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ABSTRACT

The ratio of column-integrated cloud content between ice and liquid
phases (CR) is a good indicator of cloud dynamics (e.g., convective or
stratiform) and radiative properties. Clouds are more stratiform when the
CR is larger and more convective for smaller CR values. In this study, a
tendency equation of the cloud ratio is derived. The tendency of the cloud
ratio (JCR/¢ ) is determined by six major cloud microphysical processes:
vapor condensation and deposition as cloud sources, rainfall and evapora-
tion of rain as the sinks of water clouds, and melting of graupel and accre-
tion of cloud water by precipitation ice as the major conversion processes
between water and ice clouds. Apparently, JCR/¢ is related to water cy-
cling processes among vapor and different categories of clouds, and links
the amount of water vapor and clouds with temperature through latent
heating.

An analysis of the tendency of the cloud ratio is carried out using hourly
zonal-mean data based on a 2D cloud-resolving simulation with the im-
posed forcing from the Tropical Ocean Global Atmosphere Coupled Ocean-
Atmosphere Response Experiment. During the genesis and decay stages of
clouds (a zonal-mean surface rain rate of smaller than 0.3 mm h' ), the
tendency of the cloud ratio is mainly controlled by the processes related to
the vapor condensation and deposition. During the mature stage of clouds
(a zonal-mean surface rain rate of larger than 0.3 mm h' ), the tendency of
the cloud ratio is determined by conversion between water and ice clouds
through melting of graupel and accretion of cloud water by precipitation
ice.
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1. INTRODUCTION

Warm clouds and cold clouds are formed through very different cloud microphysical
processes (e.g., Houze 1977). In developing convective cloud regions, precipitation particles
grow mostly by collecting cloud water, and the larger raindrops fall out. In regions of decaying
convection vertical air motions are generally weaker, and precipitation particles grow mostly
by vapor diffusion. These regions are normally referred to as stratiform which are mostly ice
clouds. Stratiform clouds typically occur adjacent to regions of developing convective showers.
Because of the different dominant cloud microphysical processes involved in ice, and water
cloud formations, respective particle size distributions and optical properties of ice, and water
clouds are distinctly different, and are intimately linked to the convective and stratiform cloud
regions.

Many previous studies have focused on convective/stratiform cloud partitioning based
on amplitude and spatial variations of radar reflectivity or the surface rainfall rate, e.g., Churchill
and Houze (1984), Caniaux et al. (1994), Steiner et al. (1995), and others. Based on similar
criteria, Tao and Simpson (1989), Tao et al. (2000), Sui et al. (1994), Xu (1995), and Lang et
al. (2003) developed partition methods that include additional information like cloud content,
vertical motion, and the fall speed of precipitation particles. Distinguishing convective and
stratiform cloud regions in these studies provide useful insights into studying cloud dynamics
and quantitative rainfall estimates. However, it is difficult to quantitatively study cloud micro-
physical processes in the development of convective/stratiform clouds and precipitations since
the mathematical relationship between these microphysical processes linking convective/strati-
form clouds cannot be established based on previous cloud partitioning methods.

In this study, the ice water path (/WP: vertically-integrated sum of mixing ratios of cloud
ice, snow and graupel), and the liquid water path (LWP: vertically-integrated sum of mixing
ratios of cloud water and raindrops) are used to define the cloud ratio (CR: the ratio of the IWP
to LWP). Advantages of using LWP and IWP in defining convective and stratiform clouds are
twofold. First, radar and satellite measurements are available for retrieving LWP and IWP
(e.g., measurements by passive and active microwave sensors onboard existing satellites like
the NASA/Tropical Rainfall Measurement Mission satellite and NOAA/Advanced Microwave
Sounding Unit). Second, LWP and /WP are directly linked to cloud microphysics so the pro-
cesses influencing the cloud ratio can be studied in a more straightforward way.

