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A B S T R A C T

The microphysics of precipitation has to be parameterized in Earth System Models (ESM), Global Circulation/Climate Models (GCMs), Cloud Resolving Models
(CRMs), Regional Climate Models (RCMs), and Numerical Weather Prediction (NWP) models since the relevant physical processes operate at centimeter scale, thus
well below the finest model grid size. While more than 20 bulk microphysics schemes have been described in the literature, they all have a number of empirical
values and work under a set of reasonable assumptions that treat the problems in a simplified way. This paper discusses these choices in order to present a
homogenous account of the physics within the parameterizations, and illustrates how observations can help improve our present understanding of precipitation
physics. The Weather and Forecasting Research model (WRF), and the Community Atmosphere Model (CAM) in the Community Earth System Model (CESM) are used
as prototypes of full-confidence models. This contribution can also help frame and advance research into the human-induced, ongoing climate change as those
parameterizations are instrumental for the appropriate ESM modeling of future climates.

1. Introduction

1.1. Model parameterizations and tuning

Earth System Models (ESM), Global Circulation/Climate Models
(GCMs), Cloud Resolving Models (CRMs), Regional Climate Models
(RCMs) and Numerical Weather Prediction (NWP) models are all tuned
so they can realistically represent nature (Schmidt et al., 2017), and the
most heavily tuned parameters are those related to the microphysics of
precipitation (hereafter MP). In a recent study, Hourdin et al. (2017)
report that 96% of modelers acknowledge tuning their models, with
87% applying changes to the entrainment rate and conversion to pre-
cipitation; 83% directly altering the microphysics (droplet number
concentration, conversion rates, and fall velocities); and 82% adjusting
cloud fraction.

Tuning is applied because most of the complex physics of hydro-
meteors at the small scale cannot be explicitly described from first
principles, so it relies on parameterization. This is defined as the re-
presentation, in a dynamic model, of physical effects in terms of ad-
mittedly oversimplified parameters, rather than requiring such effects
to be consequences of the dynamics of the system. These representa-
tions imply: (1) assumptions about the underlying physics; and (2) the
use of empirical values for many variables in order to constrain, provide
thresholds, define mean values, or fix the limits of variability of re-
levant but unobservable processes. Another reason for using empirical
values is to provide closure to underspecified models described by

systems of partial differential equations (PDEs).
Tuning involves several potential dangers. Blind tuning until the

model yields a ‘reasonable’ output, or tuning a single parameter or
process may ‘remove the symptom but not the cause’. Thus, a model
affected by an excess of modeled cloud water can be nudged to the
correct rain rate by artificially tuning down the collision efficiency in
the microphysics (Takahashi et al., 2017). This fix, however, does not
resolve the real cause, meaning errors can manifest subsequently or in
another location.

Global warming presents a new challenge for parameterization. As
the climate is changing —and we can state this with a high level of
confidence based only on observation, without having to resort to
models— coefficients and empirical values may vary, together with the
associated assumptions. Indeed, the physics of a future, warmer climate
will be the same, but the complex interplay of the many non-linear
processes may produce wildly different results. Factors currently con-
sidered important may become less so, and the opposite may happen
with processes that are less relevant today but which may emerge as
being essential for the models. Establishing sensitivity to such choices is
actually a major goal of model uncertainty studies.

As an example of fixes to current climate conditions, the updraft
vertical velocity in the ECMWF Integrated Forecasting System (IFS),
Cycle 43 (CY43R3, ECMWF 2017) is limited to 10 m s-1 (previously set
to 15m s-1 in IFS Cycle 38, back in 2012), and the parameterizations
contain several empirical choices: a constant friction velocity of 0.1 m s-
1 is used in the vertical convective-scale velocity expression; a factor
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f = 2.0 is used because of turbulence in the modeling of the updraught
kinetic energy (a value of β=1.875 and a virtual mass coefficient
γ=0.5 are also used there); and the drag coefficient Cd is set to 0.506.
In the sub-grid scale orographic drag modeling, the drag coefficient Cd

is set close to 1 albeit some observations show that it can be nearer 2. A
liquid water threshold of 0.3 g kg-1 over water and 0.5 g kg-1 over land
are also used to prevent precipitation generation from small water
contents.

All these parameters work reasonably well at present but as we do
not yet know how to assign those figures under conditions other than
those used for defining them, we can only assume that they will co-vary
smoothly in other situations. However, that is not always the case given
the delicate interplay of radiation, convection, turbulence, and drag,
and also considering the highly nonlinear nature of most processes.
Also, the presence of the Heaviside function in many codes almost
guarantees radically different behavior depending on threshold choice
(cf. Naeger et al., 2017).

Another effect known to be significant is the fact that shortcomings
in the microphysics, which are currently compensated, may not be
balanced under different conditions/dynamics. As we do not fully un-
derstand the compensation process, we cannot tell what will happen
under other circumstances. Attention must be paid to the modeling of
processes such as entrainment, which plays an important role in the
microphysics (Lu et al., 2013) but which is poorly represented in
models. Microphysics also affects multiple scales and has a planetary
impact, playing a part in, for instance, the Madden-Julian Oscillation
(MJO) (Pilon et al., 2016).

Understanding the extent of the simplifications in the para-
meterization is also relevant for atmospheric research because it may
result in the model being in reasonable agreement with observations
but unphysical, or right for the wrong reasons because of compensating
errors. An example of the latter is a model that correctly estimates the
mean rain rate from an erroneous rate distribution (Suzuki et al., 2015).
If the outputs of those models were coupled to environmental models
(e.g., erosion models) they would produce fallacious results (Molthan
et al., 2010) and mislead decision makers.

This paper discusses some of the empirical data and assumptions
made in the microphysical modules of models, limiting the scope to
models that satisfy a set of quality standards required to inform policies.
In particular, the discussion is restricted to the microphysics used in
those models: where the full technical documentation of the model core
is available (including dynamical core, numerical methods, para-
meterization, and empirical coefficients used for tuning); described in a
peer-reviewed journal; whose replicable outputs and source code are
publicly and freely available; with benchmarking and case studies
available; validated by several independent groups rather than just the
modelers themselves; and with aggregated results that compare rea-
sonably well with pre-existing models. This corresponds with tier 3,
full-confidence models in the Tapiador et al. (2017) classification. WRF
(Skamarock et al., 2005) and CESM (Hurrell et al., 2013) models both
qualify as full-confidence models in the sense they transcend pure re-
search and are amenable to providing societal advice, so these can be
borne in mind as prototypes for what is said about NWP models (WRF)
and ESMs/CGMs (CESM). Indeed, such restrictions do not mean that
other models are not valuable for research. On the contrary, very
complex and detailed parameterization, but for which code is not
public, may outperform those of interest for this paper.

1.2. Types of microphysics

There are four major approaches for parameterizing the micro-
physics of precipitation:

(i). Explicit microphysics (also known as bin microphysics) does not re-
strict the spectra of droplets in clouds or hydrometeors in pre-
cipitation to a parametric form, such as the exponential or gamma

distribution (Khain et al., 2000), but is too computationally costly
to be used in detailed ESM/GCMs for global multidecadal simula-
tions. This has been used in NWP models though (Khain et al.,
2011; Khain et al., 2016), and for short (not actually proper cli-
mate) simulations in several geographical zones (Fan et al., 2013).

(ii). Another approach is bulk microphysics, which follows the evolution
of the drop spectra as the evolution of a theoretical probability
distribution function (PDF) that is assumed to model the actual
spectra with sufficient accuracy and precision. The term ‘bulk’
refers to the fact that the particle size distribution (PSD) is char-
acterized by a few macrophysical quantities, such as the statistical
moments of the distribution (or the effective radius, cf. Shupe
et al., 2015), which are thought to account for the microphysics of
the processes. The approach is similar to the statistics mechanics
approach in thermodynamics where measurable variables such as
pressure and temperature are derived by maximizing uncertainties
about microstates. Bulk approaches are the most common MP in
NWP models and ESMs. The term ‘PDF-based microphysics’ is
sometimes used (Kogan and Mechem, 2014).

(iii). Mixed bin-spectral microphysics also exists (Morrison, 2012;
Grabowski et al., 2010). Explicit and bulk MP have been used for
the same simulation, for instance by Khain et al. (2010) who used
a detailed bin MP in the innermost domain of a nested limited-
area model, and a faster, explicit MP in the two parent domains.
Morrison (2012) gives advice about the appropriateness of the
hybrid schemes for specific applications.

(iv). The fourth approach is through molecular dynamics (MD) simula-
tion methods. Rather than attempting to deduce microscopic be-
havior directly from experimentation, MD techniques follow the
constructive approach in that they try to reproduce the behavior
using detailed microscopic modeling on the molecular scale
(Rapaport, 1992). The idea has been applied to MP by Paoli et al.
(2004); Shirgaonkar and Lele (2006); Andrejczuk et al. (2010,
2014); Shima et al. (2009); Sölch and Kärcher (2010);
Riechelmann et al. (2015); Unterstrasser (2014); Arabas et al.
(2015); and Naumann and Seifert (2015). The problem with using
MD for climate research is that it is currently infeasible for en-
sembles of multi-decadal simulations at global and meso scales
because of the large computational demands.

While the explicit MP and molecular dynamics simulations are more
direct than bulk MP, they are not free of assumptions and empirical
values, so this paper is concerned with all the approaches, but em-
phasizing bulk MP models as this is the modeling currently used in
climate simulations.

Current research interest in MP includes aerosol studies and their
impacts on microphysics (Altaratz et al., 2014; Chen et al., 2011; Cui
et al., 2014; Hazra et al., 2016; Lee et al., 2014; Leroy et al., 2009;
Painemal et al., 2017; Shi et al., 2014; White et al., 2017); new la-
boratory measurements (Bailey and Hallett, 2004; Bailey and Hallett,
2009); impacts and feedback in radiation and latent heat release (Baran
et al., 2016; Dearden et al., 2014; Shi et al., 2014; Degefie et al., 2015;
Lábó and Geresdi, 2016; Li et al., 2017); effects on microwave trans-
mission, simulation of radiances, and MP measurements using micro-
waves (Chan and Lee, 2015; Lang et al., 2014; Marzano et al., 2010;
Sieron et al., 2017); cloud seeding (Chen and Xiao, 2010); and impacts
on convection (Fiori et al., 2011; Duda et al., 2014; Li et al., 2015; Fan
et al., 2015; Grabowski and Morrison, 2016). Many of the assumptions
and empirical values in models, however, have evolved little since the
field took shape in the past century.
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2. Parameterization assumptions

Parameterization of precipitation requires assumptions about: (1)
the particle size distribution, or PSD (sometimes also referred to as
Hydrometeor Size Distribution, or HSD); (2) the densities of particles
and hydrometeors; (3) the fall speeds of those; and (4) the physics of the
processes. Differences between the various parameterizations in models
are in the form of different choices for those assumptions, different
values based on empirical estimates for the parameters, varied coding
practices, the order in which the processes operate, different time steps,
and the degree of simplification in the physics.

