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Foreword 
 
The Center for Global Environmental Research (CGER) at the National Institute for 

Environmental Studies (NIES) was established in October 1990, with the main objectives of 
contributing to the scientific understanding of global environmental change and identifying 
solutions to critical environmental problems. CGER conducts environmental research from 
an interdisciplinary, multi-agency, and international perspective, and provides an intellectual 
infrastructure for research activities in the form of databases and a supercomputer system. 
CGER also ensures that data from its long-term monitoring of the global environment is 
made available to the public. 

CGER installed its first supercomputer system (NEC SX-3, Model 14) in March 1992, 
and this was subsequently upgraded to an NEC Model SX-4/32 in 1997, an NEC Model 
SX-6 in 2002, an NEC Model SX-8R/128M16 in 2007, and an NEC Model SX-9/A(ECO) in 
June 2013. In June 2015, the system was further upgraded with the inclusion of an NEC 
Model SX-ACE), in order to provide an increased capacity for speed and storage. We expect 
our research to benefit directly from this upgrade. 

The supercomputer system is available for use by researchers from NIES and other 
research organizations and universities in Japan. The Supercomputer Steering Committee 
consists of leading Japanese scientists in climate modeling, atmospheric chemistry, ocean 
environment, computer science, and other areas concerned with global environmental 
research, and one of its functions is to evaluate proposals of any research requiring the use of 
the Supercomputer system. In the 2014 fiscal year (April 2014 to March 2015), fourteen 
proposals were approved.  

To promote the dissemination of results, we publish both an Annual Report and 
occasional Monograph Reports. Annual Reports deliver results for all research projects that 
have made use of the supercomputer system in a given year, while Monograph Reports 
present the integrated results of a particular research program.  

This Monograph Report presents validations of the “pattern scaling method”, which is an 
important tool for socioeconomic/emission uncertainties of climate change impacts, 
adaptation and mitigation. The author suggests that different aerosol emissions in different 
socioeconomic/emission scenarios lead to significant biases of future hydrological 
assessments using the pattern scaling method. These results pose further challenges to the 
promotion of comprehensive analyses between climate projections, impacts, adaptation and 
mitigation. 

In the years to come we intend to continue our support of environmental research by 
enabling the use of our supercomputer resources, and continue to disseminate practical 
information based on our results. 

 
 

February 2016 
 
 
 

Hitoshi Mukai 
Director 
Center for Global Environmental Research 
National Institute for Environmental Studies 
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Preface 
 
In this monograph, we introduce the Joint Simulator for Satellite Sensors 

(Joint-simulator) and evaluations of the Non-hydrostatic Icosahedral Atmospheric Model 
(NICAM) carried out by means of it, using satellite observations. Joint-simulator was 
developed under Japan Aerospace Exploration Agency (JAXA) EarthCARE mission in order 
to simulate the signals of various satellite sensors such as visible/infrared imager, microwave 
radiometer/sounder, radar, lidar, and broadband radiometer. NICAM is a global 
non-hydrostatic model developed in collaborations among the Atmosphere and Ocean 
Research Institute of the University of Tokyo, the Japan Agency for Marine-Earth Science 
and Technology (JAMSTEC), and RIKEN Advanced Institute for Computational Science 
(AICS). Using the super computer of the Center for Global Environmental Research (CGER) 
of the National Institute for Environmental Studies (NIES), we have used the Joint-simulator 
to evaluate clouds and precipitations simulated by NICAM, and improved the cloud 
microphysics scheme implemented in NICAM based on the comparison between simulated 
signals and satellite observations. This monograph is devoted to describe the Joint-simulator 
(Chapter 2) with examples of application of the Joint-simulator (Chapter 3). Chapter 4 
describes evaluations of cloud microphysics of NICAM against CloudSat and Cloud-Aerosol 
Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) observations, and Chapter 5, 
which is based on the following paper, describes evaluations of a stretched-NICAM using a 
geostationary satellite and Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar 
(PR).  

 
 [Chapter 5] Roh, W., and Satoh, M. (2014) Evaluation of precipitating hydrometeor 

parameterizations in a single-moment bulk microphysics scheme for deep convective systems 
over the tropical open ocean. J. Atmos. Sci., 71, 2654-2673. 
http://dx.doi.org/10.1175/JAS-D-13-0252.1 

  [With permission by American Meteorological Society] 
 
 

February 2016 
 
 
 
 

Masaki Satoh 
Professor 
Center for Earth Surface System Dynamics 
Atmosphere and Ocean Research Institute 
The University of Tokyo 
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Chapter 1  General Introduction  
 

Cloud-system-resolving models (CSRMs), that is, non-hydrostatic models with use of 
realistic cloud microphysical processes without cumulus parameterization, can reproduce the 
time evolution, structure, and life cycles of cloud systems. In recent years, increasing 
computer speed and resources have expanded CSRMs’ integration time and horizontal 
domain size, and it is possible for next generation climate and global circulation models to 
reproduce multi-scale interactions of cloud and precipitation systems. Global 
cloud-system-resolving models (GCSRMs) are developed and used for calculating deep 
convection and meso-scale circulations, which play key roles not only in the tropical 
circulations but also in the global circulations of the atmosphere. For example, the 
Non-hydrostatic Icosahedral Atmospheric Model (NICAM: Tomita and Satoh 2004; Satoh et 
al. 2008, 2014) was developed based on non-hydrostatic governing equations and icosahedral 
grids. The aqua planet experiments using NICAM reproduced the multi-scale convective 
structure and the diurnal cycle of convective precipitation without cumulus parameterization 
(Tomita et al. 2005). Miura et al. (2007) succeeded in reproducing realistic Madden-Julian 
Oscillation events such as large-scale cloud organizations and their eastward propagation 
using NICAM. NICAM reproduced a realistic behavior of the three-dimensional cloud 
distributions.  

Many efforts toward evaluation of CSRMs based on in-situ aircraft observational data 
and ground radar observations have been made (e.g., Milbrandt et al. 2008; Hong et al. 2010; 
Molthan et al. 2010). However, ground radar observations and aircraft data have spatial and 
sampling limitations.  

Satellite data detect the cloud and precipitation properties from radiance measurements. 
Satellite data records are now long enough to analyze meaningful climatologies of cloud and 
precipitation properties. For examples, the Tropical Rainfall Measuring Mission (TRMM) 
satellite has operated continuously for over a decade, providing numerous valuable 
observations of precipitating tropical cloud systems made by its sensors: the Visible/Infrared 
Scanner (VIRS), the TRMM Microwave Imager (TMI), and the Precipitation Radar (PR; 
Kummerow et al. 1998). The TRMM data is useful for evaluating the characteristics of 
precipitation systems. Zhou et al. (2007) compared simulated cloud and rain systems such as 
surface rain rate, convective/stratiform percentage, rain profiles, cloud properties, and 
precipitation efficiency using TRMM data.  

Recently, the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 
Observation) (Winker et al. 2003) and CloudSat (Stephens et al. 2002) satellites were 
launched in April 2006 to analyze the vertical structure of clouds. TRMM has quantified how 
much precipitating particles fall in the tropical atmosphere, but it is insensitive to water and 
ice clouds. CloudSat has employed a millimeter wavelength radar to observe the vertical 
profiles of most of the cloud condensate and precipitation within its nadir field of view. The 
CALIPSO lidar is sensitive to sub-visible cirrus clouds. The CALIPSO and CloudSat data 
have narrow fields of view. Many studies have been carried out in order to compare cloud 
properties using global atmospheric models. CALIPSO (Chepfer et al. 2008, 2010), CloudSat 
(Bodas-Salcedo et al. 2008; Masunaga et al. 2008), and both CALIPSO and CloudSat (Satoh 
et al. 2010; Inoue et al. 2010; Kodama et al. 2012) have been used to evaluate the vertical 
structure of clouds and the horizontal distribution of high clouds in global models. Masunaga 
et al. (2008) found that GCRM’s contoured frequency by altitude diagrams (CFADs) 
qualitatively reproduced CFADs of TRMM and CloudSat, except that the GCRM tended to 
over-produce snow in deep convection. Recently, the EarthCARE (Earth Clouds, Aerosols 
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and Radiation Explorer) satellite has been planned by Japan Aerospace Exploration Agency 
(JAXA) and European Space Agency (ESA) to observe and investigate the characterization of 
clouds and aerosols as well as the reflected solar radiation and infrared radiation. This mission 
focuses on understanding the role of clouds and aerosols for the balance of energy like 
incoming and outgoing radiation between space and the Earth’s surface in order to improve 
climate prediction and weather forecast. 

However, retrieved physical parameters such as liquid/ice water content of clouds from 
satellite data have many uncertainties in evaluating CSRMs for the spatial and vertical 
distributions of cloud systems. It is known that one of the big uncertainties is the assumption 
of hydrometeors’ size distribution. In order to avoid this uncertainty, another approach has 
been used, i.e. comparing the radiances in satellite data with the simulated radiances from the 
CSRM’s output data using satellite simulators (e.g. Masunaga et al. 2010; Satoh et al. 2010; 
Bodas-Salcedo et al. 2011). Satellite simulators establish the same microphysical assumptions 
about hydrometeors, such as their size distributions and density, in CSRMs and the 
simulators.  

In this monograph, the Joint Simulator for Satellite Sensors (Joint-simulator), which was 
developed under JAXA EarthCARE mission in order to simulate four sensors of EarthCARE 
satellite, is introduced as a satellite simulator in Chapter 2. It can also simulate the radiances 
of multi-sensor satellites such as visible/infrared imager, microwave radiometer/sounder, 
radar, lidar, and broadband radiometer. In Chapters 3 and 4, we introduce examples of 
simulated signals and devise a methodology for the Joint-simulator to evaluate NICAM 
simulations using CALIPSO and CloudSat (Hashino et al. 2013) data. In Chapter 5, we 
introduce our study to improve a microphysics scheme using TRMM and a satellite simulator 
(Roh and Satoh 2014). In Chapter 6, we give concluding remarks for this report.   
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Chapter 2  Description of the Joint-simulator 
 
2.1 What is a Joint-simulator? 
 

The gas and particles in the atmosphere contribute to the radiative transfer process 
through scattering and absorption/emission. For example, the shortwave radiation from the 
sun (wavelengths less than 4 m) may be scattered by low-level liquid clouds (Fig 2.1), and 
some of the radiation may reach the surface. Subsequently, they can be reflected or absorbed 
by the surface. The longwave radiation from the earth (wavelengths greater than 4m) may 
be absorbed by clouds and emitted toward the surface again. In clear sky conditions, the 
longwave radiation can be absorbed by a specific type of aerosol particles (such as black 
carbon) or gases (for example, water vapor, carbon dioxide, methane). In the microwave 
region (wavelengths greater than 1 mm, but less than 1 m) the emission from ocean surface 
can be absorbed by liquid hydrometeors and emitted toward the space, or can be scattered by 
ice hydrometeors. Radars emit microwave pulses to clouds and receive the backscattered 
power. Satellites observe the electromagnetic waves influenced by the above processes, and 
thus the observation contains information on the gases and particles in the atmosphere and on 
the surface. 
 
 

 
 

Fig 2.1 Basic concept of radiation in the atmosphere. Green lines denote microwave radiation, 
yellow lines shortwave radiation, and red lines longwave radiation. The radiation is 
affected by gases, aerosol particles, and hydrometeors. Aerosol particles and 
hydrometeors are described by mathematical functions with respect to sizes called particle 
size distribution, N (D).  

 
 

Fig 2.1 Basic concept of radiation in the atmosphere.
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Satellite data simulators basically simulate the radiation or electromagnetic signals based 
on the state of thermodynamics, gases, particles, and surface. In the context of data 
assimilation, this is called observation operator. The inputs to satellite data simulators are 
typically outputs from numerical models such as cloud–resolving models (CRMs) and 
general circulation models (GCMs) (Fig 2.2). Satellite data simulators convert the 
geophysical variables into the electromagnetic variables that satellites would observe and 
generally they are capable of simulating signals over a broad range of wavelengths and for a 
variety of instruments. In the process of conversion, the most important concept is 
consistency. Consistency is required among the sensor simulators in terms of the optical 
properties of gases and particles used. It is desirable to apply assumptions in the numerical 
models to satellite data simulators when calculating the signals. Without consistency, 
understanding and attribution of the differences in simulated and observed signals may not be 
possible.  
 
 

 
 

Fig 2.2 Flow chart for creating synthetic satellite observations with Joint-simulator. 

 
 

Application of satellite data simulators includes model evaluation, physical interpretation 
of signals, and development of a retrieval algorithm. The simulators are developed with 
different targets in mind, but they are typically open-source programs (Satellite Data 
Simulator Portal: https://sites.google.com/site/satellitesimulators/home). Some of them are 
satellite mission-specific together with consideration of hardware characteristics. Others are 
relatively simple and targeted for evaluation of atmospheric models. One of them is aimed 
particularly at data assimilation and it runs quickly.  

The joint simulator for satellite sensors (Joint-simulator) was developed under Japan 
Aerospace Exploration Agency (JAXA) EarthCARE mission in order to simulate four 
sensors of EarthCARE satellite, namely, a cloud/aerosol lidar, a cloud profiling radar with 
Doppler velocity measurements, a multispectral imager, and a multi-view broadband 
radiometer.    
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However, its usage is not limited to EarthCARE sensors, but also includes:  
 

• CloudSat CPR 
• TRMM PR, GPM DPR 
• SSM/I, AMSR-E, TMI, GMI 
• CALIPSO CALIOP  
• MODIS, MTSAT, Himawari-8 
• CERES 
 

 
In other words, Joint-simulator can simulate visible/infrared imager, microwave 

radiometer/sounder, radar, lidar, and broadband radiometer. The basic structure was inherited 
from the Satellite Data Simulator Unit (SDSU) and the NASA Goddard SDSU (Masunaga et 
al. 2010), and Joint-simulator shares much functionality with these packages. As Table 2.1 
lists, eight sensor simulators are available in Joint-simulator and some of them have been 
newly added to SDSU and G-SDSU. 

The main assumption of Joint-simulator is the plane-parallel atmosphere in which the 
radiative signatures of a vertical column are calculated based on atmospheric and surface 
conditions in the column, but scattering and emissions from surrounding columns are not 
considered. 3D radiative transfer is especially important in broadband energy budget 
estimation and wavelength-specific optical remote sensing (Davis and Marshak 2010). 
Therefore, Joint-simulator is equipped with an offline interface for 3D radiative transfer 
applications. 

Joint-simulator has a universal interface that can be applied for various aerosol and cloud 
microphysical outputs. At present Joint-simulator has been applied to the following models:  
 

• Atmospheric models: NICAM (Satoh et al. 2008), JMA-NHM (Saito et al. 2006), 
WRF (Klemp et al. 2007; Skamarock and Klemp 2008), and MIROC (Watanabe et 
al. 2010). 

• Aerosol microphysical models: SPRINTARS (Takemura et al. 2003) and GOCART 
(Chin et al. 2000). 

• Cloud microphysical models: NICAM single and double-moment bulk schemes 
(Tomita 2008; Seiki et al. 2014), Hebrai University spectral bin model (Khain et al. 
2000), and WRF microphysical schemes (e.g., Chapman et al. 2009). 
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Table 2.1 List of sensor simulators available in Joint-simulator. “S” in the last column 
indicates that the simulator originated from SDSU modules, “G” means NASA 
Goddard SDSU extension, and “J” means Joint-simulator extension. 

Sensor Simulator  
Visible and infrared imager RSTAR6b (Nakajima and Tanaka 1986, 1988) 

 Discrete-ordinate method/adding method 
 K-distribution method with HITRAN2004 

S 

Microwave radiometer and 
sounder 

Kummerow (1993) 
 Eddington approximation 

S 

Radar Masunaga and Kummerow (2005) S 
EASE (Okamoto et al. 2007, 2008; Nishizawa et al. 2008) J 

Lidar Matsui et al. (2009) G 
EASE (Okamoto et al. 2007, 2008; Nishizawa et al. 2008) J 

Broadband radiometer CLIRAD (Chou and Suarez 1994, 1999; Chou et al. 2001) 
 Delta-Eddington approximation/adding method (two 

stream) 
 K-distribution method with HITRAN1996 

G 

MSTRN-X (Sekiguchi and Nakajima 2008) 
 Discrete-ordinate method/adding method (two stream) 
 Correlated-k distribution method with HITRAN2004 

J 

RRTMG (Iacono et al. 2008) 
 Choice of the above two methods and PIFM (two 

stream) 
 Correlated-k distribution method with HITRAN2004 

J 

 
 

In order to cope with increasingly large outputs from atmospheric models, 
Joint-simulator can be implemented with multiple processors using Message Passing 
Interface (MPI). 
 
 
2.2 Preparation of the input data 
 

The input data into Joint-simulator can be from cloud-resolving models (CRMs) or 
general circulation models (GCMs) (Fig 2.2). CRMs typically have high spatial resolutions to 
represent clouds and precipitation, and each grid box of CRM can be either clear or cloudy 
(there is no partially cloudy grid). Joint-simulator digests such aerosol/cloud/precipitation 
data. On the other hand, GCMs do not explicitly resolve cloud and precipitation systems for 
the sake of computational efficiency. If sub-grid information is not available in the outputs, 
another step is required to generate sub-grid distributions of clouds and precipitation 
(sub-grid data generator). The sub-grid data generator available in Joint-simulator produces 
3D distributions of cloudy grid boxes for each resolved vertical column based on the 
maximum-random overlap assumption. 
 
 
 
 
 

Table 2.1 List of sensor simulators available in Joint-simulator.
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The basic input data required to implement Joint-simulator are: 
 

• Thermodynamical variables of the atmosphere. The following can be read: air 
temperature, total pressure, moist air density, vapor mixing ratio, and relative 
humidity. 

• Aerosol particles and hydrometeors. Mass mixing ratio and number concentration of 
particles. 

• Surface information for passive sensors. This includes land-cover type, soil 
moisture, surface albedo and emissivity.  

 
 

Table 2.2 Mathematical functions available for particle size distributions. The parameters 
are given in CGS unit. 

