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Abstract. As cloud resolving models become more detailed,
with higher resolution outputs, it is often complicated to isolate the physical processes that control the cloud attributes.
Moreover, due to the high dimensionality and complexity of
the model output, the analysis and interpretation of the results can be very complicated. Here we suggest a novel approach to convective cloud analysis that yields more insight
into the physical and temporal evolution of clouds, and is
compact and efficient. The different (3-D) cloud attributes
are weighted and projected onto a single point in space and
in time, that has properties of, or similar to, the Center Of
Gravity (COG). The location, magnitude and spread of this
variable are followed in time. The implications of the COG
approach are demonstrated for a study of aerosol effects on
a warm convective cloud. We show that in addition to reducing dramatically the dimensionality of the output, such an approach often enhances the signal, adds more information, and
makes the physical description of cloud evolution clearer, allowing unambiguous comparison of clouds evolving in different environmental conditions. This approach may also be
useful for analysis of cloud data retrieved from surface or
space-based cloud radars.

1

Introduction

The effect of aerosol on clouds and precipitation poses the
largest uncertainty in the estimation of the anthropogenic
contribution to climate change (IPCC, 2007; Levin and Cotton, 2007). However due to the sparse distribution and short
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lifetime of aerosol, the inherent complexity of cloud microphysics and dynamics, and the strong coupling with meteorology, it is challenging to estimate the overall effect.
Although observations and in-situ measurements provide
direct evidence of physical phenomena, they cannot provide
a comprehensive description of processes and their feedbacks, due to lack of information in time and/or in space.
Models, provided they adequately resolve physical processes
and their couplings, are the main tool with which all the
information can be integrated, and with which the effects
of aerosol can be studied from the microphysical to the
whole-cloud dynamical scale. Cloud-resolving numerical
models are probably the only tool that can separate causeand-effect and give a more complete physical interpretation of the observed correlations. However such analyses
may require many simulations and intensive statistical analysis (e.g., Teller and Levin 2008). The capacity of numerical models is improving significantly, as computers become
more powerful. Today, with clusters of many CPUs, models
representing many physical variables can be run at high spatial and temporal resolution over large domains. However,
a barrier that limits the full potential for progress is that the
huge output is often not easy to interpret and sometimes the
physical meaning of the results is lost in the large and detailed dimensionality.
Here we propose a compact way to analyze cloud model
output in a way that reduces the dimensionality but preserves
and emphasizes the physical properties of the cloud. This
method adds important insight into cloud evolution and allows efficient comparison of clouds evolving under different
conditions. The potential of this method to extract new (often less intuitive) insight into the microphysical and dynamical processes in clouds is demonstrated here for a case study
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of aerosol effects on a single cloud. A demonstration of the
strength of this method for analysis of multi-cloud cases (a
cloud field) will follow as a sequel to this paper.
2

Theory – The cloud center of gravity

Clouds can be described as inhomogeneous clusters of water
droplets and ice particles. While condensing and freezing,
the hydrometeors release latent heat that further enhances
the internal updrafts. This process is opposed by the drag
due to the condensed mass and by cooling of the air due to
evaporation, sublimation, and melting of precipitation. The
basic parameter that reflects the physical state of the cloud
is the water/ice content of the different particles. At every
given point in time, the distributions of the masses, along
with the velocity field reflect the microphysical and dynamical processes affecting the cloud. Such parameters are often
described by contours showing the instantaneous structure of
the cloud. In other cases, the time variation of the mean or
extreme values is presented.
Here we calculate the cloud center of gravity (COG), and
a series of statistical moments derived from it. We use the
location, magnitude, and spread of these variables to trace
the cloud development and to represent compactly the cloud
size, and the cloud microphysical and dynamical states, without using extreme values and thresholds. Together with the
scalar value (the mass), a single point in space is used to represent the location of the equivalent cloud. A set of three additional numbers is used to represent the distribution of mass
inside the 3-D cloud (the spread). We introduce a COG operator that can map any other cloud variable, such as velocity
and droplet radius, by similar representations of amplitude
(scalar, or vector for winds), a COG-like location point, and
a spread. This approach is, by definition, highly sensitive to
the cloud microphysical and dynamical state, i.e., the magnitude and distribution of the variables. It can be used, therefore, as an additional tool to gain insight into the physical
processes governing the cloud evolution.
The center of gravity R of a system is the point in space
(i.e., the physical location) at which the total mass can be
considered to concentrate, and at which external forces may
be applied. It can also be defined as the average coordinates
R of the system elements ri weighted by their masses mi :
P
ri mi
i
R=
,
(1)
M
where the total mass of condensate M of the system is
X
M=
mi .
i
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(2)