While convective and stratiform clouds have been traditionally identified at near pixel
scales, their ratio in a larger area reveals some important features associated with the corre-
sponding large-scale disturbances. These include the overall strength of convection, heating
profile, lightening, rainfall efficiency, etc. Therefore, observing the LWP, IWP, and their ratio
in different weather systems in different climate regimes provides essential information for
studying some aspects of the relevant physical and dynamic processes. For example, the re-
sponses of LWP and IWP to surface warming and large-scale circulation in the tropics are the
key water cycling processes determining the radiative-convective feedback to natural or an-
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thropogenic climate forcing. This is best demonstrated in the debates on the controversial
“thermostat” hypothesis and “adaptive iris” hypothesis proposed by Ramanthan and Collins
(1991) and Lindzen et al. (2001), respectively (see Lau et al. 1994, Lin et al. 2004, and refer-
ences therein). Another example is that warm-season convection in the pre-monsoon period
and monsoon period possess different characteristics: the pre-monsoon rain tends to be more
convective while the monsoon rain tends to be stratiform. This again is related to the responses
of LWP and IWP to different environmental conditions.

With the above motivation for defining CR as a new partition criterion for convective-
stratiform clouds, the LWP, IWP, and cloud ratio in a cloud model are analyzed in this study to
examine the dominant microphysical processes responsible for the development of tropical
water and ice clouds. Through this study, we intend to establish a framework for satellite
analysis and climate model studies of convective systems in different weather and climate
regimes using LWP, IWP, CR, CR tendency, together with other cloud and dynamic variables.
Potential uses of the framework include:

* Statistic analysis (like probability distributions) of LWP, IWP, CR, and CR tendency in

different large-scale disturbances using satellite data.

* Evaluation of simulated LWP, IWP, CR, and CR tendency in different models using

explicit cloud microphysics schemes against satellite derived quantities.

* Investigations of responses of water vapor and clouds (LWP, IWP, CR, and CR tendency)

to climate forcing anomalies.

This study is based on the hourly zonal-mean data from a two-dimensional (2D) cloud-
resolving simulation. The model and experiment are briefly described in section 2. In section
3, the tendency equation of the cloud ratio is derived based on the prognostic equations of
cloud hydrometeors in the 2D cloud-resolving model. The dominant cloud microphysical pro-
cesses responsible for the development of convective and stratiform clouds are identified through
an analysis of the tendency equation of the cloud ratio based on the hourly zonal-mean data.
The summary is given in section 4.

2. MODEL AND EXPERIMENT

The cloud resolving model was originally developed by Soong and Ogura (1980), Soong
and Tao (1980), and Tao and Simpson (1993). The 2-D version of the model used by Sui et al.
(1994, 1998) and further modified by Li et al. (1999) is used in this study. The model predicts
potential temperature, specific humidity, zonal and vertical wind, and mixing ratios of five
cloud hydrometeors using the governing equations with an anelastic approximation. The model
is imposed with the zonally uniform vertical velocity as the main external forcing. The details
of the model including cloud microphysics parameterization schemes are referred to Li et al.
(1999, 2002). The experiment analyzed in this study is conducted with the model forced by the
zonally uniform vertical velocity, zonal wind, and thermal and moisture advections, which are
derived by Professor Minghua Zhang and his research group at the State University of New
York at Stony Brook, based on the 6-hourly TOGA COARE observations within the Intensive
Flux Array (IFA) region (Zhang, personal communication). The calculations are based on the
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constrained variational method on column-integrated budgets of mass, heat, moisture and
momentum proposed by Zhang and Lin (1997). Hourly sea surface temperature at the Im-
proved Meteorological (IMET) surface mooring buoy (1.75°S, 156°E) (Weller and Anderson
1996) is also imposed in the model. The model is integrated from 0400 LST 19 December
1992 to 0400 LST 9 January 1993 (21 days total). Figure 1 shows the time evolution of vertical
distribution of the large-scale atmospheric vertical velocity, zonal wind, and the time series of
the sea surface temperature (SST) during the 21-day period. In this model setup, the horizontal
boundary is periodic. The horizontal domain is 768 km with a horizontal grid resolution of
1.5 km. The vertical grid resolution ranges from about 200 m near the surface to about 1km
near 100 hPa. The time step is 12 seconds. Hourly outputs of zonal-mean variables are ana-
lyzed in the following discussions.