  Uniform (mono-disperse) 
Formula )()( mT DDNDN  
Parameters Explanation 
NT number concentration 
Dm diameter 
D2/D1 ratio of the upper and lower limits to define a finite diameter width 

of the distribution
Generalized gamma 

Formula N(D)  N0D
 (1 )1 exp{(D) }

Parameters Explanation 
 slope parameter 
N0 intercept parameter 
 dispersion parameter
 dispersion parameter 

Lognormal 
Formula N(D)  NT / { 2D}exp[{ln(D) ln(Dm )}2 / {2 2}] 
Parameters Explanation 
NT number concentration 
Dm geometric mean diameter 
 Log of geometric standard deviation

Lognormal volume 
Formula V (D) VT / { 2D ln( )}exp[{ln(D) ln(Dm )}2 / {2 ln( )2}] 
Parameters Explanation 
VT total volume concentration 
Dm geometric mean diameter 
 geometric standard deviation

 
 

There are default values and options available for surface variables. See the user manual 
for details (https://sites.google.com/site/jointsimulator/home). The input data is prepared in 
netCDF format.  

In CRMs and GCMs the hydrometeors are typically divided into categories based on 
their physical characteristics. For instance, the liquid hydrometeors are divided into 
non-precipitating and precipitating hydrometeors, i.e., cloud water and rain, respectively 
(e.g., Kessler 1969). Similarly, the ice hydrometeors are categorized into cloud ice, snow, 
and graupel (e.g., Lin et al. 1983). The cloud microphysics scheme that assumes 

Table 2.2 Mathematical functions available for particle size distributions.
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mathematical functions to represent the particle size distributions is called bulk microphysics 
parameterization (BMP), whereas the scheme that predicts the particle size distribution is 
called (spectral) bin scheme. The particle size distributions available in Joint-simulator for 
BMP are mono-disperse distribution, generalized distribution, lognormal distribution, and 
lognormal volume distribution (Table 2.2). Users need to specify the parameters for the 
distributions of interest in the configure file. If a BMP scheme predicts one bulk quantity 
(typically mass mixing ratio), one parameter in the list can be diagnosed based on the 
predicted variable and the parameters. In cases where two bulk quantities are predicted, two 
parameters of a distribution can be diagnosed. In addition, mass-dimensional relationships 
and size-terminal velocity relationships have to be specified for each category. 
Joint-simulator also reads the outputs from bin schemes, and the simulated PSDs are directly 
taken into account in the calculation of signals. 

As for aerosol microphysical schemes, the same concept of categories and particle size 
distributions is applied. Joint-simulator, more specifically visible-IR and broadband 
simulator, is equipped with single scattering data for sulfate, black carbon, organic carbon, 
sea salt, soil dust, volcanic ash, and yellow sand. For each category, the internal mixture of 
the above materials can be arbitrarily specified. The important difference from hydrometeors 
lies in the diagnosis of effective radius. Hygroscopic aerosol particles absorb water vapor 
according to environmental humidity, which determines the equilibrium size for a given 
chemistry. Joint-simulator reads the dry mass content of an aerosol category. Users are 
required to provide the relationship between the relative humidity and effective radius of wet 
aerosol particles.  
 
 
2.3 How it works 
 

The main algorithm flow of Joint-simulator is shown in Fig 2.3a. Firstly, the 
Joint-simulator reads all the available options and parameters for aerosol and cloud 
microphysical schemes from the configure file and initializes the simulator components. 
Secondly, it calculates the single scattering properties of particles such as volume extinction 
and scattering coefficients as a function of effective radius based on the specified 
microphysical scheme. Then, there is a loop over time steps and input files, in which the 
geophysical data is read, effective radii of particles are calculated for the domain, and the 
sensor simulator section is called. As shown in Fig 2.3b, each sensor simulator section 
typically consists of calculating surface radiative properties, calculating volume radiative 
properties, calling the sensor simulator, implementing beam convolution, and writing the 
signals.  
 
 
2.4 Sensor simulators 
 

In this section the eight sensor simulators listed in Table 2.1 are briefly described. 
 
2.4.1 Visible and infrared imagers 
 

The sensor simulator available is RSTAR6b (Nakajima and Tanaka 1986, 1988). The 
following brief explanation has been taken from rstar6b.Readme and modified for 
Joint-simulator.  
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RSTAR6b is a general package for simulating radiation fields in the 
atmosphere-land-ocean system at wavelengths between 0.17 and 1000 m. Monochromatic 
intensity as well as intensity with a finite range of wavelengths can be calculated, which is 
important for channels with significant gas absorption. We assume a plane-parallel 
atmosphere divided into homogeneous sub-layers with underlying ground or ocean surface. 
The transfer engine is that of Nakajima and Tanaka (1986), which derives the solution of the 
discrete-ordinate method with use of eigen-space transformations of symmetric matrices. The 
number of streams set in Joint-simulator is three in the hemisphere (six-stream method), but 
users can change the number according to required accuracy. The gaseous absorption is 
accounted for through the non-linear fitting k-distribution method of Nakajima et al. (2000) 
and Sekiguchi and Nakajima (2008). It contains a k-distribution table with HITRAN2004, 
but this version treats the seven major gases, H2O, CO2, O3, N2O, CO, CH4, and O2. N2 is 
needed for satellite analyses but it is not included. 

The computational time required by the simulator is reduced in Joint-simulator by 
applying the look-up table approach to single scattering of particles, water surface reflection 
matrix and surface source matrix. 
 
 

 
Fig 2.3 Algorithm flow chart of Joint-simulator. The main flow in main_SDSU.F is shown in a). 

Flow b) is implemented for a sensor simulator when turned on. The red squares denote the 
IO processes.  
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2.4.2 Microwave radiometers and sounders 
 

The simulator calculates the microwave radiation by using the analytical Eddington 
solution (Kummerow 1993). It runs much faster compared to an eight-stream discrete 
ordinate scheme, and the differences never exceed 3 K for a set of realistic cloud profiles. 
The effective dielectric constants of ice particles are calculated by using Oblique 
Maxwell-Garnett functions (Olson et al. 2001) or effective-medium function (Bohren and 
Battan 1980). These options are also available for melt ice particles and the fraction of water 
volume can be assigned from the input netcdf file. However, most of bulk cloud 
microphysical schemes do not predict the melt water variable. One simple diagnosis option 
for melt water on ice particles is available, based on the temperature difference from the 
freezing temperature. When the viewing zenith angle is sufficiently large, then the incoming 
and outgoing radiation may travel outside of the vertical column above the observing surface. 
Such slant paths can be taken into account in the simulator.  

The simulator has been applied to conical scanning radiometers such as SSMI, TRMM 
TMI, GPM GMI, and AMSR-E. One of the limitations of the simulator is polarization. The 
brightness temperature of horizontal and vertical channel is calculated separately, and the 
polarization is only taken into account through the emissivity of the surface. Therefore, any 
possible contribution of hydrometeors to the polarization is not dealt with in the radiative 
transfer model. Also, this limits the application to sensors that measure only one brightness 
temperature with varying viewing angle (therefore, polarization), such as AMSU-A and B at 
non-nadir angle. 
 
2.4.3 Lidar simulator 
 

There are two lidar simulators available in Joint-simulator. One of them utilizes the 
optical properties of the atmosphere and particles computed with RSTAR6b (Matsui et al. 
2009). Users can choose a set of arbitrary wavelengths. This can be used for ground-based 
lidar. Another simulator is included in EASE (discussed later).  

 
2.4.4 Radar simulator 
 

The radar simulator (Masunaga and Kummerow 2005) shares the option for calculating 
effective dielectric constants of ice particles and the melting option for the passive 
microwave simulator. Users can choose a set of arbitrary frequencies. This can be also used 
for ground-based radars.  

 
2.4.5 EASE 
 

EASE stands for the EarthCARE Active Sensor Simulator (Okamoto et al. 2007, 2008; 
Nishizawa et al. 2008). EASE simulates 95 GHz cloud profiling radar with Doppler velocity 
and backscatter Lidar for 532 nm, 1064 nm, and 355 nm. These frequencies/wavelengths also 
correspond to the cloud radar and lidars onboard CloudSat and CALIPSO. Also, it can be 
used for ground-based radars and lidars with the same frequency.  

EASE takes into account the attenuation of the radar and lidar signals by hydrometeors. 
In addition, the molecular attenuation and backscattering are simulated for the lidar. The 
effect of the multiple scattering by liquid hydrometeors in the lidar signals is considered 
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using a correction factor that was parameterized based on Monte Carlo simulation (Ishimoto 
and Masuda, 2002). 

Different from the above lidar simulator (Matsui et al. 2009), EASE, which is used to 
calculate the depolarization ratio, simulates the cross-polarization signals from aerosol 
particles and hydrometeors. The parameter is particularly useful for identifying particle types 
(Yoshida et al. 2010). The cross-polarizations from aerosol particles are calculated using 
non-spherical scattering data. On the other hand, the cross-polarizations from hydrometeors 
are obtained from empirical parameterization of depolarization that was made from 
CALIPSO observations. For liquid hydrometeors, the depolarization is given as a function of 
nadir angle (time of operation), temperature (above or sub-freezing temperature), total 
attenuated backscattering, extinction between two consecutive layers, and order of liquid 
layers. For solid hydrometeors, the depolarization is given as a function of nadir angle, 
temperature, and total attenuated backscattering. The order of liquid layers is calculated by 
employing the simplified lidar mask (see Chapter 4). For mixed-phase cloud boxes, we 
applied the above tables separately to the attenuated backscatter calculated only with liquid 
or ice in the box. Then, the two perpendicular signals were weighted by the attenuated total 
backscattering coefficients. Note this approach is purely empirical and does not use 
information on the particle shape from the atmospheric models. 
 
2.4.6 Broadband radiative transfer simulator 
 

There are three broadband simulators available in Joint-simulator. 
 

•  CLIRAD 
CLIRAD was developed at the NASA Goddard Climate and Radiation Branch 

for use in atmospheric models such as GCMs and mesoscale models. It consists of a 
shortwave module, CLIRAD-SW (Chou and Suarez 1999) and longwave module, 
CLIRAD-LW (Chou and Suarez 1994; Chou et al. 2001). The following was taken 
from the abstracts of these papers. 

CLIRAD-SW considers the spectrum from 0.175 m to 10 m. The absorption 
due to water vapor, O3, O2, and CO2 is considered in addition to clouds and aerosols. 
The ultraviolet (UV) and photosynthetically active region is represented by 8 bands, 
while the infrared is represented by 3 bands. The k-distribution method is applied to 
the infrared region. Reflection and transmission of a cloud and aerosol-laden layer are 
computed using δ-Eddington approximation. Then, fluxes are computed using the 
two-stream adding approximation. 

CLIRAD-LW uses the 1996-version of HITRAN for the absorption due to H2O, 
CO2, O3, N2O, CH4, and CFCs. The thermal infrared spectrum is divided into 10 
bands ranging from wave number 10 to 3000 cm-1. The gaseous transmission function 
is calculated either using the k-distribution method or the look-up table method. 

 
•  MSTRN-X 

MSTRN-X uses the correlated k-distribution (CKD) method to model the gas 
absorption, in which the quadrature points and weights are optimized for use in 
GCMs (Sekiguchi and Nakajima 2008). The following brief explanation was taken 
from README of the original MSTRN-X package and modified for Joint-simulator.  

MSTRN-X considers 28 species compiled in HITRAN2004. The radiative 
transfer solver uses two-stream approximation, but in the form of the discrete-ordinate 
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method/adding method. There are three versions: standard version (18 Bands 40 
integration points), global warming version (29 Bands 111 integration points), and 
chemical transport version (37 Bands 126 integration points).  

 
•  RRTMG 

The RRTMG package (RRTMG_LW and RRTMG_SW, Iacono et al. 2008) is 
widely used in operational global models and climate/weather models, including 
ECMWF IFS, MPI ECHAM5, NCEP GFS, NCAR WRF, NCAR CAM5, and NASA 
GEOS-5. Both models utilize the correlated k-approach and two-stream 
approximation, although RRTMG_LW modifies the diffusivity angle in some spectral 
bands based on water vapor amounts. The longwave scheme consists of 16 bands 
from wavelengths of 3.08 to 1000 μm, and the shortwave one consists of 14 bands 
with a coverage from 0.2 to 12.2 μm. More details are found at 
http://rtweb.aer.com/rrtm_frame.html. Note that McICA (Monte-Carlo Independent 
Column Approximation) for sub-grid cloud representation is not available in 
Joint-simulator. 

 
 
2.5 Single scattering database 
 

Use of an appropriate single scattering parameterization is critical in developing retrieval 
algorithms and evaluating CRMs. At high microwave frequencies such as 89 GHz, 94 GHz, 
and more, the Mie scattering rules for large crystals, snow, graupel, hails, and raindrops. Liu 
(2004) approximated the single scattering properties of ice particles with a softness parameter 
to find an equal-mass ice sphere whose scattering property calculated with Lorenz-Mie 
theory was similar to those of the Discrete-dipole approximation (DDA). Meirold-Mautner et 
al. (2006) showed that the treatment of the snow category in a CRM had a high impact on the 
simulated Tb for 89 and 150 GHz, and that the simulated Tb was improved when Liu’s 
parameterization was used. In order to develop millimeter-wave precipitation retrievals, 
Surussavadee and Staelin (2006) introduced wavelength-dependent densities or ice factor 
‘F(λ)’ for AMSU-A and AMSU-B (50.3 to 183 GHz). The brightness temperature histograms 
simulated from a CRM were shown to be sensitive to F(λ), i.e., scattering parameterization 
and habits. Recently, Geer and Baordo (2014) demonstrated that the use of the sector 
snow-flake model of Liu improved passive microwave radiances between 10 and 183 GHz 
globally and under all weather conditions. Sato and Okamoto (2006) reported that orientation 
and shape of ice crystals were the major controlling factors for 95GHz radar reflectivity, 
especially for effective radius (reff) larger than 100 m with the use of DDA. Furthermore, 
they showed that the Maxwell-Garnett (MG) - Mie method underestimated the reflectivity, 
and its applicability was limited to sizes smaller than 40 m. For identification of stratiform 
versus convective precipitation with CPR, the differences in scattering signals brought by 
graupel or fluffy snow had to be simulated properly (Kollias et al. 2007).  

For visible-IR regions, cloud particles are typically in Mie scattering, whereas the larger, 
precipitating particles are in geometric optics. The aerosol particles are in Rayleigh to Mie 
scattering regimes. Macke et al. (1998) investigated the roles of ice particle size distributions 
and particle shapes in cirrus cloud solar radiative transfer by means of aircraft observations, 
and showed that at 0.5 m, 1.6 m, and 3.0 m wavelengths, the spread in the resulting mean 
asymmetry parameters due to different particle size distributions was smaller, comparable to 
and smaller, respectively, than the difference caused by applying different particle shapes to 
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these distributions. The use of depolarization of dust particles improved retrieval of the 
extinction coefficient by lidar (Nishizawa et al. 2011). For MODIS retrieval products, Baum 
et al. (2005) considered the six ice particle types and showed that no single habit accurately 
replicated the derived IWC and Dm (median mass diameter) values, but a mixture of habits 
could significantly improve the comparison of these bulk microphysical properties.  

As a satellite data simulator for multiple sensors, it is essential to have a self-consistent 
single scattering library over a wide range of spectra for aerosols and hydrometeors. 
Currently, the scattering data are calculated or prepared differently among some sensors (Fig 
2.4). The aerosol and cloud optical parameters such as extinction, absorption, scattering 
cross-sections and phase functions are input to the sensor simulators (Fig 2.2): 
 

• visir, lidar, broad: uses KRNL.OUT of RSTAR6b which is a look-up table for Mie 
solutions. 

•  micro, radar: uses a built-in Mie subroutine.   
• EASE: uses its own look-up tables for Mie and non-spherical particles. Users can 

specify one table for each category of hydrometeors. The default is set to a mixture 
of 50% of 3D bullet and 50% of 2D column (see Okamoto et al. 2010; Sato and 
Okamoto 2006). This option is effective only for radar and 532nm lidar at this 
moment. 

 
 
 

 
 

Fig 2.4 Scattering library in Joint-simulator. Et: extinction coefficient, Bs: backscattering 
coefficient, SSA: single scattering albedo, g: asymmetric parameter, δ: depolarization 
ratio, Ce: extinction cross section, Ca: absorption cross section, p: phase function, re: 
effective radius. NS-DB means non-spherical database. The variables in the square box 
are tabulated in terms of the variables below. 

 

Fig 2.4  Scattering library in Joint-simulator.   
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Table 2.3 Liu’s data in unified non-spherical scattering database. 

Citation Liu (2008) 
Method Discrete dipole approximation 
Frequency (GHz) 3, 5, 9, 10, 13.405, 15, 19, 24.1, 35.605, 50, 60, 70, 80, 85.5, 

90, 94, 118, 150, 166, 183, 220, 340 
Temperature  233.15, 243.15, 253.15, 263.15, 273.15 
Number of size parameters 20 
Number of scattering angles 37 
Number of phase function 1 
Habits 11 crystal habits: columns, plates, rosettes, sector 

snowflakes, and dendrite snowflakes. 
 

Table 2.4 Ishimoto’s data in unified non-spherical scattering database. 

Citation Ishimoto (2008) 
Method Finite difference time domain method 
Frequency (GHz) 36, 89, 95, 150 
Temperature 250 
Number of size parameters 9 
Number of scattering angles 181 
Number of phase function 6 
Habits 3 aggregate models 

 
 
 

 

 
Fig 2.5 Concept of external non-spherical scattering database. 

 
 

Note that the format of database also differs among the simulators. 
In order to assure consistency in non-spherical scattering among the sensor simulators, 

Joint-simulator is equipped with a unified single scattering library (Fig 2.5). Individual 
developers of scattering models submit their data in any format to the system (level-0). The 
format converter has been developed to adjust and organize the original data into a unified 
format (level-1). Then, the extinction cross section, scattering cross section, asymmetry 
parameter, and scattering phase matrix are stored in terms of size parameter calculated using 
melt-mass equivalent radius, air temperature, and frequency for the microwave range. 
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Finally, users can create look-up tables (level-2) for the sensor simulator of interest based on 
the user’s cloud microphysical scheme through the radiative transfer model (RTM) input 
creator.  

