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Abstract Cloud and precipitation systems are simulated with a multi-scale modeling framework (MMF)
and compared over the Tropics and Subtropics against the Tropical Rainfall Measuring Mission (TRMM)
Radar-defined Precipitation Features (RPFs) product. A methodology, in close analogy to the TRMM RPFs,
is developed to produce simulated precipitation features (PFs) from the output of the embedded
two-dimensional (2D) cloud-resolving models (CRMs) within an MMF. Despite the limitations of 2D CRMs,
the simulated population distribution, horizontal and vertical structure of PFs, and the geographical location
and local rainfall contribution of mesoscale convective systems (MCSs) are in good agreement with the
TRMM observations. However, some model discrepancies are found and can be identified and quantified
within the PF distributions. Using model biases in relative population and rainfall contributions, PFs can be
characterized into four size categories: small, medium to large, very large, and extremely large. Four
different major mechanisms might account for the model biases in each different category: (1) the
two-dimensionality of the CRMs, (2) a positive convection-wind-evaporation feedback loop, (3) an artificial
dynamic constraint in a bounded CRM domain with cyclic boundaries, and (4) the limited CRM domain
size. The second and fourth mechanisms tend to contribute to the excessive tropical precipitation biases
commonly found in most MMFs, whereas the other mechanisms reduce rainfall contributions from small
and very large PFs. MMF sensitivity experiments with various CRM domain sizes and grid spacings showed
that larger domains (higher resolutions) tend to shift PF populations toward larger (smaller) sizes.

Plain Language Summary Satellites are an excellent way to evaluate models over a large area,
and of these, the Tropical Rainfall Measuring Mission satellite known as TRMM, the first satellite to have
a precipitation radar in space, was especially valuable as it could detect precipitation within clouds. Radar
data from TRMM have been used to build a database categorizing all precipitation that TRMM observed,
including their size, rain intensity, and how high in the atmosphere their radar echoes extended. In this
study, similar data from the embedded fine-scale models of a hybrid global model are mined and compared
with that observed by TRMM. In general, the simulated distributions of these precipitation areas in terms of
their size, geographical location, and horizontal and vertical structure agree fairly well with TRMM
observations. However, some discrepancies were found, which were identified and quantified in terms of
precipitation size. Four different mechanisms might account for the model biases: (1) the use of
two-dimensional grids for the fine-scale models, (2) a positive storm-wind-surface evaporation feedback loop
in the overall hybrid model, (3) an artificial constraint imposed by using cyclic boundaries for the fine-scale
models, and (4) the limited spatial size of the fine-scale model domains.

1. Introduction

The multi-scale modeling framework (MMF) or superparameterization (SP), which replaces traditional
cloud parameterizations with two-dimensional (2D) cloud-resolving models (CRMs) within a host
atmospheric general circulation model (GCM), has been developed over the past two decades (Cheng &
Xu, 2011; Grabowski & Smolarkiewicz, 1999; Khairoutdinov & Randall, 2001; Randall et al., 2003; Tao
et al., 2009; Wang et al., 2011, 2015). Conventional cloud parameterizations, using simple one-dimensional
plume models and closure assumptions to empirically represent sub-grid cloud and convection processes
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in global models, have long been recognized as a major source of uncertainty in climate simulations. An
MMF with its global cloud-resolving (or permitting) capability provides a feasible approach to simulate expli-
citly convection systems and break the cloud parameterization deadlock (Randall, 2013; Randall et al., 2003).
MMFs have been successfully applied to study a wide range of atmospheric phenomena (see Randall
et al., 2016 for a review of some major applications). In general, MMFs produce simulations superior to their
host GCMs in many physical processes, including the diurnal cycle (Khairoutdinov et al., 2005; Painemal
et al., 2015; Pritchard & Somerville, 2009; Zhang et al., 2008; Zhao et al., 2017), the Madden-Julian
Oscillation (MJO) (Benedict & Randall, 2011; Khairoutdinov et al., 2008; Thayer-Calder & Randall, 2009),
mesoscale convective systems (Chen & Kirtman, 2018; Elliott et al., 2016; Marchand et al., 2009), low clouds
(Cheng & Xu, 2011, 2013; Parishani et al., 2017; Wang et al., 2015; Xu & Cheng, 2013a, 2013b), temperature
and moisture variability (Kahn et al., 2011), and extreme rainfall (Kooperman et al., 2016).

Despite their successes, MMFs also possess common systematic model biases, most notably excessive preci-
pitation in the western Pacific Ocean, the tropical eastern Pacific, Bay of Bengal, and the western Indian
Ocean. Several possible causes for the biases have been advanced in the literature such as the use of 2D
CRMs with cyclic lateral boundary conditions, which prevents precipitation systems from direct propagation
to a neighbor GCM column (Khairoutdinov et al., 2005), a positive convection-wind-evaporation feedback
that fuels tropical convection by enhancing low-level moisture convergence (Luo & Stephens, 2006; Tao &
Chern, 2017), and momentum transport (Cheng & Xu, 2014). Because of the nonlinear couplings and feed-
backs between the host GCM and the embedded CRMs, the physical causes of these biases are very challen-
ging to isolate and quantify. The current study attempts to shed new light on possible physical mechanisms
by analyzing different precipitation types by sizes and spatial structures. Model-derived precipitation fea-
tures (PFs) are analyzed to quantify the rainfall contribution and biases of simulated precipitation systems
of various sizes in comparison with those observed during the Tropical Rainfall Measuring Mission
(TRMM) (Simpson et al., 1996).

The TRMM precipitation radar (PR), the first of its kind in space, was in operation for nearly 17 years (1997-
2014) to measure the horizontal and vertical distribution of rain from space. It was a cross-track scanning
radar, operated at Ku-band (13 GHz), that surveyed a swath of 220 km at a horizontal resolution of 5.0 km
(4.3-km pre-boost) at nadir and a vertical resolution of 250 m from the Earth's surface to 20 km in altitude.
The PR together with passive visible, infrared, microwave, and lightning sensors on the TRMM satellite pro-
vided unprecedented and near continuous three-dimensional (3D) measurements of precipitating systems in
the Tropics and Subtropics. Due to the enormous amount of data collected by the TRMM satellite, many stu-
dies developed different approaches for grouping satellite pixels that satisfied certain criteria into specific
features (Cecil et al., 2005; Cifelli et al., 2007; Matsui et al., 2016; Nesbitt et al., 2000; Nesbitt et al., 2006).
Liu et al. (2008) further improved the TRMM precipitation feature (PF) data set by using TRMM PR echoes
and near surface rain rate to characterize precipitation systems based on size and linked them with measure-
ments from the TRMM Microwave Imager (TMI), the Visible and Infrared Scanner (VIRS), and the
Lightning Imaging Sensor (LIS) to form a comprehensive multi-sensor data set. This data set has been used
to study the diurnal cycle of convection (Liu & Zipser, 2008), warm rain systems (Liu & Zipser, 2009),
lightning characteristics (Liu et al., 2011), and latent heat release over the Tropics (Liu et al., 2015).

Many previous MMF studies focused mainly on large-scale atmospheric phenomena using only mean fields
at the GCM grid (Chern et al., 2016; Khairoutdinov et al., 2005; Randall et al., 2016; Tao et al., 2009; Tao &
Chern, 2017), while other studies have included detailed analysis of cloud and precipitation characteristics
using satellite simulators (Marchand & Ackerman, 2010; Matsui et al., 2016; Zhang et al., 2008; Zhao
et al., 2017). In this study, detailed cloud and precipitation data sets from the embedded 2D CRMs are used
to investigate the macrostructures and microstructures and statistics of cloud and rainfall from individual
precipitation systems. A methodology, in close analogy to the TRMM radar-defined PFs (RPFs) method
(Liu et al., 2008), is developed to derive model-simulated RPFs from the 2D CRMs. This data set is used to
enhance the understanding of simulated cloud and precipitation characteristics such as horizontal and ver-
tical structures, intensity, precipitation type, occurrence frequency, and rainfall contributions over the
whole Tropics and Subtropics as well as the regions with excessive rain biases.

The main objectives of this study are to (1) evaluate the performance of the Goddard MMF (GMMF) against
the TRMM observations, (2) improve the understanding of PFs and their characteristics in the Tropics and
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Table 1 Subtropics, (3) identify and quantify possible causes of tropical rain-
Experiment Name and Model Configuration for Five GMMF Simulations fall biases in the GMMF, and (4) assess the impacts of CRM domain

CRM grid CRM grid CRM Model time  and grid spacing on precipitation characteristics. The paper has the

L£3 4P ARG s mEany o S step following organization. Section 2 describes the GMMF, the Goddard
NX256_1KM 256 1 km 256 km 3 seconds Satellite Data Simulator Unit (G-SDSU), the TRMM RPF validation

(control) data set, and a methodology for deriving the simulated RPFs from
—— Lz 2km 256 km 6 seconds the 2D CRM output. In section 3, the results of the GMMF control
NX64_4KM o4 4 km 256 km 12 seconds experiment are presented. Section 4 shows the results of the sensitiv-
NX32_4KM 32 4 km 128 km 12 seconds
NX128_4KM 128 AT 512 km D —, ity experiments assessing the impact of CRM grid spacing and

domain size. Section 5 contains the discussion and conclusions.

2. Model, Methodology, and Observations
2.1. The Goddard Multi-Scale Modeling Framework (GMMF)

The GMMF used in this study (hereinafter referred as the GMMF v3.0) is a progressive revision of the GMMF
v2.0, which was documented and evaluated against CloudSat, CALIPSO, and other satellite data in Chern
et al. (2016). Briefly, the GMMF is based on embedding a 2D cloud-resolving Goddard Cumulus Ensemble
model (GCE, Tao & Simpson, 1993; Tao et al., 2014) into each column of the Goddard Earth Observing
System (GEOS) global atmospheric model to replace standard GEOS parameterizations for sub-grid convec-
tion, large-scale moist processes, turbulence, and radiation. The GEOS with a finite-volume dynamic core
was run at 2° x 2.5° (latitude x longitude) horizontal grid spacing with 48 vertical layers stretching from
the surface to 0.4 hPa on a terrain-following hybrid pressure coordinate with 17 layers below 700 hPa to
improve resolution in the lower atmosphere. All embedded GCEs used cyclic lateral boundaries and 44 ver-
tical layers collocated initially with the GEOS grid layers. They had four fewer vertical layers to ensure their
model top height was lower than that of GEOS due to the different vertical coordinates (height in GCE vs.
hybrid pressure in GEOS) used. The GEOS-GCE coupling time was 1 hr, the same as the GEOS model time
step. In this study, a series of GMMF simulations (Table 1) were carried out with different combinations of
GCE grid spacings (i.e., 1, 2, and 4 km) and domain sizes (128, 256, and 512 km). The 2D GCE domains in all
GMMF experiments are aligned in an east-west direction in this study. Khairoutdinov et al. (2008) showed
that their MMF results are, to some extent, orientation dependent. The representation of convective momen-
tum transport (CMT) in an MMF has been a long-standing challenge due to the 2D nature of the embedded
CRMs. Recently, Cheng and Xu (2014) and Tulich (2015) have included CMT in their MMFs. In this study,
the GMMF is like other traditional MMFs in only considering the thermodynamic feedback.

The Goddard one-moment, four-class ice (4ICE) bulk microphysical scheme (Lang et al., 2014; Tao
et al., 2016) having six prognostic condensates (cloud water, rain, cloud ice, snow, graupel, and hail) was
used in this study. The long-wave (Chou et al., 1999) and shortwave radiation (Chou et al., 2002) schemes
are the same as in GMMF v2.0; however, the optical properties of all major (water vapor, CO,, O,) and most
of the minor trace gases (O3, N,O, CH,, CFCs) are updated to the HITRAN 2012 molecular spectroscopic
data set (Rothman et al, 2013). The radiation schemes are called within the GCE to improve
cloud-radiation interaction at the natural temporal and spatial resolution of the CRM. Lastly, the air-sea sur-
face flux scheme of GEOS (Large & Pond, 1981, 1982) was replaced with Tropical Ocean-Global Atmosphere
Coupled Ocean-Atmosphere Response Experiment (TOGA COARE) version 4 flux scheme (Edson
et al., 2013; Fairall et al., 2003, 2011). The scheme increases surface drag over high wind regions based on
in situ observations from more recent field campaigns. In this study, the TOGA COARE flux scheme is called
from the GCM, and the hourly mean surface fluxes are applied uniformly within the GCE.

