in strong rainfall. There was also some graupel distributedcurrence of collision between particles, especiallyudlo
below the zero degree layer, whose melting may have maslater with rain water and graupel.
an important contribution to the growth of rain water and the Meanwhile, Figs. 3c and d show that the height of the
enhancement of surface rainfall. number concentration maximum of cloud water and rain wa-
As shown in Figs. 3e and f, in the strong precipitation péer in the strong precipitation period was higher than in the
riod, particle sizes of all hydrometeors increased compareeak precipitation period. This may have been related to
with those in the weak precipitation period, and mean-massonger vertical upward motion in the strong precipitatio
diameters of graupel increased the most significantly (meperiod (Figs. 3g and h). By analyzing the vertical profiles
imum increased from about 0.9 mm to more than 1.9 mnof vertical velocity of air and various hydrometeors’ tenaii
while the increase in the mean-mass diameters of cloud iedocities in the two periods (Figs. 3g and h), we can see that

Table 1. Vertical cumulative mixing ratios of cloud hydrometeo€3, (Qc, Qr, Q;, Qs, Qg, Qn, units: 1073 kg kg~1) throughout the whole
layer, above and below the zero layer, in the weak precipitateriod (0000—0600 UTC 18 Aug 2010) and the strong preatiph period
(1800 UTC 18 Aug—-0000 UTC 19 Aug 2010). The ratio is (1818-2)82800—1806).

Period Qc Qr Q Qs Qq Qn

Whole layer 1800-1806 2.5644 2.3247 0.6282 0.7426 3.9036 0008.
1818-1900 4.1467 6.0126 3.2161 6.7344 6.6396 0.0002
Ratio 1.6170 2.5864 5.1195 9.0687 1.7009 0.6667

Above zero layer 1800-1806 1.2212 0.0448 0.6280 0.7253 13.54 0.0001
1818-1900 1.8684 0.1327 3.2149 6.6105 6.1577 0.0001
Ratio 1.5300 2.9621 5.1193 9.1142 1.7386 1.0000

Below zero layer 1800-1806 1.3432 2.2799 0.0002 0.0173 10.36 0.0002
1818-1900 2.2783 5.8799 0.0012 0.1239 0.4819 0.0001
Ratio 1.6962 2.5790 6.0000 7.1618 1.3316 0.5000

Table 2. Vertical cumulative number concentrations of cloud hydeteors Ke, Nr, Ni, Ns, Ng, Ny, units: kg™1) throughout the whole layer,
above and below the zero layer, in the weak precipitatioiodd0000-0600 UTC 18 Aug 2010) and the strong precipitgpierod (1800
UTC 18 Aug—0000 UTC 19 Aug 2010). The ratio is (1818-190@0(-1806).

Period N (10°) Ny (10%) N; (107) Ns (10%) Ng (10%) Nh (10%)
Whole layer 1800-1806 9.7661 1.5266 3.1795 9.5038 1.5795 0000.
1818-1900 20.0584 3.0935 11.4094 43.8504 8.9753 0.0000
Ratio 2.0539 2.0264 3.5884 4.6140 5.6824
Above zero layer 18001806 6.9468 0.0670 3.1795 9.4014 66.40 0.0000
1818-1900 13.7587 0.2653 11.4091 43.6404 8.1962 0.0000
Ratio 1.9806 3.9597 3.5883 4.6419 5.8270
Below zero layer 1800-1806 2.8193 1.4596 0.0000 0.1024 20.17 0.0000
1818-1900 6.2997 2.8282 0.0003 0.2100 0.7791 0.0000
Ratio 2.2345 1.9377 2.0508 4.5061
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the rain water’s terminal velocity was the strongest amdig ¢he main source terms (Figs. 4e and f), which caused the
hydrometeors in both the strong (strongest value was clasg@id growth of rain water (Fig. 4f) and eventually enhanced
to —6.5 m s'1) and weak (strongest value was close-#.5 surface precipitation in the strong precipitation peri&it(

m s 1) precipitation periods. Graupel’s terminal velocity wagb).

