
How Do Microphysical Processes Influence Large-Scale
Precipitation Variability and Extremes?
Samson Hagos1 , L. Ruby Leung1 , Chun Zhao2 , Zhe Feng1 , and Koichi Sakaguchi1

1Pacific Northwest National Laboratory, Richland, WA, 2School of Earth and Space Sciences, University of Science and
Technology of China, Hefei, Anhui, China

Abstract Convection permitting simulations using the Model for Prediction Across Scales-Atmosphere
(MPAS-A) are used to examine how microphysical processes affect large-scale precipitation variability and
extremes. An episode of the Madden-Julian Oscillation is simulated using MPAS-A with a refined region at
4-km grid spacing over the Indian Ocean. It is shown that cloud microphysical processes regulate the
precipitable water (PW) statistics. Because of the non-linear relationship between precipitation and PW, PW
exceeding a certain critical value (PWcr) contributes disproportionately to precipitation variability. However,
the frequency of PW exceeding PWcr decreases rapidly with PW, so changes in microphysical processes
that shift the column PW statistics relative to PWcr even slightly have large impacts on precipitation variability.
Furthermore, precipitation variance and extreme precipitation frequency are approximately linearly related
to the difference between the mean and critical PW values. Thus observed precipitation statistics could
be used to directly constrain model microphysical parameters as this study demonstrates using radar
observations from DYNAMO field campaign.

Plain Language Summary Because of nonlinearity and the broad range of scales involved,
understanding the process through which in-cloud processes influences large-scale precipitation
variability and extremes has been challenging. Through high-resolution modeling and theoretical/statistical
analysis, this study reveals a direct link between frequency of precipitation extremes and these in-cloud
processes. An application of the findings of this study for estimating important but difficult to observe
in-cloud parameters is demonstrated using radar observations of rainfall statistics.

1. Introduction

The rapid expansion of computational resources is gradually making convection permitting (sub 10 km grid
spacing) climate modeling a reality. Convection permitting models can potentially simulate precipitation
features responsible for much of the observed precipitation variability and extremes, albeit imperfectly
because of limitations in their physics parameterizations (Miura et al., 2007; Miyakawa et al., 2014; Satoh
et al., 2008). This has brought the need for understanding and parameterizing cloud microphysical pro-
cesses and their interactions with the large-scale dynamics to the forefront of climate modeling research.
Traditionally, studies of microphysical processes and their influence on precipitation have focused on idea-
lized limited area cloud resolving and large-eddy simulations (LESs) or realistic cases investigating the
morphology (e.g., updraft intensity, stratiform rain area etc.) of some well-observed rain events. In such
context, several studies have shown that surface precipitation is sensitive to the representation of different
microphysical processes and their parameter choices. For example, in radiative convective equilibrium simu-
lations, Parodi and Emanuel (2009) showed the sensitivity of convective updraft velocity and intensity of
precipitation to hydrometeor terminal velocity. On the other hand, Morrison et al. (2009) showed that
differences in the rain drop size distribution parameters between one-moment and two-moment schemes
influence the size of the stratiform area of a storm via changes in evaporation of rain. Yet other studies point
to the treatment of graupel and hail for many of the key differences among simulations with various micro-
physics schemes in model inter-comparison studies (e.g., Morrison & Milbrandt, 2011; Varble et al., 2011).
Furthermore the break-up of rain droplets has been found to influence the overall behavior of convective
systems by increasing simulation differences in evaporation rate, and thus cold pool intensity as well as
differences in latent heating and buoyancy (Fan et al., 2017; Van Weverberg et al., 2012; Varble et al., 2014).