2.2. The Goddard Satellite Data Simulator Unit (G-SDSU)

The G-SDSU is an end-to-end multi-satellite simulator unit with five simulators at present, including a pas-
sive visible-IR simulator, a passive microwave simulator, a broadband simulator, a radar simulator, and a
LiDAR simulator. It has been developed at NASA GSFC in collaboration with other institutions
(Masunaga et al., 2010; Matsui et al., 2014) to support various NASA satellite missions (Matsui et al., 2013).
The G-SDSU converts the simulated thermodynamics and liquid/ice condensate profiles from a mesoscale or
cloud-scale model into satellite-equivalent Level-1 (L1) measurements such as radiance/brightness tempera-
ture or backscatter signals at model resolution. Then, the signals are convolved in the sensor field-of-view
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based on the antenna gain function (Matsui et al., 2013). The G-SDSU has been coupled with various NASA
high-resolution model output, such as the GCE, the GMMF, the NASA-Unified Weather Research and
Forecasting (NU-WRF) model, and GEOS version 5 (GEOS5). There are many microphysics options, includ-
ing one- and two-moment bulk schemes and spectral-bin microphysics. Particle size distributions (PSDs)
and various hydrometeor classes in these schemes are consistently treated among different simulators in
the G-SDSU.

Matsui et al. (2016) successfully coupled output from the GMMF and the Nonhydrostatic Icosahedral Cloud
Atmospheric Model (NICAM) with the G-SDSU to evaluate the land-sea contrast in tropical convection ver-
sus TRMM measurements using the TRMM Triple-Sensor Three-Step Evaluation Framework (T3EF, Matsui
et al., 2009). In this study, the G-SDSU is used to convert 3-hourly instantaneous GMMF v3 output into
TRMM satellite measurable signals such as radiance/brightness temperature and radar reflectivity to enable
the production of a Level-2 simulated RPF data set.

2.3. Methodology and Validation Data Set

2.3.1. Validation Data Set

The validation data set used in this study is the TRMM orbital Level-2 Radar-defined Precipitation Features
(RPFs) product, one of several PF products in the comprehensive TRMM precipitation and cloud feature
database (Liu et al., 2008), which was reprocessed in 2012 based on TRMM version 7 products. RPFs are first
identified by grouping the contiguous pixels with near-surface precipitation based on TRMM 2A25 PR rain-
fall retrievals (Iguchi et al., 2000, 2009). Then, their general information such as time, location, size (total
pixel number), volumetric rain (km? mm/hr), and stratiform and convective pixel numbers from TRMM
2A23 rainfall categorizations (Awaka et al., 1997, 2009; Steiner et al., 1995) are linked together. As a
multi-sensor data set, it also includes parameters such as maximum 20, 30, and 40 dBZ echo heights and ver-
tical profile of maximum reflectivity from the TRMM PR, minimum and area of 85-GHz polarization-
corrected temperature (PCT; Spencer et al., 1989) from the TMI, minimum brightness temperature (Tg11)
area from the VIRS, and lightning-flash counts from the LIS (details are given in Liu et al., 2008).

Observed organized precipitation systems may appear as linear or nonlinear shapes under different environ-
ments (e.g., Johnson et al., 2005; LeMone et al., 1998; Liu & Zipser, 2013; Xu & Rutledge, 2015). Liu
et al. (2008) applied an ellipse-fitting technique (Nesbitt et al., 2006) on the rainfall area of each observed
PF in the TRMM PR swath data. The aspect ratio, the major and minor axes, and the orientation angle of
the major axis of the best-fit ellipses are recorded in the TRMM RPF data set used in this study. Two examples
of the PR swath image with best-fit ellipses of PFs were shown in Figure 1 of Nesbitt et al. (2006). Ellipses of
PFs with a variety of size, aspect ratio, and orientation may coexist within the same satellite scene. To eval-
uate the 1-year (2007) simulations from the GMMF, the TRMM RPF data set for 2007 is used in this study.
2.3.2. Methodology

The TRMM RPF database is mainly based on 2A25 PR rainfall retrievals (Iguchi et al., 2000) and 2A23 rain-
fall type categorizations (Awaka et al., 1997; Steiner et al., 1995). In the 2A25 algorithm, the TRMM
PR-measured radar reflectivity (Z,,) is first corrected for rain attenuation using a hybrid of the
Hitschfeld-Bordan formulation (Hitschfeld & Bordan, 1954) and the surface reference method (Meneghini
et al., 2000, 2004). Then, the vertical rain (R) profile is calculated from this attenuation-corrected reflectivity
(Ze) profile using an appropriate Ze-R power-law relationship (Iguchi & Meneghini, 1994) with parameters
based on rain type, phase state, storm height, existence of a bright band, freezing height, air temperature and
density, and so on. Since TRMM PR echoes near the ground are contaminated by surface clutter, the
near-surface rainfall rate is estimated at the lowest point free from surface clutter, typically 500-2,000 m
above the ground depending on the radar scanning angle and the terrain height. Due to the PR sensitivity
of ~17 dBZ, there are some limitations in retrieving light rainfall rates below ~0.5 mm hr~'. The
PR-observed rainfall is further categorized in 2A23 into three types: stratiform, convective, and other using
two different methods, a vertical profile method (V-method) based on the detection of a bright band (Awaka
et al., 1997) and a horizontal pattern method (H-method) based on the intensity and horizontal gradient of
radar reflectivity (Steiner et al., 1995).

In this study, a methodology in close analogy to the TRMM RPFs is developed to produce simulated RPFs
from the output of the embedded 2D GCEs within the GMMF. First, the G-SDSU is used to convert simu-
lated profiles of atmospheric temperature, moisture, and liquid/ice condensates into radar reflectivity
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R_MINOR

signals at Ku-band (13 GHz) frequency. Then, the signals are corrected for
the rain attenuation and averaged to the field-of-view of the TRMM PR
(~4.3 km in size) based on the antenna gain function (Matsui et al., 2013).
Due to the complexity of the TRMM Ze-R power-law relationship, the
G-SDSU generates only radar reflectivity profiles without the rain profiles.
CRM orientation To consider the effects of TRMM PR detection limits and surface clutter on

the rain/no-rain flag, a model rain pixel is defined as a grid point having a

R_MAJOR

surface rain rate greater than 0.4 mm hr™! (the approximate minimum
values in the 2A25 data set) and radar reflectivity greater than 17 dBZ at
500 m above the ground. The model PFs are then defined by grouping
the contiguous 2D rain pixels. The G-SDSU has an option for considering
the radar reflectivity of melting ice particles (i.e., bright band). However,

Figure 1. Schematic diagram illustrating the relationship among the four  this option was turned off because the simple one-moment bulk microphy-

length scales (R_MINOR, R_MAJOR, R_MEAN, and L). The ellipse
represents the best fit for a precipitation feature with rain pixels shown
in color. The square has the same area as the rain feature.

sical scheme used in this study cannot provide the necessary information
to generate a realistic melting/riming fraction for the G-SDSU. As a result,
the model stratiform and convective rainfall categorizations are only based
on the H-method (Awaka et al., 1997).

2.3.3. Dimensionality Consideration

Although PFs are defined by grouping contiguous rain pixels in both the TRMM and simulated RPFs,
TRMM RPFs are usually categorized by their 2D rain area while simulated RPFs from the 2D CRMs are
sorted by their one-dimensional length (L). The square root of the rainfall area (R_MEAN) has been used
in Li et al. (2018) to characterize the horizontal dimension of observed PFs. For PFs with a nearly circular
shape, the simulated length scale L can be directly compared with the observed mean length scale
R_MEAN. However, for PFs with an elliptic shape or squall lines, the east-west orientation of the 2D
GCE and precipitation systems can occur at an angle. The length scale L can represent different cross section
lengths depending on the orientation of simulated PFs, which is unknown in a 2D CRM. As a result, it is
impossible to make direct quantitative comparisons of the size of PFs between the TRMM and simulated
RPFs. Fortunately, the TRMM RPF data set also provides the minor axis (R_MINOR) and major axis
(R_MAJOR) of the best-fit ellipses of observed PFs. Thus, TRMM RPFs associated with three observed length
scales (R_MINOR, R_MEAN, and R_MAJOR) will all be compared with the simulated RPFs to estimate the
range of uncertainty due to the dilemma in defining the PF size (L). Figure 1 shows a schematic diagram
illustrating the relationship among these four length scales.

The observed volumetric rainfall of each PF, which in nature is 3D, is the sum of rainfall over its area; how-
ever, for a simulated PF in 2D, the volumetric rainfall is only the sum along its length. To compare with the
model results, the 2D volumetric rainfall along all three observed axes (R_MAJOR, R_MINOR, and
R_MEAN) is computed. This 2D rainfall contribution of PFs is used throughout this study except in the dis-
cussion of the rainfall contribution of MCSs, where both 2D and 3D contributions are used (see section 3.3).
The 3D volumetric rainfall of a PF is proportional to the square of its length. As a result, large PFs such as
MCSs will have a higher percentage of rainfall contribution in 3D than in 2D. For the sole purpose of com-
paring MCSs rainfall contribution from this study with TRMM observational studies in the literature, a
simulated 3D rainfall contribution diagnostic is needed. Since rainfall information is only available along
the orientation of the 2D CRM, an ad hoc assumption about the area of a simulated PF is required for this
diagnostic. It is assumed each simulated PF has a circular shape with the same mean rain rate in this study.
Other shapes can also be used as long as this diagnostic is proportional to L* instead of L. It is expected that
some uncertainties might arise due to this assumption.

3. GMMF Control Experiment Results

Table 1 lists the configuration of all GMMEF control and sensitivity experiments presented in this paper. The
GMMF control experiment (NX256_1KM) has 256 GCE grid columns, 1-km horizontal grid spacing, and a
GCE model time step of 3 seconds. A series of sensitivity experiments are also carried out to study the effects
of CRM domain size (NX32_4KM, NX64_4KM, NX128_4KM) and grid spacing (NX128_2KM, NX64_4KM)
on simulated PFs. All experiments are integrated from 1 December 2006 to 31 December 2007 using initial
atmospheric conditions from the ECMWF ERA-Interim reanalysis (Dee et al., 2011) at 0000 UTC 1
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Annual Mean Precipitation Rate (mm/day) 2007
(a) TRMM 3843 VA MEAN=3.047 (b) NX256_1KM MEAN=3.310 CORR=0.875

180 180 60W 60E 120E 180

L[] T [ T T 1
02 1 2 3 4 5 6 7 8 9 1012 1417 2
(c)  NX256_1KM - TRMM BIAS=0.262 RMSE=1.522 ) ZONAL MEAN PRECIP. & BIASES
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EQ+
105,
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Figure 2. Annual mean precipitation rates (mm/d) from (a) TRMM 3B43 observations, (b) the GMMF control
simulation, (c) their differences, and (d) their zonal mean and zonal mean difference for 2007.

December 2006. The first month is considered as spin-up, so only results from 2007 are used in this study.
Sea surface temperatures (SSTs) were prescribed using NOAA optimal interpolation (OI) weekly SSTs
(Reynolds et al.,, 2007). Figure 2 shows the geographical distributions of simulated annual mean
precipitation from the control simulation, along with the corresponding observations from the TRMM
3B43 product (Huffman et al., 2007, 2010). In general, given the observed SST forcing, the observed
annual mean precipitation patterns in the Tropics and Subtropics can be realistically simulated by the
GMMF in a “free run” mode. However, there is a systematic overestimation of precipitation in several
oceanic regions such as the western and northern Indian Ocean, the tropical warm pool and the tropical
western Pacific, and the tropical eastern Pacific, while precipitation in the Amazon and the central Indian
Ocean is underestimated. These positive biases in the tropics are quite common among different MMFs
(Tao et al., 2009; Tao & Chern, 2017). The zonal mean shows an overestimation of rainfall in the Tropics
from 10°S to 15°N.

