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ABSTRACT

Using the Weather  Research and Forecasting (WRF) model  with two different  microphysics  schemes,  the Predicted
Particle  Properties  (P3)  and  the  Morrison  double-moment  parameterizations,  we  simulated  a  stratiform  rainfall  event  on
20–21 April 2010. The simulation output was compared with precipitation and aircraft observations. The aircraft-observed
moderate-rimed  dendrites  and  plates  indicated  that  riming  contributed  significantly  to  ice  particle  growth  at  the  mature
precipitation  stage.  Observations  of  dendrite  aggregation  and  capped  columns  suggested  that  aggregation  coexisted  with
deposition or riming and played an important role in producing many large particles.  The domain-averaged values of the
24-h surface precipitation accumulation from the two schemes were quite close to each other. However, differences existed
in  the  temporal  and  spatial  evolutions  of  the  precipitation  distribution.  An  analysis  of  the  surface  precipitation  temporal
evolution indicated faster precipitation in Morrison, while P3 indicated slower rainfall by shifting the precipitation pattern
eastward toward what was observed. The differences in precipitation values between the two schemes were related to the
cloud water content distribution and fall speeds of rimed particles. P3 simulated the stratiform precipitation event better as
it captured the gradual transition in the mass-weighted fall speeds and densities from unrimed to rimed particles.
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Article Highlights:

•  Riming and aggregation contributed significantly to ice particle growth.
•  P3  provided  slower  rainfall  than  the  Morrison  scheme  by  shifting  the  precipitation  pattern  eastward  toward  what  was
observed.
•  The differences in precipitation between the two schemes were related to the cloud water content and fall speeds of the
rimed particles.

 
 

1.    Introduction

Stratiform  clouds  are  associated  with  frontal  systems
(Heymsfield, 1977; Hobbs et al., 1980; Field et al., 2005) or
the trailing regions of mesoscale convective systems (Smull
and Houze,  1985; Caniaux et  al.,  1994; McFarquhar  et  al.,
2007) and account for a large proportion of midlatitude precip-
itation. Using the Tropical Rainfall Measuring Mission Pre-

cipitation  Radar, Schumacher  and  Houze  Jr.  (2003) found
that stratiform precipitation accounted for 73% of the area co-
vered by rain and 40% of the total rain amount over a three-
year period from 1998 to 2000. Stratiform clouds play an im-
portant role in the balance of global radiation, so the character-
istics of these mixed-phase clouds have also been studied on
a global scale (e.g., Hogan et al., 2004; Zhang et al., 2018).

Since  stratiform  clouds  are  generally  horizontally  uni-
form due to relatively gentle updrafts, in-situ aircraft measure-
ments within these clouds have facilitated our better under-
standing of cloud microphysics. Korolev et al. (2000) stud-
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ied ice particle habits in stratiform clouds and found that the
majority  of  ice  particles  in  natural  clouds  were  irregularly
shaped.  However, Stoelinga  et  al.  (2007) showed  that  the
vast majority of snow crystals observed at the ground were
a regular identifiable type based on detailed microscope ana-
lyses. Bailey  and  Hallett  (2009) derived  a  comprehensive
habit  diagram  for  atmospheric  ice  crystals,  which  differed
from traditional habit diagrams. Their work suggests the com-
plexity of ice particle habits in natural clouds, since ice crys-
tals undergo processes such as aggregation, riming and break-
up during the process of falling through the cloud (Kajikawa
and  Heymsfield,  1989; Woods  et  al.,  2008; Heymsfield  et
al., 2015; Erfani and Mitchell, 2017).

Stratiform clouds contribute significantly to spring and
fall  precipitation  over  northern  China.  These  clouds  are
mostly multilayered mixed-phase clouds with various ice crys-
tal number concentrations and habits. These clouds are com-
plicated  because  generation  conditions  are  different.  Air-
craft  observations  have  revealed  the  characteristics  of  high
ice particle concentrations on the order of 102 L in the temper-
ature range of −2°C to −6°C due to ice multiplication (Hou
et  al.,  2010; Zhao  and  Lei,  2014; Yang  et  al.,  2017)  and
broadened  particle  size  distributions  from  −12°C  to  −8°C
due to riming and aggregation (Zhu et  al.,  2015).  The lim-
ited microphysical data indicate that there are dominant ice
particle  growth  mechanisms  at  some  temperature  levels,
which provides information for the modeling of cloud and pre-
cipitation  processes  (Ma  et  al.,  2007; Guo  and  Zheng,
2009).