The above studies focusing on the effects of microphysical processes on the morphology of specific
storms have provided important groundwork towards development and evaluation of microphysical
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parameterizations appropriate for weather and climate modeling. However, the influence of microphysical
processes on precipitation statistics in a large-scale context is less explored. Parodi, Foufoula-Georgiou,
and Emanuel (2011), using high-resolution simulations of an atmosphere in radiative-convective
equilibrium, examined the effects of raindrop terminal velocity on the statistics of precipitation. They
used raindrop terminal velocity as a physical parameter to explain the statistical variability of
convective rainfall over a range of scales. In the same spirit, this study examines the role of
microphysical processes in the representation of precipitation variability and extremes. By considering
multiple microphysical parameters in realistic simulations involving a large population of convective
systems, this study aims at providing a theoretical framework for interpreting the sensitivities of
precipitation statistics to changes in microphysical parameters and using observations to constrain
those parameters.

2. Description of Model and Simulations

The model used in this study is the Model for Prediction Across Scales-Atmosphere (MPAS-A) (Hagos
et al., 2013; Skamarock et al., 2012). This non-hydrostatic global variable resolution model formulated
on an unstructured grid allows grid refinement in certain regions of interest. In this study, a high-
resolution region at 4 km grid spacing is centered over the equatorial Indian Ocean and covers much
of the Indian Ocean (Figure S1 in the supplementary material) in a global model domain that uses a
32 km grid-spacing globally, with a gradual transition between the two resolutions. In order to assess
the sensitivities of precipitation to microphysical parameters, eight simulations are performed. The simu-
lations differ by the values of parameters in the shallow convection or cloud microphysics scheme. A total
of four parameters are perturbed. The first two parameters are in the University of Washington shallow
convection scheme (Park & Bretherton, 2009). The parameters control the detrainment of condensate
and evaporation of rain, respectively. The other two parameters are in the Morrison and Gettelman
(2008) microphysics scheme and they control raindrop fall velocity and snow particle fall velocity, respec-
tively. A brief description of the simulations is given in Table 1. The microphysical parameter changes are
designed to introduce a significant degree of sensitivity while maintaining the realism of the simulations.
Each simulation is run for 12 days starting on November 15, 2011 and initialized from the ERA-Interim
reanalysis (Dee et al., 2011). The period covers a suppressed and an active phase of an MJO episode
observed over the equatorial Indian Ocean during the DYNAMO field campaign (Yoneyama et al.,
2013). This MJO case is selected because of the availability of radar observed precipitation statistics from
the field campaign. Specifically precipitation from the S-POL radar located at the Maldives’ atoll of Addu
and a C-band radar aboard the R/V Revelle are averaged into hourly 30 km grid for comparison with the
simulations in this study.

The precipitation and precipitable water from the refined region at 4 km grid spacing are regridded to
an analysis domain with 30 km grid spacing, within a 40° longitude by 20° latitude box centered at
73°E and the equator (Figure S1). Hereafter the analysis domain refers to all the values in the three
dimensional data corresponding to the 12 day long hourly values in this rectangular area. The perfor-
mance of each simulation in capturing the observed evolution of MJO precipitation is shown in
Figure S2.

Table 1
Description of model parameters that were varied in six MPAS-A convection permitting simulations

Experiment Description

1 HCDET High Cloud Water Detrainment From Shallow Convection qcrit = 0.007kg/kg (Default).
2 LCDET Low Cloud Water Detrainment From Shallow Convection With Doubling of qcrit Compared to the Default Value.
3 HEVAP High Evaporation of Rain From Shallow Convection. All the Rain From Shallow Convection Is Allowed to Evaporate.
4 LEVAP Low Evaporation of Rain From Shallow Convection. All the Rain From the Shallow Scheme Is Allowed to Reach the Surface.
5 HRPFV High Rain Particle Fall Velocity. br in V = arDbr Is Increased From 0.8 to 0.95.
6 LRPFV Low Rain Particle Fall Velocity. br in V = arDbr Is Reduced From 0.8 to 0.655.
7 HSPFV High Snow Particle Fall Velocity. as in V = asDbs Is Increased From 11.72 to 23.44
8 LSPFV Low Snow Particle Fall Velocity. as in V = asDbs Is Reduced From 11.72 to 5.86.
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3. Impacts of Microphysics on Variance and Extremes
of Precipitation