2.1. Simplifications and empiricism in modeling

The need for ‘simplifying assumptions’ (Passarelli, 1978) is em-
bedded in the core of the research community in order to make the
problem of atmospheric modeling tractable. As with the rest of the
parameterization (radiation, boundary layer, surface, convection, etc.),
in many MP parameterizations only crude approximations based on
simple, common sense rules, such as being directly/inversely propor-
tional, can be judiciously assigned. Early MP models like Kessler’s from
1969 (Kessler, 1996) admittedly relied on a sensible, albeit over-
simplified, statement: that once a threshold for initiating the process of
coagulation is achieved, the evolution of precipitation in warm clouds
due to cloud drops merging has to be directly proportional to the
evolution of the cloud water content. This commonsense, empirically-
driven approach is useful for a first approximation, and works reason-
ably well for a particular type of precipitation as well as for coarse
spatial and temporal scales. Indeed, statistically, i.e., in the long-term,
one may be led to think that changes in precipitation should correspond
with changes in cloud water content. However, as we delve into detail
we find that, in reality, it is not only the total cloud water content that
matters but also the relative distribution of drop sizes (the drop spec-
trum, drop size distribution, or DSD). Further refinements of Kessler’s
adjustment scheme by, for instance, Berry (1967), introduced these
important details, radically improving the simulations.

As models are asked to provide better spatial or temporal resolution,
the parameterization of the processes becomes more complex and new
variables are required to fine tune estimates using observations. In the
case of Berry, not only the drop concentration but also the variance of
the DSD was included to address the large variability in the DSD found
in nature and the observation that the same mean value can encompass
widely different DSDs. The parameters arising in the refinements are
seldom easy to estimate and there is no definite methodology for doing
this. In some cases, the coefficients are set to mean values that en-
capsulate processes that cannot be modelled in sufficient detail; or the
authors opt for precisely those variables than can be more easily mea-
sured. In some other cases, the values are set to represent particular
conditions for a narrow range of cloud types (i.e., shallow convection
and tropical cumulus (cf. Lawson et al., 2015)). The proportionality
constants so derived may or may not be applicable to other atmospheric
conditions, but the complexity and cost of dedicated campaigns have
not facilitated updating or revision. Close inspection of the source codes
of many ESM, GCM, RCM and NWP models reveals that, for instance,
some parameters were set to match data measured in a single month in
Puerto Rico in 1967. It is not surprising, therefore, that models yield
good scores when compared with validation data from certain places,
and the scores are not so good for other locations.

Continuous contrast with observed values has driven the develop-
ment of MP since this field began to blossom in the 1970s. Thus, for
instance, when the modelled concentration of primary ice in clouds did
not match the first recorded observations, a physical explanation had to
be sought, yielding the theory of ‘Secondary Ice Production’ (SIP).
Modeling of SIP mechanisms (rime splintering, collision fragmentation,
droplet shattering, and sublimation fragmentation, cf. Field and
Heymsfield, 2015) greatly improved the outputs of the models. Without

observations, it would have been difficult to decide whether or not
graupel-graupel collisions comprised a relevant process that needed to
be specifically modeled, or what size thresholds triggered a variety of
processes, as it is hard to see how that choice and those variables could
be theoretically derived. The same applies to the observed Artic cloud
biases that prompted (Slingo, 1987) to apply a cloud fraction adjust-
ment. Zadra et al. (2014) also tried to address observations and directly
adapted a MP model to account for subgrid cloud and precipitation
fraction, an emerging need (Chosson et al., 2014) that is not surprising
given the high spatial variability of rain (Tapiador et al., 2010). An-
other example of the importance of the use of observations is the
standard strategy of diagnosing aerosol number as an empirical func-
tion of the mass (Lohmann et al., 1999).

At this point, the question arises of how sensitive the results of the
models are to the empirical values in microphysics. It could be that
large discrepancies in the selected values only produce small changes
when propagated into the model. Unfortunately, this is not the case.
There is mounting evidence that since the processes are highly non-
linear, microphysical processes influence large-scale precipitation
variability and precipitation extremes (Hagos et al., 2018). MP that
favors small hydrometeors results in stronger cold pools in the genesis
of tornadoes due to enhanced evaporative cooling/melting over a larger
area (Snook and Xue, 2008). Incidentally, this is, in general, the case of
DSDs based on exponential distribution, as opposed to gamma dis-
tribution, which does not peak at the smallest diameters. Small ice, on
the other hand, plays an important role in the climate system, with
sensitivities of up to 32 W m-2 per day (Iacobellis et al., 2003) in out-
going longwave radiation (OLW) depending on the parameterization of
the fall speed. For a long time, initial ice concentration has been known
to play a crucial role on the dynamics of graupel formation (Beheng,
1994; graupel is defined here as rimed ice aggregates with densities
from 0.1 to 0.8 g cm-3). It has also been proven that the microphysics
parameterization is an important factor in the modeling for specific
times and locations, for instance in the warm season in the Alpine re-
gion (Awan et al., 2011).

The need for empirical data permeates even first-principles ap-
proaches to modeling. The traditional choices in the model code are
based on observations that are limited both in space and time, i.e., they
stem from decades-old campaigns carried out in specific environments
at concrete times. In the case of parameterizations derived from dif-
ferential equations solutions, such as the Stochastic Collection Equation
(SCE), there is a need to specify a kernel (defined as the volume per unit
time available for particles to interact) and an initial probability dis-
tribution function (PDF), as described below.

2.2. Particle size distributions

One topic appears as a cross-cutting theme in all parameterizations,
namely the use of an analytical form of the DSD that is believed to be
either universal, representative of most clouds, or variable. Bulk MP
parameterizes the initial particle size distribution (PSD) of aerosols,
droplets, drops, ice, graupel, and hail as either exponential or gamma.
In some cases, such as in Thompson et al. (2008), the nominal choice is
gamma but the choice of the parameters makes the PSD an exponential.
The variety of parameters found in the literature for the two types is not
surprising as the PSD varies in both time and space. The choices for the
MP range between those selecting an estimate that fits well to a large
number of observations, and those opting for a value from a single
campaign or experiment. The choices are, however, far from compre-
hensive because of a general lack of observations, which are reduced to
just a few cases and limited observational periods.

The most popular model form is the Marshall and Palmer (1948)
distribution, which is an exponential scaling of drop diameters. A major
issue with this distribution is the inclusion of a n0 factor (the ‘intercept
parameter’) which has no physical interpretation. In fact, it has been
proven that n0 encompasses both the drop concentration and the shape
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of the gamma distribution (Tapiador et al., 2018), making these two
variables analytically dependent. Thus, if a gamma distribution is as-
sumed, the intercept parameter n0 of droplets, raindrops, ice particles,
snow, graupel, or hail is:

=
+

+
n N

μ
Λ

Γ( 1)T
μ

0
1

(1)

where NT is the number concentration of particles, Γ is the gamma
function, and Λ and μ are the two parameters of the gamma distribu-
tion.

The so-called ‘one moment microphysics’ fixes n0 for the hydro-
meteors using empirical data and allows a degree of freedom for the
distribution slope parameter. Thus, Lin et al. (1983) use n0= 8 10-2 cm-

4 for rain, n0= 3 10-2 cm-4 for snow, and n0= 4 10-4 cm-4 for hail
(based on Marshall and Palmer, 1948; Gunn and Marshall, 1958; and
Federer and Waldvogel, 1978, respectively). The number of particles of
diameter D, n(D), is given by:

= −n D n( ) e λD
0 (2)

which is considered an exponential distribution. However, there is a
large body of evidence in opposition to the exponential form of the DSD
and in favor of the gamma or lognormal distributions for short time
accumulations. A major reason cited for using Eq. (2) is both its sim-
plicity, the adjustment of a single parameter, and the fact that, ag-
gregated over many cases, this distribution compares well with ob-
servations (Ulbrich and Atlas, 1998). However, it should be noted that
this shape corresponds with mean behavior and that the choice is a
(reasonable) compromise because we do not know how to adjust the
exponent of the gamma distribution as a function of large-scale con-
ditions (Del Genio et al., 2005).

The gamma distribution

=
+

+
−

n D N Λ D e
Γ μ

( ) ·
( 1)T

μ μ
ΛD

1
(3)

is preferred over the lognormal because of its quadrature properties.
There is also a great deal of evidence of the lognormal PDF working as
well as the gamma in many situations, but the gamma is more popular
in models. This is also because the first assumptions made about the
PSD used the exponential distribution which is a particular case of the
n0-version of gamma distribution:

= −D n D en( ) μ ΛD
0 (4)

as Eq. (4) reduces to Eq. (2) if μ=0.
In some cases, the parameters of the PSD are set in the MP using

empirical data. Thus Eidhammer et al. (2016) use the observations on
ice clouds to fix the shape of the gamma function (not allowing negative
values, in contrast with the observations). The shape is important as it
affects the condensation and evaporation rates (Igel and van den
Heever, 2017a, 2017b) and is the best parameter for accounting for the
tail of the PSD, and the role of large drops is critical in those processes.

In certain other cases the parameters are prescribed, as in the Lin
et al. (1983) example above. Fixing n0, however, means that the
number concentration of particles, NT, has to co-vary with the shape of
the distribution (cf. Eq. (1)), which is unphysical, as one can expect that
the coalescence of two drops reduces the number of drops by one ir-
respective of the size of the original drops. In other words, since, by
construction, n0 embeds both NT and the shape of the PSD, the use of
this parameter in the modeling implies surrendering the independence
of number concentration and size distribution. This issue is not only of
formal interest: Orville and Kopp (1977) showed that if the intercept
parameter for snow is constant during melting it results in erroneous
melting rates; and Molthan et al. (2010) demonstrated that a fixed n0
does not represent the vertical variability of the hydrometeors; while
the prediction of NT does improve the representation of the processes in
the simulations (Molthan and Colle, 2012).

2.3. Fall velocities

Original parameterizations of the terminal speed of hydrometeors
include those of Orville and Sloan (1970), Hobbs et al. (1973), Wisner
et al. (1972), Hong et al. (2004), Ferrier (1994), and Potter (1991),
amongst many others.

The terminal velocity of raindrops V∞ is most often modeled as an
expression of the form: V∞= a0Db0, with D the drop diameter. The
coefficients are based on empirical laboratory data, such as that of
Gunn and Kinzer (1949) and do not consider the effects of turbulence.
Further improvements include accounting for altitude by introducing

the air density ρ: =∞ ( )V a Dρ
ρ

α
b

1
0 1 where ρ0 is the air density at surface.

In the case of the solid phase, the modeling is more complicated.
Given the large variability in the shape and density of ice aggregates,
snow, and graupel, one has to rely on observational fits in order to
capture mean values applicable to a variety of environments. The
strong assumption of a spherical shape is common and this can result in
a greater density of ice than water in the modeling. In some schemes an
increase in the mean particle density leads to a decrease in the mean
size, and hence a decrease in the mean fall speed, which is unphysical
(Eidhammer et al., 2016).