Aircraft measurements have been applied to parameteri-
zations  of  particle  size  distributions,  cross-sectional  area
and ice particle habits, which aid in improving the understand-
ing of  the mechanisms responsible  for  stratiform precipita-
tion development (e.g., Heymsfield et al., 2002; Field et al.,
2005; Woods  et  al.,  2007).  Numerical  modeling  of  strati-
form properties and precipitation suggests that the two-mo-
ment  bulk  cloud  microphysics  scheme  is  generally  better
than  the  one-moment  scheme  (e.g., Morrison  et  al.,  2009;
Luo et al., 2010; Molthan and Colle, 2012). However, the con-
version of rimed snow to graupel in association with bulk mi-
crophysics may produce large uncertainties. To resolve this
problem, Morrison and Grabowski (2008) developed a nov-
el  approach  that  includes  only  a  single  ice-phase  category
but provides more predictive information of the particle prop-
erties for representing ice microphysics in models. This ap-
proach was advanced by Morrison et al. (Morrison and Mil-
brandt, 2015; Milbrandt and Morrison, 2016) through propos-
al of the Predicted Particle Properties (P3) scheme, which in-
cludes multiple free ice-categories with the possibility of us-
ing a single ice-phase category with four prognostic mixing
ratio variables.  The P3 scheme avoids the need to partition
ice into predefined categories and is a significant improve-
ment from the traditional bulk microphysical schemes. Com-
parisons of P3 with other microphysical schemes (Morrison
et al., 2015; Naeger et al., 2017) suggest that the scheme pro-
duced  reasonable  results  for  squall  line,  orographic  and
warm front precipitation cases.

In this study, we investigate the ability of two microphys-

ical  schemes  in  the  Weather  Research  and  Forecasting
(WRF)  model  to  simulate  a  stratiform  rainfall  event  on
20–21 April 2010. The two schemes are the single-category
configuration of the P3 scheme (Morrison et al., 2015; here-
after  referred  to  as  P3)  and  the  Morrison  double-moment
scheme (Morrison et al., 2009; hereafter referred to as Morris-
on). The P3 scheme was selected because it includes a predic-
tion of the rime mass fraction. Although the single-moment
Stony Brook University scheme is helpful for investigating
the riming degree of  snow particles  (Lin and Colle,  2011),
the  scheme  is  overly  simplified  compared  with  the  P3
scheme (Morrison and Milbrandt, 2015; Milbrandt and Mor-
rison, 2016). The P3 scheme includes a single ice-phase cat-
egory with four prognostic mixing ratio variables. The total
ice mass, ice number, ice mass from rime growth and bulk
rimed volume are  predicted.  To ensure a  smooth transition
between the small unrimed ice and larger rimed crystals, the
ice particle mass–dimension and projected area–dimension re-
lationships are allowed to vary as functions of particle size
and  rimed  mass  fraction.  The  Morrison  scheme was  selec-
ted because it has been widely evaluated for different precipit-
ation  events  (e.g., Morrison  et  al.,  2015; Molthan  et  al.,
2016).

The  purpose  of  this  study  is  to  examine  how well  the
two schemes simulate microphysics and precipitation in the
stratiform cloud case. The contribution of various microphys-
ical  processes  to  cloud  particle  growth  will  be  compared.
Since riming is important in modulating ice particle fallout
and surface precipitation distribution, we examine the underly-
ing factors responsible for the precipitation differences by ana-
lyzing  hydrometeor  mass  contents,  ice  particle  riming  de-
gree and fall speeds. A comparison of the microphysical vari-
ables is of considerable importance for improving riming pro-
cess simulations. The performance of the two schemes is eval-
uated  by  comparing  the  model  precipitation  distribution  to
rain gauge observations. Aircraft measurements of liquid wa-
ter contents (LWCs) and ice particle images are provided to
demonstrate in-situ evidence for riming processes.

This  paper  is  organized  as  follows.  In  section  2,  the
case descriptions are presented. Details on the model descrip-
tion and setup are provided in section 3. In section 4, the in-
situ  aircraft  measurements  are  described.  In  section  5,  the
model  results  are discussed and a comparison of  these res-
ults  with  the  measured  data  is  presented.  Finally,  the  sum-
mary and conclusions are given in section 6.

2.    Case descriptions

The Beijing Cloud Experiment (BCE) was an observa-
tional  field  program  conducted  in  the  regions  surrounding
Beijing in April 2009 and 2010. Both aircraft and ground ob-
servations were performed during the experiment. The goal
of  the  BCE was to  reveal  the  microphysical  characteristics
of stratiform precipitating clouds and to assess the potential
for  weather  modification  in  the  region  (Hou  et  al.,  2014,
2016; Yang et al., 2014; Zhu et al., 2015). This study is con-
centrated on model simulations of the natural clouds and pre-
cipitation of the 20–21 April 2010 rainfall event.
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Observations  for  this  study  were  obtained  from  air-
borne  cloud  microphysical  probes,  the  C-band  Doppler
radar  at  Taiyuan  (TY),  and  surface  rain  gauge  measure-
ments. Two Y-12E aircraft (hereafter Shanxi and Beijing air-
craft)  equipped  with  cloud  microphysical  probes  manufac-
tured  by  DMT  (Droplet  Measurement  Technology)  were
used  to  conduct  the  aircraft  observations.  LWC  estimated
from  a  cloud  and  aerosol  spectrometer  on  the  Beijing  air-
craft  and  a  cloud droplet  probe  on  the  Shanxi  aircraft,  and
particle images observed from cloud imaging probes (CIPs)
on both aircraft, will be presented in this study. Detailed de-
scriptions of the instrumentation used in the aircraft measure-
ments were given by Hou et al. (2014).