3. RESULTS

Figure 2 displays horizontal-vertical cross sections of the sum of the mixing ratios of
cloud hydrometeors (¢. + ¢, + 4, +4,+4,), and vertical profiles of zonal-mean mixing ratios
of cloud hydrometeors and vertical velocity at 0800 LST 20, 0000 LST 21, and 0600 LST 24
December 1992, respectively. The zonal-mean CR is 0.2 when several cloud clusters extends
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Fig. I. Temporal and vertical distribution of vertical velocity (a), zonal wind
(b), and the time series of sea surface temperature (c) taken from TOGA
COARE for 21-day period. Upward motion in (a) and westerly wind in
(b) are shaded. Units of vertical velocity, zonal wind, and sea surface
temperature are cm s_l, m s_l, and °C, respectively.
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to 400 mb only and the water clouds dominate at 0800 LST 20 December 1992 (Fig. 2a),
representing the development of convective clouds. The vertical velocities in upper and lower-
troposphere have similar magnitudes. When clouds extends to 100 mb at 0000 LST 21 De-
cember 1992 (Fig. 2b) and the zonal-mean CR = 0.8, both ice and water clouds develop. There
exists strong upward motion above 600 mb which supports ice clouds. The zonal-mean CR is
2.8 at 0600 LST 24 December 1992 when anvil ice clouds exist and the mixing ratios of ice
clouds are larger than those of water clouds (Fig. 2¢), denoting the development of stratiform
clouds. A strong mean upward motion occurs in the upper-troposphere whereas a downward
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Fig. 2. Horizontal and vertical distributions of mixing ratio of clouds (left panels)
and vertical profiles of zonally-averaged mixing ratio of clouds (solid)
and vertical velocity (dashed) (right panels) at (a) 0800 LST 20, (b) 0000
LST 21, and (c) 0600 LST 24 December 1992. Units are 10~ g kg’1 for
mixing ratio of clouds and cm s™' for vertical velocity, respectively.
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motion appears in the lower-troposphere.

Since the vertical profiles of vertical velocity strongly impact the vertical profiles of clouds,
the layer-mean vertical velocities in upper (w,) and lower (w,) troposphere are calculated
above 530 mb (about 0°C) and below. Note that the vertical velocity used to calculate the
layer-mean here is identical to the imposed zonally-uniform vertical velocity. The fractional
covers for stratiform (fcs) and convective (fcc) clouds are also calculated based on Sui et al.
(1994). The linear correlation coefficients between the /WP and w, and between the /WP and
fcs are 0.7 and 0.6, respectively, whereas the linear correlation coefficients between the LWP
and w, and between the LWP and fcc are 0.5 and 0.4, respectively, which are above 99%
confidence level. This indicates that the large upward motion in upper (lower) troposphere
causes the large /WP (LWP) that includes the large fractional cover for stratiform (convective)
clouds. Figure 3 shows CR versus w,, w,, fcs, and fcc. When CR < 0.4, w, is always positive
supporting the strong development of water clouds whereas w, could be positive or negative
showing weak ice clouds. When CR > 0.4, w, and fcs are larger than w, and fcc, respectively.
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Fig. 3. CR versus layer-mean vertical velocity in upper troposphere (w, ) in (a),
layer-mean vertical velocity in lower troposphere (w,) in (b), fractional
cover for stratiform clouds (fcs) in (c), and fractional cover for convec-
tive clouds (fcc) in (d). Units are cm s™ for w, and w,, and % for fcs
and fcc, respectively.
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As CR increases, the upper-tropospheric upward motion becomes stronger and the fractional
cover for stratiform clouds becomes larger. The above result indicates that positive layer-
mean (large-scale) vertical velocity is important in triggering convection within which smaller-
scale updrafts subsequently drive the microphysics of convective clouds.