Bulk microphysical schemes are known to present errors induced by
sedimentation due to excess size sorting (Milbrandt and Mctaggart-
Cowan, 2010). Fall velocities are important not only for parameterizing
sedimentation but also other processes, such as coalescence, since they
affect the efficiency of collisions. In fact, in most models particles
falling at the same speed are not allowed to collide.

2.4. Densities of the solid phase

The density of solid hydrometeors is also problematic in all para-
meterizations. The large variability of graupel (50 to 890 kg m-3 in
Pruppacher and Klett, 1997; Table 2.8), and hail (917 kg m-3 in Lin
et al., 1983; from 400 to 900 kg m-3 in Gilmore et al., 2004) does not
help characterize hydrometeors into the MP. The boundary between ice
and snow is also variable. Harrington et al. (1995; mp=10 in WRF)
used a threshold diameter of 125 μm, but other authors have used
different values. The threshold mixing ratios for conversion to graupel
have been deemed fairly arbitrary (Morrison et al., 2009a, 2009b), with
the sensitivity having been investigated by Morrison and Grabowski
(2008a, 2008b).

2.5. The physical basis of the microphysical processes and the Stochastic
Collection Equation

The Stochastic Collection Equation (SCE) is widely used in most
parameterizations to model collision processes (droplet/raindrop,
raindrop/solid hydrometeors, and solid/solid hydrometeors). This is
not surprising as the SCE represents the most fundamental physical
insight into the problem, in the sense of offering a mechanistic ex-
planation. The rationale of using the SCE to model the process of hy-
drometeor collisions and eventual coalescence has been discussed by
Gillespie (1972). In the case of the collision of liquid drops the SCE
reads:

∫

∫

∂
∂

= − −

−
∞

p x t
t

K x y y p x y t p y t dy

p x t K x y p y t dy

( , ) 1
2

( , ) ( , ) ( , )

( , ) ( , ) ( , )

x

0

0 (5)

where p(x,t) is the probability of having a number concentration of
drops of diameter x at time t, and K(x,y) is the kernel, which is a non-
negative symmetric function of the masses of the drops that models the
interaction of the particles, as described below. The solution of this
integro-differential equation yields the evolution of either the number
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concentration of drops or the mixing ratio. The first part of the equation
models the creation of new drops (halved to avoid double-counting),
and the second the destruction.

As a reminder, and in order to frame the physics behind the mod-
eling, the SCE is a particular case of the Smoluchowski Coagulation
Equation, which in turn can be proven to be a particular case of the
more general Fokker-Plank equation (FP). The FP equation can be used
to improve the modelling of the coagulation process by accounting for
not only the drift, as in previous approaches, but also the diffusion. The
result is a faster spectral broadening of the distribution and quicker,
closest-to-reality coagulation. The first authors to use FP in this context
appear to be Slinn and Gibbs (1971). Chandrasekhar (1943) proved, in
general, that FP formalism generalizes Liouville’s theorem (and also
accounts for Brownian motion). Thus, the FP equation represents the
most basic, first-principles, least assumptive modeling of the MP of
precipitation.

Qualitatively, the FP equation models the evolution of a PDF. As
with the SCE and Smoluchowski’s approach, there is a strong assump-
tion embedded in the FP-based modeling, namely the continuity of the
distribution. This is usually not the case with the DSD, where it is not
uncommon for the largest size category to be represented by a few
drops that are disconnected from the rest of the distribution.

Having dealt with the theoretical framework and formal origins of
the SCE, we now return to the SCE and its application in MP. The se-
lection of the kernel and the choice of the initial water content and
mean of the distribution in the SCE solutions are not immaterial, as is
also true of the diffusion and drift functions D(1) and D(2) in the FP
formalism. The choice of the kernel is governed by two basic principles:
it has to be realistic, in the sense of being a sensible and rational de-
scription of a very simple process; and it should be analytically sol-
vable, ideally without resorting to further simplifications. Both re-
quirements are not easy to satisfy at the same time. Mathematically, all
the solutions must satisfy:

= + + +K x y A B x y Cxy( , ) ( ) (6)

(Melzak, 1957). If C is not zero, then the SCE yields unphysical
results (McLeod, 1964). Kernels such as that used by Golovin (1963),
where A=C=0 and B=1:

= +K x y x y( , ) (7)

are analytically solvable and have been widely used in models.
Long’s two, two-piece approximations to the kernel (Long, 1974)

compare well with numerical integrations of the SCE for typical con-
tinental (50 cm-3 of water) and maritime (100 cm-3 of water) clouds
(both with a liquid water content of 10-6 cm3 of water per cubic cen-
timeter of air):

= ⎧
⎨⎩

+ ≤
+ >

>K x y
x y R μm
x y R μm

x y( , )
9.44 10 ( ), 50
5.78 10 ( ), 50

9 2 2

3

or

= ⎧
⎨⎩

≤
>

>K x y
x R μm

x R μm
x y( , )

1.10 10 , 50
6.33 10 , 50

10 2

3 (8)

where x and y are the volumes of the largest and smallest droplets (in
cubic centimeters), and R is the radius of the larger droplet. The latter
expression is computationally less costly. Integrating the SCE into
Long’s approximation was done using a gamma PSD following the nu-
merical technique in the Reinhardt (1972) method.

The Brownian coagulation kernel is sometimes used to model con-
tact ice nucleation and aerosol fluxes and also requires empirical data.
It is defined as:

= +K x y πD α x y( , ) 4 ( )x (9)

where Dx is Einstein’s diffusion coefficient (Chandrasekhar, 1943):

=D kT
πηx6x

(10)

with k being Boltzmann’s constant, η the dynamic viscosity of air,
and T the temperature. α is Cunningham’s slip-flow correction
(Cunningham, 1910), which is the drag force correction due to slip,
which is relevant for particles smaller than 5 μm in diameter:

= + −α a a a Knexp( / )1 2 3 (11)

with ai empirical constants and Kn the Knudsen number corre-
sponding to the radius x. The Knudsen number is the ratio of mean free
path of particles to physical scale length and is used here to adjust
Stokes' law. The number expresses how close we are of the continuum
assumption of fluid mechanics. Values near or larger than 1 indicates
the need of a statistical approach to the problem because the mean free
path of the particles is comparable to the length scale so the assumption
may not hold.

The gravitational kernel is the most popular choice in modern
models for drop and snow collection, in spite of the issues raised by
McLeod (1964, cf. above). It reads:

= + −∞ ∞K x y E E π x y V x V y( , )
4

( ) [ ( ) ( )]1 2
2

(12)

where V∞(Di) are the terminal velocities of the drops of diameter Di. E1
and E2 are the efficiencies of collection and collision and account for the
fact that dynamic pressure can drive away a small drop from the tra-
jectory of a larger drop. Both parameters are basically unknown or too
difficult to decide so they are often set to 1.0. This implies that any drop
in the trajectory of a larger, faster drop will always collide and always
merge with it, an assumption known to not always be true, but which is
nonetheless reasonable. The terminal velocities term introduces some
difficulties into solving the integral, so further assumptions, such as
those of Wisner, Murakami or Mizuno, are used (section 3.4 below).

The choice of kernel has a notable impact on the evolution of the
PSD and, thus, on the MP. According to Berry (1967), rain rates using
different kernels may differ by more than a factor of 105. Fig. 1 shows
Bott’s (1998) solutions to the SCE for the Long and Golovin kernels, and
for two different water contents with the same mean drop size. There
are noticeable differences in terms of dissimilar rates, distribution tails,
and the final PSD after 60 minutes of simulation. What is more relevant
in the context of this paper is that the final criterion for deciding
whether one kernel or another is a good match with empirical data is
seldom comprehensive. There is no easy way to decide beforehand
between Long’s or Golovin’s kernels, or indeed any other alternative
apart from comparing the results of the simulations with observations.
Indeed, the evolution of the field has shown that more precise mea-
surements disproving previous hypotheses have driven the search for
new kernels.

The kernel is a function of the relative radius and fall speed of the
interacting drops; and also of the efficiencies of collision Ecol and coa-
lescence Ecoal. The efficiencies, which are normalized values ranging
from 0 to 1 for simplicity, depend, however, on a number of factors.
Firstly, they depend on the altitude. As there is rapid vertical variation
in air density, efficiencies at the surface and in the middle of the tro-
posphere are different owing to differences in drag, thus affecting fall
velocities. Setting the same efficiencies irrespective of height in a model
certainly introduces an error in the collection of rain. Collision effi-
ciency also depends on kinematic viscosity, which is a function of air
temperature, humidity, and density (Pinsky et al., 1999). While it is
possible to tabulate (Ecol, Ecoal) for several observed conditions (or their
product, known as the collection efficiency), no one can guarantee that
these values can be universally applicable in still unobserved situations
where, for instance, the latent heat profiles have a different structure,
or where shallow clouds become more important in global climatology.

In practice, several MP models assume a unified coalescence effi-
ciency for all drop-droplet collision despite early laboratory measure-
ments revealing otherwise (List and Whelpdale, 1969). This choice is
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made based on the absence of a better reason for another value that
could be universally applied, but the consequence is an overestimation
of growth rates. The physics of the processes is intricate. Rogers and
Davis (1989) showed that the slip flow effect is insufficient to explain
why predicted rates of the onset of precipitation are generally much
lower than observed rates, in addition to the fact that the additional
effect of van der Waals forces is required for more realistic modeling.

The SCE is applied directly in the case of explicit microphysics. For
bulk microphysics, Eq. (5) is used to calculate the moments of the PSD,
thus reducing the computational burden by an order of magnitude. This
difference is important in order to enable the performance of several
tens of multi-decadal or even multi-century simulations under a
growing set of prescribed forcings. As an example, Beheng (1994) used
the SCE to derive a parameterization that was later used in, for ex-
ample, Khairoutdinov and Kogan (2000) and Milbrandt and Morrison
(2016). He assumed an initial gamma-distributed cloud droplet spectra
with three parameters, A, B, and n; and a separation radius r0= 40 μm.
The computation of the parameterization covered the majority of either
continental or maritime-type warm cloud conditions. The para-
meterization is the result of fitting the results to a non-linear product of
the number density, N, the mass density, L, and the width of the gamma
distribution, n. The agreement between the exact SCE and Beheng’s
results is reasonable, and best for low liquid water contents, a narrow
PDF, and low number densities. There are two major assumptions: that
the mechanistic SCE successfully models natural process; and that the
parameterization can successfully approximate the exact SCE calcula-
tion.