3.1. Population and Rainfall Contributions of PFs in the Tropics and Subtropics

To compare with TRMM RPFs and other sensitivity experiments, the precipitation in the control run is aver-
aged from a 1-km to a 4-km grid, and the radar reflectivity signals are convolved into the TRMM PR field-of-
view (~4.3 km) in the G-SDSU. The embedded CRMs with a typical grid spacing of 4 km cannot resolve
waves with a wavelength less than or equal to two model grids (8 km). To avoid this problem as well as pos-
sible data noise in the TRMM PR measurements having only a few pixels, PFs with a size less than 12 km are
ignored in this study. All distribution functions of rain characteristics as a function of system size correspond
to PFs > 12 km. Table 2 shows the numbers, number percentages, and rainfall contribution of observed and
simulated PFs over the Tropics and Subtropics (36°S-36°N) for different PF size ranges. The observations
have about 6.59 million PFs while the control experiment has about 10.6 million PFs derived from the
3-hourly CRM output for 2007. Most of the observed PFs are small; PFs having a size > 12 km only account
for about 11.5%, 14.6%, and 32.2% of the total PFs for R_MINOR, R_MEAN, and R_MAJOR, respectively.
R_MAJOR has a larger percentage as it tends to classify small PFs to bigger sizes. All GMMF experiments
underestimate the occurrence of small PFs with a size < 12 km. Due to their two-dimensionality, the
CRMs have one less degree of freedom to support many concurrent small PFs versus the observations.
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¥ g 2 S g g 333 |8 S5 scales (R_MAJOR, R_MINOR, and R_MEAN) with a bin size of 4 km. In general,
% g ; ; ; ++ + |3 % %ﬂ the three observed distributions agree very well with the GMMF simulation; all
: s} 828 E r;.g % E 523 have p.eak values at the smallest size (12 km) and decrease exponentially toward
% ; ; % ; ; :\: & § g l'flrge-sue.d PFs. The R_MEAN and R_MINOR distributions have greater popula-
S ED 2 583 S25 E _u.é» 5 tlonlfractl.ons (0.43 and 0..38). than R_MAIJOR (0.27) and the model (0.31) at the
= g ?; g g g § g g g4 é s}rlna est size. Due to t.he limited domain size (256 km) and cyclic boundaries in
= = E| s2ad 223k é = the .control run, there is an apparent distortion of PFs > 220 km as the PDF nota-
g}] g éf 093 =T33 E o § bly increases toward larger PFs and the cutoff at 256 km. The largest features with
8 E 8§ L_,u_ ; ; ; ; ; § % E ab256-krr.1 size a.lccount for 0.91% of the total population, much larger than the
.g E a E § § § 2 g % ;)h servations. Flgu.re 3b S%IOWS the cumulative distribution functions (CDFs) of
§ . S e a 3 58 E : e PFs as a function of size. The simulated CDF is very close to the R_MAJOR
5| & . N § gg ut less than the R_MEAN and R_MINOR for all feature sizes. For R_MAJOR,
_g él E § § § § g g ES = about 0.91% of the total population is for PFs > 256 km.
.g ED § S’ g/ z/ \:/ % \:/ g ~"§ gb PPFs and CDFs of 2D volumetric rainfall discussed in section 2.3 are shown in
HER i i i i i i TES Figures 3c ang 3d. The observed and simulated PDFs decrease exponentially
2 E o m o 2@ g % 2 toward large-sized PFs with small features having more volumetric rainfall than
oS 223 88 g g large features due to their population. The simulated rainfall contribution is less
g ~ - 5 = % 2 g ;f than thfe R_MEAN anc'l R_MINOR for small features ( < 20 km) due to lower
§ % E 55 & 2 g éb% § i)opulatlon numbers (Figure 3a). There is again an apparent distortion for simu-
§|3% g %\ § g g g g : E ated PFs 2 220 km as the PDF increases with size and is cutoff at 256 km.
5 Ry - 3 5 S 3¢ [2ps Alt'hough simulated features with a size of 256 km only account for 0.91% in popu-
E S E 5 53 g \g g 2 § ,_5 lation, they c.:ontribute about 4.5% of the total rainfall due to their size. Although
,g c v T+ : T o1 % g % thl'? population curves of the simulated PFs are similar to the R_MAJOR
% =8 5 E Lél E 5 g §§ % . (F%gures 3a and 3b), likely for different reasons, the CDFs of rainfall contribution
§ i : : 2N |BE £ g (Figure 3d) show the R_MAIJOR distribution is very different from the R_MEAN
§ E E § E § § E ; g E and R'_MINOR as well as the control simulation, indicating the importance of
z E - § § 53 § § f—":\ % = § E choosing a length scale for PFs.
E él g E g § % § % [E S g E Using the diffe.rences in th.e P]?F s of normalized (value at each bin is divided by the
% % S 5 5 5 g g g QE ; § g tﬁtal value) ralnfa.lll contribution (Figure 3c) between R_MEAN (black line) and
§ : v =<9 il - .S z o t. e control experiment (blue line), PFs can be classified into approximately four
2|4 E § § mowom S E 2 E size ra.nges: small~(12.§ PFs < 20 km) where the simulation has less population
8 383 =22 |z é = s an'd raln.fall contr.lbutlon, medium to large (20 < PFs < 90 km) where the relative
. § R % §. e N§1 «s§ «%; % 2' g ﬁ rallnfa.ll 1s.overest1mated, very large (90 < PFs < 220 km) where the rainfall con-
.~§ E ﬁ E g SRR f § E ; tribution 1§ underesti‘mated, and extremely large (220 km < PFs) where the PDFs
E R m§ m&? L o4 s % § x of popl.ﬂatlon and rainfall conFnbution increase as PF size increases, indicating a
S A 23 § E S o %é E B fhstor.tlon due to the model's limited cyclic domain. Although this categorization
% g E é, g g % \% j:'g P g é is mainly based F)n the model bias in the PDF of rainfall contribution, the vertical
Eé § =22 > i i E g £ structul‘re and 'ram characteristics of PFs also support this classification and are dis-
3 S % é @ mom 2 % A E cussec.l 1n.sect10n 3.3. The boundaries of these four categories depend on the CRM
;: o N s S gk % E d.omaln. size ar.1d are discussed in section 4.2. The values used here are specific to
5 E E SEE N e § g i g/ 7; simulations with a domain size of 256 km (i.e., NX256_1KM, NX128_2KM, and
S é 7\r| R A E 3 i’é E NX64_4KM). The observed and simulated population and 2D rainfall cc:ntribution
% E g? E E E § g § -%Dé 2 % (%) for these four size ranges are summarized in Table 2.
é 2e S 8 8 - 8 % § é é Figure 4 depicts the model biases in population and 2D rainfall contribution using
s E y y E? E E . 8 E g E the R_MEA.N as a reference. For small features, the simulation is about 13.2%
. % ; % 5 % i = ;; ey %b (3.2%) .less in population (rainfall contribution) than the R_MEAN. Most of the
% _§ % E El E g é é 2 g| : é % . blase.s in th.e sr.nall PFs are compensat.ed for in the medium to large PFs where
s s SIEJAAE D ; é sUEs g the simulation is about 11.7% (13.2%) higher in population (rainfall contribution).
For very large features, the model has a slightly larger population (0.6%) but less

CHERN ET AL.
7 of 24



Ay

. .
NI Journal of Advances in Modeling Earth Systems 10.1029/2019MS002007
ADVANCING EARTH
AND SPACE SCIENCE
(a) Population (b) Population
FTrT 1T ] T 1T I T 1T | T T | T 1T | T 1T ‘ 0 1.0 T T T 1T 1 T L | T 1
04— — r 7]
E 107 ET R T T T T T T T T TR 3 08 — 0.999 T[T T T T T T |
c F ] 3 C — R MEAN ]
03 102 <4 L = ——R_MINOR i
E E 3 3 0.6 — C R_MAJOR —
F r ] = - E NX256_1KM i
P c = w w =
g F 2 10°E = 4 8 T 5 099 = B
02— E E — — .
E F —— R_MEAN E 3 04 |— L i —
o L |—RMiNoR N = = L g 7]
E 107 —— R_MAJOR E = - L 4 .
E E —— NX256_1KM 3 3 - C ] -
01— F 56_1 ] —] 02— e = |
= coaa o b by by b g Y Ly - L 0.900 ELL 1 coa v b b by g 10 4 |
e 50 100 150 200 250 300 I oo 50 100 150 200 250 300
E PF SIZE (KM) 3 u PF SIZE (KM)
= ol ol a1 g coaa e b b by by Lo
0 50 100 150 200 250 300 0 50 100 150 200 250 300
PF SIZE (KM) PF SIZE (KM)
©) Rainfall Contribution (2D) @) Rainfall Contribution (2D)
NT TT T 1T I T 1T | T 11 | T T 1T T 1T T T 1.0 T 17 T 1T ‘ T 1T [ T 1T I T =
0.100 [— — C ]
= = 08— |
= —— R_MEAN . L i
L —— R_MINOR ] L _
L —— R_MAJOR | L i
—— NX256_1KM 06— ]
N r 1 . F —— R_MEAN -
g 3 - — R_MINOR .
0.010 = = i —__RMAJOR ]
E 3 04— —— NX256_1KM —
r . 02— —
I ‘ L1 I | | L1 11 C | L1 l L1 l ) | I L1 | I | | 1 I_
0.001 50 100 150 200 250 300 00 50 100 150 200 250 300
PF SIZE (KM) PF SIZE (KM)

Figure 3. Annual (left) normalized probability density functions (PDFs) and (right) cumulative distribution functions (CDFs) of PFs with a size > 12 km as a
function of system size from the TRMM RPFs product and the GMMF control simulation (NX256_1KM) over the Tropics and Subtropics (36°S-36°N):

(first row) population, (second row) rainfall contribution based on the 2D framework. TRMM observed RPFs are sorted with respect to three different sizes
(R_MEAN, R_MINOR, and R_MAJOR) with a bin size of 4 km. To improve readability, Figures 3a and 3b also include a logarithmic y-axis plot for the bottom and

top 10 percentiles, respectively.

rainfall (6.5%), and for extremely large PFs, the simulation is about 0.9% (1.5%) higher in population (rainfall
contribution). Four possible mechanisms that might account for these model biases are also listed in Figure 4
and will be discussed in sections 3.4 and 3.5.

3.2. Population and Rainfall Contributions of PFs in Selected Regions With Large Rain Biases

Figure 5 shows normalized CDFs of population and 2D rainfall contribution as a function of PF size from
four selected regions (shown in Figure 2c) with positive rain biases over ocean, the tropical eastern Pacific
Ocean (box A), the western Indian Ocean (box D), the northern Indian Ocean (box E), and the tropical wes-
tern Pacific Ocean (box F), and two regions with negative rain biases over land, the Amazon (box B) and wes-
tern Africa (box C). The model tends to underestimate (overestimate) the population and rainfall
contribution for small (medium to large) PFs in these regions. TRMM has more occurrences and greater
rainfall contributions from large (small) PFs over western Africa (the western Indian Ocean), whereas the
model has more occurrences and greater rainfall contributions from large (small) PFs over the northern
Indian Ocean (the Amazon). Simulated PFs are smaller than the observed over the Amazon and western
Africa due to systematic dry biases in the model. The effect of a limited domain on the population and rain-
fall contribution of PFs is quite small in the Amazon region because few simulated PFs develop to that size.

3.3. Geographical Distributions and Rain Characteristics of PFs

Convective precipitation features with a contiguous rain area greater than 1,000 km? (~32 km in length)
have been frequently classified as mesoscale convective systems (MCSs) in the literature (Cifelli et al.,
2007; Houze, 1993, 2004; Liu et al., 2008; Thatcher et al., 2012). Figures 6a and 6d show the geographical
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GMMF Population and Rain Contribution Biases (%)

15

distribution of large convective PFs with a size > 32 km for both

u Population = Rain Contribution (2D) R_MEAN and the control run with percentages adding to 100% in each

10

figure. The Level-2 TRMM and simulated RPF data have been mapped
to the GEOS model grids at 2° X 2.5° (lat-lon) resolution. TRMM PR orbi-

tal sampling biases that have more measurements at midlatitudes have
been removed in Figure 6a by using the reciprocal of the total number
of observed pixels in each box as a weighting factor. Both the observed

and simulated patterns are in good agreement, spatial correlation coeffi-

cient (CORR = 0.823), with MCSs located in environments favorable for

Small
(12<PFs < 20 km)

two-dimensionality
of CRMs

Medium to Large 20
(20 <PFs <90 km)

positive cloud- and
large-scale feedback

organized precipitation such as the Intertropical Convergence Zone

Very Large Extremely Large 3 3
o bL <5 Py b (ITC.Z.), the So.uth Pa01.ﬁc.and South Atlantic convergenclze zones, the
r—— [Tl Maritime Continent, within the storm tracks of extratropical cyclones,
of cyclic boundaries size downstream of the continents, western Africa, and the Congo and

Amazon basins. The rainfall contribution from MCSs (Figures 6b and

Figure 4.Annual normalized population and rainfall -contribution 6e) can reach 60-90% of the local total rainfall in the 3D framework.

differences (in %) between the GMMF control simulation and the TRMM
R_MEAN product for four size categories and four different possible

Note that in the 3D framework, each simulated PF is assumed to be circu-

mechanisms that account for the model biases in each category. lar in shape, and its volumetric rainfall equals to the product of its circu-

lar area and mean rain rate. Despite this ad hoc shape assumption, the
spatial correlation coefficient reaches 0.704. This diagnostic is only used here to demonstrate that the local
rainfall contribution pattern and amount of MCSs is in good agreement with observational studies in the lit-
erature (Liu et al., 2008; Nesbitt et al., 2006). The 2D rainfall contribution diagnostic, which does not have
this ad hoc assumption, will be used in the rest of this paper. Figures 6¢ and 6f show the 2D local rainfall
contribution of MCSs is considerably reduced. In this 2D framework, the volumetric rainfall of each PF is
proportional to its length instead of its area; as a result, large features contribute less rainfall.