The results shown in Figs. 2, 3 indicate that the variations of the domain-mean CR directly
reflect the variations of convective and stratiform clouds in the domain. Clouds are more
stratiform when zonal-mean CR increases whereas clouds tend to be more convective when
zonal-mean CR decreases. To further quantify the above observations, we derive a tendency
equation of zonal-mean CR next.

The prognostic equations of the mixing ratio of cloud hydrometeors in the 2D cloud re-
solving model can be expressed as:
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where ¢q., 4., q;, 4, 4, are the mixing ratios of cloud water (small cloud droplets), raindrops,
cloud ice (small ice crystals), snow (density 0.1 g cm™), and graupel (density 0.4 g cm™),
respectively. The microphysical processes in the terms of the right-hand side of (1) - (5) and
corresponding schemes are listed in Table 1, and definitions and values of the other quantities
can be found in Li et al. (1999, 2002).

To derive the tendency equation of the CR, we first add (1) - (2) and (3) - (5) respectively
and vertically integrate the resulting equations to yield:

JLWP

Py =CONV,yp =P +[Foyp 1+ CUWP,LWP) [ Pepyp 1, (6)
WP
o = CONViyp + [P 1 +1(1=8) Pipgp 1+ 11 = 0) Py 1= CUIWP, LWP)
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where
0
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Jd
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HPpr (T >T) =[Py (Tog <T < T)1+ [ Pracs (T <T)1=[Pycr (T <T)))]
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Here, [O]=/ p(0dz, z, and z, are the heights of the top and bottom of the model atmo-
sphere respectively.

In the tropical deep convective regime, C(IWP,LWP) issimplified as [ P, 7 1= [Poacw 1 = [FPoacw |
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(Li et al. 2002). Precipitation due to snow and graupel (P, and P,) are negligible, and P,
accounts for surface rain rate (Py,) *[Ppgp 1+ [Psppp 1 + [ Fopep 1 =12 Ppgp 1. Therefore, (6) - (7)
can be simplified as:

JLWP
P CONV,yp = Py +[Peyp 1+ CUWP,LWP) = [ Py 1, (%a)
AIWP
. CONVyyp +13 Ppip1-CUUWP,LWP) (9b)

Take zonal mean on (9), (9) becomes

JLWP

7 = =Py +[Fonp 1+ CUWP,LWP) — [ Prpyp 1, (10a)
oIWP
= 2Pl -CUWP.LWP). (10b)

Note that all quantities in (10) are zonally averaged. Thus, the zonal mean of (8a) and (8b)
are excluded in (10).

Taking time derivative of zonal-mean CR and using (10), the tendency equation of zonal-
mean CR can be expressed by:

P,
L?CR =C(LWP’[WP)(LWP+]WP)+ [EPDEP] _ [PCND] + sfe + [PREVP]'
CR ot LWP x IWP WP LWP LWP LWP

Y

Note that the relation —-C(/IWP,LWP) = C(LWP,IWP) is used in (11). Eq. (11) can be
shown schematically in Fig. 4. Eq. (11) shows that the tendency of the zonal-mean CR is
determined by the conversion between LWP and /WP through the melting of graupel and the
accretion of cloud water by precipitation ice, vapor condensation and deposition, rainfall, and
evaporation of rain. Accretion of cloud water by precipitation ice and vapor deposition en-
hance the development of ice clouds, and rainfall and evaporation of rain suppress the devel-
opment of water clouds increasing the cloud ratio whereas melting of graupel and vapor con-
densation enhance the development of water clouds decreasing the cloud ratio.

Dominant responsible processes for variations of the CR may be different in different
development stages of clouds denoted by different rain rates. Thus, an analysis of the CR
budgets is carried out here in different stages based on hourly cumulative microphysical bud-
get terms. Two stages are formed by dividing the data in two groups based on a threshold
surface rainfall rate. The small and large surface rain rates represent the clouds in the stages of
the genesis/decay and development/mature, respectively. Since the time-mean surface rain
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rate during the integration is 0.37 mm h™', we choose P, <0.3 mm h™' and P, >0.3 mm h'
to define the two groups. We also tested different threshold values of P and the results are
similar. Figures 5 and 6 show /nCR tendency versus the contributions from the melting of
graupel and accretion of cloud water by precipitation ice, vapor deposition and condensation,
and rainfall and evaporation of rain when P ;. <0.3 mm h™ and P, >0.3 mm h™", respectively.