Another assumption in Beheng (1994) involves the PDF of the cloud
droplets, the Cloud Drop Size Distribution (CDSD), for which it is as-
sumed that the gamma distribution is a suitable representation. For
raindrops, however, an exponential distribution of the Rain Drop Size
Distribution (RDSD) is used. This latter assumption is known to be
unrealistic, as there is some consensus today about the shape of the
RDSD also being gamma-distributed. Indeed, the whole idea of using a
PDF hinges around a suitable simplification of actual phenomena, as
real rainfall sometimes departs widely from the gamma-shape para-
meterized PDF. The actual parameters of the gamma, on the other hand,
can make the difference in condensation rates (Igel and Van Den
Heever, 2017).

Beheng’s approach also assumes a series of kernels in his calcula-
tions using the Berry (1967) method (but with different kernels to those
in Berry). The use of such a collection of kernels also introduces an
additional simplification into the results since they do not include the
effect of turbulence, which is also known to be crucial in order not to
oversimplify the modeling (Devenish et al., 2012). Since then, however,
turbulence-improved kernels have been used (Benmoshe and Khain,
2014; Riechelmann et al., 2015; Seifert and Beheng, 2006; Witte et al.,

2017). These, however, have not yet permeated into the models cur-
rently used to inform decision makers or coordinate projects such as the
CMIP5 (Coupled Model Intercomparison Project; Taylor et al., 2007).

Solutions or approximations of the SCE are at the core of most
parameterizations, including those in climate models used to define
policies. However, it is debatable if the equation, which was intended
for small-scale, homogeneous, laboratory conditions can be properly
used for the atmosphere with modeling volumes that are large and too
heterogeneous for the assumptions behind the SCE to hold.

In what follows, several other empirical choices and assumptions
are reviewed. Fig. 2 lists the most important microphysics processes in
both the liquid and solid phases included in most current MP, and re-
presents them in a new way that aims to be both accurate and intuitive.
The next two sections organize the assumptions and empirical values in
terms of those processes.

3. Liquid phase: empirical values and assumptions in the
processes

Fig. 3 illustrates the relative simplicity of the MP as currently
parameterized in models. The diagram depicts the water phases, the
main microphysics processes (Fig. 2) and the resulting five major hy-
drometeors (rain, hail, sleet, graupel, and snow) produced by RCMs,
CRM, GCMs, ESMs, and NWP models. This diagram contains and ex-
pands all the microphysics processes parameterized in Koenig and
Murray (1976), Hsie et al. (1980), Tripoli and Cotton (1980), Lin et al.
(1983), Ziegler (1985), Ikawa and Saito (1991), Fowler and Randall
(1996), Reisner et al. (1998), Khairoutdinov and Kogan (2000), Hong
et al. (2004), Milbrandt and Yau, 2005a, 2005b (P3 scheme), Phillips
et al. (2007), Thompson et al. (2008), Lim and Hong, 2010 (WDM6
scheme), Lin and Colle (2011), Song and Zhang (2011), and indeed
Kessler (1969) which still is the basic yardstick against which warm
rain models are compared. As a side note, mention that what is prob-
ably the best NWP model today (the ECMWF IFS) still contains para-
meters from that study, for instance in the modeling of the evaporation
of rain (constants α1= 5.44 10-4 s-1; α2= 5.09 10-3; α3= 0.5777).

The main difference between this conceptual diagram and those
listed above is that the present scheme disentangles the physical process
from the water phase. Thus, for instance, the same physical process of
melting can be applied to ice crystals or aggregates, with the result
depending on the characteristics of the entities involved, so there is no
need to consider various different physical processes for ice crystals,
snow, snow aggregates, hail, and so on. This scheme also allows us to
track the empirical values and assumptions in the model without
abandoning the essence of the precedents. The categories in the dia-
gram, on the other hand, are not necessarily closed. Thus, for instance,
the solid aggregates class needs to differentiate between graupel and

Fig. 1. Bott (1998) solutions to the stochastic collection equations (SCE) for the Long and Golovin kernels. (left) L= 1.00 g m-3, r= 10.0 μm. (right) L= 0.75 g m-3,
r= 10.0 μm. Note the differences in terms of rates, tails of the distributions, and final distribution after 60 min.
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Fig. 2. Main microphysics processes in the liquid and solid phases.
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hail, as not doing this is known to produce the wrong precipitation
structure in deep convection.

In relation to the scheme in Fig. 3 (and references therein), it should
be noted that the order in which the processes are executed is not im-
material, but rather this affects the dynamics because of hydrometeor
competition (Wacker, 1995). To that end, Korolev (2007) noted the
limitations of the Wegener-Bergeron-Findeisen process in the evolution
of mixed-phased clouds and the subtleties in applying the theory to
models. The applicability of the processes under different environ-
mental conditions is also an area of active research. It is also noticeable
that models did not consider the advection of hydrometeors until re-
cently (Morrison et al., 2016), when improved grid spacing made it
necessary to start considering the contribution of neighboring volumes.

It is also worth mentioning that inspection of the MP codes shows
that most of the processes are highly nonlinear, so the entire result of
the MP is necessarily chaotic. Given this, it is in fact surprising that the
MPs produce consistent results. One explanation can be found in the
negative feedback of cloud processes that operate, stabilizing the
system. The concept of ‘buffered systems’ (Stevens and Feingold, 2009)
in the aerosol-cloud context, in which negative feedback from clouds
make the system more robust, is applicable to the MP. If one of the
processes in the MP is poorly modeled the others may take the lead and
compensate (e.g., solid phase processes can seize an erroneous excess of
water from the liquid phase processes to produce more ice that can
eventually be converted to rain via a different pathway). Such com-
plexities make MP a challenging and subtle field of research.

A shared issue in the empirical parameters used in modeling the

microphysics of precipitation is that some schemes should not simply be
extrapolated to scales other than those where they were derived. In
some cases, such as in the widely-used parameterization of
Khairoutdinov and Kogan (2000), water conversion rates depend non-
linearly on local cloud variables so the parameterization is not intended
for application beyond the eddy scale for which it was developed. Such
resolution issue —which is not specific to liquid water and that was
duly noted in Khairoutdinov and Kogan (2000)— did not deter others
from directly applying the equation to any cloud type and at any scale,
including Song and Zhang (2011) and Morrison and Milbrandt (2015)
in their P3 parameterization of MP. It is however true that the realism
of scale-specific assumptions requires further investigation, especially if
one considers the lack of available measurements to validate such hy-
pothesis. Also, it has to be noted that the scale issue could force the use
of distinct concurrent representations, with the associated problems in
the boundaries between scales. Specific questions then arise, such as for
instance that at scales of 10 km or coarser representations of the states
of the different species and of the conversions between them, when
representing the average over such large resolution elements, inevitable
fail to account for a highly local but highly energetic process such as
convection. This fact implies the need of a separate treatment in ad-
dition to the representation of the volume-element average. The ex-
ample illustrates the subtle and complex issues involved in the mod-
eling of precipitation and how easy is to overlook important feedbacks
with other parameterizations.

Another problem is the feedback between nesting domains in
Limited Area Models, which has been investigated by Ivanov et al.

Fig. 3. Diagram of the microphysics of precipitation in today’s models, indicating the main processes, water phases and geometries, and the resulting five major
hydrometeors (rain, hail, sleet, graupel and snow) that models produce. g denotes the gravitational sedimentation. Ice crystals larger than 125 μm are considered
snow (solid aggregates category). This diagram contains and expands all the microphysics processes parameterized in Koenig and Murray (1976), Hsie et al. (1980),
Tripoli and Cotton (1980), Lin et al. (1983), Ziegler (1985), Ikawa and Saito (1991), Fowler and Randall (1996), Reisner et al. (1998), Khairoutdinov and Kogan
(2000), Hong et al. (2004), Milbrandt et al. 2005 (P3 scheme), Phillips et al. (2007), Thompson et al. (2008), Lim and Hong, 2010 (WDM6 scheme), Lin and Colle
(2011), Song and Zhang (2011), and indeed Kessler (1969). The main difference is that the present scheme disentangles the physical process from the water phase.
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(2009). It is also worth noting that electrical effects are seldom con-
sidered in the parameterizations, in spite of electrical charge being a
known factor in particle interaction. Thus, Whelpdale and List (1971)
reported a notable decrease in drop-droplet accretion efficiency with
increased electrical charge in low velocity impacts. The main reason for
still neglecting these effects today is the lack of observations and con-
sequent difficulty in providing reasonable values for the variables in-
volved. While there are numerical studies (Hou et al., 2009) the overall
impact on MP remains unknown. Indeed, currently the spatial varia-
bility of the phenomena is also poorly analyzed for the same reason.

The rest of this section is devoted to presenting examples of as-
sumptions and empirical values embedded into the MP processes of
most parameterizations. The account is not intended to be exhaustive,
but to exemplify the sort of choices that are made. Table 1 lists some of
these.

3.1. Water nucleation

The nucleation of water molecules to create cloud droplets depends
on temperature, aerosol content, and the PSD of cloud condensation
nuclei (CCN) and giant cloud condensation nuclei (GCCN). The me-
chanics are well established in the literature: in general, more aerosols
result in more cloud water and higher numbers of smaller cloud drops
that yield less surface precipitation. In contrast, more GCCNs increase
surface precipitation (Cheng et al., 2007). The role of new particle

formation is also important (Deshpande et al., 2014).
Water nucleation depends on temperature to a great extent, so er-

rors in this variable inevitably affect the onset and rate of water nu-
cleation in the parameterizations. Common assumptions in the para-
meterizations are the initial cloud droplet radius, the shape of the PSD
(gamma dominates, as in Phillips et al., 2007), and the concentration of
CCN and GCCN (Milbrandt 2015), which is, in many cases, set to a
standard value. Schemes and methods for bin microphysics have also
been described (Ilotoviz and Khain, 2016).

The initial parameters of the gamma distribution are sometimes
based on observations. Thus, in their parameterization, Phillips et al.
(2007) use a value of 3 107 m-4 for the intercept parameter for snow,
assuming an average size of snow particles of 0.5 mm. The values are
based on aircraft observations of tropical deep convection, specifically
on August 22, 1999, the only day in the KWAJEX campaign
(Heymsfield, 2003) when upper-level cirrus were present.

3.2. Autoconversion

Once formed on CCN or GCCN, cloud droplets can grow through
fusion. This process is called autoconversion. The rate of the auto-
conversion is known to affect the outputs of GCMs not only with regard
to surface precipitation, but also radiation and cloud cover. Lau et al.
(2005) found that for the Sundqvist (1978) parameterization a faster
rate enhances deep convection in some parts of the tropics, generating

Table 1
A sample of empirical values and assumptions in the parameterizations of the microphysics of precipitation.