In order to assess how microphysics influences precipitation variance
and extremes (defined here as 95th percentile of precipitation
rate), we perform analysis of the simulations and present statisti-
cal and theoretical considerations in parallel. We start by examin-
ing the distribution of hourly precipitation intensities and
variances. Figure 1a shows the logarithmic probability distribution
of hourly precipitation intensities for the 8 simulations and obser-
vations. The precipitation variances calculated over the analysis
domain are provided in the legends and range from 2.39 to
7.34 (mm hr�1)2 among the simulations and those from the
DYNAMO observations are 2.90 and 5.46 (mm hr�1)2. In general,
microphysical changes such as reduction of raindrop and snow
particle fall speed in the microphysics scheme, and enhanced
cloud water detrainment and enhanced evaporation of raindrops
in the shallow convection scheme all lead to increased precipita-
tion variance and increased frequency of extreme precipitation to
various extents.

We consider the well-documented relationship between precipitation
and precipitable water (Ahmed & Schumacher, 2015; Bretherton,
Peters, & Back, 2004; Holloway & Neelin, 2009). That is, on average,
precipitation gradually increases with precipitable water up to a
critical point beyond which it increases rapidly. This relationship has
been used as a metric for evaluating climate models such as their
performance in simulating the Madden-Julian Oscillation (Kim
et al., 2014).

This is shown in Figure 1b for one of the simulations. The dots in
the scatter plot represent hourly mean precipitation and precipita-
ble water at each grid point of the analysis domain. In this specific
case, the mean precipitation is shown to pick up rapidly at precipi-
table water value of about 6 cm. An often overlooked feature of
this relationship is that the precipitation variance for each precipita-
ble water bin also increases non-linearly with the precipitable water
in a manner similar to that of the mean precipitation. This is
demonstrated in Figure 1b in which the standard deviation shown
by the difference between the dotted or dashed lines and the solid
line also increases with precipitable water. This has important impli-
cations for the overall precipitation variance and the probability of
extreme precipitation.

To understand the implications of the non-linear behavior of precipitation on the variance and extremes,
consider the total variance of hourly precipitation over the analysis domain (hereafter referred to as domain
variance vard).

vard ¼ 1
N

XN
i¼1

pi
2

� �
(1)

where N is the total number of hourly data points in the analysis domain, which is a product of the number of
hourly precipitation values in the 12 days and the number of grid points in the area under consideration, and
pi is the deviation of each sample point from the mean of the set of N points.

Now consider an arbitrary precipitable water bin k that contains nk hourly precipitation values corre-
sponding to the precipitable water values between PWk and PWk + 1, with bin averaged deviation from

Figure 1. (a) PDF of rainrate From the MPAS-A simulations and (b) the relationship
Between pre- cipitation rate and precipitable water (cm) for one of the simula-
tions. The dots represent hourly precipitation and precipitable water. The solid red
line marks the mean and the dashed lines mark +/� standard deviation.
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the mean, pk . We define the deviation of precipitation of point j from
this bin averaged deviation as pjk such that pi ¼ pk þ pjk .

Equation (1) can then be rewritten as

vard ¼ 1
N

Xnb
k¼1

Xnk
j¼1

p2 jk þ nkp
2
k

" #
(2)

where nb is the number of precipitable water bins. After some rearrange-
ment (2) is reduced to

vard ¼
Xnb
k¼1

nk
N

� � Xnk
j¼1

p2 jk
nk

þ p2k

( )
(3)

The first term in the curly bracket represents the contribution from the
precipitation variance within a given precipitable water bin and the
second term represents the precipitation variance associated with
precipitable water variability. In other words, if hourly precipitation
were related only to the hourly precipitable water and no other factor,
the first term would be zero and all the precipitation variance would
be related to the variations in the precipitable water. For brevity the
term in the curly bracket will be referred to as in-bin variance varbk,
which is small for k with precipitable water below some critical value,
such that

vard ¼
Xnb
k¼kcr

nk
N

� �
varbk (4)

where kcr is the bin corresponding to the critical precipitable water value.
Equation (4) relates the domain precipitation variance with the frequency
distribution of precipitable water nk

N and the within-bin precipitation
variance varbk. According to (4), differences in microphysical parameters
could introduce differences in precipitation variance and hence differ-
ences in extreme precipitation by some combination of changes in preci-
pitable water amount and/or by differences in the way precipitation
relates to precipitable water. The contributions of these two effects can
then be quantified.