The mixed-phase cloud system from 20–21 April 2010
was associated with an upper-level trough and surface low-
pressure  center  that  moved  from  southwestern  to  eastern
China. The effects of the system included strong winds, fall-
ing temperatures and large-scale precipitation that occurred
over central and eastern China. The 24-h accumulated precip-
itation in a localized region reached 50 mm. Light-to-moder-
ate rain was observed over our study region, which was loc-
ated in the central part of Shanxi Province, and the 24-h accu-
mulated  precipitation  was  approximately  20  mm.  The
clouds were well-defined stratiform clouds with  predomin-
antly  altostratus  and  stratocumulus  clouds.  Radar  observa-
tions (longitude: 112.6°; latitude: 37.7°; 817.0 m MSL) sug-
gested a typical  bright  band 2.4 km above sea level  with a
maximum reflectivity of approximately 30 dBZ (see Hou et
al., 2014, Fig. 1). The low rain rates, widespread precipita-
tion and typical radar bright band suggested that the rainfall
process was stratiform precipitation.

3.    Model description and setup

3.1.    Model configuration

In this study, we employed the Advanced Research ver-

sion  (V3.9.1)  of  the  WRF  model  and  two  model  domains
(Fig.  1)  with  two-way  nesting  and  grid  spacings  of  3  and
1 km. Both domains consisted of 51 vertical levels, with the
model top at 50 hPa. The outer domain covered part of north-
ern China and the inner domain covered the rainfall region.
The number of grid points was 360 × 360 and 385 × 301 for
the  outer  and  inner  domains,  respectively.  The  inner  do-
main  covered  the  central  part  of  Shanxi  Province,  and  in-
cluded the TY radar site, as marked in the figure. The 1° ×
1°  resolution  National  Centers  for  Environmental  Predic-
tion  reanalysis  data  were  used  for  the  initial  and  boundary
conditions.  Both  domains  were  integrated  for  24  h  from
0000 UTC 20 April to 0000 UTC 21 April 2010.

We used the RRTM (Rapid Radiative Transfer Model)
for  longwave  radiation  (Mlawer  et  al.,  1997),  the  Dudhia
shortwave radiation scheme (Dudhia, 1989), the YSU (Yon-
sei  University)  planetary  boundary  layer  scheme  (Hong  et
al., 2006), and the Noah land surface model (Chen and Dud-
hia, 2001), in both domains. We did not use cumulus paramet-
erization in the model runs. The two microphysics schemes,
including  the  single-category  configuration  of  the  P3
scheme and the Morrison double-moment scheme, were com-
pared  for  the  stratiform  cloud  case.  The  representation  of
rimed ice in the two schemes is briefly described in the fol-
lowing section.

3.2.    Description of riming

In  the  current  Morrison  scheme  riming  occurs  on  the
cloud  ice  and  snow.  Heavily  rimed  ice  is  represented  by  a
single  category  (graupel/hail).  Following Rutledge  and
Hobbs  (1984),  the  minimum  mixing  ratios  of  0.1  and  0.5
g kg−1 for the snow and cloud water are required to produce
graupel through the riming of snow. The portion of rime on
the snow that is converted to graupel is given by Reisner et
al. (1998). Graupel also forms through the freezing of rain.
Snow and  graupel  grow through  deposition,  riming,  accre-
tion  of  rain  and  collection  of  cloud  ice.  Cloud  ice,  snow,
graupel and hail are assumed to be spherical with bulk densit-
ies  of  500,  100,  400  and  900  kg  m−3,  respectively.  Ice
particle terminal fall speeds are given as a power law of the
diameter without explicit dependence on their densities.