MP process Empirical value or assumption Choices in the literature or reference

Water nucleation and diffusion growth Species of the CNN and the GCCN Ammonium sulfate only (Morrison and Milbrandt, 2015)
Shape of the PSD Lognormal (Morrison and Milbrandt, 2015)
Mean size of the PSD Fixed to 0.05 μm (Morrison and Milbrandt, 2015)
Total concentration of aerosols 300 cm-3 (Morrison and Milbrandt, 20155); empirical (Gettelman

et al., 2008)
Initial cloud droplet radius 1.0mm (Morrison and Milbrandt, 2015)

Autoconversion Collection efficiency 0.55 (Tripoli and Cotton, 1980)
Mean cloud droplet concentration 3× 108m-3 (Tripoli and Cotton, 1980)

Rain accretion Efficiencies independent of sizes, inc. cloud droplets (Verlinde et al., 1990)
Self-collection Evolution depends linearly on drop number and mixing ratio (Song and Zhang, 2011, Beheng, 1994)
Break-up Modelled as a reduction in the collection efficiency (Cohard and Pinty, 2000)

Relaxation diameter 2.4× 10-3 m (Morrison and Milbrandt, 2015)
Relaxation time 10 s (Morrison and Milbrandt, 2015)
Smallest diameter, threshold 0.050 cm (Low and List 1982)

Evaporation Linear relationship with saturation vapor density and
temperature difference

(Tzivion et al., 1989)

Constant number of droplets activated (Thompson et al., 2008)
Drizzle concentration parameter based on a fit to marine
stratocumulus conditions

ν=1 (Khairoutdinov and Kogan, 2000)

Ice nucleation Temperature range ≤258.15 K (Morrison and Milbrandt, 2015)
Supersaturation threshold ≥5% (Morrison and Milbrandt, 2015)
Initial cloud ice crystal radius 1.0 μm (Morrison and Milbrandt, 2015)
Spherical snow of constant density 100 kg m3 (Lin et al. 1983), (Reisner et al., 1998), (Gilmore et al.,

2004).
Spherical snow of density inversely proportional to size Thompson et al. (2008).

Riming Collection efficiency 1.0 (Morrison and Milbrandt, 2015)
Shed drop size 1.0mm (Rasmussen and Heymsfield, 1985)

Ice accretion Collection efficiency cloud ice and snow 0.1 (Reisner et al., 1998)
Autoconversion time 3.0min (Morrison and Gettelman, 2008)
Shape parameter of the cloud ice distribution 0.0 (Morrison and Gettelman, 2008)

Ice aggregation Exponential PSD of the snowflakes (Passarelli, 1978)
Splintering Temperature limits 265.16<T<270.16 (Morrison et al., 2005)

No turbulence (Yano and Phillips, 2011)
Melting Each melt particle generates a single drop Morrison and Milbrandt, 2015
Wet growth of ice Rime density during the process 900 kg m-3 (Morrison and Milbrandt, 2015)
WBF process Threshold for ice water 0.5mg kg-1 (Lohmann et al., 2007)(Song and Zhang, 2011)

Geometry of hydrometeors All spherical (Morrison et al., 2005)
Freezing Homogeneous freezing Automatic at 233.15 K (Morrison and Milbrandt 2015)
Sublimation Directly proportional to number; inversely to mixing ratio Ferrier (1984)
Deposition Density and temperature independent of size Meyers et al. (1997)

Mass-diameter of ice 16.3 (Rutledge and Hobbs, 1983) and (Dudhia, 1989)
11.9 (Hong et al., 2004)to be more realistic active in cold conditions
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more rain but less cloud cover over the oceans, and increasing the
convective-to-stratiform rain ratio.

Autoconversion codes that do not take into account the DSD (i.e.,
they only consider a mean particle size) assume that the cloud shares
same motion as the air, so the fall speed of all drops is the same. This
assumption could already be seen in Kessler (1969), and is known to be
too simplistic, so the process must be tuned to obtain realistic values.
Thus, when Kessler provided a k1= 10-3 s coefficient for the dM/dt =
k1(m-a) modeling (dM/dt is the evolution of the water content M; m is
the cloud water content; and a is a threshold value indicating when
cloud water content conversion begins: the process initiates if a > 1 g
m-3, and is zero until then), he did so to get realistic values for clouds
with a lifetime of about 15 min. (103 s).

As the modeling is simple and fast, the Kessler MP is still used in
some models. Further refinement of his primitive autoconversion
scheme was carried out through the SCE. Most parameterizations based
on SCE solutions consist of a series of computer simulations under a set
of prescribed conditions. The aim of these conditions is to span the
typical conditions found in clouds, so its application to extreme events
is limited.

For autoconversion of cloud water to raindrops, a size threshold is
used: the so-called ‘separation radius (or mass)’ that separates cloud
droplets from raindrops. (The Kessler scheme also fixes a separation
radius r0= 25 μm). The actual value is difficult to measure, so there is
some freedom in the choice, which is often resolved by comparison with
observations. The tuning of the critical radius is an important para-
meter that has a definite impact on the outputs of models. While the
extent of the sensitivity has been known for a long time, this issue has
not yet been fully addressed by the community. Changes from 7.5 μm to
9. μm can result in a 62% change in cloud lifetime (0.5W m-2; Rotstayn,
2000). More recently, Suzuki et al. (2013) proposed a value of 10.6 μm
as the most plausible, based on CloudSat and MODIS observations.

To further complicate the modeling of this process, Fowler and
Randall (1996) found a dependence between the autoconversion
threshold and grid size in models. Thus the issue of subgrid variability
must also be taken into account as it introduces systematic bias into the
simulations (Larson et al., 2001).

The extent of tuning in numerical models and the use of many
empirical values, simplifications and assumptions is well exemplified in
Hong et al. (2004). The critical mixing ratio in the autoconversion rate
is tuned to 0.7 10-3 kg kg-1 “in order to realistically produce raindrops
on a mesoscale grid”, and the critical radius (the mean droplet radius at
which the autoconversion begins) is set to rcr= 8 μm (Tripoli and
Cotton, 1980, use a critical mean droplet radius of 10 μm). A dynamic
viscosity of air of 1.718 10-5 kg m-1 s-1 is often fixed when this para-
meterization is implemented, in spite of its dependence on altitude. The
mean terminal velocity of cloud droplets is estimated assuming Stokes’
law (Re=0, Re is Reynolds’ number, i.e. the dimensionless ratio of the
inertial force to the viscous force in the Navier–Stokes equations). The
number concentration of cloud droplets is set to a constant NC = 3 108

m-3 (which may be too large for some marine environments), and a
mean collection efficiency of Ec = 0.55 is assumed, which is at variance
with other parameterizations using values close to unity. These choices
correspond to the original setup of the parameterization, in a case of
deep convection in Florida in 1973 (Florida Area Cumulus Experiment,
Tripoli and Cotton, 1980).

3.3. Rain accretion

Once formed, raindrops can capture cloud droplets to keep growing.
The process is called accretion (or coagulation).

Kessler modeled the accretion as proportional to qr0.875, with a
purely empirical exponent. The separation radius between categories
was 40 μm. This model was kept by Song and Zhang (2011) in their
parameterization. Other modeling choices, such as using the Shishkin
kernel, also employ threshold values (14.5 μm in Krakovskaia and

Pirnach, 1998) for minimum radius.

3.4. Rain self-collection

Beheng (1994) provided a simple model for self-collection of rain
that is used in GCMs and NWP models. A value of -8000 multiplies the
number of drops by the mass mixing ratio, and that gives the rate at
which the number concentration of raindrops evolves. The implicit
assumption is that the change of drops with time depends linearly on
both variables. The coefficient was derived from numerically simulating
the SCE assuming a gamma distribution and with parameters covering
the majority of either continental or maritime warm clouds, but with a
prescribed initial number of drops. This is used, for example, by Song
and Zhang (2011) in their MP for a global model.

The effect of turbulence in small drop collisions has been analyzed
by Pinsky et al. (2008; 2001; 2000; 1999). They found that turbulence
can enhance the efficiency of collision-coalescence processes by up to a
factor of eight. Thus, parametrization without accounting for turbu-
lence differs a great deal from that where it is accounted for in the
collision processes. Lagrangian cloud microphysics models have used
stochastic approaches (Dziekan, 2017), and stochastic perturbations of
the MP have been shown to improve the results, at least in idealized
conditions (Qiao et al., 2018).

3.5. Break-up

Collision-induced break-up is especially difficult to model because
of the unknown number of drops an impact can produce. The un-
certainties here arise from incomplete sampling of all the combinations
between the small and large drops (McFarquhar, 2004a, 2004b). This
effect propagates the uncertainty to the dynamics of the DSD and
therein to the microphysical processes.

3.6. Evaporation

This process has been parameterized, for example, in Tripoli and
Cotton (1980) as a function of supersaturation and temperature, taking
into account the Reynolds number (Re), dynamic viscosity, saturation
vapor pressure over a plain pure water surface at a given T, terminal
velocity and the molecular diffusivity of water vapor. As a reference,
Kessler modeled evaporation simply as proportional to q0.65. Tripoli
and Cotton (1980) included a ventilation coefficient of 0.21 from Byers,
(1965) in order to account for the laboratory results of Kinzer and Gunn
(1951). The value is applicable for Re>200; for Re<200 the value
has to be larger than 0.21. Gregory and Mitchell (1995) analyzed the
impact of different rates on the evaporation of stratiform rain and found
that this parameter definitely affected the overall modeling.

In Khairoutdinov and Kogan (2000), a tuned ν parameter is included
as an exponent in the rate of change of drizzle concentration due to
evaporation. Simulations of the typical conditions for the subcloud
layer of marine stratocumulus-topped boundary layer found a variation
of between 0.8 and 1.2, with 1.0 deemed a reasonable choice by the
authors.

3.7. Additional aspects of the underlying physical assumptions

An important assumption made is the previous subsections is that
some parameters are constant globally. It is the case of the critical
mixing ratio in the autoconversion rate, which is tuned to a mean, re-
presentative value that seems to work as it produces reasonable results
under a variety of situations. The constancy assumption can be justified
for the need of keeping the modeling simple in a first approach but it is
a hyper-simplification of the complex physics involved, and one that
even affects some core aspects of modeling. After all, one important
goal of having finer spatial resolution in models it to allow variables to
vary over short distances and to evaluate the effects that are most
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relevant at different scales. This approach to improve models is in-
compatible with requiring the representation parameters to remain
constant. The lack of any physical equations to govern the temporal
evolution of the parameters could be tackled by stochastic approaches.
These can be used to, in effect, sample what cannot be modeled with
analytical dynamics.

Another aspect of interest is that the underlying physics is not al-
ways apparent in the schemes, which impedes evaluating the assump-
tions and the degree of empiricism in the modeling. The case of col-
lection is paradigmatic. Thus, Reisner et al. (1998) are sometimes
reported as the source for the modeling of the collection process in the
parameterization. Ikawa and Saito (1991) are also often credited. But
the rationale allowing the integral in both schemes actually comes from
Wisner et al. (1972), sometimes with Mizuno’s improvement (as in
Thompson et al., 2008; option 8 in WRF). His scheme, originally de-
veloped for the interaction of hail with cloud water and raindrops,
makes an effort to proceed from first principles and highlight all the
assumptions. As Table 2 shows, Wisner’s rationale has permeated some
of the models.