R is commonly used in classical and quantum mechanics
in order to solve complex problems of many-body systems
(Feynman, 1963). In this paper, the approach will be described for a single cloud but it can be applied in a similar
way to a cloud field.
We will define the spread S of the cloud (in any spatial dimension x, y, or z) as the distance from R weighted by mass,
or the weighted standard deviation of the distances from the
center of gravity:
vP
u
u mi (ri − R)2
t i
S=
(3)
.
M
S provides a statistically robust measure of the variance
around the COG of the cloud properties.
Using the horizontal spreads along the x and y axes (Sx
and Sy ), we will define the effective area A:
(4)

A = Sx Sy

Or the effective aspect ratio 8 as the ratio between the
horizontal to the vertical spread:
8=

Sx
Sz

(5)

of any cloud property as a measure of the properties’ horizontal variance around the COG, the cloud fraction and the
structure of the cloud.
When analyzing other cloud attributes it is often informative to see their value weighted by the particle mass. For example the time variations of the vertical velocities weighted
by mass will clearly show if the cloud is ascending or descending. Therefore, we define in a similar manner a set of
operators of any physical quantity q. To do so, we define the
momentum-like product MQ of the mass and the variable q
as
X
MQ =
qi mi ,
(6)
i

and the weighted-by-mass averaging operator Q of the quantity q will be
P
qi mi
i
Q=
.
(7)
M
Analogously, the center of gravity operator RQ of the
quantity q is defined as
P
ri mi qi
i
RQ =
(8)
MQ
and the spread operator SQ as
vP
u
u mi qi (ri − R)2
t i
SQ =
.
MQ

(9)
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Fig. 1. Basic description of the clouds (blue-clean, red-polluted): (a) – (top left) time evolution of the maximal updraft. (b) (top right), time
evolution of the cloud top height. (c) (bottom left), evolution of the clouds maximum LWC and (d) (bottom right) maximal ground rain rate.

Figure 1: Basic description of the clouds (blue-clean, red-polluted): Fig 1a – (top left) time
evolution of the maximal updraft. Fig1b (top right), time
evolution of the cloud top height. Fig 1c
Using a similar format to the mass information, these operThe RAMS cloud resolving model version 4.3 (Cotton et
(bottom
left),
evolution
of
the
clouds
maximum
LWC
and
(bottom
right)themaximal
ground
ators can provide insight into the development of other cloud
al., 2003)Fig
was1d
used
to simulate
development
of a small
rain
rate.
parameters. The development of the weighted-by-mass avcumulus cloud. The cloud microphysical parameterization
erages in time and in space (location and spread) will give
a stable measure of the evolution of the cloud and facilitate
the comparison of clouds evolving in different dynamical and
microphysical environments.
The set of the total mass M, the center of gravity
R(x, y, z) and the spread S(x, y, z) (7 numbers in 3-D cases)
provides an abstract measure of the multi-dimensional mass
distribution inside the cloud. Likewise, each of the dynamical and microphysical properties (updrafts, effective radius)
will be measured by 7 numbers per time step. Therefore, a
few numbers (7 for each variable) that give a compact measure of the evolution of the clouds replace much of the information in the complete 3-D dataset.
3

Case study: aerosol effects on a warm convective
cloud

The strength of the COG analysis will be demonstrated with
a case study of the interaction of aerosol with a warm convective cloud. A relatively simple example has been chosen
to demonstrate the new insight that can be gained by this
method.