In the single-category configuration of  the P3 scheme,
the  ice  microphysical  processes  and  parameters  are  calcu-
lated in terms of the particle mass–dimension and projected
area–dimension relationships. The mass–dimension relation-
ship varies temporally and spatially as small spherical ice, lar-
ger unrimed ice, partially rimed crystals and graupel are con-
sidered. Thus, the ice particle size distribution is partitioned
into  different  regions,  and  the  bulk  density  and  diameter
vary depending on the history of rime growth (Morrison and
Milbrandt, 2015). Different from the terminal fall speed for-
mulation  in  Morrison,  the  ice  fall  speed  in  P3  follows  a
power law relationship based on the particle Reynolds num-
ber and Davis number depending on the rime mass fraction.
Various microphysical processes including nucleation, depos-
ition,  sublimation,  riming and self-collection are calculated
in the model.
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4.    Analysis of microphysics using aircraft ob-
servations

The 20 April case was selected for analysis because in-
situ observations were performed during two different precip-
itation stages. This dataset provided more comprehensive in-
formation  to  reveal  particle  growth  processes.  At  the  early
stage of precipitation, weak and scattered echo regions were
observed  (Fig.  2a),  with  a  maximum  value  of  25  dBZ ob-
served  southeast  of  Taiyuan.  The  aircraft  track  in  that  re-
gion during 0230 and 0250 UTC is shown in the figure. The
horizontal  traverse  occurred  at  an  elevation  of  3.6  km.
Radar observations during the mature stage (Fig. 2b) sugges-
ted that the cloud region had been larger and propagated to-
ward  the  east,  with  the  maximum  values  increasing  to
35–41  dBZ.  Two  Y-12E  aircraft  from  the  Shanxi  and
Beijing Weather Modification Bureaus conducted measure-
ments  simultaneously  at  different  horizontal  levels  during
the mature stage. The flight track from points A, B, C to D
was  traversed  by  the  two  aircraft  during  0825  UTC  and
0910 UTC. The Shanxi and the Beijing aircraft conducted ho-
rizontal observations at 3.7 km and 4.3 km, respectively.

To provide information on crystal types and growth con-
ditions,  the  LWC  and  representative  images  from  the  CIP
along  the  flight  track  are  shown  in  the  following  figures.
The data were averaged over 10 s to reduce spurious variabil-
ity.

Figure 3 shows the time series of LWC and sample im-
ages  from  CIP  at  3.6  km  (−4.2°C  to  −0.4°C)  during  0230
and 0250 UTC. There was considerable variability in the LW-
Cs; the maximum value was 0.23 g m−3 at 0231 UTC, while
extremely low values of less than 0.01 g m−3 occurred at oth-

er  times.  Dendrites  and  aggregates  of  dendrites  were  com-
mon in this region, with some being even larger than the max-
imum range of the CIP (25–1550 μm). Needles and irregu-
lars  were  also  observed.  Particle  sizes  generally  decreased
from 0230 to 0250 UTC with a decrease in LWCs.

For the mature stage, LWCs at 4.3 km (Fig. 4a) with tem-
peratures of −4.3°C to −2.6°C were generally between 0.02
and  0.06  g  m−3,  with  a  maximum  value  of  0.098  g  m−3.
Plates,  assemblages  of  plates,  columns  with  capped  plates
and plates with sector-like extensions were common at this
height level. Many crystals were moderately rimed plates or
dendrites.  Needles  and  combinations  of  needles  also  exis-
ted but were not dominant.  LWCs at  3.7 km (Fig.  4b) var-
ied significantly from less than 0.01 g m−3 to 0.14 g m−3 at
temperatures  between  −1.7°C  and  −0.5°C.  Needles  in  a
more pristine state were predominant in this region, suggest-
ing that vapor deposition was the dominant growth mechan-
ism. The cloud conditions were favorable for ice diffusion-
al growth by cloud vapor depletion. In addition, large num-
bers  of  needle  combinations,  capped  columns  and  as-
semblages  of  capped  columns  were  observed  during  0830
and  0850  UTC.  During  the  following  time  from  0850  to
0910  UTC,  ice  particles  changed  to  rimed  dendrites  and
rimed  capped  columns.  This  observation  indicated  ice
growth from cloud liquid water depletion.

CIP images suggested a mixture of particle habits vary-
ing  from  needle  and  dendrites  to  plates  at  temperatures
between −5°C and 0°C due to the differences in supersatura-
tion and LWCs. The occurrence of moderately rimed dend-
rites  and  plates  indicated  that  riming  contributed  signific-
antly to ice particle growth at the mature stage of precipita-
tion. In addition, aggregation played an important role in pro-
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Fig. 2. PPI radar display of the radar reflectivity factor (units: dBZ) from the Taiyuan radar at (a) 0231 UTC
and (b) 0825 UTC 20 April 2010 with an elevation of 1.5°. The range markers are 50 km. Part of the flight
track is  also shown in the figure.  The red line from S1 to S2 represents  the horizontal  flight  leg at  3.6 km
observed by the Shanxi aircraft during 0230–0250 UTC 20 April 2010. The red and blue lines from A, B, C
to  D  represent  horizontal  flight  legs  at  3.7  and  4.3  km,  observed  respectively  by  the  Shanxi  and  Beijing
aircraft during 0825–0910 UTC 20 April 2010.
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ducing large particles at both the early and mature precipita-
tion stages. In other words, aggregation coexisted with depos-
ition or riming, producing many large particles in the form
of dendrite and capped column aggregations.