To illustrate the level of detail in the assumptions it is worth looking
further at Wisner et al. (1972) modeling of raindrop accretion by hail
and comparing this with Ikawa and Saito’s (1991) modeling of raindrop
accretion by snow. To this end, it is useful to recall how the equations in
the bulk parameterizations stem from the SCE (after Slinn and Gibbs,
1971). The first simplification of Eq. (5) is to approximate the kernel K
(x,y) through an analytical, convenient function, as described above.
This step implies assuming sensible values for the efficiency and coa-
lescence efficiencies. The second simplification is to seek only the
moments of the distribution and not the whole distribution. Usually, the
interest lies in the mean and variance of the distribution, i.e., a measure
of a central value close to the mode (assuming the distribution is
gamma, lognormal, or Gaussian); as well as the spread of the dis-
tribution. Thus, multiplying Eq. (5) by the i-moment, Mi, integrating
from zero to infinity, and some calculus, results in Wisner’s expression
(Wisner et al., 1972):

⎜ ⎟= ⎛
⎝

+ + ⎞
⎠

−P π ρ N n E
λ λ λ

u v( ) 5
Λ

2
Λ

0.5
Λ

| |IAR w RF
r r r

2
0 0 6 5 2 4 3 (14)

with (Λ, Ν0) and (λr,n0) being the parameters of the exponentials,
which is the parametric form assumed by the modeling. The simplifi-
cation |u− v|~|ud− vd| required to analytically solve the integral as-
sumes that all particles in the same species fall with a terminal velocity
u equal to the mass-weighted mean velocity, instead of with their own,
d diameter dependent, fall velocity ud. Eq. (14) is functionally analo-
gous to the well-known expression of rain self-collection seen in several
MP models (Ikawa and Saito, 1991; Reisner et al., 1998; Morrison et al.,
2005; Hong and Lim, 2006; and Song and Zhang, 2011).

Indeed, the physics is the same in all cases. What is important for
the scope of this paper is that the functional expression (regardless of
the treatment of the u-v term) comes from the same set of assumptions,
namely exponential distribution, no turbulence, and the assumptions
inherited from the use of the gravitational kernel.

The assumption of the exponential distribution in the above ex-
pression implies that the mode of the distribution is in the intersection
with the y-axis, i.e., in the minimum diameter considered by the model.
The mean is therefore not representative of the most popular diameter,
making it a simple statistic disconnected from a clear physical inter-
pretation, in contrast with gamma or lognormal modeling where the
evolution of the mean can be readily identified with the drift, as the
evolution of the variance accounts for the diffusion. Moreover, the fit to
an exponential distribution artificially increases the number of very
small and medium-sized particles, without considering the peak of the
actual distribution, and either severely under- or over-representing the
largest particles. As with any fit to a parametric function, the result is,
indeed, a compromise between the smallest possible number ofTa
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parameters (one for the shape in the exponential PDF) and the overall
goodness of fit to the whole size distribution. In the case of drops,
however, neglecting the tail of the distribution is a problem as it is
known that large drops play a fundamental role in the MP.

Moreover, as the modeling uses N0 as the intercept parameter of the
distribution, and this value is mathematically dependent on the shape
parameter, Λ, the two parameters of the PSD are not independent, ar-
tificially constraining the distributions allowed as discussed above. In
real rainfall, N0 does vary with Λ, but not as a consequence of the de-
pendence of the variables, and with different dynamics. In other words,
the variables are mathematically independent but they are not physically
independent. This elementary fact is often lost sight of. Indeed, some
schemes diagnose the parameter (Wainwright and Dawson, 2014).

Another aspect of interest is that the initial PDF has to be prescribed.
Hence the relevance of satellites in providing reasonable values of
number concentration and the shape of the PDF in 3D. Suzuki et al.
(2013) attempted to retrieve the particle growth and drop collection
efficiency of warm clouds using CloudSat and MODIS observations, but
generally the values are set after some trial and error.

4. Solid phase: empirical values and assumptions in the processes

The parameterization of the solid phase is more complicated than
that of the liquid phase. Our understanding of the solid phase is still
limited, and this translates to the models (Lamraoui et al., 2015). Ice in
the mixed phase controls precipitation over large extensions of the
planet. Oversimplifications also hinder modeling. Thus, for instance,
most of the GCMs in CMIP3 and CMIP5 significantly underestimate the
total ice water mass because models only consider suspended cloud
mass, ignoring falling and convective core cloud mass (Li et al., 2017).
Ice formation and growth is the primary process producing precipita-
tion-sized particles above the freezing level in deeper convective clouds
and in regions with strong updrafts (Stith et al., 2002).

Ice is critical for the radiative properties of cirrus (Krämer et al.,
2016) and drives cloud electrification and stability. Analyzing the
global MP of cirrus is challenging (Lachlan-Cope et al., 2016). The
existence of water well below the freezing point (as low as -40°C) in a
metastable phase presents a challenge for modeling as the particular
conditions allowing this supercooled state are difficult to parameterize
in models.

It is important to realize that the observations of solid and mixed
phase precipitation are themselves affected by many sources of un-
certainties. This means that even if the MP is capable of realistically
representing those particles (Fig. 4), the initialization and verification
of the results is not straightforward. Notwithstanding the impressive
advances in observations made in recent years (Field and Heymsfield,
2015; Heymsfield et al., 2006; McFarquhar et al., 1999; Orikasa et al.,
2013; Schmitt and Heymsfield, 2014), there are still many un-
certainties. The variability in the size of the ice particles is sometimes
more important than the actual amount of cloud (Iacobellis et al.,
2003), with underestimation of the effective radius altering seasonal
mean TOA radiative fluxes up to 5 W m-2.

The historical diagrams of ice habits as a function of temperature
and supersaturation (Fig. 5) illustrates the complexities faced in the
solid phase, as well as the problems of extrapolating laboratory mea-
surements to the behavior seen in real clouds. Nakaya (1954) pioneered
the identification and classification of ice habits and attempted to ex-
plain the diverse shapes in terms of environmental conditions during
laboratory growth (Fig. 5, top). Kobayashi (1957) expressed super-
saturation as excess water vapor density over ice and located some
habits from laboratory experiments. Fletcher (1962) improved Ko-
bayashi’s original scheme by segmenting the diagram in terms of the
direction of preferred growth and relocating some habits (Fig. 5,
bottom).

Another version of this diagram comes from Magono and Lee
(1966); their scheme extends the range of temperatures, uses a

qualitative supersaturation scale, and plots the cloud droplet region to
include graupel and rimed crystals found at ground level. It was not,
however, until Bailey and Hallett (2004) that a habit diagram was
available for atmospheric ice crystals from in situ measurements in
clouds over a large number of dedicated campaigns. The result (Fig. 6)
contrasts sharply with the previous versions and highlights errors and
misconceptions that had been around for decades, some due to the mix
of laboratory, ground and in-cloud measurements.

While laboratory measurements have confirmed the latest scheme
and helped explain the genesis of the forms, this knowledge has not yet
been translated into the parameterization. Additionally, the actual
number of discernible habits has recently been updated. Kikuchi et al.
(2013) amended and improved Magono and Lee’s (1966) classification
of snow crystals, ice crystals, and solid precipitation, and identified 121
habit types, including 28 new snow crystal types found in polar regions,
that were classified into three levels. Each of the 121 types have distinct
densities, radiative transfer properties in the microwave region (cf.
Loeb et al., 2018), and fall speeds; such complexity has a definite im-
pact on the MP modeling of precipitation and sedimentation, and tur-
bulence greatly affects the shape of the ice particles. As with the im-
proved classification cited above, these findings have not yet permeated
into the codes. Another important observation is that most individual
crystals are complex (Hashino et al., 2015), irregular, and imperfect in
appearance to some extent (Bailey and Hallett, 2004, 2009). Since
crystals are seldom found in isolation, the modeling difficulties are
evident.

Uncertainties due to the choice of solid phase PSD have been ana-
lyzed by, for example, Gilmore et al. (2004). They found a great deal of
sensitivity to the way the hail/graupel category is parameterized, with
errors of more than 25% for a 2 h accumulation. One conclusion from
that research is that if the distribution of this category is not well es-
tablished, forecasts can be of limited usefulness. Choices of shape for
the PSD include an exponential distribution with the intercept para-
meter linked to the shape (Lin et al., 1983; Tao et al., 1989), also as-
suming spherical ice particles and constant bulk density as Lin et al.
(1983), Reisner et al. (1998), Hong et al. (2004) and Thompson et al.
(2004). Different assumptions about the snow in the MP include more
realistic non-spherical drops (Cox, 1988; Woods et al., 2007; Thompson
et al., 2008).

4.1. Ice nucleation

Ice in the atmosphere depends on the existence of ice forming nuclei
(IC). Ice nucleation is more complex than water nucleation, as there are
known mechanisms, namely deposition, condensation-freezing, im-
mersion freezing, contact nucleation, and the evaporation of cloud
droplets that need to be considered. The process has been modeled by,
for example, Farley et al. (2004), and the choices here include assuming
a time scale for the process (20min in the case of Cooper, 1986), and
setting a limit for ice nuclei concentration (209 L-1 ibid.) to avoid the
unrealistic values in Copper’s scheme. We only have a rough idea of the
4D distribution of IC, information which is important for initializing
models and validating hypotheses (Halder et al., 2015; Hiron and
Flossmann, 2015). In the near future the METOP-SG, with the sub-
millimeter ice cloud imager (ICI) will provide useful information on ice
clouds that will certainly improve parameterization.

4.2. Riming

Raindrops and ice crystals collide and water rime the crystals. The
process is different depending on the relative sizes of the interacting
particles. The collection efficiency varies in the literature from 1.0 to
other values used in methods based on the median volume diameter,
after Wang and Ji (2000).

The Ikawa and Saito (1991) evolution of Wisner’s model (cf. section
3.7 above) has been widely used for the collision of drops with snow
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(e.g., in Song and Zhang, 2011). Ikawa and Saito (1991) used Mizuno’s
(1990) analytical solution, and assumed that the exponent b of the
terminal velocity expression for rain and snow v=a Db(ρ0/ρ)0.5 were
both equal to 0.5 (it also works when the b for rain is 0.8). Their re-
sulting values were α=1.2, β=0.95 and γ=0.08, which are used in
all the parameterizations based on this model. Thus the expression for
the riming rate (‘accretion rate of rain by snow’ in Ikawa and Saito) is:
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[where qr is the mixing ratio of the water; Ers is the collection efficiency
(=1.0); Ui are the vertical velocities, Ni0 are the intercept parameters of
the PSDs; ρi are the densities; and λι are the PSD parameters].

which results from Mizuno’s approximation of:
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However, this modeling is based on an assumption that does not
hold for every habit and assumes an exponential shape of the PSD. The
same applies for the number concentration in Ikawa and Saito (1991):
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for which α=1.7, and β=0.3. The assumptions used here are at
variance with observations of snow in windy conditions, showing that
snow seldom follows a vertical trajectory. Rather, it is common to en-
counter all sort of directions, including heavily horizontal falls and even
vertical ascends.