Figure 7 shows cumulative 2D histograms of maximum 20, 30, and 40 dBZ echo top heights as a function of
PF size. The model rarely produces PFs with a maximum 20 dBZ echo top higher than 15 km (Figure 7b),
which are frequently observed by the TRMM PR (Figure 7a). The discrepancy of having simulated radar
echoes that are too weak near storm top for intense convective systems is consistent with many previous
stand-alone CRM simulations using observed large-scale forcing from various field campaigns (Lang
et al., 2011, 2014; Li et al., 2018). Lang et al. (2011) suggested the ice particle size distribution in the bulk
microphysics cannot represent entrainment effects near observed storm top wherein dry air disproportio-
nately sublimates small particles while preserving relatively large particles. The observed maximum echo
top height distribution remains almost the same (~17 km) regardless the system size while the simulated
one tends to lower with PF size (Figures 7a and 7b). This indicates that the intensity of simulated convection
is reduced toward larger PFs. Alternatively, contributions from the stratiform precipitation columns to the
maximum echo top heights could be underestimated, because the empirical size distribution for snow aggre-
gates in the Goddard 4ICE scheme appears to be too small at colder temperatures in comparison with air-
craft observations and polarimetric radars (Matsui et al., 2019). The GMMF-simulated distributions of
maximum 30 and 40 dBZ echo top heights (Figures 7d and 7f) decrease toward larger PFs in reasonable
agreement with the TRMM observations, but the observations still have more PFs with a maximum echo
top higher than in the simulation. The conventional CRM domain size (256 km) of MMFs is too small
and cannot cover all of the observed PFs. There is an apparent cutoff at a size of 256 km and some distortion
of the relative occurrence frequency of PFs with a size (from 220 to 256 km) near the domain size limit.

Figure 8 shows cumulative 2D histograms of mean PF rainfall rates as a function of system size.
Observations rarely produce PFs with a mean rainfall rate greater than 20 mm/hr; also, the storm morphol-
ogy does not affect the magnitude of rain intensity only the size distribution (Figures 8a-8c). The R_MAJOR
histogram extends to large sizes whereas the R_MINOR rarely has PFs > 256 km. Figure 8d shows that the
simulation overestimates the occurrence frequency of heavy precipitation (>20 mm/hr) for the small PFs,
whereas it underestimates the rain rate for the very large PFs.

3.4. Effects of a Limited Domain and Cyclic Lateral Boundaries

The extremely large category (PFs > 220 km) is defined as PFs whose sizes approach that of the model
domain. The normalized PDFs of population in this category increase as PF size increases, while the
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Figure 5. Annual normalized CDFs of (left) population and (right) regional 2D rainfall contribution of PFs > 12 km as a function of size from the TRMM
R_MEAN product and the GMMF control simulation (NX256_1KM) for four selected regions with positive rain biases over ocean (i.e., the tropical eastern
Pacific Ocean [box A], the western Indian Ocean [box D], the northern Indian Ocean [box E], and the tropical western Pacific Ocean [box F]) and two regions with
negative rain biases over land (i.e., the Amazon [box B] and western Africa [box C]). A map of the six selected regions is depicted in Figure 2c. A logarithmic
y-axis plot for the top 10 percentiles is embedded in each figure to improve readability.

observed PDFs decrease exponentially as PF size increases. Apparent distortions are also found in the
vertical structure and mean precipitation rate of these PFs (Figures 7 and 8) due to the effect of a limited
model domain. Two possible mechanisms might explain this positive bias in population. First, MCSs and
extratropical frontal systems usually have horizontal scales of a few hundred kilometers, which exceeds
the conventional CRM domain size of 128 or 256 km in MMFs. In the CRMs, these systems will be
represented and counted in the population of PFs whose size is equal to the domain size. Second, the
periodicity of the CRM domain prevents PFs from interacting directly with the environment in
neighboring GCM grid boxes. The life span of extremely large PFs will be prolonged due to the lack of a
drier air mass being entrained into these systems. Despite the mean precipitation intensity of extremely
large PFs being less than the observed (Figure 8), their normalized rainfall contribution is overpredicted
(Figures 3 and 4) mainly due to their large population.

Figure 9 shows the observed and simulated geographical distributions and local rain contributions from
these extremely large PFs. Most of the observed and simulated extremely large PFs occur in the
Subtropics. However, the model overestimates their normalized occurrence frequency and local rainfall con-
tribution especially over the western Pacific storm track region and the South Pacific Convergence Zone
(SPCZ). The TRMM observations have more extremely large PFs within the ITCZs that account for up to
10% of the local rainfall. In the model, extremely large PFs in the Tropics are mainly located over the
Maritime Continent and the Indian Ocean with a local rainfall contribution of up to 10%. The simulated nor-
malized population and rainfall contribution are considerably underpredicted within the ITCZs. The
observed and simulated geographical distributions of PFs for the other size categories (i.e., small, medium
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Figure 6. (a) Population distribution of PFs with a mean size (R_MEAN) > 32 km (~1,000 km? in area) with at least 1 convective pixel. The Level-2 TRMM
RPFs data are mapped to the GEOS 2.0° x 2.5° (lat-lon) grid boxes; relative percentages sum to 100%. TRMM orbital sampling biases have been removed by using
the reciprocal of the total number of observed pixels in each box as weighting. The local rainfall contribution of PFs with R_MEAN > 32 km with at least 1
convective pixel at each GEOS grid box in the (b) 3D and (c) 2D frameworks. (d—f) Same as (a—c) except from the GMMF control experiment (NX256_1KM).

to large, and very large) and two examples of PFs with a domain-wide size are provided and described in
Supporting Information S1.

Very large PFs (~90-220 km) are defined as large PFs whose simulated rainfall contribution is underesti-
mated and whose population decreases as size increases (Figures 3 and 4). The observations have more
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Figure 7. Cumulative 2D histogram of maximum (first row) 20, (second row) 30, (third row) 40 dBZ echo top heights as a function of PF size, from (left)

TRMM R_MEAN

observations and (right) the GMMF control simulation (NX256_4KM).

intense convection (Figure 7) and larger precipitation rates (Figure 8) than the control simulation within this
size range. Geographically, the simulated occurrence of very large PFs (Figures Sle and S1f) and extremely
large PFs (Figures 9a and 9c¢) are significantly underpredicted in the ITCZs. One possible mechanism to
account for this model bias is the dynamic constraint imposed in the CRM with a cyclic boundary
condition. The periodicity of the CRM domain implies that there is no domain average mass convergence
or divergence. Hence, the simulated domain mean upward mass flux must be balanced by compensating
subsidence within the same bounded domain. For most stand-alone CRM simulations, the domain size
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Figure 8. Cumulative 2D histogram of mean PF rainfall rate from the TRMM RPFs product (a-c) as a function of three different PF sizes (R_MEAN, R_MINOR,
and R_MAJOR) and (d) the GMMF control simulation (NX256_1KM).

has been predetermined to be sufficiently larger than the size of the target precipitation system such that the
domain mean mass flux is zero and the compensating subsidence develops outside the target cloud system.
However, an MMF needs to have the ability to simultaneously represent precipitation systems of all sizes at
different geographical locations. The dynamic constraint will force downdrafts to coexist with the updrafts
within very large and extremely large PFs and reduce their convective intensity, size, and precipitation
rate. As a result, the model cannot support very large and extremely large intense convective systems and
underestimate their population in the ITCZs. An example of a PF with a 256-km domain size is presented
in Figures S3c and S3d to demonstrate this artificial dynamic constraint.

3.5. Population Bias of Small PFs and Excessive Rain Bias of Medium to Large PFs

One of the apparent deficits in the control simulation is the underestimation of the relative occurrence of
small PFs (12 < PFs < 20 km). Li et al. (2018) studied the evolution of precipitation structure for an MJO
event during the DYNAmics of the MJO (DYNAMO) field campaign using ground based, ship-borne, and
spaceborne precipitation radars and a 3D CRM. The 30-day simulation from a 3D GCE with
256 X 256 X 30 grid points and 1-km horizontal grid spacing realistically reproduced the observed PDF
of PFs from the TRMM PR. The simulation slightly overestimated PFs less than 400 km? (~20 km) by less
than 1% (Figure 9 of Li et al., 2018). This study suggests that the significant underprediction (~13.2%) of
the small PF population in the GMMF (Figures 3 and 4) might come from the use of 2D GCEs. Although
the observed and simulated PDF curves in Figure 3a are normalized, the observations have one more degree
of freedom to support more concurrent small PFs than the 2D simulations. The two-dimensionality has more
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Figure 9. (a) Population distribution of PFs with a mean size (R_MEAN) > 220 km. The Level-2 TRMM RPF data are mapped to the GEOS 2.0° X 2.5° (lat-lon)
grid boxes; relative percentages sum to 100%. TRMM orbital sampling biases have been removed by using the reciprocal of the total number of observed

pixels in each box as weighting. The local rainfall contribution of PFs with R_MEAN > 220 km at each GEOS grid box in the 2D framework. (c-d) Same as
(a, b) except from the GMMF control experiment (NX256_1KM).

impact on the frequency of small PFs than that of large PFs. Note the two-dimensionality mechanism in this
study primarily effects the PF count. It also plays a key role in the turbulence (Kahn et al., 2011; Moeng
et al., 2004), vertical velocity (Redelsperger et al., 2000; Zeng et al., 2007), entrainment (Petch et al., 2008),
and microphysics and radiation (Phillips & Donner, 2006). These too will likely affect the simulated PFs
but are beyond the scope of this study.

The mean precipitation rate for the small and medium to large categories is overestimated (Figure 8). The
observed and simulated rainfalls are further categorized into stratiform and convective rain using the algo-
rithms discussed in section 2.2. Cumulative 2D histograms of mean convective (stratiform) rain rate from
convective (stratiform) pixels inside each PF are shown in Figures 10a-10d. The extreme mean rain rates
in the simulation shown in Figure 8 mainly come from convective rain that exceeds 30 mm/hr for PFs
< 90 km. Also, model PFs with mean rain rates less than 3 mm/hr tend to be classified as stratiform instead
of convective systems. For the very large features (PFs > 90 km), the observed mean convective rain
increases as the size increases, whereas the simulated rain remains about the same and is underestimated.
The simulated stratiform rain rates for small PFs are less than the observed. This might be due to observed
uncertainties and the difference in the convective-stratiform separation algorithms as discussed in
section 2.2. The occurrence of stratiform rain is also underestimated for the very large PFs. To investigate
further the extremely heavy and light convective precipitation, the smallest PFs are separated into shallow
and cold convection with maximum echo top heights below and above 4.5 km, respectively. Cold convection,
including mid-level and deep, is under the influence of ice microphysics, whereas the shallow convection is
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Figure 10. Cumulative 2D histograms of mean rainfall rate for (a) convective and (c) stratiform pixels as a function of PF size from TRMM R_MEAN observations
and (b) and (d) the GMMF control simulation. Normalized (e) PDFs and (f) CDFs of observed and simulated shallow (cold) convection defined by having
a PF maximum echo top height less (greater) than 4.5 km for the first size bin.

dominated by warm rain processes. Figures 10e and 10f show PDFs and CDFs of the observed and simulated
shallow and cold convection. The observed mean PF convective rain rates have strong peaks at 2 and
3 mm/hr, while the model is skewed toward larger values with peaks at 4 and 5 mm/hr for shallow and
cold convection, respectively. The simulation produces much fewer occurrences of light rain less than
2 mm/hr, and the simulated cold convection has a long tail toward heavy rain rates of 30 mm/hr.
Figure 10f shows observed shallow convection accounts for ~45% of the rain for the smallest PFs while for
the simulation it is ~40%.
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Figure 11. (a) Population distribution of PFs with extreme mean convective rain rates > 30 mm/hr from the GMMF control simulation. The relative percentages
in the panel sum to 100%. (b) Local rainfall contribution at each GEOS grid box from PFs with extreme convective rain using the 2D framework. (c) Joint
histograms of maximum radar reflectivity and height with the frequency respect to the total number of PFs with extreme convective rain (n = 13,904).