5.    Model results

5.1.    Precipitation distribution

To evaluate  the  performance of  the  two microphysical
schemes,  the  simulated  precipitation  distribution  was  com-
pared with  that  from the  rain  gauge observations. Figure  5
presents the spatial distribution of the 24-h accumulated pre-
cipitation  from  observations  and  the  model  simulations  in
both domains.  The precipitation observations from the rain
gauges  are  represented  by  colored  dots.  According  to  the
rain gauge observations (Fig. 5a), light to moderate rainfall
with  values  between  5  and  30  mm  occurred  over  Shanxi
Province.  Higher  amounts  of  rainfall  occurred  in  the  west-
ern and southern parts, with a peak rainfall amount of 88.2 mm
located in the southern part of the outer model domain. Com-
pared  with  the  observations,  the  precipitation  pattern  from

the P3 experiment (Fig. 5b) also showed scattered precipita-
tion regions in Shanxi and a heavier rainfall band in the south-
ern  part.  However,  the  peak  rainfall  amount  was  under-
predicted as the simulated value was no greater than 75 mm
and the rainfall band was displaced westward. In comparis-
on with P3, Morrison (Fig. 5c) produced a generally similar
precipitation  pattern,  but  smaller  regions  for  values  larger
than 25 mm along the 36°N cross section.

To  more  clearly  show  the  simulated  precipitation,  we
also  provide  precipitation  distributions  from  the  inner  do-
mains of both schemes (Figs. 5d and e). For our region of in-
terest, the observed 24-h rainfall (marked in Fig. 5d) was gen-
erally between 10 and 30 mm. The model tended to overestim-
ate  the  precipitation  since  larger  areas  with  precipitation
amounts of over 25 mm were produced by both P3 and Mor-
rison. However,  we can see differences in the precipitation
distribution from a detailed comparison of the two schemes.
For  the  area  west  of  111°E,  Morrison  (Fig.  5e)  produced
stronger precipitation with larger areas over 25 mm than P3
(Fig. 5d). In contrast, for the area east of 112°E, such as the
lower right  part  of  the model domain,  weaker precipitation
was  found  in  Morrison.  The  domain-averaged  (1-km  do-
main)  precipitation  amounts  from  P3  and  Morrison  were
quite  similar  at  20.35  and  20.32  mm,  respectively.  As  the
cloud  development  was  from west  to  east,  the  higher  rain-
fall amount in the western part and lower rainfall amount in
the  eastern  part  from  Morrison  indicated  faster  precipita-
tion in Morrison than that in P3.

The  differences  in  the  precipitation  distribution
between the two schemes is further revealed in Fig. 6. The fig-
ure  shows  the  24-h  accumulated  precipitation  along  the
cross section 37.89°N (the black line in Figs. 5d and e) from
the two runs and rain gauge observations. The WRF model
with  either  microphysical  scheme captured  the  variation  in
precipitation  from  the  western  to  eastern  model  domains.
However,  a  higher  degree  of  overprediction  around the  re-
gions of 110°–111°E and 112°–113°E and a lower degree of
overprediction around the regions east of 113°E were found

 

1550 µm

Fig. 3.  Time series of LWC (black) and temperature (blue) at
3.6 km during 0230–0250 UTC 20 April 2010. Sample images
from CIP over every 5 min are also shown.
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Fig. 4. Time series of LWC (black) and temperature (blue) at (a) 4.3 km and (b) 3.7 km during 0825–0910 UTC 20
April 2010. Sample images from CIP every 5 min are also shown.
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in Morrison. In other words, the overall precipitation distribu-
tion from P3 had a systematic eastward shift in P3 and not
in Morrison. Overall,  compared to the results from Morris-
on,  the P3 results  showed an eastward shifted precipitation
pattern, leading to an improved spatial distribution.

To analyze the temporal evolution of the rainfall event,
6-h accumulated precipitation valid at 0600 and 1200 UTC
20 April from both schemes and observations are presented
in Fig.  7.  The  observed  rainfall  between  0000  and  0600

UTC was rather small, with peak values of 4 mm in the west-
ern  part,  indicating  the  initiation  stage  of  precipitation.
Light rainfall was found in both schemes, even though some
degree of overprediction was shown west of 111°E. One dif-
ference between the two schemes was that the precipitation
extended more eastward in Morrison than in P3, suggesting
that  the stratiform cloud moved relatively faster  in  Morris-
on. Six hours later, more rain was observed, and the peak rain-
fall  was 16 mm in the center  of  the domain.  Larger differ-
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Fig.  5.  Spatial  distribution of  24-h accumulated precipitation (units:  mm) from (a)  observations,  (b)  P3 and (c)
Morrison in the 3-km domain, and (d) P3 and (e) Morrison in the 1-km domain. Observation data from rain gauge
sites in (a) are marked by colored dots. The black box in (a–c) shows the location of the 1-km domain. The two
black points A and B are the same as in Fig. 2b. The black line crossing A and B shows the location of the cross
section that will be used in the following figures. Blue marked values in (d, e) are rain gauge observations.
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ences in the precipitation distributions between P3 and Morris-
on (Figs.  7b and d) were observed,  including more rainfall
in the western part at 110°E and less rainfall at 112°E in Mor-
rison  than  in  P3.  Considering  that  the  observed  peak  rain-
fall  suggested  an  increased  trend  with  values  from  13  to
16 mm from 110°E to 112°E, the eastward adjustment of pre-
cipitation in P3 agreed better with the observations.