4.3. Ice accretion

Ice crystals are captured by cloud droplets and grow. The modeling
is similar to riming. Setting the collection efficiency to one is also a
popular choice (as in Lin et al., 1983).

4.4. Ice aggregation

Ice crystals stick together and produce larger crystals, snowflakes,
and snow pellets. The process is incredibly complex and difficult to
model. Lin et al. (1983) used a simple expression with a mass threshold
set ‘somewhat arbitrarily’ (sic) at 6 10-4 g g-1, which is the value used in
the models that integrate Lin’s parameterization into their code for
modeling this process. The actual value allegedly comes from the MSc.
thesis of Chang (Chang, 1977).

Graupel produced by rimed snow is difficult to model and the
parameterizations use several strategies that produce reasonable re-
sults. Young (1993) used thresholds and Murakami (1990) invokes
riming versus depositional growth. Comparing single and double mo-
ment schemes with data in the CALIPSO validation project (C3VP)
proved that predicting NT improves the representation of ice crystal

Fig. 4. Vertical cross-section of a NWP model (WRF) simulation over Spain illustrating the ability of Goddard’s scheme to realistically represent hydrometeors, and
the importance of the mixed phase in total precipitation. Colors indicate the hydrometeor mixing ratios (left: total; right: mixing ratio for three individual phases); the
vertical advection of the potential temperature is plotted as contours. Vectors are the wind speed.
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aggregation (Molthan and Colle, 2012). Such comparisons also show
the limitations of simplified approaches (Van Weverberg et al., 2011,
2014; Varble et al., 2014; Igel et al., 2015). 3-moment schemes have
been proposed for hail (Loftus and Cotton, 2014a, 2014b).

4.5. Splintering and other secondary ice-production mechanisms

This is the process modeling the breaking of ice crystals caused by
collisions or partial fusion and which produces smaller ice crystals. As
in the case of drop breakup, it is difficult to ascertain the number of
crystals created.

The modeling of secondary ice-production (SIP) mechanisms is
important as its concentration below -10 °C exceeds primary ice by
several orders of magnitude. Global observations are scarce but re-
cognized as critical (Lawson et al., 2017).

4.6. Melting

This process is relatively easy to model, and the parameterizations
are quite similar with minor differences. Thus, for instance, Morrison
and Milbrandt (2015) use a scheme similar to Lin et al., 1983, and
assume that each melted ice particle produces a single raindrop irre-
spective of its size. Almost universally, snow melt occurs instantaneous

at 2 °C, and ice at 0 °C. Planche et al. (2014) described a continuous
melting process for bin MP.

4.7. Wet growth of ice

Unlike melting, this is a complex process as it models what happens
when ice is at exactly 0 °C under supersaturation conditions and water
collides with it. Some water freezes, but some is shed when the
Schumann–Ludlam limit (SLL; Schumann, 1938, Ludlam, 1958) is
reached by latent heat release. The SLL is defined as the critical liquid
water content for growth by accretion of a hailstone or other object in a
supercooled cloud such that for a given temperature and air speed all
the accreted water is frozen and the surface temperature is above 0°C.
Above this limit more water is accreted than can be frozen and either is
shed as liquid or is retained as spongy ice.

Measurements in convective and mixed-phase clouds using for in-
stance FSSPs (Forward Scattering Spectrometer Probes) and 2-
Dimensional Optical Array Probes (OAP-2DC, measurements in Fig. 7)
have allowed to parameterize the relationships between updrafts and
supercooled drops favoring the building up of hail (García-Ortega et al.,
2006). Numerical studies of the motion of falling graupel have also
provided new insight into the dynamics of this hydrometeor (Chueh
et al., 2018). In cloud measurements are complex and subject to a

Fig. 5. Interpretation of Nakaya’s pioneering dia-
gram (1954) aimed to illustrate the type of ice crystal
generated as a function of temperature and super-
saturation in laboratory experiments. (Kobayashi,
1957) expressed supersaturation as excess water
vapor density over ice and located some habits also
from laboratory experiments (top). Fletcher (1962)
improved Kobayashi original scheme by segmenting
the diagram in terms of the direction of preferred
growth (bottom) and relocating some habits. An-
other version of this diagram (not shown) is due to
Magono and Lee (1966), whose diagram extends the
range of temperatures, uses a qualitative super-
saturation scale, and plots the cloud droplet region to
include graupel and rimed crystals. [top plot after
Nakaya, 1954, page 249; bottom plot after Fletcher,
1962, page 246; crystal drawings from Kikuchi et al.,
2013].
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number of issues, an important one being the effect of ice shattering in
particle probes (Korolev et al., 2011).

Musil (1970) provided an equation for this process that is widely
used, even though it was actually intended for modeling hail. This work
is a paradigmatic example of careful modeling from first principles,
providing a full explanation of the choices made. Musil assumes that the
collection efficiency is much greater than in dry growth, and sets that to

1.0. A ventilation coefficient is also used which depends on Re and the
Frossling number; this, in turn, is a function of Re. Air viscosity, which
is used to calculate Re, is modeled as dependent on temperature; and
the diffusivity of water vapor is considered to be pressure dependent.
The expression, however, includes an empirical exponent, n=1.81. The
conductivity, in contrast, is purely analytical. The Musil expression has
been used in, for instance, P3 microphysics (Morrison and Milbrandt,

Fig. 6. Interpretation of Brailey and Hallett (2004) habit diagram for atmospheric ice crystals. Crystal drawings from Kikuchi et al. (2013). The original diagram
extends to -70° C; here the diagram is cut to make the scheme comparable with those in Fig. 5.

Fig. 7. Measured droplets using an optical array cloud probe over Spain (1997/07/23 flight). Instruments such as this OAP 2DC-C record the two-dimensional
shadow cast by a hydrometeor as it passes through a laser beam, producing a two-dimensional image of the particles. The size of the vertical, time segments is
1.12 mm.
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2015).

4.8. The Wegener-Bergeron-Findeisen process

The Wegener-Bergeron-Findeisen (WBF) process consists of the
growth of ice by deposition of water vapor from supercooled water
drops (that evaporate) when the concentration of water vapor is high
enough (Wegener, 1911). It can happen because of the higher equili-
brium vapor pressure of water vapor with respect to ice, compared to
that of liquid water. A large number of supercooled water drops and far
fewer ice crystals are required (Bergeron, 1935) so the process operates
in mixed-phase clouds (or when a liquid cloud is seeded with crystals
from cold cloud layers above). The process was quickly confirmed ex-
perimentally (Findeisen, 1938), and has been parameterized in several
ways in the models of, for example, Hsie et al. (1980), Lin et al. (1983),
Verlinde et al. (1990), Khvorostyanov (1995), and Khain et al. (2004).

Assumptions and parameters vary. In Morrison et al. (2005), all the
hydrometeors in the WBF modeling are spheres. Most MP models as-
sume that the process is applicable to all mixed-phase clouds, but this
has been contested by Korolev (2007), who also warned about the role
of updrafts and isobaric mixing.

More recently, Pinsky et al. (2014) explored the complexities and
differences between WBF and another process, the possible simulta-
neous growth of droplets and ice particles, which is rarely para-
meterized. The same happens with the simultaneous evaporation of
droplets and ice particles due to entrainment, for which Korolev (2007)
also provided a threshold for differentiating this possible process from
WBF. The time for the phase transformation to occur, which is im-
portant as model grids become finer (and thus the time step is reduced
to comply with the Courant et al. (1928) condition), has also been in-
vestigated by Korolev et al. (2003). Fan et al. (2011) and Mioche et al.
(2017) provided insight into the WBF process in Arctic conditions,
while Fernández-González et al. (2016) explored its contribution to
latent cooling in deep convection.

The interplay of aerosols with this process has been described by
Fan et al. (2011), Fernández-González et al. (2016), Korolev (2007), Lin
et al. (1983), Mioche et al. (2017), Pinsky et al. (2015), Schwarzenböck
et al. (2001), and Storelvmo and Tan (2015). The process remains
central in climate research (Storelvmo and Tan, 2015).

4.9. Freezing

Homogenous freezing of both cloud droplets and raindrops is as-
sumed to occur at 233.15 K in most models, but new schemes are still
being proposed (Phillips et al., 2015). Heterogeneous freezing is volume
dependent. Parameters for this sort of modeling are sometimes taken
from specific campaigns, such as Morrison and Milbrandt (2015) and
Morrison et al. (2015), whose parameterization of the process relies on
data from one hail storm in Alberta, Canada, in 1958 (Barklie and
Gokhale, 1959).

4.10. Sublimation

Sublimation rates (the phase change of water from solid directly to
gas) impact the results of NWP models. Gregory and Mitchell (1995)
reported the importance of this process as the large cooling rates as-
sociated with the sublimation of snow may generate greater negative
buoyancy and therefore more vigorous downdrafts impacting the en-
ergetics of the Planetary Boundary Layer (PBL), and affecting global
circulation.

Khain et al. (2000, Eq. 4.8) report the Pruppacher and Klett (1997,
Eqs. 13-76 and 13-89) approach. Their formalism exemplifies a detailed
modeling strategy for this process: the growth rate of ice particles by
sublimation (and deposition) is made directly proportional to two
coefficients a and b which are dependent on temperature, thermal
conductivity, diffusivity, and relative velocities of the phases. The rate

is also made dependent to supersaturation S, to the heat release Q and
to the capacitance of the crystal C (or the radius, if the particle is
spherical). Thus, the evolution of the mass depends has two terms:
a·C·S, which is positive, and a·b·Q, which is negative. The non-linearity
of the results for a and b is explicit. The capacitance C depends heavily
on crystal geometry so further simplifying assumptions are required.
Only a few models (notably Khain et al., 2000) model the capacitance
considering crystal types and also taking into account that the shape of
the particle changes during sublimation and deposition. The effect of
not considering those is not negligible as the model produces different
ice types contents in both cases thus affecting the radiative properties of
clouds.

Simpler models use other simplifications. In Ferrier (1994) the
ventilation coefficients A and B for all the species are fix to 0.78 and
0.31 respectively and the HSD includes an intercept parameter n0 and a
shape parameter λx that is also fix. Moreover, for ice the form of the
HSD is simplified as an exponential, therefore carrying the issues de-
scribed above.

5. Discussion and conclusions

There is a delicate balance in physics, namely the overarching goal
of simplifying nature to enable us to understand the processes behind
our observations, and the need to be increasingly precise, which often
requires adding complexity to the models.

A very simple, almost conceptual modeling of autoconversion, such
as Kessler’s, has the virtue of revealing the mechanics of the process: the
evolution of precipitation in warm clouds due to cloud drops merging is
directly proportional to the evolution of cloud water content. This is a
satisfactory explanation and, for coarse spatial resolutions and long
accumulation periods, i.e., in the long term and over large areas, it is
statistically true. However, closer inspection at a finer scale shows that
the process is more complex and depends on the initial distribution of
sizes as well as the initial water content. Further scrutiny reveals that
the precise rate depends on altitude, turbulence, temperature, and a set
of details that need to be assumed and encapsulated into a kernel.