(d) Cumulative 2D histogram of maximum echo top heights as a function of PF size.

Table 2 shows that the observed occurrence and rainfall contribution of PFs with extreme convective rain
are at least one order smaller than in the control simulation over the whole Tropics and Subtropics. The
simulated PFs still only contribute to 0.37% (0.51%) of the total population (rainfall) over the Tropics and
Subtropics. Figures 11a and 11b show the geographical distribution of simulated extreme convection and
their local rainfall contribution. Most of the population is located over the Tropics and accounts for less
than 10% of the local rain. PFs with extreme rainfall are mainly small to large cold convection with a max-
imum echo top height greater than 4.5 km and a size less than 90 km (Figures 11c and 11d). The ice micro-
physical processes are important for cold convection but might not be the cause of the extreme rainfall;
Chern et al. (2016) showed that using different ice microphysical schemes in the GMMF only changed
the amount of excessive rainfall biases slightly. In MMFs, the embedded CRMs are driven by the simulated
large-scale forcing from a “free-running” GCM, and feedbacks between the large-scale circulation and
cloud-scale processes can fully interact. Tao and Chern (2017) showed that GMMF simulations had a more
intense Hadley circulation due to a positive large-scale surface evaporation and wind feedback that trans-
ported the moisture from the Subtropics to the tropical ITCZs and SPCZ where the heavy rainfall occurred.
Also, rain drop sizes could be overestimated with excessive rain mass in the 4ICE scheme due to the
Marshall-Palmer size distribution. Currently, the 4ICE scheme does not have an upper limit to the slope
parameter for the exponential size distribution, which can cause unrealistically large raindrops and conse-
quently large rainfall rates in convective cells as was evaluated from the polarimetric radar measurements
(Matsui et al., 2019).
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Figure 12. Normalized PDFs of (a) population and (d) rainfall contribution (based on the 2D framework) of observed and simulated PFs for three GMMF
sensitivity experiments as a function of size over the Tropics and Subtropics (36°S-36°N). The three GMMF experiments (NX64_4KM, NX128_2KM, and
NX256_1KM) have the same CRM domain size (256 km) but different grid resolutions of 4, 2, and 1 km. To compare with the TRMM PFs with a pixel size

of ~4.3 km, the GMMF output of the high-resolution runs (i.e., NX128_2KM and NX256_1KM) are averaged to 4-km grid boxes.

Table 3

4. GMMF Sensitivity Experiment Results
4.1. Effect of CRM Horizontal Grid Spacing

Three GMMF experiments with the same CRM domain size (256 km) but different GCE horizontal grid spa-
cing (i.e., 1, 2, and 4 km) are performed (Table 1). To compare with TRMM observations and other GMMF
runs with 4-km grid spacing, output from the high-resolution runs (i.e., NX256_1km and NX128_2km) is
averaged to 4-km grid boxes. As a result, details of small PFs < 4 km are lost. Experiments with higher reso-
lution CRMs tend to shift PF population distributions toward smaller sizes. Table 2 shows the total popula-
tion of PFs increases as the grid spacing decreases, but there is a net decrease when small PFs < 12 km are
ignored. Figure 12 shows the normalized PDFs, and rainfall contributions are very similar among the three
experiments. The four PF size categories and their boundaries do not change with model grid spacing. Their
population and rainfall contribution only change slightly as shown in Table 2. The distribution of rain rates
and maximum radar echo top heights are also quite similar (not shown). The population and rainfall contri-
bution of PFs with extreme convective rain rates (>30 mm/hr) does increase slightly as the grid spacing
increases (Table 2).

4.2. Effect of CRM Domain Size

To understand the effects of CRM domain size on the rain characteristics of PFs, three GMMF experiments
(Table 1) are performed with the same model grid spacing (4 km) but different domain sizes (i.e., 128, 256,
and 512 km). Table 3 shows the number of PFs increases about 70% when the domain size is doubled (second

Numbers, Number Percentages, and Rainfall Contribution (%) of Precipitation Features Over the Tropics and Subtropics (36°S-36°N) From the TRMM R_MEAN
Observations and the GMMF Simulations Using Three Different Model Domain Sizes

Name All PFs number (PFs > 4 km) Total (PFs > 12 km) Small (12 < PFs < 20 km) Extreme rain Rconv > 30 mm/hr
TRMM RPFs

R_MEAN 6.59E + 06 9.62E + 05 (14.6%") 57.3%" 5.96E + 05 (61.9%) 30.3% 2.11E + 02 (0.022%) 0.027%
GMMF RPFs

NX32_4KM 4.00E + 06 2.61E + 06 (65.2%3) 95.6%" 1.26E + 06 (48.3%) 19.8% 6.52E + 03 (0.25%) 0.44%
NX64_4KM 6.97 + E06 4.54E + 06 (65.1 %a) 96.6%" 2.22E + 06 (49.0%) 18.1% 2.15E + 04 (0.47%) 0.84%
NX128_4KM 1.23E + 07 7.99E + 06 (65.0%a) 95.5%" 3.87E + 06 (48.4%) 16.3% 4.49E + 04 (0.56%) 0.95%

Note. All percentages in the table are with respect to the total number of PFs > 12 km except for the percentages in the third column, which are with respect to all
PFs, including small features < 12 km. In each table cell, the value of the first, second, and third row are number, number percentage, and 2D rainfall contribu-
tion (%), respectively. The number and percentage of PFs with a mean convective rain rate (Rconv) > 30 mm/hr are shown in the last column. Values mentioned
in the main text are highlighted in bold-italic font with their corresponding category shown in color.

“Percentage with respect to all PFs including PFs < 12 km that are ignored in this study.
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Figure 13. Annual (left) normalized PDFs and (right) CDFs of the populations and rainfall contribution (based on the 2D framework) of observed TRMM PFs in
terms of mean size (R_MEAN) and simulated PFs for three GMMF sensitivity experiments (NX32_4KM, NX64_4KM, and NX128_4KM) having CRM domain
sizes of 128, 256, and 512 km as a function of size over the Tropics and Subtropics (36°S-36°N). A logarithmic y-axis plot for the bottom (top) 10 percentiles

is embedded in Figure 13a (Figures 13b and 13d) to improve readability.

column), but the relative percentages of PFs > 12 km remain about the same (~65%, third column). The
rainfall contribution decreases as the domain size increases for small PFs ( < 20 km) while it increases as
the domain size increases for PFs with extreme rain. Figures 13a and 13b show the PDFs, and CDFs of
PFs are very similar except near the domain cutoffs. About 0.9% of the PFs have a size larger than 300 km
in the simulation with 512-km domains. The smaller the domain, the greater the limited domain effects
become. The population (rainfall contribution) at the domain cutoff accounts for ~3% (~10%) and ~1%
(~3%) of the total PFs for domain sizes of 128 and 256 km, respectively. Since PFs with a R_MEAN
> 360 km are rarely observed in the TRMM RPFs data set, a 512-km CRM domain size is big enough to cover
all PFs. Hence, the limited domain effect is negligible for the GMMF run with 512-km CRM domains. The
size boundaries for the four PF categories mentioned in section 3 are specific to simulations with a domain
size of 256 km. No dimensionless reference scale for these boundaries as a function of CRM domain size can
be found. Figure 13c shows the boundaries for small PFs are the same (12 < PFs < 20 km) for all three simu-
lations. However, the boundaries for the medium to large PFs with a positive rainfall bias and the very large
PFs with a negative rainfall bias increase (the intersections of the black and blue curves) in the simulation
with 512-km domains. The rainfall contribution except for the small PFs is all positive (black and red curves)
in the simulation with 128-km domains. The four above mentioned mechanisms likely still apply for the
small domain simulation, but their effects on rainfall contribution overlap each other, making it difficult
to identify their boundaries.

Figure 14 shows the observed and simulated cumulative 2D histograms of mean PF convective rainfall rate
as a function of size. The proportion of extreme convective rain rates slightly increases as the domain size
increases, and all underestimate the frequency of light convective rain less than 2 mm/hr. The GMMF
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Figure 14. Cumulative 2D histograms of mean convective rainfall rate for convective pixels as a function of PF size from (a) the TRMM observations in terms
of mean size (R_MEAN) and the GMMF simulations with three different CRM domain sizes: (b) 128, (c) 256, and (d) 512 km.

with 512 CRM domains increases the rainfall distribution toward large PFs and mitigates the negative
rainfall bias for the very large PFs.

5. Summary and Discussion

In this study, cloud and precipitation systems over the Tropics and Subtropics are simulated with the GMMF
v3.0 and compared against TRMM observations. A methodology, in close analogy to the TRMM RPFs, is
developed to analyze simulated cloud precipitating structures from the output of the embedded 2D GCEs.
Three observed length scales (i.e., R_MINOR, R_MEAN, and R_MAIJOR) are utilized to assess the uncer-
tainty range of the definition of PF size. The distributions of population and rainfall are somewhat sensitive
to the chosen length scale. They are quite similar between R_MINOR and R_MEAN but considerably differ-
ent from R_MAJOR, which moves the population and rainfall contribution toward large PFs.

Despite the limitations of 2D CRMs and the use of simulated large-scale forcing from a “free-run” GCM, the
simulated population distribution, horizontal and vertical structure of PFs, and the geographical location
and local rainfall contribution of MCSs are in good agreement with TRMM observations. However, some dis-
crepancies are found in the model simulations and can be identified and quantified within the PF distribu-
tions. Figure 4 summarizes the population and 2D rainfall contribution biases for the GMMF control
simulation in Table 2. The PFs can be characterized into four categories: small, medium to large, very large,
and extremely large. Four different mechanisms might account for the model biases in each category.

For small features, the two-dimensionality of the CRMs is linked to the underestimation of population due to
having one less degree of freedom to support many concurrent small PFs as observed. Despite the model's
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tendency to produce larger convective rain rates, the deficiency in rain contribution mainly comes from the
shortfall in occurrences. Increasing the model horizontal resolution tends to produce more PFs < 12 km,
but this still cannot overcome the two-dimensionality effect.

Most of the biases in small PFs are largely compensated for in the medium to large category. Simulated PFs
in this size range play a crucial role in the overall positive tropical precipitation biases in the model due to
their larger population and precipitation rate. For stand-alone GCE simulations with “prescribed”
large-scale forcing from a field campaign, Tao and Chern (2017) showed the 2D and 3D GCEs can realisti-
cally reproduce observed precipitation. However, the large-scale forcing applied to the embedded CRMs
within an MMF derived from a “free run” host global model has inherent model biases. Because of the non-
linear interactions between the cloud- and large-scale, positive feedback loops might develop. Luo and
Stephens (2006) found a positive convection-wind-evaporation feedback loop that prevails in MMFs and
fuels tropical convection by enhancing low-level moisture convergence. Tao and Chern (2017) showed
GMMF simulations had a more intense Hadley circulation due to a positive large-scale surface evaporation
and wind feedback that transported the moisture from the Subtropics to the tropical ITCZs and SPCZ. This
process plays an essential role in the overestimation of precipitation in this category. The precipitation biases
mainly come from convection having larger rain rates and occasional extreme ones greater than 30 mm/hr
that are rarely observed in the TRMM RPFs data set.

For very large PFs, TRMM observations show the existence of strong convective cells with maximum 20 dBZ
echo top heights exceeding 17 km that are not simulated by the model. The maximum frequency of observed
mean convective rain increases as PF size increases, whereas the simulated rain remains about the same and
is underestimated. Although the model produces a slightly higher relative population, the PFs in this size
range contribute considerably less toward the total rainfall. The cyclic boundaries impose a strong artificial
dynamic constraint wherein upward mass flux needs to be balanced by the compensating subsidence in a
bounded domain. As a result, the model cannot support intense convective PFs in this size range, which
leads to an underestimate of their occurrence in the ITCZs. PF populations tend to shift toward larger sizes
for a CRM with larger domain. Increasing the CRM domain size to 512 km allows more medium to large PFs
to grow bigger and slightly mitigates the rain biases, but the dynamic constraint still prevails in this size
category.