Figure 2 shows the precipitable water frequency distribution nk
N (Figure 2a),

the dependence of within-bin precipitation variance varbk on the precipi-
table water (Figure 2b), and the dependence of the domain precipitation
variance vard on the precipitable water (Figure 2c). The number of precipi-
table water bins is 50 and the bin sizes are 0.2 cm. As discussed above the
latter is the bin-wise product of the former two. It is apparent that much of
the differences in domain precipitation variance among the simulations
with different microphysical parameters arise from differences in the
precipitable water statistics (Figure 2a). The within-bin precipitation
variance shows little inter-simulation difference (Figure 2b). The contribu-
tion of each precipitable water bin to the domain variance in precipitation
is dominated by PW values between 5.5 cm and 7.5 cm (Figure 2c). It peaks

at about 6.75 cm because above 5.5 cm the precipitable water frequency decreases rapidly (Figure 2a) while
the within-bin variance increases rapidly (Figure 2b).

The non-linear nature of the within-bin precipitation variance has important implications for simplifying
Equation (4). First, since the within-bin variance is essentially zero below a certain threshold value of precipi-
table water PWcr, estimated to be about 6 cm in this particular case (see Figure 2b) with a corresponding bin

Figure 2. (a) Frequency distribution precipitable water, (b) the relationship
Between local precipita- tion variance (mm 2 hr�2) vs precipitable water
(mm) and (c) the contribution of each precipitable water bin to the total
precipitation variance.
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index kcr, the summation can be truncated to exclude bins with index less
than kcr, as assumed in Equation (4). Second, beyond the critical value, the
within-bin variance increases very rapidly. Therefore it is approximately
independent of the precipitable water except near the critical value.
Therefore Equation (4) can be further simplified to.

vard ¼ varb
Xnb
k¼kcr

nk
N

� �
(5)

Thus the variance in precipitation is approximately a linear function of the
frequency of PW above the critical value and some mean within-bin
variance, varb , corresponding to the average of the within-bin variance
for precipitable water bins above the critical value.

There are two points to note from Figure 2a. First the frequency
distribution of precipitable water is approximately Gaussian. This is
expected from the Central Limit Theorem, since the sample size is
large and random fluctuations dominate the precipitable water varia-
bility. Second, the differences in microphysical parameters do not
significantly change the shape of the frequency distribution of precipi-
table water. This might be related to the relatively small magnitudes
of the perturbations involved. One could imagine major changes in
parameter or structural changes in the parameterizations affecting
the standard deviation of the Gaussian distribution. The above two
points can simplify the representation of the relationship of precipi-
table water statistics to variations in microphysical parameters. For
brevity let us consider a continuous form of the frequency distribution
that is given by a Gaussian function G centered at some mean preci-
pitable water:

Xnb
k¼kcr

nk
N

� �
≃ ∫

∞

PWcr

G x � PWmð Þdx (6)

which can also be written as

Xnb
k¼kcr

nk
N

� �
≃ ∫

∞

PWcr�PWmð Þ
G yð Þdy (7)

Since G is a positive definite function, the cumulative distribution, and hence the variance is strictly increasing
functions of PWm � PWcr. Specifically, for a Gaussian distribution the precipitation variance becomes an error
function of PWm � PWcr, which in turn can be approximated by a linear relationship over a limited interval.
Figure 3 shows that this is indeed the case. Both precipitation variance and the probability of extreme preci-
pitation (defined as values greater than the 95th percentile) increase linearly with the difference between the
mean and critical precipitable water contents. Thus the changes in mean precipitable water as well as the
critical precipitable water due to changes in microphysical parameters are linked to the precipitation variance
as well as the frequency of extreme precipitation.