13
www.atmos-chem-phys.net/9/155/2009/

is based on a bulk microphysical scheme. For the current
simulations, we consider warm, ice-free clouds. The water
class is categorized into three different forms: vapor, cloud
droplets and rain. The microphysical processes included in
the model are activation of droplets, condensation, evaporation, collision and coalescence, collisional breakup, and
sedimentation. The microphysical model uses a combination of one or two-moment hydrometeor prediction scheme.
A detailed description of the RAMS microphysical model is
given in Walko et al. (1995, 2000) and Meyers et al. (1997).
The microphysical model was configured in the following
manner: the mixing ratio of cloud water was prognosed and
the number concentration of cloud droplets specified at either
200 cm−3 (clean) or 1600 cm−3 (polluted). The mixing ratio
and number concentration of the raindrops were prognosed
using the two-moment scheme.
Two clouds were simulated under the same environmental conditions with different specified cloud droplet number
concentrations representing different aerosol loadings. The
simulations were initialized with a sounding of temperature
and moisture from Bet Dagan, Israel, meteorological station
on 12 July 2002 at 12Z (15:00 LT). The profile was modified to include additional moisture at the low levels for a
Atmos. Chem. Phys., 9, 155–161, 2009
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Fig. 2. Analysis of the time evolution of cloud mass for the clean (blue) and polluted (red) clouds: (a) (top, left) – total mass of the cloud
2 : Analysis
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cloud droplets
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andthe
thetime
rain evolution
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(b) (top,
right)
the clean
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andpolluted
the spread
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Fig.
2a (top,
left)
- total
of and
the spread
cloud liquid
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COGmass
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cloud droplets.
(d) (bottom,
the rain drops (stars). Fig. 2b (top, right) - the height (curve) and the spread (in bars) of the COG
spread of the rain drops.
total liquid water content. Fig. 2c (bottom, left) – the COG height and spread (in bars) of the cloud
droplets. Fig. 2D (bottom, right) COG height and spread of the rain drops.
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better approximation of the conditions over the sea surface.
The wind profile was not included in the simulations. Vertical motion was initiated in the simulations by introducing a
warm bubble near the lower boundary of the model to simulate a single cloud.
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The grid resolution was 50 m in both horizontal and vertical directions covering a three dimensional domain of
4.5×4.5×5.1 km. The time step was 0.8 s.
First, a set of cloud properties are shown (Fig. 1) using
the commonly used plots of the maximum updraft velocity, maximum liquid water content (LWC), cloud-top height
www.atmos-chem-phys.net/9/155/2009/
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and surface rain rate. The cloud-top height is defined as the
highest grid point with liquid water mixing ratio >0.01 g/kg.
Based on this set of parameters, the main differences between
the clean and polluted clouds are manifested in a significantly
higher rain rate for the clean cloud after about 50 min, which
depletes the LWC (Fig. 1c) and reduces the maximum updraft (Fig. 1a). The maximum cloud top height is similar for
both cases (Fig. 1b).
The additional information revealed by the COG analysis
is demonstrated in the next plots. The cloud hydrometeors
are classified into three classes: cloud droplets, rain drops
and the sum of the two classes e.g. the total liquid water
content (LWC). The location of the LWC center of gravity
is a weighted-by-mass average of the location of the cloud
droplet COG and the rain drop COG. The development of
the two clouds can be clearly described by the location of
the COG, by the total mass, and the spread of the three
classes. The evolution in time of the mass of the three classes
(Fig. 2a) shows dramatic differences between the clean and
the polluted cloud. While rain mass becomes a significant
portion of the mature clean cloud liquid mass, it is insignificant for the polluted one. The vertical COG location and the
spread of the total LWC are shown in Fig. 2b. Both clouds
have similar COG height and spread values during the early
stages of the cloud evolution (30 to 40 min). Thereafter, the
clean cloud COG height is markedly lower than that of the
polluted cloud due to the enhanced sedimentation of the rain
which pulls the rain COG downward (Fig. 2d). It is interesting to note that although the COG is almost equal in height
for the droplets in the two clouds and is higher for the rain
drops (Fig. 2c and d) in the case of the clean cloud, the decrease in height of the rain COG in the polluted cloud is insignificant due to its low rain mass. Thus, the height of the
COG of the total LWC is higher for the polluted cloud.
One can gain more insight from the relationship between
the location of the COG and the spread. The spread of the
total LWC (Fig. 2b) can reflect the distance between the raindrop COG to the cloud droplet COG. The spread of the LWC
in the clean cloud becomes significantly larger during the last
stage of the cloud’s life, when the distance between the rain
drops and cloud droplets COG increases (see the blue curves
in Fig. 2c, d). The spread of the cloud droplets is similar at
all times for the two clouds (Fig. 2c) while the rain spread
of the polluted cloud is larger for most times (though much
smaller in amount – see Fig. 2a) and is concentrated lower in
the cloud, suggesting drizzle-like rain.
What information can the horizontal COG and spread add?
For one stationary cloud, as in this example, the horizontal
COG location is not informative. However the evolution in
time of the horizontal spread, for a moving cloud or clouds
can give additional insight. Figure 3a shows the evolution
in time of the horizontal spread for the clean and polluted
clouds. First, the spread of the cloud droplets is smaller than
that of the rain drops, due to enhanced evaporation of cloud
droplets at cloud boundaries. It also shows that after 50 min
www.atmos-chem-phys.net/9/155/2009/
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of simulation the spread of the polluted cloud becomes larger
than the spread of the clean cloud, both for the cloud droplets
and rain drops, suggesting that the smaller cloud droplets
and the smaller raindrops in the polluted case are more affected by the horizontal advection at the higher altitudes.
Figure 3b follows the evolution in time of the effective aspect ratio, calculated as the ratio between the horizontal to
the vertical spread of the cloud droplets (Eq. 5). It is clearly
shown (for both clouds) that in the early stages of cloud development, while the vertical depth increases, the aspect ratio decreases fast. After the clouds reach their mature stage
the aspect ratio increases. Note that the aspect ratio of the
polluted cloud is larger during the mature parts of the simulation.
To demonstrate the power of the COG method, more standard calculations of the vertically and horizontally-integrated
mass distributions are plotted for two selected times: t=50
min, when the clean cloud starts to rain and t=60 min, during
the period of heavier rain from the clean cloud.
The vertical and horizontal distributions of the cloud
droplet mass are similar for the two clouds at t=50 (Fig. 4, left
column, solid lines). While later at t=60 the clean cloud has
lost a significant portion of its mass to rain and has a higher
base (Fig. 4, upper left panel, dotted lines) and faster decay
of the mass away from the cloud center (close to the boundaries) compared to the polluted one. This is clearly reflected
in the height of the droplet COG and spread (Fig. 2c and 3a).
The vertical distribution of raindrop mass exhibits a shift towards a lower maximum height and more surface rain with
the passage of time from 50 min to 60 min. This is clearly
and compactly shown in the raindrop COG height (Fig. 2d).
Finally, the large differences in the horizontal spread of rain
(presented in Fig. 3a) are demonstrated again here, in Fig. 4d.
The horizontal distribution of the rain is similar at t=50 and
is much narrower, and concentrated at the core of the clean
cloud during the heavy rain (t=60).
More information can be extracted by following the time
evolution of the COG of the updraft and cloud droplet radius.
Figure 5a shows the updraft COG weighted
by the cloud
P
ri mi Wi