At this moment, the scattering database includes ice crystal models calculated by Prof. 
Liu at Florida State University (Table 2.3) and aggregate models developed by Dr. Ishimoto 
at Japan Meteorological Agency, Meteorological Research Institute (Table 2.4).  
 
 
 

Glossary 
 

AMSU Advanced Microwave Sounding Unit 
AMSR-E Advanced Microwave Scanning Radiometer for EOS 
ATLID Atmospheric LIDAR 
BBR EarthCARE Broadband Radiometer 
CALIOP CALIPSO cloud-aerosol lidar with orthogonal polarization 
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 

Observation 
CERES Clouds and the Earth’s Radiant Energy System 
CPR Cloud Profiling Radar 
CRM Cloud Resolving Model 
DPR Dual-frequency Precipitation Radar 
GCM General Circulation Model 
GMI GPM Microwave Imager 
GPM Global Precipitation Measurement 
MODIS Moderate Resolution Imaging Spectroradiometer 
MSI MultiSpectral Imager 
MTSAT Multi-functional Transport Satellite 
PR Precipitation Radar 
SSM/I Special Sensor Microwave Imager 
TRMM Tropical Rainfall Measuring Mission 
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Chapter 3  Examples of application of the Joint-simulator  
 

In this chapter we show some examples of simulated signals and discuss applications of 
the Joint-simulator for evaluation of atmospheric models and development of retrieval 
algorithms. The signals shown in this section were calculated from a 3.5-km global 
simulation using NICAM and the dataset is explained in Chapter 4. The snapshots of signals 
shown in section 3.1 and 3.2 were all created for June 19 12Z of 2008.  
 
 
3.1 Examples of simulated signals 
 
3.1.1 Visible/IR composites 
 

Visible/IR composites are useful for a qualitative quick look of the state of the 
atmosphere and surface (e.g., Chapter 2 of Observing our Planet Earth Using Global 
Imager,http://suzaku.eorc.jaxa.jp/GLI/doc/GLI_BOOK_CD/ABBR/INDEX_J.HTM). 
Examples of radiances at 2.2, 1.61, and 0.659 m over a maritime continental area are shown 
in Fig 3.1a, b, and c, respectively. The Tropical Cyclone (TC) Fengshen is located at 129°E 
and 12°N. At 1.61 m, the ice clouds absorb the radiation strongly, compared to water 
clouds. Therefore, the ice clouds appear violet in the composite (Fig 3.1d). The land has a 
low albedo at 0.659 and 2.2 m, leading to the green color. The water clouds appear to be 
gray to white and the ocean surface looks dark due to the negligible albedo. Fig 3.2 shows 
another set of composites for a mid-latitude frontal system. The 2.2, 1.61, and 0.659 m 
composite (Fig 3.2a) indicates that a front exists from 35°S/80°E to 45°S/110°E. The white 
color suggests that the northern part of the system is associated mainly with liquid clouds 
(see also the corresponding IR image in Chapter 4). The southern part and the areas below 
50°S are occupied mostly with ice clouds, indicated by the violet color. Another composite is 
shown in Fig 3.2b. The 6.7 m radiation is absorbed by water vapor and the sensitivity lies in 
the upper level from 200 to 500 
hPa(http://rammb.cira.colostate.edu/wmovl/VRL/Tutorials/goeschan_selection/print/6_3_3.h
tm). The reflection at 1.38m by ice clouds is slightly larger than that by water clouds, 
whereas the opposite is true at 0.865 m. In addition, the 1.38 m radiation is strongly 
absorbed by water vapor above the surface, which masks the information from the surface 
and low-level clouds. In this way high ice clouds can be effectively detected (e.g., Gao and 
Kaufman 1996). The contrast in red color in the south of the front suggests that there is a 
moist flow above the ice clouds (cyan color). The air in the north of the front is marked by 
clear red compared to the south, corresponding to sub-tropical atmosphere. The water clouds 
appear as blue/violet. 
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Fig 3.1 Examples of radiances at a) 2.2, b) 1.61, and c) 0.659 m, and d) the RGB 

composite. 

 
 
 

composite.
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Fig 3.2 Examples of RGB composites made by visible-IR simulator. 

 
 
 

3.1.2 Passive microwave simulation 
 

Examples of passive microwave simulations are shown in Fig 3.3. The brightness 
temperature at 19 GHz is sensitive to the column amount of water vapor and liquid 
hydrometeors. For example, the vertically-polarized brightness temperature and index of 
cloudiness are used for determining if a column is clear, cloudy, or rainy over the ocean in 
the water vapor retrieval algorithm 
(http://sharaku.eorc.jaxa.jp/AMSR/products/pdf/alg_des.pdf). The index of cloudiness is 
calculated from brightness temperature and surface emissivity at 19 and 37 GHz. According 
to the rule, the locations in yellow, orange and reddish color are considered rainy over the 
ocean in Fig 3.3a. The areas surrounded by magenta line, encompassing the rainy locations, 
are cloudy, and otherwise the other locations are clear. TC Fengshen at 130°E and 12°N is 
associated with the cloudy and rainy diagnosis. By applying the same rule to observations, 
we can evaluate the simulated water vapor and cloud/precipitation statistics in a consistent 
way. The polarization-corrected brightness temperature (e.g., Spencer et al. 1989) is often 
used for retrieving the precipitation rate. It is defined to remove the effect of water surface on 
the depression of brightness temperature. At 89 GHz, it is known that the 
polarization-corrected temperature (PCT) is sensitive to volume scattering especially due to 
ice particles. Fig 3.3b indicates a cold PCT around TC Fengshen, implying that the eye wall 
and rain bands contain a large amount of ice particles. 

 

- 24 -



CGER-I127-2016, CGER/NIES 

- 25 - 
 

 
 

Fig 3.3 Examples of passive microwave simulations. a) Vertically polarized brightness 
temperature at 19 GHz and b) Polarization-corrected brightness temperature at 89 GHz. 
The index of cloudiness is shown with magenta line in a). 

 
 
3.1.3 Active sensors and heating rate 
 

In this section, vertical and horizontal slices of the TC Fengshen are shown as seen by 
active sensors and heating rate. The upper panel of Fig 3.4 shows iso-surfaces of 95 GHz 
radar reflectivity at –30 dBZ and horizontal/vertical slices. The iso-surface value corresponds 
to the approximate detection limit for CloudSat CPR. The horizontal slices are at 14, 12, 8, 4 
km, whereas the vertical slice passes the eye of Fengshen at 129.5° E and 12° N. At 12 km a 
ring of large reflectivities can be seen around the eye, and a rain band is located in the south. 
Corresponding Doppler velocities are shown in the lower panel of Fig 3.4. The Doppler 
velocity below the rain band indicates a negative velocity less than –5 m s-1 due to graupel 
particles. This makes a good contrast to the larger velocity in the north of the eye with high 
reflectivity, corresponding to the existence of a high concentration of smaller hydrometeors. 
At 4 km the negative Doppler velocity is associated with rain and the red color is associated 
with a strong updraught along the eye wall. Iso-surfaces of the 532 nm lidar backscattering 
coefficient at 10-6 m-1 str-1 are shown in the upper panel of Fig 3.5 along with horizontal and 
vertical slices. The iso-surface value is roughly a value that a lidar cloud mask indicates at 
the cloud top. The lidar signal indicates that the cloud top at the south of the eye is 
particularly high, reaching 18 km. It is clear that the lidar signals attenuate quickly below the 
cloud top. The corresponding longwave heating rate (lower panel of Fig 3.5) indicates an 
area of strong cooling on the south side of the eye wall. It is interesting to point out that the 
vertical extent of the radiative cooling is higher than the iso-surface of the lidar signal. 

 

Fig 3.3   Examples of passive microwave simulations.
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Fig 3.4 Examples of simulated 95 GHz radar reflectivities (upper panel) and Doppler 
velocities (lower panel). The reflectivities are given in dBZ and the velocities in m s-1. 
Location of the eye of the TC Fengshen is indicated by the magenta arrow. 
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Fig 3.5 Examples of the simulated 532 nm lidar backscattering coefficient (upper panel) 
and longwave heating rate (lower panel) at different heights. The backscattering 
coefficient is given in logarithm of m-1 str-1 and the heating rate is in K day-1. Location of 
the eye of the TC Fengshen is indicated by the magenta arrow. 

 
 
 

Fig 3.5  Examples of the simulated 532 nm lidar backscattering coefficient (upper panel) 
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3.1.4 Impact of non-spherical scattering 
 

The sensitivity of passive microwave signals to non-spherical scattering is discussed 
below. The impacts on cloud radar and lidar signals are discussed in Chapter 4. The single 
scattering look-up tables were calculated by assuming an inverse exponential size 
distribution, N(D) = N0 exp(-λD), for snow category (N0 = 0.03 cm-4, ρs = 0.1 gm-3, and ice 
water content of 1 g m-3). Fig 3.6 shows the volume extinction, single scattering albedo, 
asymmetry parameter, and backscattering phase function as a function of effective radius. 
The size integration is limited from 0.1 to 2 cm. MG-MIE1 uses the oblique Maxwell-Garnet 
mixing rule (ice inclusion within the air matrix) and Mie sphere solution that is a default in 
Joint-simulator. ISMT-SF1, ISMT-SF2, and ISMT-SF3 were calculated by means of the 
aggregate models provided by Dr. Ishimoto. These use slightly different fractal dimensions, 
thus different mass-dimensional relationships. Compared to MG-MIE1, the maximum 
extinctions of ISMT-SF1 and ISMT-SF2 are small. The asymmetry parameter of the 
aggregate models is smaller than that of MG-MIE1 over large sizes, while the backscattering 
phase functions of the aggregate models are larger. This implies that the microwave 
brightness temperature is more depressed and the radar reflectivity is larger by the aggregate 
models than those by MG-MIE1. The simulated 89 GHz brightness temperature with 
horizontal polarization and the difference from MG-MIE1 are calculated for Tropical 
Cyclone Fengshen in Fig 3.7. Indeed, the ISMT-SF2 results in more depression of the 
brightness temperature, up to 5 K. Note that the depression is evident in both the convective 
and stratiform regions of the clouds. 

 
 

Fig 3.6 Comparison of single scattering properties versus effective radius at 89 GHz. 
MG-MIE1 uses Mie sphere solution with Maxwell-Garnet mixing rule, and ISMT-SF1, 
SF2, SF3 are from Dr. Ishimoto’s aggregate model with different fractal dimensions.  
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Fig 3.7 Examples of the sensitivity of the scattering model on microwave brightness 

temperature. a) shows the horizontally polarized brightness temperature Tb in Kelvin 
at 89 GHz calculated with ISMT-SF2. b) is the difference of Tb between ISMT-SF2 and 
MG-MIE1. 

 
 
 

3.2 Example of diagnosis of atmospheric models 
 
3.2.1 Comparison of IR images 
 

Comparison of observed and simulated IR brightness temperatures (Tb) is a good way 
to start model evaluation. Fig 3.9a shows a composite of observed 10.8 m IR brightness 
temperatures at 12:00Z on 19 June 2008. The corresponding Tb simulated by NICAM is 
shown in Fig 3.8b. Although the simulation in Fig 3.8b ran for four and a half days, it 
reproduces a similarly looking set of synoptic disturbances to those in Fig 3.8a, especially in 
the southern hemisphere. In particular, the simulated TC Fengshen lies close to the observed 
location, just east of the Philippines. Furthermore, the locations of marine warm clouds off 
the coast of Peru, Australia, and Madagascar are also simulated well. However, the region 
150°E-150°W shows differences in the organization of tropical cloud clusters; specifically, 
the simulation shows more isolated convective cells with less spread of detrainment. Also, 
the simulated convective clouds over Himalaya and in the east underestimate Tb. Overall, 
NICAM shows some biases in the cloud top height and organization of cloud clusters, but 
simulates well the main features of the typhoon and synoptic disturbance. 

 

Fig 3.7   Examples of the sensitivity of the scattering model on microwave brightness
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Fig 3.8 Global infrared brightness temperatures Tb at 10.8 m. (a) A composite of observed 
Tb by MTSAT-1R obtained from the Center for Environmental Remote Sensing 
(CEReS), Chiba University and Meteorological Research Institute (MRI), Japan, and 
global IR image obtained from Climate Prediction Center (CPC), NOAA, USA. (b) 
Simulated Tb from NICAM output using the Joint-simulator. 

 
 

  

Fig 3.8  Global infrared brightness temperatures Tb at 

- 30 -



CGER-I127-2016, CGER/NIES 

- 31 - 
 

3.2.2 Meridional distribution of cloudy grids by temperature 
 

Evaluation of simulated cloud occurrence is the first step for quantitative model 
evaluation. However, there is an ambiguity in the definition of cloud itself among different 
sensors and also “cloud” can be differently defined when electromagnetic signals are used 
and when cloud bulk quantities such as mass content are used. Therefore, a consistent use of 
cloud masks between observations and simulations is a key for the apple-to-apple 
comparison. In this sub-section we utilize CSCA-MD (the CloudSat–CALIPSO merged 
dataset, Hagihara et al. 2010) and compare the three cloud masks defined by CloudSat CPR 
and CALIPSO CALIOP between observations and simulations. C1 is radar only, C2 is lidar 
only, and C3 is defined by both radar and lidar. More detailed description on the masks is 
found in Chapter 4. The statistics for the simulation was calculated for the period of June 17 
00Z to 25 00Z and compared with the observed monthly statistics for the June. 

Evaluation of the meridional-height distributions of cloudy grids tells us about the 
model’s ability to capture the macroscopic characteristic of clouds. In the following analysis, 
we use air temperature (T) as the vertical coordinate to clarify the temperature dependency of 
clouds.  

We defined cloud fraction (CF) as the ratio of the number of cloudy grids (identified 
using cloud masks C1, C2, and C3) to the number of clear and cloudy sky grids, where the 
grid boxes are defined by latitude and temperature. In the equation below, CF for the latitude 
grid index j and temperature grid index k is calculated as  
 

 
CFj,k 

n(1, i, j, k)
i


n(0, i, j, k)
i
  n(1, i, j, k)

i


, 
(3.1) 

 
where i is the longitude grid index. N (0, i, j, k) is the number of samples that do not have a 
cloud, whereas n (1, i, j, k) is the number of cloudy samples. We first grouped the vertical 
profiles from observations zonally in 5 latitudinal increments, then divided the profiles in a 
latitudinal box into 5 K increments of T. This 5 K T change equals a vertical distance of 
about 1 km at low levels over the tropics and about 0.67 km for other regions of the 
troposphere. Note that in this definition, for example, when there is a high CF in a 
temperature range, we cannot tell if the cloudy grids are related to the top, somewhere in the 
middle or bottom of the cloud layers. 

Fig 3.9a and b show the observed and simulated meridional-T distributions of CFs.  
Note that clouds defined by C1 include precipitating and non-precipitating clouds. The 
simulated meridional-T distribution of C1 CFs shows a good linear correlation (0.88) with 
the observations. From –55 to –35 °C, the observed CFs are high (>0.25) over the tropics, 
specifically over India, South Asia, the Western Pacific, and Central America (see Fig 3.8 for 
reference). They are likely associated with cirrus clouds in the layer of the main convective 
outflow from –70 to –50 °C or from 12 to 14 km. The simulation captures the maximum CFs 
associated with the high clouds well.  

The difference DF = CFsim-CFobs for the meridional-T distribution of C1 CFs clearly 
shows the inaccuracies present within the simulation (Fig 3.9c). The CFs of high ice clouds 
(T below –30 °C), particularly in the subtropics and subarctic of the northern latitudes, are 
overestimated. In contrast, the simulations underestimate CF from C1 for liquid clouds (T 
above 0 °C) and middle clouds (T near –10 °C), particularly in the northern latitudes. The 
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CFs of the low-level clouds (within 10 °C of the surface T) are overestimated in high 
latitudes. 

Furthermore, to understand the overall characteristics of the model we calculated the 
marginal probability density function (MPDF) of the cloudy grids over T and latitudes. For 
instance, the MPDF over latitudes is calculated as:  
 

 

pj 
1

lat

n(1, i, j, k)
i,k


n(0, i, j, k)
i, j,k
  n(1, i, j, k)

i, j,k


, 

(3.2) 

 
where Δlat is the latitude bin width of 5 degrees. Overall, the simulated MPDF over latitudes 
shows a good agreement with the observations (lower panels of Fig 3.9a and b). However, 
the MPDF over T has some inaccuracies (left panels of Fig 3.9a and b). It shows two modes, 
one between –40 and –35 °C and one between –5 and 0 °C, whereas observations have just a 
single mode between –15 and –10 °C. Correspondingly, the DF value of MPDF over T (left 
panel of Fig 3.9c) indicates the peaks of overestimation around –50 °C and underestimation 
around –10°C.  

The observed meridional-T distribution of C2 CFs is shown in Fig 3.9d. The clouds 
defined by C2 are typically related to optically thin clouds and cloud tops with optical 
thickness of 0.01 to 3 that mainly consist of cloud droplets and/or ice crystals. Compared to 
C1, the C2 mask has smaller CF values for low-level clouds because upper-level clouds 
generally attenuate the lidar signal strongly. This is reflected in the observed MPDF over T 
(left panel of Fig 3.9d), which has a higher frequency near –50 °C than other peaks at warmer 
temperatures. The observed meridional-T distribution shows a large CF of 0.1 or more just 
below the tropopause in the middle latitudes and tropics.  