This has implications for constraining model microphysical parameters and parameterizations. While the
difference between mean precipitable water and critical precipitable water is difficult to observe directly,
precipitation variance can be obtained from satellite, radar or rain-gauge measurements rather easily. In this
specific case for example the precipitation variance and frequency of extreme precipitation from the two
DYNAMO radars (Figure 3 horizontal lines) indicate that PWm � PWcr values of �0.95 cm to – 0.80 cm are
reasonable for capturing the observed precipitation statistics given the observational uncertainty.

Figure 3. (a) Domain precipitation variance vs. the difference Between
domain mean precipitable water and the critical precipitable water and
(b) the frequency of greater than 95 percentile precipitation (%) vs. the
difference Between domain mean precipitable water and the critical preci-
pitable water (cm).

Geophysical Research Letters 10.1002/2017GL076375

HAGOS ET AL. 1665



4. Summary

Following the expansion of computational resources and advances in numerical methodologies, climate
model resolutions are approaching convection permitting (sub 10 km) grid spacing. However, accurate
depiction of extreme precipitation in convection permitting simulations requires understanding and repre-
sentation of various microphysical and dynamical processes. Previous convection-permitting and LES model-
ing studies that examined the effect of microphysical processes on precipitation focus on their dynamic and
thermodynamic effects on individual storms. Those studies have shown that microphysical processes such as
evaporation associated with fall velocities of hydrometeors, particle break-up processes can modulate the
evolution of storms and the precipitation associated with them. However, the cross-scale effects of microphy-
sical processes on precipitation variability over a large population of convective clouds and therefore their
impacts on the frequency of extremes have not been investigated.

In this study, global variable resolution convection-permitting model simulations are used to examine how
microphysical processes influence precipitation variance and the frequency of extremes. The MPAS-A simu-
lations of the initiation of November 2011 episode of MJO are analyzed. The high-resolution (4 km grid-
spacing) region of the global MPAS-A simulations covers the equatorial Indian Ocean, with a 32 km grid
spacing elsewhere. The eight simulations include variations in microphysical parameters that control cloud
water detrainment and evaporation of rain from shallow clouds, and rain and snow particle fall velocity.
Three key findings are noted. First, analysis of the simulations shows that the microphysical processes primar-
ily regulate the frequency distribution of precipitable water (Figure 2a). Second, because of the non-linear
relationship between precipitation and precipitable water, precipitable water values that exceed a certain
critical value at which precipitation starts to rapidly increase, contribute disproportionately to the precipita-
tion variability (Figure 2b). Third, above the critical value, the frequency distribution of precipitable water
decreases rapidly (Figure 2a). Because of the above three factors, precipitation variance and frequency of
extreme precipitation are very sensitive to variations in microphysical parameters. Specifically, analysis of
the model simulations and theoretical considerations show that the variance of precipitation and frequency
of extreme precipitation are approximately linear functions of the difference between the mean precipitable
water in the domain and the value of the critical precipitable water (Figure 3).

This study also shows that the variations in microphysical parameters primarily influence the variance and
extremes by shifting the frequency distribution of precipitable water relative to the critical value. The number
of microphysical parameters considered in this study is limited, but one can imagine that changes in the
microphysical parameters could also influence the critical value. As varying the microphysical parameters
lead to a relatively wide range of PW–PWcr and precipitation variance as well as extreme precipitation
frequency, an important implication of this study is that observed values of precipitation variance and
frequency of extreme precipitation can be used to constrain microphysical parameters that are difficult to
observe. As an example, for this particular case, radar observations from DYNAMO field campaign are used
to estimate reasonable values for PW–PWcr. Future studies should also explore the sensitivity of precipitation
variance and extreme precipitation to other processes such as boundary layer turbulence and cloud-radiation
and aerosol-cloud interactions, to better understand processes that influence convection-permitting simula-
tions and constrain multiple parameters that dominate the fidelity of model precipitation characteristics.
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