Overall,  although  the  domain-averaged  precipitation
from the two schemes were quite close to each other, the tem-
poral and spatial evolutions of the precipitation patterns re-
vealed that P3 agreed better with the observations. An analys-
is of the surface precipitation temporal evolution indicated a
faster  fallout  of  precipitation  particles  in  Morrison.  P3
showed slower  rainfall  by  shifting  the  precipitation  pattern
eastward toward what was observed.

5.2.    Microphysical structure

Ice particle riming intensities and fall speeds play an im-
portant role in influencing the precipitation distribution, and
thus we compared the microphysical variables from the two
schemes  in  this  section. Figure  8 shows  the  domain-aver-
aged  vertical  profiles  of  the  cloud  species  and  major  pro-
cesses  for  ice  growth from the  two microphysical  schemes
at 0900 UTC. Deposition in Morrison refers to both ice and
snow deposition,  as  well  as  riming.  The cloud water  in  P3
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Fig. 7. Spatial distribution of 6-h accumulated precipitation (units: mm) from observations and simulations: (a) P3 at
0600 UTC; (b) P3 at 1200 UTC; (c) Morrison at 0600 UTC; and (d) Morrison at 1200 UTC 20 April. The black line
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(Fig.  8a)  was  located  between  the  cloud  base  and  4.5  km,
with a maximum of 0.06 g m−3 at 2.7 km, while the cloud wa-
ter content in Morrison (Fig. 8c) was larger, with a maxim-
um of 0.09 g m−3 and a vertical extent of up to 6.7 km. Differ-
ences in cloud water contents may be attributable to the com-
plex  interactions  between  various  microphysical  processes.
However, it should be noted that Morrison employs the satura-
tion adjustment approach (Morrison et al., 2005), while P3 ex-
plicitly calculates condensation and evaporation based on pre-
dicted supersaturation. This may lead to differences in the dis-
tribution of cloud water mass among various microphysical
schemes. For example, Fan et al. (2017) found that the bulk
schemes  using  the  saturation  adjustment  for  calculating
droplet  diffusional  growth  produced  larger  cloud  water
mass than the bin scheme. Naeger et al. (2017) showed that
the saturation adjustment in the Morrison scheme promoted
excessive  amounts  of  cloud  water  evaporative  cooling,
while the explicit calculation of cloud water in P3 produced
limited  amounts  of  evaporational  cooling.  To  evaluate
which scheme predicts  a  better  representation of  saturation
values,  a  comparison  of  vapor  and  cloud  water  profiles
between aircraft observations and model results is needed in
the future.

The  total  ice  content  in  P3  (Fig.  8a)  was  much higher
than the LWC, exceeding 0.25 g m−3 at 3.6 km. This indic-
ated  active  ice  particle  growth  in  the  cold  layer.  The  do-
main-averaged rime mass fraction had a  maximum of  0.12
at 2.4 km, suggesting that the stratiform cloud belonged to a

light riming case. In Morrison (Fig. 8c), ice particles were sep-
arated by predefined categories, so the total ice content pre-
dominantly  included  snow,  with  a  maximum of  approxim-
ately 0.24 g m−3, small amounts of cloud ice at higher levels
above 7 km, and graupel, with a maximum of less than 0.01
g  m−3,  at  lower  levels.  The  total  ice  and  rain  content  pro-
files  in  P3  were  generally  similar  to  Morrison,  although
there were differences in ice classifications and related pro-
cesses such as ice initiation and ice multiplication.

The ice depositional growth in P3 (Fig. 8b) was predom-
inantly  at  heights  above  4.0  km,  with  a  maximum  of  over
8 × 10−5 g kg−1 s−1 at approximately 6 km. Riming in P3 oc-
curred at lower levels, between 2 and 5 km, with maxima of
less  than  5  ×  10−5 g  kg−1 s−1.  In  comparison,  ice  particle
growth in Morrison (Fig. 8d) was also dominated by depos-
ition at higher levels and riming at lower levels. The differ-
ence was that riming in Morrison extended higher to approx-
imately  7  km  and  the  riming  rate  was  slightly  higher  than
that  in P3,  due to the different  distributions of  cloud water
content.