The domain size of most stand-alone CRM studies has been predetermined to be sufficiently larger than the
size of the target systems to avoid distortions from lateral boundaries. The results from this study indicate
that an MMF with a small CRM domain tends to produce more extremely large PFs due to distortions from
lateral boundaries while reducing the occurrence of large deep convective systems in the ITCZs due to the
dynamic constraint of a bounded cyclic domain. However, running an MMF with a small CRM domain is
still very attractive for reducing computational expense especially for climate simulations. The acceptability
of an MMF simulation all depends very much on the goals of the study, the validation matrix, and the avail-
able computing resources.

In summary, four possible mechanisms might account for the GMMF model biases: (1) the
two-dimensionality of the CRMs, (2) a positive convection-wind-evaporation feedback loop, (3) an artificial
dynamic constraint in a bounded CRM domain with cyclic boundaries, and (4) the limited CRM domain
size. The first and third mechanisms tend to reduce rainfall and are inherent constraints from the 2D
CRMs with cyclic boundaries. The effect of the fourth mechanism will be diminished if a 512-km CRM
domain size is used, which is consistent with many previous stand-alone CRM studies (Johnson et al., 2002;
Petch & Gray, 2001; Tompkins, 2000). Currently, the second mechanism is the main cause of the excessive
tropical precipitation biases in the GMMF. Future improvements need to focus on how to reduce the over
energetic convective systems in the CRMs and the strength of the Hadley circulation in the GCM. In this
study, the embedded 2D CRM domain is aligned in an east-west direction. The CRM orientation might have
an influence on simulated feature sizes. This topic is left as a future research work because substantial efforts
are needed to design the necessary sensitivity experiments and conduct the GMMF simulations.

Data Availability Statement

The TRMM 3B43 product used in this study is accessible from the website (https://pmm.nasa.gov/data-
access/downloads/trmm). The new GMMF RPFs data set and the post-processing scripts required to
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reconstruct the figures and tables in this paper and the supporting information are publicly available online
in the Cloud Library at the NASA Goddard data portal repository (https://portal.nccs.nasa.gov/cloudli-
brary). Click “JAMES_2020_CHERN” button to download the data file.

Acknowledgments References

This research was supported by the
NASA Modeling, Analysis, and
Prediction (MAP) Program grant
NNH16ZDA00IN-MAP under the
direction of David B. Considine and the
NASA Precipitation Measurement
Missions (PMM) under the direction of
Gail M. Skofronick-Jackson.
Computing resources supporting this
work were provided by the NASA
High-End Computing (HEC) Program
through the NASA Advanced
Supercomputing (NAS) Division at
Ames Research Center and the NASA
Center for Climate Simulation (NCCS)
at Goddard Space Flight Center. The
authors thank Dr. Ming-Dah Chou for
providing a new version of the NASA
Goddard radiation scheme with the
optical properties of trace gases updated
to the HITRAN 2012 molecular
spectroscopic data set. We are grateful
to Dr. Chuntao Liu for making the
TRMM RPFs data set publicly available
(https://atmos.tamucc.edu/trmm).
Finally, we would like to thank

Dr. Walter Hannah and one other
anonymous reviewer for their insights
in helping to improve the quality of our
manuscript.

Awaka, J., Iguchi, T., Kumagai, H., & Okamoto, K. (1997). Rain type classification algorithm for TRMM precipitation radar. In IGARSS'97.
1997 IEEE International Geoscience and Remote Sensing Symposium Proceedings. Remote Sensing - A Scientific Vision for Sustainable
Development (Vol. 4, pp. 1633-1635). Singapore. https://doi.org/10.1109/IGARSS.1997.608993

Awaka, J., Iguchi, T., & Okamoto, K. (2009). TRMM PR standard algorithm 2A23 and its performance on bright band detection. Journal of
the Meteorological Society of Japan, 87A, 31-52. https://doi.org/10.2151/jmsj.87A.31

Benedict, J. J., & Randall, D. A. (2011). Impacts of idealized air-sea coupling on Madden-Julian Oscillation structure in the superpara-
meterized CAM. Journal of the Atmospheric Sciences, 68(9), 1990-2008. https://doi.org/10.1175/JAS-D-11-04.1

Cecil, D.J., Goodman, S. J., Boccippio, D.J., Zipser, E. J., & Nesbitt, S. W. (2005). Three years of TRMM precipitation features. Part I: Radar,
radiometric, and lightning characteristics. Monthly Weather Review, 133(3), 543-566. https://doi.org/10.1175/MWR-2876.1

Chen, G., & Kirtman, B. P. (2018). Long-lived mesoscale convective systems of superparameterized CAM and the response of CAM. Journal
of Advances in Modeling Earth Systems, 10, 2269-2286. https://doi.org/10.1029/2018MS001339

Cheng, A., & Xu, K.-M. (2011). Improved low-cloud simulation from a multiscale modeling framework with a third-order turbulence
closure in its cloud-resolving model component. Journal of Geophysical Research, 116, D14101. https://doi.org/10.1029/2010JD015362

Cheng, A., & Xu, K.-M. (2013). Diurnal variability of low clouds in the Southeast Pacific simulated by a multiscale modeling framework
model. Journal of Geophysical Research: Atmospheres, 118, 9191-9208. https://doi.org/10.1002/jgrd.50683

Cheng, A., & Xu, K.-M. (2014). An explicit representation of vertical momentum transport in a multiscale modeling framework through its
2D cloud-resolving model component. Journal of Geophysical Research: Atmospheres, 119, 2356-2374. https://doi.org/10.1002/
2013JD021078

Chern, J.-D., Tao, W.-K., Lang, S. E., Matsui, T., Li, J., Mohr, K. I, et al. (2016). Performance of the Goddard multiscale modeling frame-
work with Goddard ice microphysical schemes. Journal of Advances in Modeling Earth Systems, 8, 66-95. https://doi.org/10.1002/
2015MS000469

Chou, M.-D., Lee, K.-T., Tsay, S.-C., & Fu, Q. (1999). Parameterization for cloud longwave scattering for use in atmospheric models. Journal
of Climate, 12(1), 159-169. https://doi.org/10.1175/1520-0442-12.1.159

Chou, M.-D., Lee, K.-T., & Yang, P. (2002). Parameterization of shortwave cloud optical properties for a mixture of ice particle habits for use
in atmospheric models. Journal of Geophysical Research, 107(D21), 4600. https://doi.org/10.1029/2002JD002061

Cifelli, R., Nesbitt, S. W., Rutledge, S. A., Petersen, W. A., & Yuter, S. (2007). Radar characteristics of precipitation features in the EPIC and
TEPPS regions of the east Pacific. Monthly Weather Review, 135(4), 1576-1595. https://doi.org/10.1175/MWR3340.1

Dee, D. P., Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, P., Kobayashi, S., et al. (2011). The ERA-interim reanalysis: Configuration and
performance of the data assimilation system. Quarterly Journal of the Royal Meteorological Society, 137(656), 553-597. https://doi.org/
10.1002/qj.828

Edson, J. B., Jampana, V., Weller, R. A., Bigorre, S. P., Plueddemann, A. J., Fairall, C. W., et al. (2013). On the exchange of momentum over
the open ocean. Journal of Physical Oceanography, 43(8), 1589-1610. https://doi.org/10.1175/JPO-D-12-0173.1

Elliott, E., Yu, J. S., Kooperman, G. J., Morrison, H., Wang, M., & Pritchard, M. S. (2016). Sensitivity of summer ensembles of fledgling
superparameterized U.S. mesoscale convective systems to cloud resolving model microphysics and grid configuration. Journal of
Advances in Modeling Earth Systems, 8, 634-649. https://doi.org/10.1002/2015MS000567

Fairall, C. W., Bradley, E. F., Hare, J. E., Grachev, A. A., & Edson, J. B. (2003). Bulk parameterization of air-sea fluxes: Updates and ver-
ification for the COARE algorithm. Journal of Climate, 16(4), 571-591. https://doi.org/10.1175/1520-0442(2003)016<0571:BPOASF>2.0.
CO;2

Fairall, C. W., Yang, M., Bariteau, L., Edson, J. B., Helmig, D., McGillis, W., et al. (2011). Implementation of the Coupled
Ocean-Atmosphere Response Experiment flux algorithm with CO2, dimethyl sulfide, and O3. Journal of Geophysical Research, 116,
COO0F09. https://doi.org/10.1029/2010JC006884

Grabowski, W. W., & Smolarkiewicz, P. K. (1999). CRCP: A cloud resolving convection parameterization for modeling the tropical con-
vecting atmosphere. Physica D: Nonlinear Phenomena, 133(1-4), 171-178. https://doi.org/10.1016/S0167-2789(99)00104-9

Hitschfeld, W., & Bordan, J. (1954). Errors inherent in the radar measurement of rainfall at attenuating wavelengths. Journal of
Meteorology, 11(1), 58-67. https://doi.org/10.1175/1520-0469(1954)011<0058:EIITRM>2.0.CO;2

Houze, R. A. Jr. (1993). Cloud Dynamics. San Diego, CA: Academic Press.

Houze, R. A. Jr. (2004). Mesoscale convective systems. Reviews of Geophysics, 42, RG4003. https://doi.org/10.1029/2004RG000150

Huffman, G. J., Adler, R. F., Bolvin, D. T., Gu, G., Nelkin, E. J., Bowman, K. P., et al. (2007). The TRMM multi-satellite precipitation
analysis: Quasi-global, multi-year, combined-sensor precipitation estimates at fine scale. Journal of Hydrometeorology, 8(1), 38-55.
https://doi.org/10.1175/JHM560.1

Huffman, G.J., Adler, R. F., Bolvin, D. T., & Nelkin, E. J. (2010). The TRMM Multi-satellite Precipitation Analysis (TMPA). In F. Hossain, &
M. Gebremichael (Eds.), Satellite Rainfall Applications for Surface Hydrology (pp. 3-22). Verlag: Springer. ISBN: 978-90-481-2914-0.

Iguchi, T., Kozu, T., Kwiatkowski, J., Meneghini, R., Awaka, J., & Okamoto, K. (2009). Uncertainties in the rain profiling algorithm for the
TRMM precipitation radar. Journal of the Meteorological Society of Japan, 87A, 1-30. https://doi.org/10.2151/jmsj.87A.1

Iguchi, T., Kozu, T., Meneghini, R., Awaka, J., & Okamoto, K. (2000). Rain-profiling algorithm for the TRMM precipitation radar. Journal
of Applied Meteorology, 39(12), 2038-2052. https://doi.org/10.1175/1520-0450(2001)040<2038:RPAFTT>2.0.CO;2

Iguchi, T., & Meneghini, R. (1994). Intercomparison of single-frequency methods for retrieving a vertical rain profile from airborne or
spaceborne radar data. Journal of Atmospheric and Oceanic Technology, 11(6), 1507-1516. https://doi.org/10.1175/1520-0426(1994)
011<1507:I0SFMF>2.0.CO;2

Johnson, D. E., Tao, W.-K., Simpson, J., & Sui, C.-H. (2002). A study of the response of deep tropical clouds to large-scale thermodynamic
forcings. Part I: Modeling strategies and simulations of TOGA COARE convective systems. Journal of the Atmospheric Sciences, 59,
3492-3518. https://doi.org/10.1175/1520-0469

Johnson, R. H., Aves, S. L., Ciesielski, P. E., & Keenan, T. D. (2005). Organization of oceanic convection during the onset of the 1998 East
Asian summer monsoon. Monthly Weather Review, 133(1), 131-148. https://doi.org/10.1175/MWR-2843.1

CHERN ET AL.