In the following, we separate a given vertical profile with cloudy grids into a set of cloud 
layers which are identified as having at least one clear grid between cloud layers and having 
a depth exceeding 1200 m for C1 and 480 m for C2. Since cloud types can be inferred from 
the vertical positions of their tops, we introduced cloud top temperature (CTT) and cloud top 
temperature occurrence (CTO). We calculated CTO with respect to the total number of 
cloudy samples in a latitude range to emphasize their relative contributions.  
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Fig 3.9 Meridional-temperature distribution of cloud fraction (CF) defined using C1 and 
C2 masks. a) Calculated by CSCA-MD with C1. b) Simulated by NICAM with C1. c) 
Difference defined as DF = CFsim-CFobs for C1. d) Calculated by CSCA-MD with C2. e) 
Simulated by NICAM with C2. f) DF for C2. The color contours in a), b), d), and e) 
depict cloud fraction (unitless number), while those in c) and f) are the differences of 
cloud fraction. The marginal probability density functions of the cloudy grids over 
temperature and latitudes are shown in the left and lower sides of each panel. Air 
temperature [C] is used as a substitute of vertical direction since it is closely related to 
cloud microphysics.  

Fig 3.9  Meridional-temperature distribution of cloud fraction (CF) defined using C1 and 
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By analyzing the CTO, we can clarify the cloud types in the CF distribution. Contrary to 
the C2 CFs, the maxima of the C2 CTO in Fig 3.10a appear above the tropopause. For 
example, the southern polar latitudes have a local maximum in CTO (～0.1) at T below –
55 °C. This maximum, which does not exist in the northern polar latitudes, is associated with 
polar stratospheric clouds (PSCs). Verlinden et al. (2011) showed that the location of 
maximum CTO correlates with maximal static stability in the lower stratosphere. Some 
clouds at T below –70 C in the tropics include sub-visible cirrus, which have a less than 
0.3 and IWC of 10-4 gm-3 (e.g., McFarquhar et al. 2000; Lawson et al. 2008).  
 
 

 

 
Fig 3.10 Meridional-temperature distribution of cloud top occurrences (CTO) defined using 

C2. a) Calculated by CSCA-MD. b) Simulated by NICAM. The color contours are the 
cloud top occurrences, which are normalized for each interval of latitudes. The marginal 
probability density functions over temperature and latitudes are shown in the left and 
lower sides of each panel.  

 
 

There is a local maximum of the C2 CTO between –15 and 0 C in the tropics, which is 
likely associated with cumulus congestus (Johnson et al. 1999). Similarly, there are distinct 
local maxima of the C2 CTO between –20 and –10 C, extending from the northern 
subtropics to the Arctic. The local maxima at 15N and 45N are mainly located at 45W–
15E and 45E–105E over land. In the southern subtropics (25S–10S) and T near 10 C, a 
local maximum of the C2 CTO associated with boundary-layer shallow cumulus clouds 
spreads out west of Peru and over the Indian Ocean. 

The simulated meridional-T distribution of the C2 CFs (Fig 3.9e) qualitatively fits the 
observations, but has a lower linear correlation with the observations (0.61) than that of the 
C1 CFs. As with the C1 CFs (Fig 3.9c), the simulation using the C2 mask overestimates the 
CFs of high clouds at T below –30 C over all latitudes (Fig 3.9f). In contrast, C2 
underestimates CF between –20 and 0 C in the northern latitudes, which is associated with 
the above-mentioned poor simulation of the local CTO maxima (Fig 3.10a and b). In the 
southern high latitudes, C2 underestimates CF between –30 and –10 C, even though the 
opposite occurs for C1 in the region. This suggests that NICAM overestimates cloud depth. 
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However, at T below –55 °C, NICAM well reproduces the C2 CFs and CTOs that are related 
to the PSCs at 60S-82S.  

Analysis of C3 CF distribution is useful for evaluating cloud optical depth and 
distribution of clouds that radar-and-lidar retrievals can be applied to. C3 masks are typically 
defined for optically thin clouds with particles large enough for the radar to detect and 
defined for cloud tops of optically thick clouds. Fig 3.11a and b show the meridional-T 
distribution defined using C3 for CSCA-MD and NICAM, respectively. As a result of the 
overestimation from C1 and C2, C3 overestimates the MPDF of cloudy grids over T between 
–60 and –30 C. Due to this overestimation, the MPDF over latitudes is also overestimated, 
especially in the tropics and northern mid-high latitudes. However, the simulated 
meridional-T distribution of CF correlates well with the observations (correlation coefficient 
of 0.82).  
 
 

 
 

Fig 3.11 Meridional-temperature distribution of cloud fraction (CF) defined using C3 and 
C3 cloud occurrences conditioned on C1. a) Calculated by CSCA-MD with C3. b) 
Simulated by NICAM with C3. c) Calculated by CSCA-MD with C3 conditioned on 
C1. d) Simulated by NICAM with C3 conditioned on C1. The color contours in a) and 
b) are the CF, while those in c) and d) are the conditional CF. The marginal probability 
density functions over temperature and latitudes are shown in the left and lower sides of 
each panel. 

Fig 3.11  Meridional-temperature distribution of cloud fraction (CF) defined using C3 and 
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To see how C3 depends on C1, we calculated the fraction of the number of C3 clouds to 
that of C1 clouds, which is called hereafter conditional CF. The observations (Fig 3.11c) 
show an increase in the conditional CF with decreasing T, exceeding 50% at T below –40 C. 
The decrease of conditional CF with increasing T is related to lidar attenuation caused by a 
general increase of . The simulation in Fig 3.11d shows a similar monotonic dependency on 
T, but with i) larger conditional occurrences at T below -30 C, and ii) local maxima between 
–30 and –10 C around 30S and 40N. The observed conditional CF is quite small at T 
below –40 C in the northern polar region. The small values might be due to attenuation of 
the lidar signals associated with either small, upper-level ice particles or the existence of 
large snow particles that were not detected by the lidar. 

Further analysis of the particle phase at the cloud top helps us evaluate cloud types, 
phase separation, and the relation between aerosols and hydrometeors. For simulation the 
phase of hydrometeors was classified as liquid if the liquid mass mixing ratio from the 
NICAM output was more than 80% of the total for a given grid, and otherwise as ice. For 
observation the cloud particle retrieval of Yoshida et al. (2010) was used, which is based on 
the lidar depolarization and estimated attenuation. The observed ratio of liquid CTO to the 
total CTO increases linearly with increasing T, reaching 50% at T near –20C (left panel of 
Fig 3.12a). However, the simulated liquid CTO ratio remains 0 as T increases to –10 C, and 
then rapidly increases to 1 between –5 and 0 C (left panel of Fig 3.12b). The latitudinal 
liquid CTO ratio (lower panel of Fig 3.12a) shows a maximum in the southern subtropics, 
corresponding to the dominant occurrence of low-level shallow cumulus (Fig 3.9). This 
observed dependence on latitude agrees with Fig 4.6 of Yoshida et al (2010) for September to 
November 2006. In contrast, the simulated liquid CTO ratio reaches at most 0.2 (lower panel 
of Fig 3.12b), indicating that NICAM underestimates the number of cloud layers with liquid 
at the top.  
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Fig 3.12 Meridional-temperature distribution of the ratio of liquid cloud-top occurrence to 
the total cloud-top occurrence defined by C2. (a) Calculated from CSCA-MD. (b) 
Simulated by NICAM. The liquid clouds in NICAM were identified as a cloudy grid 
region with liquid mass mixing ratio higher than 80%. (c) Same as (b) except 20% 
instead of 80%. The color contours are the ratios. The marginal probability density 
functions over temperature and latitudes are shown in the left and lower sides of each 
panel. 

 
 

Between –30 and –10 C, liquid cloud tops occur most frequently in the southern high 
latitudes, possibly due to close proximity to the ocean surface with its soluble aerosols (e.g., 
sea salt). On the other hand, the simulation does not show any dependency on latitude, which 
is likely related to the facts that in the simulation aerosol particles were not predicted and 
number of cloud condensation nuclei is set to a constant (50 cm-3) globally and freezing of 
cloud droplets is not explicitly tied to the aerosol property. The simulated liquid CTO 
depends somewhat on the assumption made on the separation of the particle phase. For 
example, Fig 3.12c shows the result with the assumption that clouds with more than 20% of 

Fig 3.12  Meridional-temperature distribution of the ratio of liquid cloud-top occurrence to 
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liquid-mass mixing ratio (instead of the previous 80%) are regarded as liquid clouds. The 
liquid CTO ratio over T shows more occurrences of super-cooled liquids in T less than –10C 
as well as a local maximum near 60S. However, the underestimation bias remains with the 
insufficient reproduction of the latitudinal dependency. 
 
 
3.3 L1 data construction 
 

In order for retrieval algorithm developers to test their algorithms before launch, we 
provide them of synthetic level-1 signal datasets. To construct the data, we simulate the 
virtual orbit of the EarthCARE satellite and swath of the three sensors (Fig 3.13). The orbit 
was simulated in such a way that EarthCARE passed the equator at 14:00 local time in the 
descending node. For MSI, 230 samples are uniformly located to the left and 70 samples to 
the right of the orbit with a 500×500 m resolution. For CPR and ATLID, just one sample 
each is calculated below the satellite with 500 and 285 m resolution, respectively. Note that a 
CPR sample is located in the middle of sample number 230 and 231 of MSI in cross track 
direction, but co-located along the track direction (not shown). Secondly, along the swath, 
atmospheric data were interpolated from a 3.5-km global cloud-resolving simulation by 
NICAM. Since the high-resolution run did not simulate aerosols, we implemented a 223-km 
NICAM-SPRINTARS simulation, and merged the simulation of aerosols with the 3.5-km 
simulation.  
 
 

 
 

Fig 3.13 Simulated track and swath of the EarthCARE satellite. Time of the passage is 
shown in UTC. The color shows the time from the starting point (0:00 Z) in seconds. 

 
 

 
 
 
 

 

Fig 3.13  Simulated track and swath of the EarthCARE satellite.
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MSI radiance and brightness temperature were simulated with the use of response 
functions (Fig 3.14). The cold IR (10.8 μm) brightness temperatures and low radiance at 1.65 
μm between 14°S and 20°S suggest that these high clouds are made of ice particles at the 
cloud tops. The one near 16°S has a large visible optical depth. The large radiance at 1.65 
and 2.21 μm and high IR brightness temperature near 23°S suggest that the cloud is a 
low-level liquid cloud. These signals by MSI give information near cloud tops and cloud 
microphysics inside can be investigated using CPR and ATLID. Fig 3.15a and b show 
simulated CPR signals for another time interval. The ice clouds of –2 m/s Doppler velocity 
overlap the low-level liquid clouds. The relatively large backscattering (～–6) in Fig 3.15c is 
due to sulfate particles. It can be seen that the condensational growth of the aerosol particles 
(haze) fluctuates on the 3.5-km horizontal scale. The weaker signals (～–6.5) in the middle 
from the surface to upper levels are associated with black/organic carbon. The Mie cross 
polarization channel (Fig 3.15d) shows a contribution from dust particles below 8 km at 
around 15°S and a contribution from upper-level ice clouds above 10 km. The datasets have 
been already used to test/evaluate retrieval algorithms developed by the EarthCARE science 
team and have proven to be useful. One of the future tasks is to construct such datasets from 
a high-resolution aerosol-cloud global simulation in order to capture more realistic and 
consistent aerosol and cloud distributions. 
 
 

 
 

Fig 3.14 MSI radiance and brightness temperature simulated between 1:35 and 1:40 UTC. 
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Fig 3.15 ATLID and CPR signals simulated over south-central Africa, between 00:40 and 
00:50 UTC. ABSC stands for attenuated backscattering coefficient. CO and CR denote 
co-polarization and cross polarization. The unit for Doppler velocity is in m/s, and 
ABSC in log10 of 1/m/str.  
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Fig 3.15  ATLID and CPR signals simulated over south-central Africa, between 00:40 and 
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Chapter 4  Evaluating Cloud Microphysics from NICAM against CloudSat and 
CALIPSO  

 
(Published in Journal of Geophysical Research, doi:10.1002/jgrd.50564) 
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4.1 Introduction 
 

To evaluate general circulation models (GCMs) and cloud resolving models (CRMs) 
against satellite data, there are two main approaches: 1) comparison of a simulated 
aerosol/cloud variable (e.g., cloud water content) against the corresponding retrieved variable 
through an inversion algorithm (inversion approach), and 2) comparison of a signal (e.g., 
radar reflectivity and LIDAR backscatter) calculated from the output of an atmospheric 
model against the corresponding satellite raw observation (forward approach) (e.g., 
Masunaga et al. 2010; Bodas-Salcedo et al. 2011, Matsui 2012). The inversion approach 
relies on the quality of retrieval algorithm (inversion models) for model evaluation, whereas 
the forward approach requires forward models (or radiative transfer models) to simulate 
satellite-observable signals. For a given control volume, the inversion models generally have 
uncertainties in the physical characteristics of cloud particles, such as the phase, particle size 
distributions, and particle shapes. Forward models have uncertainties in radiative transfer and 
single-scattering properties. The inversion approach enables us to directly compare the 
geophysical quantities that define aerosols and clouds, such as aerosol mixing ratio and cloud 
and ice water contents. However, the microphysics assumptions in the cloud model may not 
be the same as those in the retrievals, and general users are constrained to the algorithm 
assumptions. On the other hand, in the forward approach the user can apply the consistent or 
different assumptions of microphysics properties in the forward model to investigate 
sensitivity of the satellite-observed signals. Because of these advantages, this study uses the 
forward approach for evaluating cloud properties using the satellite measurements.  

The forward approach has been applied to evaluate both precipitating and 
nonprecipitating cloud systems with the CloudSat and/or the Cloud-Aerosol Lidar and 
Infrared Pathfinder Satellite Observation (CALIPSO) satellites (e.g., Bodas-Salcedo et al. 
2008, Masunaga et al. 2008, Satoh et al. 2010, Shi et al. 2010, Zhang et al. 2010, Suzuki et 
al. 2011, Kodama et al. 2012, Zeng et al. 2012). In this approach, useful analyses include 
cloud fraction analysis and construction of marginal and joint histogram of signals such as 
the contoured frequency by altitude diagram (CFAD) (Yuter et al. 1995). Also, Zhang et al. 
(2010) introduced a clustering method in order to characterize the vertical distributions of 
hydrometeors based on CloudSat and CALIPSO signals. Suzuki et al. (2011) showed that the 
combination of effective-radius products from the Moderate Resolution Imaging 
Spectroradiometer (MODIS) and CloudSat Cloud Profiling Radar (CPR) profiles are useful 
to evaluate simulated warm-cloud microphysical processes. In addition, precipitating clouds 
have been evaluated with Tropical Rainfall Measuring Mission (TRMM) Precipitation Radar 
(PR) and TRMM Microwave Imager (TMI) (Han et al. 2010, Li et al. 2010, Wiedner et al. 
2004), the Advanced Microwave Scanning Radiometer for Earth Observing System 
(AMSR-E) (Eito and Aonashi 2009, Han et al. 2013), and Advanced Microwave Sounding 
Unit B (AMSU-B) and the Special Sensor Microwave Imager (SSM/I) (Meirold-Mautner et 
al. 2007, Shi et al. 2010). A systematic evaluation using the TRMM Triple-sensor Three-Step 
Evaluation Framework (T3EF) has been proposed by Matsui et al. (2009), where statistical 
analysis of signals is conducted after diagnosis of precipitating cloud types. In these previous 
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studies, however, interpreting differences in signals relating to ice/liquid water contents, 
water paths, and effective radii is not straightforward.  

The aim of this paper is to describe an effective method to evaluate the cloud 
microphysical quantities as simulated by a global cloud-resolving model (GCRM). The 
evaluation involves using a satellite signal simulator and directly comparing the simulated 
signals against the satellite dataset from the CloudSat CPR and the CALIPSO cloud-aerosol 
lidar with orthogonal polarization (CALIOP) observations (Hagihara et al. 2010). The 
observed and simulated signals are investigated by using air temperature as the vertical axis, 
instead of altitude, to clearly show the dependency of cloud microphysical characteristics 
over the globe. In particular, the combined lidar and radar signals are used to evaluate 
ice/liquid water contents and effective radii qualitatively, which are essential for improving 
the simulated radiative heating rates and growth processes. Furthermore, we discuss the 
sensitivities of parameters in the bulk microphysical scheme on the effective radius and water 
content as well as the uncertainties in the simulated signal statistics associated with 
non-spherical ice scattering. The GCRM we evaluate here is the Nonhydrostatic ICosahedral 
Atmospheric Model (NICAM) (Satoh et al. 2008). The satellite signals are simulated using 
the Joint-simulator for Satellite Sensors (Joint-simulator), which is developed under the joint 
ESA/JAXA Earth Clouds and Radiation Explorer (EarthCARE) mission (Gelsthorpe et al. 
2008; Kimura et al. 2010). The symbols and acronyms used in this paper are listed in Table 
4.1.  
 
 

Table 4.1 Definition of symbols and acronyms. 

Name Description 
BETTER beta-temperature radar-conditioned diagram  
532 532 nm lidar backscttering coefficient (1/m/str) 
C1 cloud mask detected by radar  
C2 cloud mask detected by lidar  
C3 cloud mask detected both by radar and lidar  
C4 cloud mask detected either by radar or lidar 
CFED contoured frequency by temperature diagram 
CT cloud top 
IWC ice water content 
JPDF joint probability density function 
LWC liquid water cotent 
MPDF marginal probability density function 
PSD particle size distribution 
Reff effective radius 
Reff,m mass-equivlent effective radius 
T temperature 
Tb infrared (11 μm) brightness temperature 
Ze 95 GHz radar reflectivity (dBZ) 
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4.2 Datasets 
 
4.2.1 CSDA-MD, the merged CloudSat–CALIPSO dataset 
 

In this study, we compare simulations to the CloudSat–CALIPSO merged dataset, 
hereafter referred to as CSCA-MD (Hagihara et al. 2010). The CSCA-MD is constructed by 
re-gridding CALIOP 532 and 1064 nm attenuated backscattering coefficients into sampling 
volume of the CPR 95GHz radar reflectivity (e.g., a horizontal resolution of 1.1 km and a 
vertical interval of 240 m, and 500m range resolution). The altitude of the grid centers ranges 
from 120 to 19800 m. In addition to the reflectivity and backscattering coefficients, the 
CSCA-MD contains algorithm-retrieved cloud masks, particle type, and cloud microphysical 
information.  