The  P3  scheme  produced  quite  similar  overall  results
with that of Morrison in terms of domain-averaged hydromet-
eor distribution and surface rainfall amounts. However, not-
able  differences  in  microphysical  variables  could  be  seen
from more detailed comparison. Figures 9 and 10 show vertic-
al cross sections of hydrometeor mass contents, particle fall
speeds  and  other  variables  along  37.89°N  at  0900  UTC
from Morrison and P3. The region between the two black ver-

 

 

Fig.  8.  Vertical  profiles of domain-averaged (a)  cloud species and (b) three major processes in P3,  and (c)
cloud species and (d) three major processes in Morrison, at 0900 UTC 20 April. The rime mass fraction from
P3 is shown by the green line in (a).
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tical lines is the target area along the flight track from point
A to point B.

According  to Fig.  9a,  Morrison  produced  extensive
cloud water (Fig. 9a), with a cloud water top height of approx-
imately 6.0 km and peak values up to 1.0 g m−3.  Since the
cloud moved from west to east and combined with a signific-
antly larger cloud water vertical extent in the west, fast ice
particle growth resulted in the west area, in correspondence
to  the  total  ice  peak  values  of  1.5  g  m−3 located  west  of
111°E (Fig. 9b).  The major contributor to the total ice was
snow (Fig. 9c), with peak values of approximately 1.2 g m−3.
The amount of graupel was very small, with peak values of
only  0.5  g  m−3,  indicating  light  riming  within  the  cloud.
Snow fall  speeds (Fig.  9e) in Morrison were generally less
than 1.5 m s−1, while graupel fall speeds (Fig. 9f) increased
abruptly to 2.0–2.5 m s−1, as constant densities of 100 kg m−3

for  snow and 400 kg m−3 for  graupel  were  assumed in  the
scheme. Although the amounts of graupel were small, their
fast fall out contributed significantly to the accumulation of
surface  rainfall  in  the  western  area  of  the  model  domain.
The  larger  cloud  water  amounts  and  faster  falling  graupel
may explain the larger rainfall simulated in the western area
of the domain in Fig. 7d.

P3 produced less cloud water (Fig. 10a) than Morrison

in terms of both peak values and vertical extent. Another dif-
ference  in  the  cloud  water  distribution  between  the  two
schemes was that the peak values in P3 were located approx-
imately  in  the  middle  of  the  model  domain,  and not  in  the
west as in Morrison. Therefore, the location of the total ice
was  also  in  the  middle  (Fig.  10b).  The  maximum ice  con-
tents in P3 were much lower than those in Morrison at less
than 0.6 g m−3.

The  rime  mass  fraction  (Fig.  10c)  varied  significantly
from less than 0.2 to over 0.8, with peak values generally cor-
responding  to  cloud  water  maxima.  Mass-weighted  ice
particle densities (Fig. 10d) were mostly low, with values of
less than 100 kg m−3. However, some high values over 600
g m−3 existed due to heavy riming in locations with abund-
ant  liquid  water.  For  heights  above  4  km,  ice  particle  fall
speeds  (Fig.  10e)  were  generally  less  than  1.5  m s−1,  as  in
Morrison.  In contrast,  for  heights  between 2 and 4 km, ice
particle fall speeds varied significantly from 1.5 to 10 m s−1,
as  an increase  in  riming intensity  translated to  increases  in
particle densities and fall speeds. Peak values of ice particle
sizes (Fig. 10f) occurred mostly west of the target region, as
that part of the cloud developed earlier in the process of east
to west movement.

The  aircraft  observations  from  point  A  to  point  B  oc-
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Fig. 9. Vertical cross sections of (a) cloud water (units: g m−3), (b) total ice (units: g m−3), (c) snow (units: g m−3), (d)
graupel  (units:  g  m−3),  (e)  mass-weighted  snow fall  speed  (units:  m s−1)  and  (f)  mass-weighted  graupel  fall  speed
(units:  m s−1),  along  37.89°N at  0900  UTC 20  April  from Morrison.  The  two  black  vertical  lines  show the  target
region along the flight track from point A to point B (111.9°–111.2°E).
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curred between 0825 and 0840 UTC, so it was reasonable to
compare  the  measurements  with  the  model  results  at  0900
UTC. Overall, the simulated ice particles from P3 in the tar-
get region between 111.22°E and 111.9°E existed in a large
temperature range with an ice water content of 0.2 g m−3 ex-
tending  vertically  up  to  approximately  6  km,  while  the
LWC was located below 4 km. For the levels above the 0°C
layer, the rimed mass fraction was less than 0.5, which indic-
ated  light  to  moderate  riming  at  0900  UTC.  The  mass-
weight ice particle densities were less than 100 kg m−3. Ice
particles  in  the  target  region  had  fall  speeds  of  1–2  m  s−1