21 of 24


https://portal.nccs.nasa.gov/cloudlibrary
https://portal.nccs.nasa.gov/cloudlibrary
https://doi.org/10.1109/IGARSS.1997.608993
https://doi.org/10.2151/jmsj.87A.31
https://doi.org/10.1175/JAS-D-11-04.1
https://doi.org/10.1175/MWR-2876.1
https://doi.org/10.1029/2018MS001339
https://doi.org/10.1029/2010JD015362
https://doi.org/10.1002/jgrd.50683
https://doi.org/10.1002/2013JD021078
https://doi.org/10.1002/2013JD021078
https://doi.org/10.1002/2015MS000469
https://doi.org/10.1002/2015MS000469
https://doi.org/10.1175/1520-0442-12.1.159
https://doi.org/10.1029/2002JD002061
https://doi.org/10.1175/MWR3340.1
https://doi.org/10.1002/qj.828
https://doi.org/10.1002/qj.828
https://doi.org/10.1175/JPO-D-12-0173.1
https://doi.org/10.1002/2015MS000567
https://doi.org/10.1175/1520-0442(2003)016%3C0571:BPOASF%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2003)016%3C0571:BPOASF%3E2.0.CO;2
https://doi.org/10.1029/2010JC006884
https://doi.org/10.1016/S0167-2789(99)00104-9
https://doi.org/10.1175/1520-0469(1954)011%3C0058:EIITRM%3E2.0.CO;2
https://doi.org/10.1029/2004RG000150
https://doi.org/10.1175/JHM560.1
https://doi.org/info:x-wiley/isbn/9789048129140
https://doi.org/10.2151/jmsj.87A.1
https://doi.org/10.1175/1520-0450(2001)040%3C2038:RPAFTT%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(1994)011%3C1507:IOSFMF%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(1994)011%3C1507:IOSFMF%3E2.0.CO;2
https://doi.org/10.1175/1520-0469
https://doi.org/10.1175/MWR-2843.1
https://atmos.tamucc.edu/trmm

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Advances in Modeling Earth Systems 10.1029/2019MS002007

Kahn, B. H., Teixeira, J., Fetzer, E. J., Gettelman, A., Hristova-Veleva, S. M., Huang, X., et al. (2011). Temperature and water vapor variance
scaling in global models: Comparisons to satellite and aircraft data. Journal of the Atmospheric Sciences, 68(9), 2156-2168. https://doi.
org/10.1175/2011JAS3737.1

Khairoutdinov, M., DeMott, C. A., & Randall, D. A. (2008). Evaluation of the simulated interannual and subseasonal variability in an
AMIP-style simulation using the CSU multiscale modeling framework. Journal of Climate, 21(3), 413-431. https://doi.org/10.1175/
2007JCLI1630.1

Khairoutdinov, M., Randall, D. A., & DeMott, C. A. (2005). Simulations of the atmospheric general circulation using a cloud-resolving
model as a superparameterization of physical processes. Journal of the Atmospheric Sciences, 62(7), 2136-2154. https://doi.org/10.1175/
JAS3453.1

Khairoutdinov, M. F., & Randall, D. A. (2001). A cloud resolving model as a cloud parameterization in the NCAR Community climate
system model: Preliminary results. Geophysical Research Letters, 28(18), 3617-3620. https://doi.org/10.1029/2001GL013552

Kooperman, G.J., Pritchard, M. S., Burt, M. A., Branson, M. D., & Randall, D. A. (2016). Robust effects of cloud superparameterization on
simulated daily rainfall intensity statistics across multiple versions of the community earth system model. Journal of Advances in
Modeling Earth Systems, 8(1), 140-165. https://doi.org/10.1002/2015MS00057

Lang, S. E., Tao, W.-K., Chern, J.-D., Wu, D., & Li, X. (2014). Benefits of a fourth ice class in the simulated radar reflectivities of convective
systems using a bulk microphysics scheme. Journal of the Atmospheric Sciences, 71(10), 3583-3612. https://doi.org/10.1175/JAS-D-13-
0330.1

Lang, S. E., Tao, W.-K., Zeng, X., & Li, Y. (2011). Reducing the biases in simulated radar reflectivities from a bulk microphysics scheme:
Tropical convective systems. Journal of the Atmospheric Sciences, 68(10), 2306-2320. https://doi.org/10.1175/JAS-D-10-05000.1

Large, W. G., & Pond, S. (1981). Open ocean momentum flux measurements in moderate to strong winds. Journal of Physical
Oceanography, 11(3), 324-336. https://doi.org/10.1175/1520-0485(1981)011<0324:00MFMI>2.0.CO;2

Large, W. G., & Pond, S. (1982). Sensible and latent heat flux measurements over the ocean. Journal of Physical Oceanography, 12(5),
464-482. https://doi.org/10.1175/1520-0485(1982)012<0464:SALHFM>2.0.CO;2

LeMone, M. A, Zipser, E. J., & Trier, S. B. (1998). The role of environmental shear and thermodynamic conditions in determining the
structure and evolution of mesoscale convective systems during TOGA COARE. Journal of the Atmospheric Sciences, 55(23), 3493-3518.
https://doi.org/10.1175/1520-0469(1998)055<3493: TROESA>2.0.CO;2

Li, X., Janiga, M. A, Wang, S., Tao, W.-K., Rowe, A., Xu, W., et al. (2018). Evolution of precipitation structure during the November
DYNAMO MJO event: Cloud-resolving model intercomparison and cross validation using radar observations. Journal of Geophysical
Research: Atmospheres, 123, 3530-3555. https://doi.org/10.1002/2017JD027775

Liu, C., Cecil, D., & Zipser, E. I. (2011). Relationships between lightning flash rates and passive microwave brightness temperatures at 85
and 37 GHz over the tropics and subtropics. Journal of Geophysical Research, 116, D23108. https://doi.org/10.1029/2011JD016463

Liu, C., Shige, S., Takayabu, Y. N., & Zipser, E. J. (2015). Latent heating contribution from precipitation systems with different sizes, depths,
and intensities in the tropics. Journal of Climate, 28(1), 186-203. https://doi.org/10.1175/JCLI-D-14-00370.1

Liu, C., & Zipser, E. J. (2008). Diurnal cycles of precipitation, clouds, and lightning in the tropics from 9 years of TRMM observations.
Geophysical Research Letters, 35, L04819. https://doi.org/10.1029/2007GL032437

Liu, C., & Zipser, E. J. (2009). “Warm rain” in the tropics: Seasonal and regional distribution based on 9 years of TRMM data. Journal of
Climate, 22(3), 767-779. https://doi.org/10.1175/2008JCLI2641.1

Liu, C., & Zipser, E. J. (2013). Regional variation of morphology of organized convection in the tropics and subtropics. Journal of
Geophysical Research: Atmospheres, 118, 453-466. https://doi.org/10.1029/2012JD018409

Liu, C., Zipser, E. J., Cecil, D. J., Nesbitt, S. W., & Sherwood, S. (2008). A cloud and precipitation feature database from 9 years of TRMM
observations. Journal of Applied Meteorology and Climatology, 47(10), 2712-2728. https://doi.org/10.1175/2008JAMC1890.1

Luo, Z., & Stephens, G. L. (2006). An enhanced convection-wind-evaporation feedback in a superparameterization GCM (SP-GCM)
depiction of the Asian summer monsoon. Geophysical Research Letters, 33, L06707. https://doi.org/10.1029/2005GL025060

Marchand, R., & Ackerman, T. P. (2010). An analysis of cloud cover in multiscale modeling framework global climate model simulations
using 4 and 1 km horizontal grids. Journal of Geophysical Research, 115, D16207. https://doi.org/10.1029/2009JD013423

Marchand, R., Beagley, N., & Ackerman, T. P. (2009). Evaluation of hydrometeor occurrence profiles in the Multiscale Modeling
Framework climate model using atmospheric classification. Journal of Climate, 22(17), 4557-4573. https://doi.org/10.1175/
2009JCLI2638.1

Masunaga, H., Matsui, T., Tao, W.-K., Hou, A. Y., Kummerow, C. D., Nakajima, T., et al. (2010). Satellite data simulator unit: A multi-
sensor, multispectral satellite simulator package. Bulletin of the American Meteorological Society, 91(12), 1625-1632. https://doi.org/
10.1175/2010BAMS2809.1

Matsui, T., Chern, J.-D., Tao, W.-K., Lang, S., Satoh, M., Hashino, T., & Kubota, T. (2016). On the land-ocean contrast of tropical convection
and microphysics statistics derived from TRMM satellite signals and global storm-resolving models. Journal of Hydrometeorology, 17(5),
1425-1445. https://doi.org/10.1175/JHM-D-15-0111.1

Matsui, T., Dolan, B., Rutledge, S. A., Tao, W.-K., Iguchi, T., Barnum, J., & Lang, S. E. (2019). POLARRIS: A POLArimetric Radar Retrieval
and Instrument Simulator. Journal of Geophysical Research: Atmospheres, 124, 4634-4657. https://doi.org/10.1029/2018JD028317

Matsui, T., Iguchi, T., Li, X., Han, M., Tao, W.-K., Petersen, W., et al. (2013). GPM satellite simulator over ground validation sites. Bulletin of
the American Meteorological Society, 94(11), 1653-1660. https://doi.org/10.1175/BAMS-D-12-00160.1

Matsui, T., Santanello, J., Shi, J. J., Tao, W.-K., Wu, D., Peters-Lidard, C., et al. (2014). Introducing multisensor satellite radiance-based
evaluation for regional Earth system modeling. Journal of Geophysical Research: Atmospheres, 119, 8450-8475. https://doi.org/10.1002/
2013JD021424

Matsui, T., Zeng, X., Tao, W.-K., Masunaga, H., Olson, W. S., & Lang, S. (2009). Evaluation of long-term cloud-resolving model simulations
using satellite radiance observations and multifrequency satellite simulators. Journal of Atmospheric and Oceanic Technology, 26(7),
1261-1274. https://doi.org/10.1175/2008JTTECHA1168.1

Meneghini, R., Iguchi, T., Kozu, T., Liao, L., Okamoto, K., Jones, J. A., & Kwiatkowski, J. (2000). Use of the surface reference technique for
path attenuation estimates from the TRMM precipitation radar. Journal of Applied Meteorology, 39(12), 2053-2070. https://doi.org/
10.1175/1520-0450(2001)040<2053:UOTSRT>2.0.CO;2

Meneghini, R., Jones, J. A., Iguchi, T., Okamoto, K., & Kwiatkowski, J. (2004). A hybrid surface reference technique and its application to
the TRMM precipitation radar. Journal of Atmospheric and Oceanic Technology, 21(11), 1645-1658. https://doi.org/10.1175/
JTECH1664.1

Moeng, C.-H., McWilliams, J. C., Rotunno, R., Sullivan, P. P., & Weil, J. (2004). Investigating 2D modeling of atmospheric convection in the
PBL. Journal of the Atmospheric Sciences, 61(8), 889-903. https://doi.org/10.1175/1520-0469(2004)061<0889:IDMOAC>2.0.CO;2

CHERN ET AL.

22 of 24


https://doi.org/10.1175/2011JAS3737.1
https://doi.org/10.1175/2011JAS3737.1
https://doi.org/10.1175/2007JCLI1630.1
https://doi.org/10.1175/2007JCLI1630.1
https://doi.org/10.1175/JAS3453.1
https://doi.org/10.1175/JAS3453.1
https://doi.org/10.1029/2001GL013552
https://doi.org/10.1002/2015MS00057
https://doi.org/10.1175/JAS-D-13-0330.1
https://doi.org/10.1175/JAS-D-13-0330.1
https://doi.org/10.1175/JAS-D-10-05000.1
https://doi.org/10.1175/1520-0485(1981)011%3C0324:OOMFMI%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1982)012%3C0464:SALHFM%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1998)055%3C3493:TROESA%3E2.0.CO;2
https://doi.org/10.1002/2017JD027775
https://doi.org/10.1029/2011JD016463
https://doi.org/10.1175/JCLI-D-14-00370.1
https://doi.org/10.1029/2007GL032437
https://doi.org/10.1175/2008JCLI2641.1
https://doi.org/10.1029/2012JD018409
https://doi.org/10.1175/2008JAMC1890.1
https://doi.org/10.1029/2005GL025060
https://doi.org/10.1029/2009JD013423
https://doi.org/10.1175/2009JCLI2638.1
https://doi.org/10.1175/2009JCLI2638.1
https://doi.org/10.1175/2010BAMS2809.1
https://doi.org/10.1175/2010BAMS2809.1
https://doi.org/10.1175/JHM-D-15-0111.1
https://doi.org/10.1029/2018JD028317
https://doi.org/10.1175/BAMS-D-12-00160.1
https://doi.org/10.1002/2013JD021424
https://doi.org/10.1002/2013JD021424
https://doi.org/10.1175/2008JTECHA1168.1
https://doi.org/10.1175/1520-0450(2001)040%3C2053:UOTSRT%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(2001)040%3C2053:UOTSRT%3E2.0.CO;2
https://doi.org/10.1175/JTECH1664.1
https://doi.org/10.1175/JTECH1664.1
https://doi.org/10.1175/1520-0469(2004)061%3C0889:IDMOAC%3E2.0.CO;2

~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Advances in Modeling Earth Systems 10.1029/2019MS002007

Nesbitt, S. W., Cifelli, R., & Rutledge, S. A. (2006). Storm morphology and rainfall characteristics of TRMM precipitation features. Monthly
Weather Review, 134(10), 2702-2721. https://doi.org/10.1175/MWR3200.1