To identify grids containing clouds in the CSDA-MD, we use four cloud masks. The 
mask schemes utilize CloudSat 2B-GEOPROF (release R04) and CALIPSO lidar level 1B 
(version 3.01), and atmospheric profile data from the European Center for Medium-Range 
Weather Forecasting (ECMWF). Mask C1 uses radar data only, C2 uses lidar only, C3 uses 
both radar and lidar, and C4 uses either radar or lidar (Table 4.1). Mask C1 is based on the 
CPR level 2B-GEOPROF cloud mask; CPR bins with value exceeding 20 are labeled cloud. 
Because the lowest 1 km bins of the CPR observations contain surface-clutter signals, we 
exclude them from the analysis. Mask C2 uses a threshold of the 532 nm attenuated total 
backscattering coefficient and a spatial continuity test. C2 differs from the vertical feature 
mask (Vaughan et al., 2005), the original CALIPSO lidar level 2 mask, having less 
contamination by noise and aerosols at low altitude levels (Hagihara et al. 2010; Okamoto et 
al. 2010; Rossow and Zhang, 2010). C1 and C2 are interpolated onto the unified grid. Mask 
C3 labels a grid box as cloud if both of the averaged C1 and C2 exceed 0.5, whereas C4 
requires only one of the averaged (C1 or C2) masks to exceed 0.5. 
 
4.2.2 NICAM Joint-simulator simulated merged dataset 
 

We use a high-resolution global data set produced by NICAM, a global cloud-resolving 
type numerical model (GCRM). For forward simulations, a GCRM has advantages over 
traditional coarse-resolution GCMs: 1) a GCRM does not require the additional schemes for 
generating subgrid cloud variability (e.g., Klein and Jakob 1999) and 2) microphysical 
assumptions necessary for the forward calculation can be mostly consistent to the GCRM’s 
microphysics formulation. That is, with a GCRM, simulated signals can be easily linked to 
the relevant assumptions in the cloud microphysical scheme.  

The NICAM experiment in this study was originally designed to study the tropical 
cyclone (TC) Fengshen from the genesis stage to the mature stage (Nasuno et al. 2013, to be 
submitted). The winds, temperature, relative humidity, and geopotentials in the NICAM 
simulation were initialized with the 0.5x0.5 degree ECMWF Year of Tropical Convection 
(YOTC) analysis (Waliser et al. 2012) at 00:00Z 15 June 2008. The surface variables such as 
sea surface temperature (SST), sea ice cover, and soil moisture are initialized with the 1x1 
degree NCEP reanalysis. The SST was nudged to the NOAA weekly Optimum Interpolation 
SST analysis (Reynolds and Smith 1994) with a 5-day relaxation time, whereas the others are 
integrated without nudging. The average horizontal grid spacing is 3.5 km, while the vertical 
grid has 40 levels of grid size, ranging from 162 m at the surface to 3,012 m at the top of the 
atmosphere (see Table 1 of Satoh et al. (2010)).  
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The cloud microphysics scheme is a single-moment bulk microphysical 
parameterization, called the NICAM Single-moment Water 6 (NSW6) (Tomita 2008). NSW6 
predicts mass mixing ratios of six water categories: water vapor, cloud water, rain, cloud ice, 
snow, and graupel. It is based on Lin et al. (1983) and Rutledge and Hobbs (1983), but omits 
the wet growth of hail in order to reduce computation cost. The main difference is that cloud 
water and cloud ice are generated only by a saturation-adjustment scheme.  

In the forward simulation, we transform the NICAM’s output (geophysical parameters) 
to simulated satellite signals using the Joint-simulator for Satellite Sensors 
(https://sites.google.com/site/jointsimulator/), a multi-sensor, multi-instrument satellite 
simulator. The Joint-simulator was created in support of the EarthCARE mission and weather 
and climate models. It is capable of simulating EarthCARE’s four sensors (a cloud/aerosol 
lidar, a cloud profiling radar with Doppler velocity measurement, a multi-spectral imager, 
and a multi-view broadband radiometer). However, the Joint-simulator is flexible enough 
that it can be applied to the simulation of CloudSat and CALIPSO signals in addition to 
existing satellite sensors, including TRMM sensors. The basic structure of the Joint-simulator 
is inherited from the Satellite Data Simulator Unit (SDSU) (Masunaga et al. 2010). The 
software infrastructure is developed upon the NASA-Open-Released G-SDSU Version 2 
Core Modules (http://opensource.gsfc.nasa.gov/projects/G-SDSU/), which features flexible 
module interface and Message-Passing Interface (MPI) modules. Thus, the Joint-simulator 
enables fast computation of signals with the large size of model input in a cluster computer. 
The specific simulators we used were as follows: the EarthCARE Active Sensor simulator 
(EASE) for radar and lidar (Okamoto et al., 2003, 2007, 2008; Nishizawa et al. 2008), 
RSTAR6b for visible and infrared radiometers (Nakajima and Tanaka 1986, 1988, and 
Personal Communication with M. Sekiguchi), and MSTRN X for broadband radiometers 
(Sekiguchi and Nakajima 2008). All the simulators calculate level 1 raw signals or level 2 
products from a vertical column of the atmosphere with the assumption of a plane-parallel 
atmosphere. 

EASE, the primary forward simulator here, calculates Ze, the attenuated radar reflectivity 
at 95 GHz (in units dBZ), and 532, the attenuated backscattering coefficient at 532 nm (in 
units 1/m/ster) based on the NICAM-simulated atmospheric profiles. The simulator accounts 
for the attenuation by hydrometeors in radar and lidar signals and the molecular attenuation 
and backscattering in lidar signals. We also use Ishimoto and Masuda’s (2002) 
multiple-scattering table to account for multiple scattering by liquid hydrometeors in the lidar 
signals.  

The forward simulation requires the parameterization of particle size distributions 
(PSDs) and mass-dimensional relationships for hydrometeor categories, since NSW6 neither 
prognoses or diagnoses these parameters. The information used for NSW6 is listed in Table 
4.2. Those for rain, snow, and graupel categories are taken from NSW6. However, the PSDs 
are not defined for cloud water and cloud ice categories in NSW6. To be consistent with 
calculation of radiative heating rates in NICAM, the mono-disperse size distributions with 
effective radii Reff of 16 m and 40 m were specified for cloud water and cloud ice 
categories, respectively. In addition, a mass-dimensional relationship (i.e., effective density) 
is not defined for cloud ice category in NSW6. Thus, it was assumed to be one corresponding 
to the cold hexagonal columns of Mitchell (1996).  
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Table 4.2 Hydrometeor categories and parameters used in forward calculation with 
NICAM Single-moment Water 6 (NSW6). The items with * are not defined in 
NSW6 for microphysical calculation. R and D are the radius and diameter of 
hydrometeors. NT is the total number concentration for the mono-disperse distribution. 
The mass-dimensional (m-D) relation is given as m = a Db. 

 Particle size 
distribution  

Specified 
parameters 

Fixed density or 
m-D relation 

Cloud water *Mono-disperse: N 
= NT (R-Reff) 
(1/cm3) 

*Reff = 8 (m) 1 (g/cm3) 

Rain Inverse 
exponential: N(D) = 
N0 exp(-D) (1/cm4)

N0 = 0.08 (1/cm4) 1 (g/cm3) 

Cloud ice *Mono-disperse *Reff = 40 (m) *a = 0.1677, b = 
2.91 (CGS) 

Snow Inverse exponential N0 = 0.03 (1/cm4) 0.1 (g/cm3) 

Graupel Inverse exponential N0 = 0.04 (1/cm4) 0.4 (g/cm3) 

 
 
 

For the EASE-simulated CPR and CALIOP signals, the C1, C2, C3, and C4 masks were 
made to be similar to those of the observations. C1 for the simulation simply defines a cloudy 
box with the radar reflectivity threshold of -30 dBZ. C2 uses the threshold of the 
backscattering coefficient defined in the equation (4.1) of Hagihara et al. (2010) (minus the 
noise terms): 
 

  th (z) 
th,aerosol  m (z)

2

th,aerosol  m (z)

2
tanh(z  5) , 

 

(4.1) 
 

where z is the altitude (km), th,aerosol = 10-5.25 (1/m/ster), and m(z) is the volume 
molecular backscattering coefficient calculated from the NICAM output. The spatial tests of 
Hagihara et al. (2010) were not required, because of no instrumental noise in our forward 
model. As is done for the observations, the simulated radar signals within 1 km of the surface 
are excluded, mimicking the surface clutter effect in the observations. Similarly, since 
CloudSAT and CALIPSO observations are limited to ±82º latitude, simulated signals are also 
limited to the same latitudinal range. The vertical sampling of EASE is identical to that of the 
CSCA-MD, but the horizontal footprint remains the same as the horizontal grid spacing 
(3.5km) of the NICAM simulation, which differs from that of the CSCA-MD. Since 
CloudSat CPR is 1.1km footprint size, we assume this difference does not significantly affect 
our conclusions. 

The time period of the global simulation dataset is from 00:00Z 17 June to 00:00Z 25 
June 2008. Seven days of CloudSat and CALIPSO observations do not contain enough 
spatial samples for a statistically significant comparison (the observations are columns of 

Table 4.2  Hydrometeor categories and parameters used in forward calculation with 
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profiles). Thus, we sampled observation data from the entire month of June to make robust 
statistical datasets. Since one-month of the global simulation is not feasible due to the 
computational expense at this moment, we assume that the cloud population, microphysics 
and global cloud statistics for seven days are similar to those for the entire month. We 
conducted the cloud fraction analysis and in-cloud analysis for the first and second two 
weeks of the month. These show that the two signal statistics are very similar, although the 
spatial distributions of cloud fraction show some differences. To save computation time in 
the statistical analysis, simulation samples were taken every four grid points and every 12 
hours. 
 
4.2.3 Determining the particle phase 
 

In order to determine the hydrometeor phase (liquid or ice) in the observation, the lidar 
retrieval product in the CSCA-MD was used. The mass ratio of the model hydrometeors was 
used for the simulations. Yoshida et al. (2010) developed a method to discriminate the 
particle type using the depolarization ratio () and the ratio of the attenuated backscattering 
coefficients for two vertically consecutive layers (x). 3D ice and 2D plate types were used for 
ice, while warm and supercooled water types for liquid. Large  and x are basically 
associated with cloud layers of spherical liquid water due to the large effects of multiple 
scattering and attenuation. Due to the difficulty in simulating the depolarization ratio 
associated with multiple scattering and different particle shapes, we use the mixing ratios of 
the hydrometeor categories for simulation. If the ratio for liquid exceeds 80% in a given box, 
the entire box is labeled as liquid. The same holds for the ratio for ice. The ratio, 80%, is 
subjectively determined to ensure the dominant signals from liquid hydrometeors, but 
uncertainty remains on the correspondence to the particle type retrieval. 
 
4.2.4 Multiple scattering detection 
 

CloudSat CPR observations of deep tropical convective cores can be also contaminated 
by multiple scattering (MS). For example, above the freezing level height, more than 35% of 
the range bins can be contaminated (Battaglia et al. 2011). Since it is not easy to extract the 
information from the contaminated grids, we simply remove the simulated and observed 
signals from statistical analysis below a height where MS becomes significant. In order to 
identify the height the altitude of MS onset HMS is used, which was derived by Battaglia et al. 
(2011) for deep convective profiles. To determine HMS the following vertically integrated 
variable is calculated:  

 

 I(z) Z 10 log10 max{Zobs  Z,0}(z)dz
z

TOA




, (4.2) 

 

where Zobs is the attenuated radar reflectivity and  is a threshold of 8 dBZ. HMS is the 
level z where  reaches 41.9 dBZ.  

Battaglia et al. (2011) defines the deep convective profiles with two criteria: 1) deep 
convection identified with the 2B-CLDCLASS product and 2) profiles with reflectivity 
exceeding 0 dBZ above 10 km. Since the 2B-CLDCLASS product is not applicable for the 
NICAM simulation, we apply a criteria to remove stratiform profiles. Vertical profiles of the 
95-GHz Ze in stratiform precipitation are known to exhibit a local minimum just below the 0 
C isotherm. It is called the dark band, one of the features used to identify stratiform 
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precipitation (Kollias and Albrecht 2005). We identify the dark band if the maximum Ze 
above the freezing level is more than 5 dBZ and the Ze just below the freezing level is less 
than the maximum Ze below the freezing level. Thus, in this study deep convective profiles 
are defined upon the columns that satisfy the above criteria 2) without the dark band.  
 
4.2.5 Non-spherical ice scattering 
 

The single scattering library in EASE consists of ice sphere model calculated with Mie 
theory and six non-spherical ice models calculated with the discrete dipole approximation 
(Sato and Okamoto 2006; Okamoto et al. 2010). The non-spherical models include five 
single-habit and one mixed-habit non-spherical ice models: bullet-rosettes, hexagonal 
columns, and hexagonal plates oriented randomly in three dimensional plane (3D 
bullet-rosette, 3D column, an 3D plate), hexagonal columns and hexagonal plates oriented in 
horizontal plane (2D column and 2D plate), and mixture of 50% of 2D column and 50% of 
3D bullet-rosette model (CB50).  

In general, there are uncertainties in the simulated signals due to ambiguity in the model 
representation of cloud microphysics. The simulated signals are very sensitive to assumed 
shape (or habit) and orientation of ice particles especially for high-frequency microwave 
measurements such as CloudSat 95GHz CPR (e.g., Sato and Okamoto 2006; Liu 2008; Kulie 
et al. 2010). As pointed out above, cloud ice in NSW6 does not have information on the habit 
and orientation, leading to some uncertainty in the signals related to cloud ice. It has been 
shown that the spread in simulated Ze increases with Reff,m under a fixed ice water content 
(IWC), reaching 7-8 dB (～3 dB) for Reff,m larger (smaller) than 200 m (Okamoto et al. 
2002; Sato and Okamoto 2006; Okamoto et al. 2010). Similarly, the spread in simulated 532 
increases with Reff,m and gets up to more than a half order for Reff,m larger than 100 m 
(Okamoto et al. 2010). 

In addition, unavoidable mismatches of assumptions between microphysics schemes and 
forward simulators may exist to some extent. EASE stores the single scattering lookup tables 
as a function of mass-equivalent effective radius Reff,m. In the current version of EASE, the 
single scattering properties of ice categories in a grid box are calculated using only one of the 
pre-defined ice models. However, in NSW6 snow and graupel are both spherical particles, 
but with different densities (Table 4.2). Therefore, there is a limitation in matching up the 
habits in NSW6 with those in the single scattering library.  

In the following result section, we compare the signals calculated with ice sphere against 
the observation first. Then, the potential impacts of non-spherical scattering on the diagnosis 
are discussed. 
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4.3 Results 
 

4.3.1 Example profiles 
 
By directly comparing the vertical profiles for a certain cloud type, we can better 

understand the statistical analysis and the spatial characteristics of the simulated signals. In 
the following, we consider the observed and simulated signals for tropical cyclone (TC) 
Fengshen and a mid-latitude synoptic disturbance. These were chosen because the TC 
development was the target of the simulation and these systems have a large spatial scale and 
long lifetime that can be easily observed by nadir-looking polar-orbit satellites.  

 Fig 4.1a shows the observed infrared (11 μm) brightness temperature (Tb) at 17:30Z 19 
June for TC Fengshen. At this time, convective activity appears to be more active south of 
the TC center (white cross) than north. The NICAM simulation at 12:00Z 19 June captures 
the observed asymmetric convective activity well (Fig 4.1b). However, the simulation shows 
more isolated convective cells with less spread of detrainment than the observation. 

The color fill in Fig 4.1c shows the observed 95-GHz radar reflectivity (Ze) with the C1 
mask at 17:20Z. Ze in 7N-9N have a local minimum just below the 0 C isotherm (green 
line) in the vertical profiles, i.e., the dark band. Ze above 8 km, hereafter the upper levels, is 
largest in 9N-10N, and this region also has high 532 nm backscattering coefficient (532) at 
the cloud top (Fig 4.1e). The white lines are the HMS level proposed by Battaglia et al. (2011) 
for deep convective profiles. Therefore, Ze at altitudes below 8 – 10 km in the region may be 
heavily affected by MS. These observations suggest that the profiles in 9N-10N are 
characterized with convective cells. Regarding the corresponding simulation, a Ze 
cross-section was taken to pass through the TC center (Fig 4.1d). The Ze values at the upper 
level in 6.1N-6.4N and 11.4N-11.8N are higher than the surroundings, indicating 
convective activities. Moreover, the HMS values over 10.8N-11N and 11N-11.2N 
suggests strong convection in the profiles. This large Ze and HMS signals are indeed 
accompanied by strong vertical motion in dynamics (not shown). Above 4 km, the graupel 
mass content is large, exceeding 1 gm-3 in places, with similar rain mass contents below 4.5 
km. This leads to strong attenuation of the signals below the HMS, causing the absence of 
signals in the convective columns that appear to be an arch shape. The lack of signals is most 
likely due to the lack of a MS parameterization in EASE. Surprisingly, there are profiles with 
the dark band in 6.5N-7N and 10N-10.8N, similar to the observed profiles in 8N-9N, 
even though the cloud microphysical scheme is a single-moment scheme and ice scattering 
models for melting ice particles were not used. Comparison of Fig. 1c and d indicate that the 
simulation tends to overestimate the Ze at the upper level in and around the active convection, 
implying overproduction of large ice particles.  

According to Fig 4.1e and f, both the observation and simulation show relatively large  
532 at the top of the convective profiles compared to the surroundings. This implies that the 
simulation captures the microphysical characteristics of the convective profiles also in 532, 
i.e., a change in ice water content and/or effective radius. 
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Fig 4.1 Observed and simulated remote-sensing data. (a) Observed and (b) simulated infrared 
(10.8 m) Tb from MTSAT. (c) Observed and (d) simulated 95 GHz radar reflectivity 
from CloudSat with the C1 mask. (e) Observed and (f) simulated 532 nm backscattering 
coefficient from CALIPSO with the C2 mask for Tropical Cyclone Fensheng. The orbit 
of CloudSat and CALIPSO is shown as the black line in a). The observation time for 
MTSAT is June 19, 17:30Z 2008, while that for CloudSat and CALIPSO is June 19, 
17:20Z. The simulation time is at June 19, 12:00Z 2008. The black line in b) marks the 
cross-section location. The TC center is indicated by a white cross. The observed center 
is taken from Japan Meteorological Agency best track data at 18:00Z. The black 
contours in c), d), e), and f) indicate the region of C3. The white lines in c) and d) 
indicate the altitude of multiple scattering onset as proposed by Battaglia et al. (2011). 
The magenta lines mark the 0 C isotherm, and some of the isotherm is colored with 
green if the dark band exists below. 