and  sizes  of  1–3  mm.  The  simulated  predominant  ice
particles  with  light  to  moderate  riming  degrees  generally
agreed with the observed riming particles from the in-situ air-
craft observations, even though the observed riming degree
was  not  quantitatively  determined.  As  discussed  in Hou  et
al.  (2014),  some  heavily  rimed  plates,  graupel-like  snow
and  plates  were  also  observed  during  the  descent  and  as-
cent  flight  legs.  According  to Locatelli  and  Hobbs  (1974),
for heavily rimed particles in the size range of 500–1000 μm,
dendrites  are  assumed  to  have  a  fall  speed  in  the  range  of
2.2 to 2.8 m s−1, while lump type graupel-like snow should
have a fall speed in the range of 3.3 to 4.0 m s−1. Therefore,
the P3 scheme captured the general cloud structures and rim-

ing intensities within the stratiform clouds.

6.    Summary and conclusions

Using the WRF model with two different microphysics
schemes, the P3 and Morrison parameterizations, we simu-
lated a stratiform rainfall event on 20–21 April 2010. The pur-
pose of this study was to examine the ability of the two micro-
physics  schemes  to  simulate  rimed  particles  and  precipita-
tion and to attempt to understand their differences by analyz-
ing  hydrometeor  mass  contents,  rime  intensities  and  fall
speeds.  We  also  used  aircraft  data  to  show  ice  particle
habits and growth modes.

The LWCs and ice particle habits during two precipita-
tion stages of the 20 April case were analyzed. The horizont-
al observations at selected heights suggested that LWCs var-
ied from the maxima of 0.23 g m−3 at the early precipitation
stage to the lower maxima of 0.14 g m−3 at the mature stage.
CIP  images  suggested  a  mixture  of  particle  habits  varying
from needle and dendrites to plates at temperatures between
−5°C and 0°C due to differences in supersaturation and LW-
Cs. Dendrites with well-distinguished branches and their as-
semblages  at  −2°C  to  −1°C  during  the  early  stage  sugges-
ted  that  deposition  and  aggregation  were  dominant  growth
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Fig. 10. Vertical cross sections of (a) cloud water (units: g m−3), (b) total ice (units: g m−3), (c) rime mass fraction,
(d) mass-weighted mean ice particle density (units: kg m−3), (e) mass-weighted mean ice particle fall speed (units: m s−1)
and (f) mass-weighted mean ice particle size (units: mm), along 37.89°N at 0900 UTC 20 April from P3. The two
black vertical lines are the same as in Fig. 9.

126 WRF SIMULATIONS OF STRATIFORM CLOUD VOLUME 37

 

  



modes.  In  contrast,  the  observed  moderately  rimed  dend-
rites  and  plates  indicated  that  riming  contributed  signific-
antly to ice particle growth at the mature precipitation stage.
Aggregation  coexisted  with  deposition  or  riming,  and
played an important role in producing many large particles
in the form of dendrite and capped column aggregations.

The  simulated  accumulated  precipitation  for  the  20
April  case  from  the  two  microphysical  schemes  was  com-
pared  with  that  from  the  rain  gauge  observations.  The  do-
main-averaged values of the 24-h accumulated surface precip-
itation from the two schemes were quite close to each other.
Both schemes underestimated the peak rainfall values in the
outer domain but overestimated the rainfall amount in the in-
ner domain of our stratiform region of interest. However, dif-
ferences existed in the temporal and spatial evolutions of pre-
cipitation distribution. An analysis of the surface precipita-
tion time evolution indicated faster precipitation in Morris-
on, while P3 showed slower rainfall by shifting the precipita-
tion pattern eastward toward what was observed. The differ-
ences  in  precipitation  between  the  two  schemes  were  re-
lated to the distribution of the cloud water  content  and fall
speeds  of  rimed  particles.  Morrison  generally  produced
snow fall speeds of less than 1.5 m s−1 and rimed-category
graupel fall speeds to over 2.0 m s−1. In contrast, P3 had ice
particle fall speeds varying from 1.5 to 10 m s−1, as the rim-
ing intensity translated to increases in particle densities and
fall speeds.

Overall,  the vapor  deposition was the major  contribut-
or  to  ice  particle  growth.  Riming  was  important  in  the  ice
particle  growth  at  lower  levels  above  the  0°C  layer.  The
cloud system belonged to a light riming case. P3 simulated
the  stratiform  precipitation  event  better  as  it  captured  the
gradual transition of the mass-weighted fall speeds and densit-
ies from unrimed to rimed particles.

Only one case was selected in the study. The predicted
rimed mass fraction in the P3 scheme is an important paramet-
er for studying riming growth in clouds. To further evaluate
the  model  performance,  more  comprehensive  observations
of ice habits and riming degrees are needed.
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