When P, <0.3 mm h™', the linear correlation coefficients and root-mean-square differences

LWP + IWP
between /nCR tendency and its components are 0.13 and 2.31 h™" for C(LWP,IWP )(m) ,
X
P P P, [P
0.66and 1.5 h™" for (2 Poer] _ Uenp] ,and 0.14 and 3.33 h™' for —f+M, respectively.
IwWPpP LWP l[,}_Z}/P LWP
[2 Poep] _

cxp (Fig. 5b). The /nCR
IWP  LWP

), indicating the vapor condensation

Thus, the /nCR tendency is mainly determined by
(2 Pogp] _ [Fenp ]

Iwp LWP
and deposition rates associated with the upward motion are responsible for the variations of

P
M 1S a constant

tendency increases with increasing (

cloud ratio and the variations of convective and stratiform clouds. Since
of 0.8 statistically (not shown), the /nCR tendency depends largely on ﬁ. The CR de-

creases (increases) and clouds are more convective (stratiform) when LC% is larger (smaller)
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Fig. 4. A schematic diagram for exchange between water (LWP) and ice (IWP)
clouds and cloud sources. The description of conversion terms can be
found in Table 1.
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P _
than [EIDEP]. When P, > 0.3 mmh l, the linear correlation coefficients and root-mean-
square differences between 1nCR tendency and its components are 0.78 and 1.76 h™" for

LWP +IWP P P
C(LWP,IWP)(———""""y 0,01 and 2.81 h™" for (2 Poer] _ [Fonp] ,and 0.27 and 3.55 h™’
LWP x IWP IWP LWP

, respectively. Thus, the 1nCR tendency is mainly contributed by

P,
f sfc + L REVP

LWP  LWP

Table 1. List of microphysical processes and their parameterization schemes in
appendix. The schemes are Rutledge and Hobbs (1983, 1984; RHS83,
RH84), Lin et al. (1983, LFO), Tao et al. (1989, TSM), and Krueger et
al. (1995, KFLC).

Notation | Description Scheme
Pyire Growth of vapor by evaporation of liquid from graupel surface RH84
Puvits Growth of vapor by evaporation of melting snow RH&3
Prpvp Growth of vapor by evaporation of raindrops RHS3
Pt Growth of cloud water by melting of cloud ice RHSK3
Ponp Growth of cloud water by the condensation of supersaturated vapor | TSM
Pomrt Growth of raindrops by melting of graupel RH84
Ponir Growth of raindrops by melting of snow RHS&3
Pracr Growth of raindrops by the accretion of cloud ice RHR4
Pracw Growth of raindrops by the collection of cloud water RHS83
Pracs Growth of raindrops by the accretion of snow RH84
Praut Growth of raindrops by the autoconversion of cloud water LFO
Piow Growth of cloud ice by the deposition of cloud water KFLC
Piacr Growth of cloud ice by the accretion of rain RHg&4
Priom Growth of cloud ice by the homogencous freezing of cloud water

Ppgp Growth of cloud ice by the deposition of supersaturated vapor TSM
Psaut Growth of snow by the conversion of cloud ice RHR3
Psact Growth of snow by the collection of cloud ice RHR3
Poacw Growth of snow by the accretion of cloud water RHS3
Psrw Growth of snow by the deposition of cloud water KFLC
Pspr Depositional growth of snow from cloud ice KFLC
Psacr Growth of snow by the accretion of raindrops LFO
Pspep Growth of snow by the deposition of vapor RH&3
Psac Growth of graupel by the collection of cloud ice RH84
Poacr Growth of graupel by the accretion of raindrops RH84
Poacs Growth of graupel by the accretion of snow RH&4
Poacw Growth of graupel by the accretion of cloud water RH&4
Pwacs Growth of graupel by the riming of snow RH&4
Popep Growth of graupel by the deposition of vapor RH&4
Parr Growth of graupel by the freezing of raindrops LFO
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LWP +IWP
C(LWP,IWP)(—————) (Fig. 6a). The /nCR tendency increases with increasing
LWP x IWP

([Pyscw 1+ [ Psacw 1= [Pspr1)- The CR decreases (increases) and clouds are more convective
(stratiform) when the melting rate of graupel is larger (smaller) than the accretion rate of cloud
water by precipitation ice in the mature stages of clouds.