 
 
The area enclosed by the black contours in Fig 4.1c-f is the region of the C3 mask. In the 

observation the depth of the C3-mask region varies from about 2 to 4 km, but is relatively 
small over the convective regions due to the larger water content there. Outside of the 
convective regions, the C3-mask area has Ze less than about 5 dBZ. These features are well 

Fig 4.1  Observed and simulated remote-sensing data.
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simulated except that the depth of the simulated C3 is occasionally quite deep and Ze tends to 
be overestimated away from the convective regions. This suggests that the upper clouds 
underestimate the optical thickness due to less IWC and/or larger Reff than the observation, 
which is consistent with “more isolated” cells seen in the IR images.  
 

 

 
Fig 4.2 Same as Fig 2.1 except for a mid-latitude system. The observation times are June 19, 

19:30Z 2008 for MTSAT, June 19, 19:14Z for CloudSat and CALIPSO. The simulation 
time is June 19, 12:00Z 2008. 

 
 
Fig 4.2a shows the observed Tb for a frontal cloud system in the southern hemisphere at 

19:30Z 19 June, which was observed by CloudSat and CALIPSO at 19:14Z (Fig 4.2c and e). 
Due to the dark band under the sloping 0C isotherm (Fig 4.2c), most of the profiles in 
38S-41S appear to be stratiform. The observed 532 with C2 (Fig 4.2e) is large at the 
altitude of 7 km over 41S, suggesting the top of a convective cloud, possibly triggered by 
the frontal lifting. Interestingly, 532 values tend to be larger than those of the TC case. The 
simulated counterparts at 12:00Z 19 June are shown in Fig 4.2b, d, and f for a frontal system 
near the observation. The simulation tends to overestimate and give a corrugated texture to 
Tb, while the location of the system is well captured. The simulated cloud top identified from 

Fig 4.2   Same as Fig 2.1 except for a mid-latitude system.
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532 with the C2 mask is similar to observations, but the values are smaller. This suggests 
that the simulated cloud tops are optically thinner, causing the warmer Tb and deeper region 
of C3. In addition, the simulation tends to underestimate the occurrences of large Ze (> 10 
dBZ) for the frontal case.  
 
 

 
 

Fig 4.3 Differences between the horizontally averaged signals calculated with the six 
non-spherical ice models and those with the ice sphere model for the mid-latitude 
profiles shown in Fig 4.2a) is for 95 GHz radar reflectivity, while b) for 532 nm 
lidar backscattering. The horizontal mean of the signals with the ice sphere model 
is also shown with broken lines. 

 
 
Horizontally averaged signals were calculated with the ice sphere and the six 

non-spherical ice models for the mid-latitude profiles shown in Fig 4.2. The differences 
between the mean signals with the non-spherical model and those with the sphere (or mean 
of Ze (non-spherical model)  Ze (Mie)) are shown in Fig 4.3a. The spread of the mean 
differences increases downward as the mean Ze (Mie) increases. The mean Ze by 3D models 
is mostly less than that by the sphere model. On the other hand, the 2D models and combined 
model (CB50) produce larger mean Ze throughout the layers. Use of 2D plate leads to about 5 
~ 7 dB larger than the sphere model below 6 km, and the Ze is in the close range of the 
observed Ze. 3D plate, however, produces as much as 2.5 dB below 6 km. This highlights 
the importance of orientation of the ice particle as well as the habit. As for the 532 (Fig 
4.3b), use of the non-spherical models results in the larger signals within 3 km from the C2 
cloud tops than the ice sphere as much as 0.28 in units log10 of 1/m/str. Then, the smaller 
signals are simulated with the non-spherical models close to the C2-defined cloud base due to 
larger attenuation of the signals above. Again, the use of 2D plate can increase the 532 up to 
the observed one. After all, the ranges of the spread in the simulated Ze and 532 are 

Fig 4.3   Differences between the horizontally averaged signals calculated with the six 
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consistent with the previous researches mentioned in section 0. Using 2D plate compensates 
underestimation of IWC with the strong backscattering. According to the retrieved cloud 
particle types by Yoshida et al. (2010), 2D plate mainly occurs for between 20 and 10 °C 
of more than 10% of clouds and 3D ice type tends to occur below 20 °C. In addition, the 
pointing angle of CALIPSO is about 3° off-nadir at this time period of observation, 
suggesting that high 532 in the observation may not stem from the specular reflection by 2D 
plate. Therefore, we speculate that even if we use a realistic combination of ice models based 
on habit occurrences, the simulated Ze and 532 would be underestimated for the mid-latitude 
profiles. 
 
4.3.2 Global Contoured Frequency by Temperature Diagram (CFED) 
 

To better understand the in-cloud statistics, we bin the global samples of radar and lidar 
observations by temperature (T) and signal value. Then, for each T range, we normalize the 
joint probability density function (JPDF) and call the resulting diagram CFED, for contoured 
frequency by temperature diagram (following CFAD in Yuter et al, (1995)). This way, signal 
characteristics at each T (or altitude) can be easily associated with cloud microphysical 
processes. As a temperature–altitude reference, we show in Fig 4.4 the zonal monthly mean 
and standard deviation of T, with the ECMWF analysis on the left and the NICAM 
simulation on the right. Their similarity in the mean suggests that clouds in a range of T from 
the CSCA-MD and the NICAM simulation are located in a similar altitude range. The 5 K 
change roughly corresponds to a vertical distance of about 1 km at low levels over the tropics 
and about 0.67 km for other regions of the troposphere. 
 
 

 
 

Fig 4.4 Zonal mean (color fill) and standard deviation (contour) of air temperature. a) 
Calculated with ECMWF analysis over the month of June 2008. b) Modeled with 
NICAM for 00Z 17 June 2008 to 00Z 25 June 2008. 

 
 

  

CGER-I127-2016, CGER/NIES 

- 53 - 
 

consistent with the previous researches mentioned in section 0. Using 2D plate compensates 
underestimation of IWC with the strong backscattering. According to the retrieved cloud 
particle types by Yoshida et al. (2010), 2D plate mainly occurs for between 20 and 10 °C 
of more than 10% of clouds and 3D ice type tends to occur below 20 °C. In addition, the 
pointing angle of CALIPSO is about 3° off-nadir at this time period of observation, 
suggesting that high 532 in the observation may not stem from the specular reflection by 2D 
plate. Therefore, we speculate that even if we use a realistic combination of ice models based 
on habit occurrences, the simulated Ze and 532 would be underestimated for the mid-latitude 
profiles. 
 
4.3.2 Global contoured frequency by temperature diagram (CFED) 
 

To better understand the in-cloud statistics, we bin the global samples of radar and lidar 
observations by temperature (T) and signal value. Then, for each T range, we normalize the 
joint probability density function (JPDF) and call the resulting diagram CFED, for contoured 
frequency by temperature diagram (following CFAD in Yuter et al, (1995)). This way, signal 
characteristics at each T (or altitude) can be easily associated with cloud microphysical 
processes. As a temperature–altitude reference, we show in Fig 4.4 the zonal monthly mean 
and standard deviation of T, with the ECMWF analysis on the left and the NICAM 
simulation on the right. Their similarity in the mean suggests that clouds in a range of T from 
the CSCA-MD and the NICAM simulation are located in a similar altitude range. The 5 K 
change roughly corresponds to a vertical distance of about 1 km at low levels over the tropics 
and about 0.67 km for other regions of the troposphere. 
 
 

 
 

Fig 4.4 Zonal mean (color fill) and standard deviation (contour) of air temperature. a) 
Calculated with ECMWF analysis over the month of June 2008. b) Modeled with 
NICAM for 00Z 17 June 2008 to 00Z 25 June 2008. 
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When plotted against Ze and T, the observed and simulated CFEDs have a dominant 
mode at T less than 0 °C (Fig 4.5a, b). For a regional scale, the freezing level does not vary 
much; thus, the signals plotted against the altitude show a similar dominant mode. However, 
the climatological freezing level varies over latitudes for the global samples. Such regional 
characteristics of Ze signals are smeared out, and the mode cannot be seen if the altitude is 
used as the vertical coordinate. For example, the slope and intercept parameters of the 
Marshall-Palmer distribution depend on temperature for aggregation-dominant clouds (e.g., 
Houze et al. 1979; Heymsfield et al. 2002). Such a dependency of cloud microphysical 
parameters and the resulting signals on temperature can be easily seen by using temperature 
as the vertical axis.  

Above the freezing level, the NICAM simulation concentrates the signals around a 
mode. This could imply a lack of degree of freedom in the ice water content and effective 
radius simulated with the single-moment bulk scheme, as also pointed out for Met Office 
global forecast model (Bodas-Salcedo et al. 2008). Since none of the other ice scattering 
models result in a broad distribution like the observation (as discussed below), the 
above-mentioned limitation of the single-moment bulk scheme is probable. At T below –
20°C, the simulated mode appears to be shifted upward compared to the observation, and 
above –50°C all the percentiles are overestimated. Below the freezing level, the observed 
CFED has one mode associated with the non-precipitating regime and one mode from 
attenuation by rain drops that were possibly produced by melting of ice particles. Similarly, 
the simulated CFED indicates a large contribution from the precipitating regime. The 
simulation overestimates the occurrence between –10 and 10 dBZ as indicated by the 
marginal probability density function (MPDF) over Ze.  
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Fig 4.5 Global CFED for 95 GHz radar reflectivity with C1 and 532 nm lidar 
backscattering with C2. (a) From CSCA-MD for 95 GHz radar reflectivity. (b) From 
the NICAM simulation for 95 GHz radar reflectivity. (c) From CSCA-MD for the 532 
nm lidar backscattering. (d) From the NICAM simulation for the 532 nm lidar 
backscattering. The colorfill shows 100 times the JPDF-normalized value at each 
temperature. The bin widths for the temperature, radar and lidar signals are 5 K, 5 dBZ, 
and 0.2 log10(1/m/str), respectively. The white thick solid curves are the median, the 
white broken lines are the 25th and 75th percentiles, and the thin white solid curves are 
the 5th and 95th percentiles. The MPDFs in terms of the signals are shown in the bottom 
panels. The total number of samples is shown with ‘s#’ in the titles. 

 
 

The global CFEDs of log10 (532) for the CSCA-MD and the NICAM simulation with 
the C2 mask are shown in Fig 4.5c and d. The MPDF of the observed log10 (532) has peaks 
at –5.2 and –3.8 in units log10 of 1/m/str, whereas that from simulations has an additional 
peak at –6.2. The observed CFED shows two modes, one mode at T below –20 °C and 
another at T near –5 °C and log10 (532) around –4. The lower mode stems from 
supercooled and warm liquid clouds as seen in Fig 4.6 of Yoshida et al. (2010). Similarly, the 
CFED for the simulation has a mode associated with liquid hydrometeors at T above –5 °C 
and log10 (532) near –4. For the liquid clouds, the simulation underestimates the 75th and 
95th percentiles. The simulated high ice clouds have two modes, one near –6.2 and another at 

Fig 4.5   Global CFED for 95 GHz radar reflectivity with C1 and 532 nm lidar 
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–5.2 above the –40 °C level. As a result, the simulation underestimates the 5th and 25th 
percentiles at T below –5 °C.  
 
 

 
 

Fig 4.6 Comparison of percentiles calculated with non-spherical ice scattering tables for the 
global C1 and C2 CFEDs. The 25th, 50th, and 75th percentiles (q25, q50, and q75) for 
radar reflectivity and lidar backscattering coefficient are shown in a) and c), 
respectively. The IQR = q75-q25 are shown in b) and d), respectively. 

 
 
Although the sensitivity of the simulated signals to ice scattering models can be large 

relative to the spread due to IWC and sizes, the differences in the percentiles between the 
observed and simulated signals remain qualitatively similar among the ice models for the 
simulated IWC and particle sizes. To investigate the impacts on global statistics, the global 
CFEDs of Ze and 532 were constructed with use of the non-spherical models. Fig 4.6a and b 
compare the 25th, 50th, and 75th percentiles of Ze and the interquartile range (IQR) 
calculated with the seven ice models. For these percentiles, 2D plate and 2D column simulate 
larger Ze than the ice sphere model, while 3D bullet, 3D column, and 3D plate show smaller 
Ze than the sphere model. The spread of the 50th (75th) percentiles among the ice models 
increases with T, reaching a maximum of ~7 (8) dB at –20 < T < 0 °C (at –30 < T < 0 °C). 
Note that the 50th percentiles simulated with 2D plate are as large as the 75th calculated with 
the 3D models. On the other hand, variation of the IQR of Ze among the ice models is up to 4 
dB. The spread of the Ze simulated with the different scattering models at a T range can be as 
large as about a half of the spread that stems from the IWC and particle size. As for 532, the 
spread due to the ice models is also as large as a half of the IQR at T < –15 °C (Fig 4.6c and 
d). Again, 2D plate model results in the largest percentiles at T < –15 °C. Considering the 
effects of the particle shapes and orientations, the following conclusion is derived: the Ze 
percentiles are overestimated by the simulation at T > –50 °C and that the 532 percentiles 
are underestimated over all the T range. 
 
4.3.3 Separation of Contribution by Hydrometeors to Signals 
 

To improve the radar and lidar signals from the simulation, one must identify the space 
dominated by each hydrometeor category in the CFED. The contribution of a category h in 
the bin of signal xi and temperature Tk are calculated as 
 

Fig 4.6   Comparison of percentiles calculated with non-spherical ice scattering tables for the 
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–5.2 above the –40 °C level. As a result, the simulation underestimates the 5th and 25th 
percentiles at T below –5 °C.  
 
 

 
 

Fig 4.6 Comparison of percentiles calculated with non-spherical ice scattering tables for the 
global C1 and C2 CFEDs. The 25th, 50th, and 75th percentiles (q25, q50, and q75) for 
radar reflectivity and lidar backscattering coefficient are shown in a) and c), 
respectively. The IQR = q75-q25 are shown in b) and d), respectively. 

 
 
Although the sensitivity of the simulated signals to ice scattering models can be large 

relative to the spread due to IWC and sizes, the differences in the percentiles between the 
observed and simulated signals remain qualitatively similar among the ice models for the 
simulated IWC and particle sizes. To investigate the impacts on global statistics, the global 
CFEDs of Ze and 532 were constructed with use of the non-spherical models. Fig 4.6a and b 
compare the 25th, 50th, and 75th percentiles of Ze and the interquartile range (IQR) 
calculated with the seven ice models. For these percentiles, 2D plate and 2D column simulate 
larger Ze than the ice sphere model, while 3D bullet, 3D column, and 3D plate show smaller 
Ze than the sphere model. The spread of the 50th (75th) percentiles among the ice models 
increases with T, reaching a maximum of ~7 (8) dB at –20 < T < 0 °C (at –30 < T < 0 °C). 
Note that the 50th percentiles simulated with 2D plate are as large as the 75th calculated with 
the 3D models. On the other hand, variation of the IQR of Ze among the ice models is up to 4 
dB. The spread of the Ze simulated with the different scattering models at a T range can be as 
large as about a half of the spread that stems from the IWC and particle size. As for 532, the 
spread due to the ice models is also as large as a half of the IQR at T < –15 °C (Fig 4.6c and 
d). Again, 2D plate model results in the largest percentiles at T < –15 °C. Considering the 
effects of the particle shapes and orientations, the following conclusion is derived: the Ze 
percentiles are overestimated by the simulation at T > –50 °C and that the 532 percentiles 
are underestimated over all the T range. 
 
4.3.3 Separation of contribution by hydrometeors to signals 
 

To improve the radar and lidar signals from the simulation, one must identify the space 
dominated by each hydrometeor category in the CFED. The contribution of a category h in 
the bin of signal xi and temperature Tk are calculated as 
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Ch (i,k)  1 N T h (i,k)

N T (i,k)
,

(4.3) 

 
where NT-h(i,k) is the number of samples in the bin calculated with EASE by switching 

off the mass mixing ratio of category h, and NT(i,k) is the number of samples in the bin with 
all the categories. The difference between the signals with all categories and those with a 
subset of categories arises from the contributions of both extinction and backscattering 
cross-sections from the excluded category. If Ch(i,k) = 1, then all of the signals in (i,k) are 
explained (or produced) with inclusion of category h. If the number of signals in the bin 
increases without the category, Ch(i,k) can be negative.   
 
 

 
 

Fig 4.7 Contribution of hydrometeor categories for global C1 CFED of 95 GHz radar 
reflectivity. (a) Cloud ice. (b) Snow. (c) Graupel. (d) Cloud water. (e) Rain. White lines 
mark the 5, 25, 50, 75, and 95th percentiles as in Fig 4.5. The black dashed lines 
indicate 0.1 and -0.1. 
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The contribution of a hydrometeor category is easily identified with the Ch(i,k) and 
almost mutually exclusive. Fig 4.7 shows Ch(i,k) of hydrometeor categories for the global 
CFED of the Ze. The dominant mode between –80 and –40 °C and at Ze smaller than –20 
dBZ seen in Fig 4.7b is produced by snow and cloud ice categories, with the smaller Ze and T 
between –80 and –65 °C contributed by cloud ice (Fig 4.7a), but somewhat surprisingly snow 
category contributes most to the mode (Fig 4.7b). The mode between –40 and –20 °C is 
mostly explained by snow category, and the mode between –20 and 0 °C is explained by 
graupel (Fig 4.7c). The overproduction of graupel relative to snow category or microphysical 
discontinuity between snow and graupel may be responsible for the change of the mode slope 
in the CFED of Ze that does not exist in the observation. Interestingly, graupel contributes to 
the small Ze at T above –10°C. Negative contribution of graupel can be seen around –15 °C 
and 0 dBZ and –65 °C and 8 dBZ. In cases where multiple categories exist in a grid box, 
removal of a category with large particles can lead to the increase of samples in the bins of 
small signals. In this case, snow co-exists with graupel. The contribution of liquid particles to 
the global C1 CFED is limited at T above 0°C (Fig 4.7d, e). Most of the signals associated 
with precipitation (exceeding –10 dBZ) are related to rain category. The negative 
contribution by rain and no significant contribution of cloud water suggest that cloud water 
produces non-precipitating signals (less than –20 dBZ), but that the occurrences of grid boxes 
with only cloud water are negligible compared to those with cloud water and rain both 
present. Cloud water actually negatively contributes to the large Ze (> 10 dBZ). The net 
signal strength from the hydrometeors that remain can be larger when the excluded 
hydrometeors attenuate signals more than it adds.  