second strongest, but its strongest value was only ab@ut  The above analysis of hydrometeors’ microphysical
m s 1 (in the strong precipitation period), far below that o§ources/sinks is summarized in Fig. 5. The solid thick asrow
rain water. In the strong precipitation period, the diffeves (Fig. 5) represent the most important microphysical conver
among the various hydrometeors’ terminal velocities bexarsion processes in this rainstorm. The main cloud microphys-
larger compared to in the weak precipitation period, whidghal conversion processes related to precipitation in W t
would have been more beneficial to relative motion, coalgseriods were the same, shown as solid thick arrows in Fig. 5,
cence and transformation between particles. It is worth n@ind proportions of these processes to total water vapor loss
ing that the absolute values of the rain water’s and grasipgfWVL®, Colle and Zeng, 2004) in each period were roughly
terminal velocities were significantly greater than thaaof equal (see the values on the right-hand sides of the conver-
vertical velocity, and the stronger the precipitation wg sion process notations in Fig. 5). However, due to different
larger the differences between them were (Figs. 3g and total water vapor loss rates in the strong (WVL = 15.73) and
This was the result of the development of the cloud micraveak (WVL = 7.38) precipitation periods, the microphysi-
physical processes during the rainstorm, which may have pecal conversion rates between these two periods were signifi-
saged the gradual demise of the storm cloud system and ¢hetly different (see values in parentheses in Fig. 5) Jtiagu

gradual end of the rainstorm process. in significant differences in precipitation intensity beswn
] . ] these two periods. In the strong precipitation period (Fig.
3.3. Cloud microphysical conversion processes 5b), there were two main pathways to generate rain water:

The microphysical sources/sinks and conversion prQVD,. — QCL. and QVDQ,; — QCLcy — QMLg,, which
cesses of hydrometeors in the weak and strong precipitatean be described as follows: Abundant water vapor con-
periods are shown in Fig. 4. The hydrometeors’ main milensed into cloud water (Q\{p) and, on the one hand, accre-
crophysical sources/sinks were similar in both periods, hiion of cloud water by rain water (QGEH formed rain water,
the sources/sinks in the strong precipitation period wigre swhile on the other hand, accretion of cloud water by grau-
nificantly stronger than those in the weak precipitation ppel (QCLyy) formed graupel, and then the melting of grau-
riod, ultimately resulting in differences in the intensity pel formed rain water (QM};). As discussed above, the net
precipitation. Furthermore, the orders of magnitude of ttggowth of graupel by graupel-rain water collision and ceale
sources/sinks (cloud microphysical conversion rates) @f wecence (QCl,y — QCLg,) was not a major source of graupel
ter vapor, cloud water, rain water and graupel were muelimd was also not a major sink of rain water (Fig. 5). There-
larger than those of cloud ice and snow, indicating that wat@re, the net result of (QC — QCLyg,) contributed little to
vapor, cloud water, rain water, graupel and their conversicaindrop growth and enhancement of surface precipitation.
processes played a major role during the development of theFig. 5, we can see another distinct difference between
rainstorm. Condensation of water vapor to form cloud wahe two periods: In the strong precipitation period, deposi
ter (QVDyc) was the main source term of cloud water, whiléonal growth of snow (QVL)), melting of snow to form rain
accretion of cloud water by rain water (Q&)and the accre- water (QMLg,), and autoconversion (aggregation) of snow to
tion of cloud water by graupel (QCl) were the main sink form graupel (QCH,) strengthened, which played a role in
terms of cloud water (Figs. 4c and d). In the budget of grathe growth of rain water (Fig. 5b). Due to the accumula-
pel, the collection of cloud water by graupel (Q§glwas a tion of abundant moisture in the strong precipitation perio
main source term of graupel, while the melting of graupel teater vapor deposition to form ice-phase particles, such as
form rain water (QMlg,) was a major consumption term ofsnow (QVD,s), was more likely to occur in the upper levels.
graupel (Figs. 4k and ). The graupel production from theanwhile, in the strong precipitation period, mixing oeti
process of graupel—-rain collision (Qg}) required the ex- of cloud water and snow were significantly larger than those
penditure of graupel (QGJy) and rain water (QClg). There- in the weak precipitation period (Figs. 3a and b), so the ac-
fore, the net growth of graupel by graupel-rain collisiod arcretion of cloud water by snow (QGY strengthened (Fig.
coalescence was (QGgk — QCLg,). Meanwhile, since abso-5). The increasing of snow also had an active effect on the
lute values of QClyg and QClgr were similar (Figs. 4k and autoconversion of snow to form graupel. Besides, from Fig.
1), values of (QClgrg — QCL,,) were small, meaning that the3b, we can see that the vertical profile of the snow mixing
collection of rain water by graupel to form graupel was nottio extended below the zero layer, thereby enhancing the
a main source/sink term of graupel (Figs. 4k and I). As f@rocess of snow melting into rain water. However, the or-
rain water, the accretion of cloud water by rain water (QEL ders of magnitudes of these conversion processes assbciate
and the melting of graupel to form rain water (Qi).were with snow were significantly smaller than those of the main