4 0 4 8

LnCR Tendency

Fig. 6. Same as in Fig. 5 except when the zonal mean surface rain rates are larger
than 0.3 mmh™' .
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4. SUMMARY

A cloud ratio that is defined as the ratio of the ice water path and the liquid water path is
introduced in this study to quantitatively measure convective and stratiform clouds, depending
on the relative dominance of water/ice clouds. More convective (stratiform) clouds are associ-
ated with smaller (larger) cloud ratios which are shown to be related to weaker (stronger)
upward motion above the freezing level relative to the vertical velocity below the freezing
level. The tendency of the cloud ratio gauges the development of convective/stratiform clouds.
Thus, a tendency equation of the cloud ratio is derived based on the prognostic equations of
cloud hydrometeors in the cloud resolving model. The analysis of the tendency of the cloud
ratio is carried out using hourly zonal-mean data from the 2D cloud-resolving simulation. The
cloud model is integrated with the imposed forcing from the Tropical Ocean Global Atmo-
sphere Coupled Ocean-Atmosphere Response Experiment for the selected 21-day period.

The tendency of the zonal-mean CR is determined by six major cloud microphysical
processes: vapor condensation and deposition as cloud sources, rainfall and evaporation of
rain as the sinks of water clouds, and melting of graupel and accretion of cloud water by
precipitation ice as the major conversion processes between water and ice clouds. The analysis
is performed in two groups: one group with a zonal-mean surface rain rate smaller than 0.3 mm h™,
and the other group with a zonal-mean surface rain rate larger than 0.3 mm h™'. The group
with small surface rain rates represents cases during the genesis/decay stage of clouds whereas
the group with large surface rain rates denotes cases during the mature stage of clouds. During
the genesis and decay stages of clouds, the tendency of the CR is mainly controlled by vapor
condensation and deposition processes, indicating the condensation and deposition processes
play important roles in determining the formation and decay of clouds. During the mature
stages of clouds, the tendency of the CR is determined by conversion between existing water
and ice clouds through the melting of graupel and accretion of cloud water by precipitation ice.

The primary microphysical process responsible for growth of convective rainfall is a col-
lection of cloud water by rain particles in the strong updraft cores whereas the primary micro-
physical process responsible for the growth of stratiform clouds is vapor deposition on ice
particles (e.g., Houghton 1968, Houze 1977). In this study, since the liquid water path is the
combination of cloud water and raindrops, the collection of cloud water by rain (P, ) is not
explicitly expressed in (11). The budget of cloud water shows that a large vapor condensation
rate is correlated with a large collection rate of cloud water by rain, indicating the vapor con-
densation rate may indirectly affect the collection rate by changing the amount of cloud water
available for collection (e.g., Li et al. 2002). Thus, our results show that vapor condensation
and deposition are the major processes responsible for the growth of convective and stratiform
clouds, respectively, in the onset/decay stages of tropical clouds, which are consistent with the
existing knowledge. Our results also show that when water and ice clouds develop to a mature
stage, the conversion processes between the existing water and ice clouds through the melting
of precipitation ice and accretion of cloud water by precipitation ice may play an important
role in the development of convective/stratiform clouds while other processes such as vapor
condensation and deposition may be secondary factors. The results in the mature stage have
not been discussed before and await further studies. Nevertheless, the analysis of the cloud
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ratio demonstrates that derivation of the tendency equation of the cloud ratio leads to the
establishment of a microphysical framework, which is a powerful tool for the investigation of
development of convective/stratiform clouds.
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