With this diagram, one can easily associate the percentiles with hydrometeor categories. 
For instance, the 75th and 95th percentiles in Fig 4.5b are explained mostly by snow at T 
below –20 °C but graupel between –20 and 0 °C. However, in some regions, such as that 
between –30 and 0 °C and Ze less than the median, none of the hydrometeors dominates. 
Here the signals likely have contributions stemming from multiple categories. 
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Fig 4.8 Same as Fig 4.5 except for global C2 CFED of the 532 nm lidar backscattering 
coefficient 

 
 

 The Ch (i,k) of the C2 CFED of log10(532) is shown in Fig 4.8 Cloud ice (Fig 4.8a) 
indicates a positive contribution at T below –40 °C, which corresponds to the large mode in 
Fig 4.5d. The large negative contribution at the left of the positive area is because the 
hydrometeors without cloud ice have small IWC and/or large effective radius. The remaining 
hydrometeors are likely snow since snow contributes positively for the similar range of  
532 (Fig 4.8b). It is now clear that the small mode in Fig 4.5d is associated with 
snow-dominant grids. Between –40 and –15 °C, snow contributes the most to the C2 CFED, 
largely determining the median, though graupel (Fig 4.8c) makes a contribution between –25 
and 0 °C. In contrast to the C1 CFED of Ze, cloud water (Fig 4.8d) explain most of the large 
signals for T between –35 and 0 °C and log10(532) larger than –5. The 95th percentile and 
higher in the range are explained by cloud water, corresponding to the rare occurrence of 
supercooled liquid with NSW6 (Fig 4.5d). The negative contribution between –30 and 0 °C 
suggests coexistence of graupel with cloud water. At T above 0 °C, the lidar signals are 
mostly explained by cloud water (Fig 4.8d). Rain category causes attenuation, which 
negatively contributes to log10 (532) larger than 4 (Fig 4.8e)  
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4.3.4 Using BETTER to evaluate the effective radius and water content  
 
To improve the simulated cloud radiative heating rates and growth processes, we must 

evaluate profiles of hydrometeor sizes and water content. As the radar reflectivity and lidar 
backscattering show a different dependence on effective radius for a given water content, it is 
possible to retrieve two parameters of particle size distributions (e.g., Donovan and van 
Lammeren 2001; Okamoto et al. 2003). Following Okamoto et al. (2003), we propose a 
radar-and-lidar method to evaluate simulated water content and effective radius 
(mass-equivalent effective radius, Reff,m, for ice particles) without use of retrievals.  

We follow the diagnostic principle in Okamoto et al. (2003) (see Fig. 4 of that study): 
 

1. If Ze are the same among two grid boxes, smaller meanslarger Reff,m. 
2. If Ze are the same among two grid boxes, larger Reff,m means smaller IWC. 

 
The above consequences are true as long as IWC and 532 are monotonically decreasing 

and unique functions of Reff,m for a given Ze. If we assume that both the observation and 
simulation follow the same 532–Reff,m and IWC–Reff,m relationships for a given Ze, then 
simulated Reff,m and IWCs can be evaluated by comparing the magnitudes of simulated and 
observed  532for a given Ze. 

To apply this principle statistically, the samples of radar and lidar signals are first 
extracted with use of the C3 mask. Then, only samples with ice or liquid particles are 
extracted with the method described in section 0. The samples are further binned in 5 dB 
increments of Ze, extending from –30 to 10 dBZ. We assume the 5-dB increment is small 
enough to satisfy the above logic. Finally, the JPDF of T and 532 can be constructed for 
each Ze bin.  

We first examine the JPDF at 5-dB increment of Ze bin for the observed ice 
hydrometeors at cloud top, hereafter a CT BETTER (cloud top beta-temperature 
radar-conditioned) diagram. To avoid ambiguity in interpretation of different cloud types, we 
focus on the samples in the tropics (0-15N) (see Fig 4.1 for the C3 cloud tops). The white 
solid and dash curves shown in the CT BETTER diagrams of Fig 4.9 (left column) are the 5, 
25, 50, 75, and 95th percentiles for each bin of T. They show that the dominant mode shifts 
to warmer T with increasing Ze as expected from the C1 CFED of Ze. The middle and right 
columns of Fig 4.9 show the mean retrieved Reff,m and IWC, respectively. For a given Ze bin, 
when  increases, Reff,m decreases on average whereas IWC increases on average. 
Conversely, for a given T and , as Ze increases, both Reff,m and IWC increase. The above 
diagnostic principle applied to Reff,m and IWC are valid over the Ze at a fixed T. But, as 
indicated by the rapid change of the mean Reff,m and IWC at warmer T, the principle may not 
be valid over T for a fixed Ze. For a 5-dB increment of Ze, for instance, for -20to -15 dBZ the 
above diagnostic principle suggests that the negative slope of the median  is related to 
the increase in Reff,m (or decrease in IWC) with increasing T. Indeed, the mean Reff,m and IWC 
support this diagnostic principle. The slope around the mode changes from a negative to a 
positive one with Ze. We speculate that this is because for large Ze the increase of IWC with T 
is so large that Reff,m has to decrease to achieve the same Ze.  

Now we compare the simulated  against observation to evaluate the simulated Reff,m 
and IWC indirectly (compare left columns of Fig 4.9 and Fig 4.10). The evaluation should be 
similar to applying the retrieval scheme to the simulated signals with the mean projection 
shown in the middle and right columns of Fig 4.9. Comparison of two modes in the simulated 
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JPDF for –30to –25 dBZ and T below –40 C (Fig 4.10, left column) indicates that the cloud 
tops forming the mode of log10() near –6.2 (in units log10 of 1/m/str) have a larger Reff,m 
and smaller IWC than those of log10() near –5.6. Compared to the mode of log10 () 
around –5.2 in the observed JPDF (Fig 4.9, left column), the simulated cloud tops with these 
modes overestimate Reff,m and underestimate IWC. The analysis in section 0 indicates that the 
small mode corresponds to snow category, while the cloud tops with cloud ice dominant 
form the large mode. The simulated cloud tops for –20to –15 dBZ show further separation of 
the signals contributed by the two categories. In this range, the agreement between the 
simulated and observed modes suggests that Reff,m and IWC of cloud ice category are in a 
good agreement with the observation. For –10to –5 dBZ, the contribution from cloud ice 
remains in the large mode (～4.7) at T below –35C, whereas snow and graupel categories 
contribute to the other modes. Based on the vertical profiles of signals (Fig 4.1), we speculate 
that the large mode related to cloud ice is associated with the deep convective cloud tops. 
Comparing log10 () at the probability density of more than 10-1.8 (dark red fill), the 
simulation tends to overestimate Reff,m but underestimate IWC at T above –35C. For 0to 5 
dBZ the frequency at T larger than –10C (T less than –10C) is mostly explained with 
graupel (snow) category (Fig 4.7). The observation has a high probability density for log10 
() exceeding –5, implying that the simulation underestimates (overestimates) IWC 
(Reff,m). We infer that the separation of the two modes at Ze above –10 dBZ and T above –
35C is associated with different growth regimes: the small mode with stratiform cloud 
layers and large mode with convective cloud layers.  
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Fig 4.9 Cloud-top beta-temperature radar conditioned (CT-BETTER) diagram showing the 

distribution of ice hydrometeor properties at cloud top in the tropics (0-15N). 
Calculations by CSCA-MD cover temperature, 532 nm lidar backscattering, and 95 GHz 
radar reflectivity. Left column: joint probability density function; middle: mean 
mass-equivalent effective radius; right: mean water content. Each panel contains samples 
whose reflectivity is within a range of 5 dBZ. The JPDF scale is logarithmic. The units 
for effective radius and water content are m and log10 (g/m3). The white lines mark 5, 
25, 50, 75, and 95th percentiles. 

 
 
Comparison of the middle and right columns of Fig 4.9 and Fig 4.10 indicates that at Ze 

below –15 dBZ, the relationship between the signals and microphysical variables in the 
NICAM simulation qualitatively resembles that of the observation. In this case, the diagnosis 
with signals (forward approach) leads to a similar result obtained by comparing retrieved and 
simulated Reff,m and IWC (inversion approach). However, in the regime of Ze exceeding –15 
dBZ and log10 () below –5, differences in the relationship are evident, which means that 
forward and inversion approach give different diagnoses on the simulated Reff,m and IWC. In 
the simulation, for 0 to 5 dBZ, the monotonic change in mean Reff,m and IWC with 
log10() does not hold at log10() below –5. This probably corresponds to the fact that 
the PSDs of the NICAM simulation can be multi-modal or the small end of the PSDs does 
not affect the IWC but does the Reff,m. In addition, the simulation underestimates the mean 
Reff,m, not reaching the retrieval values that exceed 220 m. In general, the differences in the 
relationship between signals and microphysical variables can be attributed to crystal habits 
(mass-dimensional relationships), the number of categories, and the PSDs assumed in the 
retrievals and the microphysical scheme. Without having direct particle measurements, one 
should do the comparison with the signal and microphysical parameters. 

Fig 4.9  Cloud-top beta-temperature radar conditioned (CT-BETTER) diagram showing the 
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Fig 4.10 Same as Fig 4.9 except simulated from NICAM 

 
 

The above diagnostic principle is a quick way to statistically evaluate Reff,m and IWC at 
cloud top. It can also be applied to individual vertical profiles such as those shown in Fig 4.2. 
Here observed and simulated cloud tops have a similar range of Ze (less than –20 dBZ), but 
simulations underestimate log10 (532), and mostly take on values between –6 and –5.2. 
These two values correspond to the separated modes shown in the left column of Fig 4.10, 
which exist also in the mid-latitudes. The diagnostic principle suggests that the simulation 
overestimates Reff,m but underestimate IWC for snow and cloud ice at cloud top. As discussed 
in section 0, the simulated infrared Tb tends to underestimate observation by about 10 K or 
the effective emission height for the deep cloud tends to be lower by about 1.3 km. These 
relations occur because the optical depth is smaller due to the larger Reff,m and smaller IWC at 
cloud top.  

A CT BETTER for liquid hydrometeors was constructed in the same way as that for ice 
(Fig 4.11). As a first approximation, we assume that the same diagnosis can be drawn from 
532 and Ze. For each range of Ze the observed JPDF has a mode (> 10-1.4, dark red fill) at T 
near 10, 0, or 15 C (left column of Fig 4.11ure 11). The mode at 15 C is related to shallow 
cumulus, whereas the others relate to cumulus congestus. The probability density at T below 
–20 C increases as the Ze decreases from d) to a), which may occur because the freezing and 
riming processes are less likely for the small cloud droplets. The dominant mode of 
log10(532) remains in the range of 4 to 3.7, irrespective of Ze, indicating Reff and liquid 
water content (LWC) tend to increase with Ze for the modes. 
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For the simulated liquid hydrometeors, the CT BETTER shows a narrower distribution 
over T due to underprediction of super-cooled droplets (right panel of Fig 4.11). It does not 
exhibit the multiple modes over T as seen in the observation, but it does show multiple 
modes over 532 for Ze larger than 10 dBZ. The mode at log10 (532) less than –5 around T 
= 0C is likely related to rain-dominant grids. Over the entire Ze range, the modes for 
simulated log10(532) are smaller than that of observation, which suggests that the liquid 
categories in NSW6 do not capture the occurrences of the small Reff and large LWC as 
frequently as observations.  
 
 

 
Fig 4.11 Joint probability density function over temperature, 532 nm lidar backscattering, 

and 95 GHz radar reflectivity at cloud top in the tropics (0-15N). Left column: for 
liquid hydrometeors, calculated with CSCA-MD. Right column is the same except 
simulated from NICAM. 

 

 

 

 

 

 

 

  

Fig 4.11   Joint probability density function over temperature, 532 nm lidar backscattering, 
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Table 4.3 Relative frequency of the radar reflectivity for radar-and-lidar mask used in 
BETTER for cloud tops with ice particles. The samples were taken in the tropics 
(between 0 and 15N). 

Ze range (dBZ) Observation Control 
Cloud ice Reff 
= 20 m  

Snow 
N0 = 0.1 cm-4 

Snow 
N0 = 10 cm-4

–30 –25 49.56 78.07 77.37 80.90 83.00

–25 –20 23.80 9.65 9.61 8.93 9.31

–20 –15 10.89 4.81 5.02 4.11 3.59

–15 –10 6.80 3.11 3.34 2.66 1.89

–10 –5 4.23 2.20 2.38 1.77 1.13

–5 0 2.64 1.34 1.43 0.99 0.65

0 5 1.49 0.62 0.65 0.47 0.32

5 10 0.60 0.20 0.20 0.16 0.11

S a m p l e  s i z e 461,059 2,648,427 2,555,932 2,309,564 1,549,306
 
 
Comparison of the occurrences of Ze ranges used for the BETTER provides further 

information on the model biases discussed above. Table 4.3 shows the relative frequency of 
the Ze for cloud tops with ice particles that were identified with the C3 mask. The simulation 
(Control) has 78% of the samples concentrated in the smallest Ze range whereas more 
samples are distributed toward the tail for the observed Ze. This means that the simulated 
clouds defined with the C3 mask are dominated by ice particles with small sizes or small 
IWC. As for the liquid particles (Table 4.4), the simulation underestimates the relative 
occurrence of the non-precipitating cloud tops (Ze < 20 dBZ). On the other hand, the 
simulated precipitation-probable cloud tops (10 < Ze dBZ) is overpredicted. It suggests that 
the auto-conversion of cloud water is too efficient in the simulation. Suzuki et al. (2011) also 
reported that another cloud microphysics scheme of NICAM as well as that of RAMS 
converts cloud water to larger-sized particles more quickly than the CloudSat-MODIS 
analysis indicates. 
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- 65 -



Chapter 4  Evaluating Cloud Microphysics from NICAM against CloudSat and CALIPSO 

 

- 66 - 
 

Table 4.4 Same as Table 4.3 except that this is for liquid particles. 

Ze range (dBZ) Observation Control 
Cloud water 
Reff = 11 m 

30 25 13.37 11.69 10.63 

25 20 22.75 11.00 10.95 

20 15 18.81 11.25 11.89 

15 10 17.36 12.75 13.19 

10 5 12.47 14.24 14.31 

5 0 7.76 15.02 14.78 

0 5 4.76 13.78 13.64 

5 10 2.72 10.27 10.61 

Sample size 67,436 671,258 355,699 
 
 
 

The diagnosis of IWC and size with BETTER diagram is somewhat sensitive to the ice 
scattering model used. Fig 4.12 shows the median (left column) and IQR (right column) 
calculated with the seven ice scattering models in the CT BETTER diagram corresponding to 
Fig 4.10. The spread of median 532 as well as IQR among the ice models increases with Ze. 
The peaks in the IQRs for the simulation, such as one at T = 60 C for 30 to 25 dBZ, are 
related to the transition from one to the other mode as seen in Fig 4.10. For Ze less than 5, 
the qualitative relation between the simulated and observed medians remains mostly the 
same, irrespective of the ice models. The IWC (Reff,m) of ice particles tends to be 
underestimated (overestimated) except for T below 40 C for 10 to 5 dBZ. For the largest 
Ze range, the use of the 2D plate produces the observed median between 30 and 40 C, 
while the ice sphere case indicates the median decreasing toward 30 C. This is because the 
medians of the sphere and 2D plate follow the small and large modes associated with snow 
and cloud ice dominant grids, respectively. Thus, the diagnosis can be uncertain for the large 
Ze ranges where the variability of Ze becomes large.  
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Fig 4.12 Comparison of percentiles simulated with non-spherical ice scattering tables for 
CT BETTER in the tropics (between 0 and 15N). The median of lidar backscattering 
coefficient is shown in the left column for ranges of radar reflectivity, whereas the IQR 
= q75q25 is shown in the right column. 

 
 
4.4 Discussion  
 

In this section, we discuss links between the characteristics of the simulated signals and 
the parameters of the bulk microphysical scheme (NSW6). The sensitivity of the signals to 
the microphysical parameters (see Table 4.2) is explored in the forward calculation only. For 
each sensitivity test, only one parameter is changed with the others remaining the same as the 
control. Note that the goal of this sensitivity analysis is only to provide a first-order estimate 
of the effects that changes in the microphysical parameterization might have on the radar and 
lidar signals through CT BETTER diagrams. The dynamical and thermodynamical feedbacks 
on the microphysics are likely to change the signals significantly.  
 
 
 
 

Fig 4.12   Comparison of percentiles simulated with non-spherical ice scattering tables for 
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4.4.1 Cloud ice 
 
According to the CT BETTER diagnosis, Reff,m and IWC of cloud ice dominant grids 

produce the observed mode of log10 (532) near 5.2 (in log10 of 1/m/str) for 20to 15 
dBZ (Fig 4.9, left column). To see the effectiveness of a CT BETTER, the cloud ice Reff in 
the simulated signals was reduced to a constant Reff of 20 m in the Joint-simulator. We 
compare the result against the control with Reff equal to 40 m (Fig 4.10 left column). The 
resulting mass content of cloud ice (Fig 4.13, left column) is still the same as the control. As 
Reff decreases from 40 to 20 m, the large modes related to grids with cloud ice dominant are 
shifted to larger log10 (532) by about 0.2. Correspondingly, for all the Ze ranges, the Reff,m 
and IWC values averaged in the T  log10 (532) space are shifted toward larger 532 (not 
shown). As a result, the large mode for 30 to 25 dBZ matches with the observation. These 
changes occur because the smaller Reff,m of cloud ice dominant grids leads to larger log10 
(532) for a fixed IWC, but its effect on the Ze is very limited and co-existing snow is 
responsible for determining the Ze (Fig 4.7a). This point is supported by the relative 
frequency of Ze (Table 4.3), which is little changed from Control. Thus, the small Reff of 
cloud ice improves only the lidar signals for some Ze range, and CT BETTER can be used to 
evaluate the assumed Reff of cloud ice. 
 