droplet mass (following Eq. (8): RW = i MW ). Such an
operator can be translated to the location of the updraft center for this particular hydrometeor class and it is notable that
the COG of the updraft is at a lower height in the polluted
case during the mature stages of the cloud lifetime. However,
Fig. 5b shows that the updraft
value weighted by the cloud
P
wi mi

droplet mass (Eq. 7: W = i M ) is stronger for the polluted
cloud throughout the simulation time. Finally, the weighted
P
di mi

averages of the cloud droplet diameter (Eq. 7: D= i M )
are plotted in Fig. 5c, showing the evolution of the cloud
droplet size during the cloud lifecycle and expected effect of
aerosol on average drop size (the polluted cloud has smaller
cloud droplets).
Atmos. Chem. Phys., 9, 155–161, 2009
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Fig. 4. Vertically and horizontally-integrated mass distributions of cloud droplets and rain drops for the clean (blue) and polluted (red)
clouds. Solid lines represent distributions at t=50 and dotted lines at t=60. Upper row shows vertical distributions and lower row horizontal
distributions. Left column
distributions
cloud droplets and rightmass
column
rain drops. of cloud droplets and rain
Figure shows
4: Verticallyandfor
horizontally-integrated
distributions

drops for the clean (blue) and polluted (red) clouds. Solid lines represent distributions at t=50 and
dotted lines at t=60. Upper row shows vertical distributions and lower row horizontal
distributions. Left column shows distributions for cloud droplets and right column rain drops.

Figure 5: 5a (left) Updraft COG. Fig. 5b (middle) Updraft weighted by cloud droplet mass. Fig. 5c
Fig. 5. (a) (left) Updraft
COG.
(b) (middle)
weighted by cloud droplet mass. (c) (right) average radius of cloud droplets.
(right)
average
radius ofUpdraft
cloud droplets.

4

Summary

A novel method 16
of analyzing cloud dynamical and microphysical properties is presented. The suggested COG method
represents the clouds by the magnitude and location of the
center of gravity and its spread in space. A COG-like operator is defined for cloud properties other than mass, by weighting the locations and averaging by the mass.
Such a simple representation of cloud properties in time
and space allows us to gain new insight into the evolution in
time and the differences between clouds of each cloud propAtmos. Chem. Phys., 9, 155–161, 2009

erty. This method does not only reduce dramatically the dimensionality of the data, but also facilitates the interpretation
of the physical processes and enhances their meaning. It provides a tool to spot interesting features in the data that later
can be analyzed in depth by more detailed methods.
This method, by being statistically robust (and stable), is
mostly suitable for comparison between clouds evolving in
different environmental conditions or for comparison of the
output of different numerical models that simulate clouds in
similar conditions.

www.atmos-chem-phys.net/9/155/2009/
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The COG method can be applied to analysis of a cloud
field (in preparation). It can show trends, distributions and
sensitivity to environmental conditions of the location, mass,
updrafts and effective radii of an ensemble of clouds.
In this study, we have demonstrated the potential of the
method by using information from two moments only (location, average and spread). Other moments could be used
to extract more details such as the symmetry of the cloud
property around the COG or the existence of more then one
maximum in the spatial distribution of the mass.
With the launch of CloudSat (Stephens et al., 2002) and
copious amounts of other radar data, such a method can also
be applied to cloud measurement data, reducing the complexity and facilitating the interpretation of physical processes in
a similar manner.
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