bWVL, Water Vapor Loss is defined as
WVL = max(QVDy,0) + max(QVDy,,0) + max(QNU,;,0) + max(QVD,;,0) + max(QVDys, 0) + max(QVD,gq,0) + max(QVDy,0)
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microphysical conversion processes mentioned above. tween weak and strong precipitation periods were analyzed
to investigate the dominant cloud microphysical processes
sponsible for the development of the torrential rainfalheT

4. Summary major results can be summarized as follows:

In this study, by using high-resolution numerical sim- (1) In the strong precipitation period, the area and inten-
ulation data of an orographic torrential rainfall process isity of precipitation and cloud hydrometeors increased-com
Sichuan simulated by the WRF model, differences of cloyzhred with those in the weak precipitation period, and the
microphysical characteristics and conversion processes tenters of rain water, cloud water and graupel were collo-
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Fig. 4. Vertical profiles of budgets of various water species [(awhjer vapor; (c, d) cloud
water; (e, f) rain water; (g, h) cloud ice; (i, j) snow; (k, hagipel (units: 108 kg kg~1 s71)]
in the weak precipitation period (0000-0600 UTC 18 Aug 20&€, column) and the strong
precipitation period (1800 UTC 18 Aug—-0000 UTC 19 Aug 201ight column). Dashed lines
represents the°@ isotherm.
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Fig. 4. (Continued.)

cated with strong rainfall centers, showing that both liuipel’s. The increasing of particle sizes of all hydrometewms
and solid hydrometeors may play an important role in suiavorable to the occurrence of collision between partidss
face precipitation. pecially cloud water with rain water and graupel.

(2) Composite analysis of cloud hydrometeors revealed (3) The terminal velocity of raindrops was the strongest
that, in the strong precipitation period, the cloud hydrtene among all hydrometeors in both the weak and strong precip-
ors increased significantly. Abundant super-cooled cload witation periods, followed by that of graupel. Differencds o
ter may have made an important contribution to heavy raiterminal velocities among the various hydrometeors in the
fall. The coalescence of cloud water and rain water below terong precipitation period were larger than those in thakwve
zero layer and the melting of graupel may also have playptecipitation period, which was favorable for the relative-
important roles in the growth of rain water and the enhandésn, collection interaction and exchange between pasdicl
ment of surface rainfall. In the strong precipitation pdrio Absolute values of terminal velocities of raindrops andugra
particle sizes of all hydrometeors increased, especiatly-g pel were significantly greater than those of air updraftse Th
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Fig. 5. Microphysical flowchart for the (a) weak precipitation meti(0000-0600 UTC 18 Aug 2010) and (b) strong
precipitation period (1800 UTC 18 Aug—0000 UTC 19 Aug 2010h the right-hand side of each microphysical con-
version process notation, the values outside the brackettha ratio of the vertically cumulative conversion rate to
total water vapor loss rate (WVL) (units: %; thick solid amsshow ratios greater than 10%, dotted arrows show ratios
between 1% and 10%, and values less than 1% are omitted} thkilvalues inside the brackets are the microphysical
conversion rates (units: 18 kg kg~! s71). The sum of all the microphysical process tendencies foh species is
given by V (water vapor), C (cloud water), R (rain water), lo(a ice), S (snow) and G (graupel) (due to the small
order of magnitude, hail is omitted).

stronger the precipitation was, the greater the differsfoge In future work, we will analyze more cases to make the con-
tween them were, which may imply a decay of the rainfall. clusions more robust and statistically significant.
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