Nesbitt, S. W., Zipser, E. J., & Cecil, D. J. (2000). A census of precipitation features in the Tropics using TRMM: Radar, ice scattering, and
lightning observations. Journal of Climate, 13(23), 4087-4106. https://doi.org/10.1175/1520-0442(2000)013<4087:ACOPFI>2.0.CO;2

Painemal, D., Xu, K.-M., Cheng, A., Minnis, P., & Palikonda, R. (2015). Mean structure and diurnal cycle of Southeast Atlantic boundary
layer clouds: Insights from satellite observations and multiscale modeling framework simulations. Journal of Climate, 28(1), 324-341.
https://doi.org/10.1175/JCLI-D-14-00368.1

Parishani, H., Pritchard, M. S., Bretherton, C. S., Wyant, M. C., & Khairoutdinov, M. (2017). Toward low-cloud-permitting cloud super-
parameterization with explicit boundary layer turbulence. Journal of Advances in Modeling Earth Systems, 9(3), 1542-1571. https://doi.
0rg/10.1002/2017MS000968

Petch, J. C., Blossey, P. N., & Bretherton, C. S. (2008). Differences in the lower troposphere in two- and three-dimensional cloud-resolving
model simulations of deep convection. Quarterly Journal of the Royal Meteorological Society, 134(636), 1941-1946. https://doi.org/
10.1002/qj.315

Petch, J. C., & Gray, M. E. B. (2001). Sensitivity studies using a cloud-resolving model simulation of the tropical west Pacific. Quarterly
Journal of the Royal Meteorological Society, 127(577), 2287-2306. https://doi.org/10.1002/qj.49712757705

Phillips, V. T.J., & Donner, L. J. (2006). Cloud microphysics, radiation and vertical velocities in two- and three-dimensional simulations of
deep convection. Journal of the Royal Meteorological Society, 132(621C), 3011-3033. https://doi.org/10.1256/qj.05.171

Pritchard, M. S., & Somerville, R. C. J. (2009). Assessing the diurnal cycle of precipitation in a multi-scale climate model. Journal of
Advances in Modeling Earth Systems, 1(4), 16. https://doi.org/10.3894/JAMES.2009.1.12

Randall, D., DeMott, C., Stan, C., Khairoutdinov, M., Benedict, J., McCrary, R., et al. (2016). Simulations of the tropical general circulation
with a multiscale global model. Meteorological Monographs, 56, 15.1-15.15. https://doi.org/10.1175/AMSMONOGRAPHS-D-15-0016.1

Randall, D. A. (2013). Beyond deadlock. Geophysical Research Letters, 40, 5970-5976. https://doi.org/10.1002/2013GL057998

Randall, D. A., Khairoutdinov, M., Arakawa, A., & Grabowski, W. (2003). Breaking the cloud parameterization deadlock. Bulletin of the
American Meteorological Society, 84(11), 1547-1564. https://doi.org/10.1175/BAMS-84-11-1547

Redelsperger, J. L., Brown, P. R. A, Guichard, F., Hoff, C., Kawasima, M., Lang, S., et al. (2000). A GCSS model intercomparison for a
tropical squall line observed during TOGA-COARE. Quarterly Journal of the Royal Meteorological Society, 126(564), 823-863. https://doi.
0rg/10.1002/qj.49712656404

Reynolds, R. W., Smith, T. M., Liu, C., Chelton, D. B., Casey, K. S., & Schlax, M. G. (2007). Daily high-resolution-blended analyses for sea
surface temperature. Journal of Climate, 20(22), 5473-5496. https://doi.org/10.1175/2007JCLI1824.1

Rothman, L. S., Gordon, I. E., Babikov, Y., Barbe, A., Benner, D. C., Bernath, P. F., et al. (2013). The HITRAN 2012 molecular spectroscopic
database. Journal of Quantitative Spectroscopy and Radiative Transfer, 130, 4-50. http://doi.org/10.1016/j.jqsrt.2013.07.002

Simpson, J., Kummerow, C., Tao, W.-K., & Adler, R. F. (1996). On the Tropical Rainfall Measuring Mission (TRMM). Meteorology and
Atmospheric Physics, 60(1-3), 19-36. https://doi.org/10.1007/BF01029783

Spencer, R. W., Goodman, H. M., & Hood, R. E. (1989). Precipitation retrieval over land and ocean with the SSM/I: Identification and
characteristics of the scattering signal. Journal of Atmospheric and Oceanic Technology, 6(2), 254-273. https://doi.org/10.1175/1520-0426
(1989)006<0254:PROLAO>2.0.CO;2

Steiner, M., Houze, R. A. Jr., & Yuter, S. E. (1995). Climatological characteristics of three-dimensional storm structure from operational
radar and rain gauge data. Journal of Applied Meteorology, 34(9), 1978-2007. https://doi.org/10.1175/1520-0450(1995)034<1978:
CCOTDS>2.0.CO;2

Tao, W.-K., & Chern, J.-D. (2017). The impact of simulated mesoscale convective systems on global precipitation: A multiscale modeling
study. Journal of Advances in Modeling Earth Systems, 9, 790-809. https://doi.org/10.1002/2016MS000836

Tao, W.-K., Chern, J.-D., Atlas, R., Randall, D., Khairoutdinov, M., Li, J.-L., et al. (2009). A multiscale modeling system: Developments,
applications, and critical issues. Bulletin of the American Meteorological Society, 90(4), 515-534. https://doi.org/10.1175/
2008BAMS2542.1

Tao, W.-K., Lang, S., Zeng, X., Li, X., Matsui, T., Mohr, K., et al. (2014). The Goddard Cumulus Ensemble model (GCE): Improvements
and applications for studying precipitation processes. Atmospheric Research, 143, 392-424. https://doi.org/10.1016/j.
atmosres.2014.03.005

Tao, W.-K., & Simpson, J. (1993). The Goddard Cumulus Ensemble Model. Part I: Model description. Terrestrial, Atmospheric and Oceanic
Sciences, 4, 19-54. https://doi.org/10.3319/TA0.1993.4.1.35(A)

Tao, W.-K., Wu, D., Lang, S. E., Chern, J.-D., Peters-Lidard, C. D., Fridlind, A., & Matsui, T. (2016). High-resolution NU-WRF simulations
of a deep convective-precipitation system during MC3E: Further improvements and comparisons between Goddard microphysics
schemes and observations. Journal of Geophysical Research: Atmospheres, 121, 1278-1305. https://doi.org/10.1002/2015JD023986

Thatcher, L., Takayabu, Y. N., Yokoyama, C., & Pu, Z. (2012). Characteristics of tropical cyclone precipitation features over the western
Pacific warm pool. Journal of Geophysical Research, 117, D16208. https://doi.org/10.1029/2011JD017351

Thayer-Calder, K., & Randall, D. A. (2009). The role of convective moistening in the Madden-Julian Oscillation. Journal of the Atmospheric
Sciences, 66(11), 3297-3312. https://doi.org/10.1175/2009JAS3081.1

Tompkins, A. M. (2000). The impact of dimensionality on long-term cloud-resolving model simulations. Monthly Weather Review, 128(5),
1521-1535. https://doi.org/10.1175/1520-0493(2000)128<1521:TIODOL>2.0.CO;2

Tulich, S. N. (2015). A strategy for representing the effects of convective momentum transport in multiscale models: Evaluation using a new
superparameterized version of the Weather Research and Forecast model (SP-WRF). Journal of Advances in Modeling Earth Systems, 7,
938-962. https://doi.org/10.1002/2014MS000417

Wang, M., Ghan, S., Easter, R., Ovchinnikov, M., Liu, X., Kassianov, E., et al. (2011). The multi-scale aerosol-climate model PNNL-MMF:
model description and evaluation. Geoscientific Model Development, 4(1), 137-168. https://doi.org/10.5194/gmd-4-137-2011

Wang, M., Larson, V. E., Ghan, S., Ovchinnikov, M., Schanen, D. P., Xiao, H., et al. (2015). A multiscale modeling framework model
(superparameterized CAM5) with a higher-order turbulence closure: Model description and low-cloud simulations. Journal of Advances
in Modeling Earth Systems, 7, 484-509. https://doi.org/10.1002/2014MS000375

Xu, K. M., & Cheng, A. (2013a). Evaluating low cloud simulation from an upgraded Multiscale Modeling Framework Model. Part I:
Sensitivity to spatial resolution and climatology. Journal of Climate, 26(16), 5717-5740. https://doi.org/10.1175/JCLI-D-12-00200.1

Xu, K.-M., & Cheng, A. (2013b). Evaluating low-cloud simulation from an upgraded Multiscale Modeling Framework Model. Part II:
Seasonal variations over the Eastern Pacific. Journal of Climate, 26(16), 5741-5760. https://doi.org/10.1175/JCLI-D-12-00276.1

Xu, W., & Rutledge, S. A. (2015). Morphology, intensity, and rainfall production of MJO convection: Observations from DYNAMO
shipborne radar and TRMM. Journal of the Atmospheric Sciences, 72(2), 623-640. https://doi.org/10.1175/JAS-D-14-0130.1

CHERN ET AL.

23 of 24


https://doi.org/10.1175/MWR3200.1
https://doi.org/10.1175/1520-0442(2000)013%3C4087:ACOPFI%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-14-00368.1
https://doi.org/10.1002/2017MS000968
https://doi.org/10.1002/2017MS000968
https://doi.org/10.1002/qj.315
https://doi.org/10.1002/qj.315
https://doi.org/10.1002/qj.49712757705
https://doi.org/10.1256/qj.05.171
https://doi.org/10.3894/JAMES.2009.1.12
https://doi.org/10.1175/AMSMONOGRAPHS-D-15-0016.1
https://doi.org/10.1002/2013GL057998
https://doi.org/10.1175/BAMS-84-11-1547
https://doi.org/10.1002/qj.49712656404
https://doi.org/10.1002/qj.49712656404
https://doi.org/10.1175/2007JCLI1824.1
http://doi.org/10.1016/j.jqsrt.2013.07.002
https://doi.org/10.1007/BF01029783
https://doi.org/10.1175/1520-0426(1989)006%3C0254:PROLAO%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(1989)006%3C0254:PROLAO%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1995)034%3C1978:CCOTDS%3E2.0.CO;2
https://doi.org/10.1175/1520-0450(1995)034%3C1978:CCOTDS%3E2.0.CO;2
https://doi.org/10.1002/2016MS000836
https://doi.org/10.1175/2008BAMS2542.1
https://doi.org/10.1175/2008BAMS2542.1
https://doi.org/10.1016/j.atmosres.2014.03.005
https://doi.org/10.1016/j.atmosres.2014.03.005
https://doi.org/10.3319/TAO.1993.4.1.35(A)
https://doi.org/10.1002/2015JD023986
https://doi.org/10.1029/2011JD017351
https://doi.org/10.1175/2009JAS3081.1
https://doi.org/10.1175/1520-0493(2000)128%3C1521:TIODOL%3E2.0.CO;2
https://doi.org/10.1002/2014MS000417
https://doi.org/10.5194/gmd-4-137-2011
https://doi.org/10.1002/2014MS000375
https://doi.org/10.1175/JCLI-D-12-00200.1
https://doi.org/10.1175/JCLI-D-12-00276.1
https://doi.org/10.1175/JAS-D-14-0130.1

AP~ . .
NI Journal of Advances in Modeling Earth Systems 10.1029/2019MS002007

ADVANCING EARTH
AND SPACE SCIENCE

Zeng, X., Tao, W.-K., Zhang, M., Peters-Lidard, C., Lang, S., Simpson, J., et al. (2007). Evaluating clouds in long-term cloud-resolving model
simulations with observational data. Journal of the Atmospheric Sciences, 64(12), 4153-4177. https://doi.org/10.1175/2007JAS2170.1
Zhang, Y., Klein, S. A,, Liu, C., Tian, B., Marchand, R. T., Haynes, J. M., et al. (2008). On the diurnal cycle of deep convection, high-level
cloud, and upper troposphere water vapor in the Multiscale Modeling Framework. Journal of Geophysical Research, 113, D16105. https://
doi.org/10.1029/2008JD009905

Zhao, W., Marchand, R., & Fu, Q. (2017). The diurnal cycle of clouds and precipitation at the ARM SGP site: An atmospheric state-based
analysis and error decomposition of a multiscale modeling framework simulation. Journal of Geophysical Research: Atmospheres, 122,
13,387-13,403. https://doi.org/10.1002/2017JD027542

CHERN ET AL. 24 of 24


https://doi.org/10.1175/2007JAS2170.1
https://doi.org/10.1029/2008JD009905
https://doi.org/10.1029/2008JD009905
https://doi.org/10.1002/2017JD027542


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