Some of the assumptions, such as the coalescence efficiency, are
impossible to model in enough detail for all possible situations, so a
statistical approach is required. Thus the modeling of the microphysics
of precipitation must follow the statistical mechanics method of cal-
culating mean values and the fluctuations around them. Stochastic
approaches, such as the Fokker-Planck equation, are one of the ways to
keep the balance, as this is powerful enough to accommodate the many
nuances of the processes operating, while at the same time being able to
deal with the inherent limitations of the observations.

Models require tuning to reconcile their raw outputs with ob-
servations of weather or climate. There are two possible and opposite
pitfalls in this process. One is to overfit the parameters so they compare
well with mean global conditions over an extended period of time (e.g.,
a 30-yr global climatology). The other is overfitting the parameters to a
limited number of cases.

In the first case, the model may compare well with the average, but
be insensitive to extremes, which are often of interest. In the second
case, the parameterization can work very well for a subset of particular
conditions (e.g., heavy convection in the tropics) but poorly for others
(e.g., summer convection on the Spanish plains). Indeed, in all the si-
tuations the physics is the same, but the ability of the parameterization
to model the most relevant features in each case may differ. It should be
borne in mind that no parameterization in, for instance, the WRF
model, includes aqueous chemistry, which is known to be significant
yet difficult to parameterize, so introducing factors such as aerosol load
may mean parameterization under the same physical conditions pro-
duces a different outcome (Lee et al., 2009). The variability in the cases
selected for tuning would be irrelevant only if the parameterization was
perfect.

Another complication is that the coupling with ecological (stressors,
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physiological responses to changing conditions, acclimation, etc.) and
human activities (land use, etc.) is seldom considered, even in ESMs
(Navarro et al., 2018).

The number of free parameters in a model is high, allowing a wealth
of equally sensible realizations based on first-principles physics.
Deciding on a particular set of values today is still more an art than a
science (Chaumerliac et al., 1991), but precise observations can help to
constrain the choices. Thus, it is known that some models produce rain
at a faster rate than is observed whereas other have the opposite pro-
blem for warm rain. Satellites such as those in the A-train constellation
can help identify the biases in the microphysics (Takahashi et al.,
2017), or improve the retrievals for validation (Wu et al., 2014).

Precipitation in ESMs, GCMs, RCMs, and NWP models is very sen-
sitive to the choice of MP (Chaumerliac et al., 1991; Kotroni and
Lagouvardos, 2001; Flaounas et al., 2017; cf. Fig. 8 for a NWP (WRF)
example), but the impact of shortcomings in the microphysical schemes
is not limited to producing more or less precipitation, or to producing it
earlier or later than measured. Hydrometeors are key in the intricate
physical mechanisms of the atmosphere and different models generate
different heating patterns that, for instance, contribute to subtle but
important track changes in hurricane trajectories (Fovell et al., 2010;
see also Cecelski and Zhang, 2016; Miglietta et al., 2015; Pattnaik et al.,
2011; and Tao et al., 2011). The links between MP and hurricanes are
sometimes complex (cf. Pattnaik et al., 2011). In the case of extremes, it
is worth noting that the scaling of precipitation extremes with tem-
perature depends on the MP (Singh and O'Gorman, 2014). This aspect is
important as it can greatly affect the concept of dynamical downscaling
(Tiwari et al., 2018).

In the climate realm, where RCMs are rapidly becoming obsolete as
increasing computing power allows global-scale Earth System Models to
be run with grid sizes of less than 10 km, efforts are likely to con-
centrate on improving ESMs. In weather research, Limited Area Models
in the operational side are also increasingly under pressure since
models such as ECMWF’s Integrated Forecasting System (IFS) can be
run globally at kilometer resolution after assimilating most of the in-
formation currently available for operations. It is hard to dispute the
idea that the atmospheric community is moving towards ‘big science’
(Smith, 2002), just as other areas like Astrophysics and Particle Physics
have done successfully in the recent past. Indeed, there is fertile ground
for improving the microphysics of precipitation by testing hypotheses,
and validating the results; and then transferring the results to cen-
tralized efforts that could benefit from scale economies in a colla-
borative, distributed, and open framework.

The MP has greatly benefited in the past from increased computing
power and collaborative work. The period 1910-2000 (say from
Wegener’s seminal work to the last year of the 20th century) presents
significant differences from 2001-2015. While most of the physical and
mathematical basis of today’s models had already been established in
the 20th century (cf. Table 2), this century has witnessed a new impetus,
with new approaches to microphysics and better observations from
dedicated campaigns and new satellites, particularly those working in
the microwave part of the spectrum.

The realistic modeling of the PSD seems crucial for further ad-
vancement. In general, modeling the larger drops makes a difference:
schemes that ignore the far end of the distribution compare worse with
observations, in spite of the minute contribution of the large drops to
the total spectrum. The observed leptokurtic character of the PDF of
raindrops greatly affects, for instance, the modeling of tornadogenesis
in supercell thunderstorms (Snook and Xue, 2008), and the reasons can
be traced back to the effects of those large drops in the evaporation
process. This case, and the above examples, show that the equations for

drop coagulation (autoconversion, accretion, and self-collection) based
on solving the SCE require at least two parameters of the PSD to rea-
listically represent the process in the case of single phase clouds. The
parameters, however, are not easy to prescribe as the PSD is very
variable in both space and time. In the case of mixed phase, things are
even more complicated as there are two coupled distributions. An im-
portant issue is that instantaneous (about 1 min) measurements of the
PSD show a distribution that is not only discontinuous, but also quite
different from parametric forms such as gamma or lognormal dis-
tributions, which appear only with longer accumulations (about 5 min).
This feature arises as time steps are reduced in models, but the impact
on the MP has not been investigated.

Joint, coordinated validation exercises are also very important for
advancements in modelling. The need for dedicated campaigns to va-
lidate weather and climate models has been apparent for some time,
with many examples of success where dedicated experiments have
provided valuable data for specific environments, including mixed-
phase frontal clouds (Korolev et al., 2003), and the Amazon (Martins
et al., 2010). Evaluating parameterization using, for instance, radar
observations (Min et al., 2015) is also important for identifying short-
comings such as an overestimated melting layer altitude due to the
sedimentation process found in that study. The use of radar observation
operators (Ryzhkov et al., 2011) and satellite simulators (Matsui et al.,
2009; Roh et al., 2017) is instrumental for properly verifying the mi-
crophysics. Recent campaigns like CINDY-DYNAMO (Martini et al.,
2015), OLYMPEX (Houze et al., 2017) and the ongoing ICE-POP2018
exemplify the added value of such complex exercises for the modeling
community.

Both the persistence of large uncertainties in the parameterizations
and the importance of numerical models for society, reinforce the idea
of an increased level of accountability and transparency. Model doc-
umentation should always contain an account of the empirical choices
and assumptions made, including the parameter variation range, the
rationale behind selecting one value or another, reference to the em-
pirical works supporting the choices, and a report on the sensitivity
analysis (it is known that uncertainties in model climate sensitivity can
be traced back to microphysics, cf. Zhao et al., 2016). The configuration
space for all the sensible possibilities of the empirical parameters is
quite large, but the choice can be guided by observations. This in-
formation on models can also help determine the old dilemma of the
ensemble approach, namely whether is better to use many realizations
of a comprehensive, fully-fledged, best-available model, or instead
employ a multi-model ensemble that includes several other, lesser
quality models with more simplifications and known deficiencies.

Careful validation and dedicated experiments aimed at disproving
hypotheses and model results are fundamental to avoid the climate
community falling into Whitehead’s well known dictum: “But in truth
with more complicated instances there is no more common error than
to assume that, because prolonged and accurate mathematical calcu-
lations have been made, the application of the result to some fact of
nature is absolutely certain.”While there is a high level of confidence in
models that represent current climate well, the ability of these to si-
mulate future climates requires a deep understanding of their under-
lying assumptions and the empirical choices embedded within the
parameterizations, which are all interlinked (cf. Fig. 9).

Satellite data has demonstrated the importance of detail for vali-
dating several aspects of the MP (Grasso et al., 2014). Thus, for in-
stance, it has been found that the threshold for autoconversion which
best reproduces the historical record of temperature in models (6.0 μm)
is inconsistent with the observations of the physical process, therefore
indicating that the model works because of compensating errors

Fig. 8. An example of the differences in 6-hour accumulated surface liquid precipitation using several MPs in the WRF model. The date of the simulations is 2018/03/
19 00:00 TUC, and the domain is located over the Republic of Korea. Precipitation in the innermost, higher resolution domain includes cumulus, shallow cumulus and
large scale rain. Horizontal grid size is 300m. The Hebrew University of Jerusalem model (HUJI) is the only bin model in the set.
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(Suzuki et al., 2013). The effect of this error in the simulation of future
climates is unknown. Another example of this feedback is how ex-
amining background departures for all-sky microwave radiances at
ECMWF allowed weaknesses to be identified in the prognostic cloud
scheme, namely a lack of supercooled droplets in cold-air outbreaks
over the storm track regions of the southern hemisphere (Forbes et al.,
2016). Satellite data, however, have their own uncertainties, so care
should be taken when validating the MP (Senf and Deneke, 2017).

Another convergent approach to improve models is to use ob-
servations to refine the microphysical representation rather than to
reduce the uncertainty in the state variables. This is the line of Posselt
and Vukicevic, 2010, Posselt and Bishop, 2012, Posselt et al., 2014,
Posselt and Bishop, 2018), Posselt (2016) and Van Weverberg et al.,
2011, Van Weverberg et al., 2014), who developed stochastic ap-
proaches to improve the MP from a robust characterization of the un-
certainties in the simulations.

To conclude, it has to be mentioned that unique satellites like the
GPM core observatory have extended the capabilities of aircraft cam-
paigns and ground radar for directly measuring precipitation. The
sensing capabilities of this satellite for characterizing the structure of
severe hailstorms has been illustrated by Marra et al. (2017) and
snowfall rates retrieved by GPM have been compared with GCM si-
mulations to evaluate how reliable the model is in representing ice mass
and ice mass flux (Heymsfield et al., 2018). Anomalies were found,
namely the underestimation of ice in all regions, and too much ice
condensate in the tropics. From that realization, the authors proposed a
reasonable, mechanistic reason to explain the discrepancies, namely the
model assumptions for the terminal velocity of the solid phase. This
example shows that observations are crucial for identifying improve-
ments to models and helping modelers focus on the most urgent areas of
refinement. In fact, improving our knowledge of microphysics has been
a major driver behind missions like CloudSat (Stephens et al., 2009)
and GPM (Skofronick-Jackson et al., 2017).
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