4.4.2 Snow 
 

Below –30 C, the simulated lidar signal shows the two modes as seen in Fig 4.5d and 
the left column of Fig 4.10. In NSW6, cloud ice converts to snow through the 
auto-conversion term PSAUT = 1 (qi–qicrt). The value of qicr is set to 0 for this experiment, 
which may overproduce snow of small ice water contents for T below –30 C. The snow PSD 
in NSW6 is given by the Marshall-Palmer distribution N(D) = N0 exp (–D), where N is the 
number concentration per size, N0 is the intercept parameter, is the slope parameter, and D 
is the maximum dimension. At a fixed IWC, when N0 increases,  increases and the Reff of 
snow decreases. The control setting uses N0 = 0.03 cm-4, which corresponds to the correct 
value for cloud bottom, according to the aircraft observations of deep tropical cirrus and 
stratiform clouds by Heymsfield et al. (2002). The small value of N0 at the high levels is not 
realistic for deep stratiform clouds and thus may lead to oversized snow particles that fall 
before accreting cloud ice. Masunaga et al. (2008) also found that another simple bulk 
microphysics scheme of NICAM overestimated the fraction of large snowflakes by using the 
TRMM PR and CloudSat CPR.  
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Fig 4.13 Joint probability density function over temperature, 532 nm lidar backscattering, 
and 95 GHz radar reflectivity at cloud top in the tropics (between 0 and 15N). Left 
column is for cloud ice with Reff set to 20 m. Middle and right columns are for snow 
with N0 = 0.1 cm-4 and N0 = 10 cm-4. 

 
 

The CT BETTER analysis showed that the simulations with the C3 mask overestimates 
Reff,m and underestimated IWC of snow at cloud top. To see the sensitivity of the signals on 
N0, CT BETTER diagrams were constructed for N0 = 0.1 cm-4 and N0 = 10 cm-4 (Fig 4.13, 
middle and right). According to Heymsfield et al. (2002), these values correspond to about 
5K above cloud bottom and around cloud top, respectively. For N0 = 0.1 cm-4, the mode of 
small 532 in the JPDF, or the median at T below –10 C, shifts to the larger value. This shift 
is expected from having a smaller Reff than the control. For the larger N0 case (=10 cm-4), the 
mode associated with snow category further shifts to the larger 532. For –30to –25 dBZ, the 
modes no longer separate because the snow particles producing the small mode now are 
smaller, resulting in a smaller Ze. Also, for –20to –15 dBZ, the mode between –10 and –30 
C agrees better with the observation. Although an increase of N0 may improve the simulated 
532 at cloud top, the increase reduces the occurrence of radar-observed cloud layers in the 
sample size and the relative frequency of the Ze may not be improved at all (Table 4.3). In 
reality, N0 and or moments for aggregation-dominant PSDs areknown to depend on T and 
IWC (e.g., Heymsfield et al. 2002; Field et al. 2005). Inclusion of such relationships can be 
tested with BETTER to some extent. 

Fig 4.13   Joint probability density function over temperature, 532 nm lidar backscattering, 
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The same sensitivity analyses for June 19th at 12Z were done using the broadband 
simulator (MSTRNX) for the top-of-atmosphere (TOA) longwave upwelling fluxes. In the 
tropics (30°S-30°N), the fluxes for the control case, the case of cloud ice with Reff = 20 m, 
snow with N0 = 0.1 cm-4, and snow with N0 = 10 cm-4 are 252.8, 243.9, 251.8, and 244.4 
Wm-2, respectively. This implies the parameterization of the snow PSD can affect the TOA 
energy budget as much as that of cloud ice. 
 
4.4.3 Cloud water 
 

 As shown by CT BETTER (Fig 4.11), the simulation underestimates the water content 
but overestimates Reff of the liquid hydrometeors. The Reff of cloud water category (16 m) is 
too large compared to the annual zonal mean that is estimated with the Advanced Very High 
Resolution Radiometer (AVHRR) (Kawamoto et al. 2001). For warm clouds off the coast of 
California, the Reff retrieved with AVHRR shows a mode near 11 m (Nakajima and 
Nakajima 1995; Sato et al. 2012). For single-layer mixed-phase clouds in the Arctic, a 
lidar-radar retrieval algorithm gives mean Reff of 12 m (de Boer et al. 2009). The signals 
simulated with Reff set to 11 m shift the mode slightly to larger values, but do not 
significantly increase the number of samples with log10 (532) above –4 (not shown). This 
suggests that the water content of cloud water has to be increased. The decrease of Reff of 
cloud water does not affect the relative frequency of Ze (Table 4.4), as in the case for cloud 
ice, and the distribution of Ze is mainly determined by rain category. Making the 
auto-conversion of cloud water slower may increase the non-precipitating samples and the 
water content of cloud water, which possibly improves both of the lidar and radar signals. 
 
 
4.5 Summary 
 

This study demonstrated an effective way to evaluate cloud microphysics simulated by a 
global CRM against CloudSat and CALIPSO measurements. The signals from ice particles 
were calculated with Mie approximation, assuming ice sphere. Firstly, we investigated the 
vertical profiles of a tropical cyclone and a mid-latitude frontal system, which allowed us to 
better understand the horizontal and vertical characteristics of clouds as well as dependence 
of the signal biases on the cloud systems. The simulated signals possess the characteristics 
typically seen in convective and stratiform clouds. However, the simulated upper clouds tend 
to be optically thinner for both the systems. The tropical system has more isolated convective 
cells with less stratiform portion, while high values of reflectivity (>10 dBZ) was barely 
found in the mid-latitude profiles.  

Secondly, we evaluated the global in-cloud statistics of the radar and lidar signals. By 
switching off the input of each hydrometeor category, we could determine the contribution of 
each hydrometeor to the simulated signals. The CFED (contoured frequency by temperature 
diagram) for the observed Ze had a clear temperature dependence of the probability density 
with the global samples. The NICAM simulation also showed such a dependency, but with a 
tighter spread of samples and the mode shifted toward colder T. The NICAM simulation 
overestimated all the percentiles at T above –50C. Interestingly, the mode below –20 C is 
mostly explained with snow and cloud ice only contributes to the small Ze (below –20 dBZ) 
between –80 and –65 °C. Below –35 °C, the CFED for the simulated 532 had two modes 
associated with cloud ice and snow in the model, though observations had only one mode. 
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Above –40 C cloud water explained most of the large 532 range where log10 (532) 
exceeded –5. It is attributed to underestimation of the 75 and 95th percentiles.  

As the third step, we tested the effective radius and water content at the 
radar-and-lidar-defined cloud tops against observation. The diagnostic principle followed the 
basic theoretical relation embedded in the radar-and-lidar retrieval scheme of Okamoto et al. 
(2003): for cloudy grids with the same Ze, larger 532 means smaller Reff,m and larger IWC. In 
order to apply the retrieval principle, the samples of 532 were separated into liquid and ice 
cloud-top and then grouped by Ze. These were called cloud top (CT) BETTER. The 
simulated 532 contributed by snow category tended to be lower than the observations over 
all Ze,, which indicates that the simulation underestimates IWCs but overestimates Reff,m of 
snow at cloud top. The 532 of cloud ice dominant grids agreed well with observation 
between –20 and –15 dBZ, but the IWCs (Reff,m) above the deep convective core were likely 
overestimated (underestimated). Furthermore, the liquid CT BETTER suggested that the 
simulations had too small a cloud water content and too efficient a conversion of cloud water 
to rain. We found that CT BETTER diagrams are useful to understand the relationships 
between the simultaneous radar-and-lidar signals and cloud microphysical parameters in 
NICAM.  

Whichever inversion or forward approach is used, it is critical to evaluate the uncertainty 
in the diagnosis. Six non-spherical ice scattering models were utilized to assess the potential 
impacts. Although use of 2D plate model can produce the signals comparable to the 
observation, we are not suggesting this is an appropriate model to use in the radar simulator 
for all ice clouds, given the limited temperature range that this particle type is expected to 
exist in the real atmosphere. Rather, the point is that the model underestimates IWC and 
using a 2D plate model compensates for this underestimation to some degree. For the global 
CFEDs, the spreads of the signals calculated with the non-spherical scattering models were 
about a half of the spreads associated with particle size distributions. Fortunately, the 
differences in the statistics between the simulation and observation remain qualitatively 
similar among all the scattering models for this simulation. The BETTER diagnosis of IWC 
and size was found somewhat uncertain for the large Ze range.  

The above analyses raised the following important issues. The BETTER revealed that 
the mean cloud microphysical quantities from the model and retrieval for a given pair of 
radar and lidar signals can be qualitatively different. This illustrates that the long-standing 
differences in the microphysical assumption between models and retrievals still remain. For 
the effective implementation of the statistical radar-and-lidar evaluation, we need to first 
improve the upper-level cloud occurrences. We applied BETTER diagrams only to cloud 
tops, but the method can be applied to any level reached by the lidar from above. For clouds 
that are not defined by the cloud mask, another approach is necessary to evaluate water 
content and particle size of the clouds. The microphysical growth processes are embedded in 
BETTER diagrams as the relationships among temperature, radar and lidar signals. However, 
this paper could not give an interpretation especially on the ice growth processes. Additional 
physical insights may be obtained once BETTER is organized by cloud or atmospheric types. 
Also, if we are to improve global CRMs in context of climate prediction, it is important to 
link the evaluation of water content and particle size to the evaluation of energy budgets and 
surface precipitation. 
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5.1 Introduction  
 

One important issue in CSRMs is the parameterization of the microphysical processes of 
hydrometeors. Sophisticated microphysical models, such as bin microphysics, have been 
developed to express more flexible size distributions and physical processes (Lynn et al. 
2005; Iguchi et al. 2008; Khain and Lynn 2009; Suzuki et al. 2010). Bulk microphysics has 
assumptions about size distributions, such as exponential or gamma distributions, while bin 
microphysics makes no assumption regarding size distribution, which consists of many bins 
of a mass or number concentration. However, such schemes require more computational 
resources for calculations and are thus used primarily for idealized or small-domain 
experiments rather than for realistic configurations. Bulk microphysics schemes are used to 
simulate precipitation systems for practical applications.  

Bulk microphysics schemes are used to simulated precipitation systems for practical 
applications and are commonly subdivided into single-moment and multi-moment schemes. 
Single-moment schemes that calculate only the mass concentrations of hydrometeors (e.g., 
Lin et al. 1983) have been widely used for large-scale experiments and long-term CSRM 
simulations because of their ease of use and computational efficiency. Double-moment 
schemes that prognostically calculate both the mass and number concentrations of 
hydrometeors are currently being developed (Morrison et al. 2005; Seifert and Beheng 2006; 
Lim and Hong 2010; Seiki and Nakajima 2013). Double-moment schemes can predict 
changes in hydrometeor number concentration and enable explicit calculation of nucleation 
processes related to indirect aerosol effects and potentially more consistent treatment of the 
radiation effects of cloud particles (Seiki et al. 2013, submitted to JGR). In addition, 
double-moment schemes exhibit different characteristics in comparison with single-moment 
bulk microphysics schemes; for example, the use of a double-moment scheme in idealized 
cases of squall lines in widespread trailing, a stratiform precipitation region, and different 
rain evaporation rates (Morrison et al. 2009). Some studies have analyzed where these 
differences originate or how single-moment bulk schemes can be improved (Thompson et al. 
2004; Morrison et al. 2009; Dawson et al. 2010; Van Weverberg et al. 2012). In addition, 
Lang et al. (2007, 2011) reduced the biases of the single-moment bulk scheme for simulated 
radar reflectivities by improving the microphysical processes and size distributions of 
graupel and snow.  

Many efforts have been made toward the evaluation and improvement of microphysics 
schemes based on in-situ aircraft observation data and ground radar observations (Milbrandt 
et al. 2008; Hong et al. 2010; Molthan et al. 2010). However, ground radar observations and 
aircraft data have spatial and sampling limits. Recent research has evaluated and investigated 
this using satellite observation data, such as those from the Tropical Rainfall Measuring 
Mission (TRMM), CloudSat, and CALIPSO (Masunaga et al. 2008, 2010; Matsui et al. 2009; 
Inoue et al. 2010; Satoh et al. 2010; Bodas-Salcedo et al. 2011; Delanoe et al. 2011; Kodama 
et al. 2012; Hashino et al. 2013). 
 

  TRMM PR in the tropical open ocean 

      (Published in Journal of the Atmospheric Sciences, doi:10.1175/JAS-D-13-0252.1)
      ©American Meteorological Society. Used with permission.
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Discrepancies between observations and numerical simulations generally arise from both 
dynamical and physical processes. In this study, we focus on the microphysics aspects 
mainly, size distributions in single-moment bulk microphysics. Microphysical size 
distributions are not only related to microphysical processes, such as collection and 
deposition/evaporations, but also have impacts on cloud properties and consequently on 
radiative transfer, latent heating, and surface precipitation (Li et al., 2008; Luo et al. 2010; 
Varble et al. 2011). Several studies and sensitivity tests of precipitation systems have been 
conducted using a single-moment microphysics scheme (Gilmore et al. 2004; Satoh and 
Matsuda 2009; Van Weverberg et al. 2011; Lang et al. 2011). We investigate and evaluate the 
parameterization with satellite observation data from TRMM. In addition, we investigate the 
effects on the simulated radiances by changing the size distribution assumptions and mass–
diameter (M–D) relationship.  

In this study, we focus on mesoscale convective systems over the tropical central Pacific 
Ocean region. We investigate the horizontal distribution of cloud sizes, the joint probability 
distributions of cloud-top temperature, precipitation-top height (PTH), and contoured 
frequency by altitude diagrams (CFADs) of radar reflectivities for each category using a 
TRMM precipitation radar (PR) and infrared scanner following the approach proposed by 
Masunaga and Kummerow (2006) and Matsui et al. (2009).  

Several studies have examined the role of microphysics parameterizations in tropical 
convective systems. Powell et al. (2012) evaluated properties of the continental tropical anvil 
clouds using six different microphysics schemes (Goddard: Tao et al. 1989, Lang et al. 2007; 
SBU-YLIN: Lin and Colle 2011; WDM6: Lim and Hong 2010; Thompson: Thompson et al. 
2008; Morrison: Morrison et al 2009; Milbrandt: Milbrandt and Yau 2005). Caine et al. 
(2013) compared results of numerical simulations with radar observations using two different 
microphysics schemes (Purdue-Lin: Lin et al. 1983, Rutledge and Hobbs 1984; Thompson: 
Thompson et al. 2008) by a cell-tracking algorithm and found overestimation of storm 
heights of convective systems over the tropical ocean. Single-moment bulk microphysics 
results correspond to previous studies such as less anvil clouds than observations related to 
larger domain averaged outgoing longwave radiation (OLR) (Blossey et al. 2007; Zhou et al. 
2007) and overestimation of radar reflectivity (Li et al. 2008; Varble et al. 2011). These 
studies focused on comparisons and evaluations using different microphysics schemes. Since 
different microphysics schemes are based on different approaches of microphysical processes 
and size distribution assumptions, it is difficult to interpret why the results are generally 
different. In this study, we focus on the effects of size distribution parameterizations of 
precipitating hydrometeors in a simple microphysics scheme on the joint histograms and 
CFADs of radar reflectivities. We investigate how the results are improved using more 
realistic size distributions of microphysics. 

In section 5.2, the experimental design and observational data used in this study are 
described, and a result from the control experiment are introduced and evaluated. The 
original microphysics scheme used in section 5.2 is the Lin-type scheme (Lin et al. 1983) 
with modification by Tomita (2008). A simple size distribution with constant intercept 
parameters N0 are used. First, after analyzing the horizontal distributions of cloud systems 
using the probability distribution of cloud sizes (Inoue et al. 2008), we apply the TRMM 
Triple-Sensor Three-Step Evaluation Framework (T3EF) method (Masunaga et al. 2008; 
Matsui et al. 2010) to evaluate the vertical distributions of hydrometeors to show a clear bias 
of the original scheme. In section 5.3, we propose several modifications in the size 
distributions of hydrometeors to improve the results in section 5.2. In section 5.4, the results 
of sensitivity tests using the modification proposed in section 5.3 are presented. Discussion 
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and conclusions are given in section 5.5. 
 
 
5.2 Control experiments and evaluations 
 
5.2.1 Experimental design  
 

We use the stretched version of the Nonhydrostatic Icosahedral Atmospheric Model 
(NICAM: Tomita and Satoh 2004; Satoh et al. 2008) to simulate mesoscale convective 
systems on the tropical central Pacific. NICAM is a global nonhydrostatic model and can 
also be used as a regional model by transforming the horizontal grid system so as to focus on 
a region of interest (the stretched NICAM: Tomita 2008b). Because the same dynamics and 
physics schemes are used in the global NICAM and the stretched NICAM, any 
improvements tested in the stretched NICAM can be directly applied to the global NICAM. 
This approach is proposed by Satoh et al. (2010), and we employ this methodology to use the 
stretched NICAM to obtain improved simulations over the global domain with high 
resolution. The target area of this study is over the tropical open ocean in the central Pacific. 
The central point of the target area is at longitude 180E on the equator, and the analysis 
domain is between latitudes 10S and 10N and longitudes 170E and 170W. The minimum 
horizontal grid size is 2.4 km near the central point. The average grid size of the analysis 
domain is about 3.3 km and most of grid size is under 5 km. We used the National Centers 
for Environmental Prediction Global Data Assimilation System analysis data for the initial 
data and the boundary condition of the sea surface temperature (NCEP 2000). The sea 
surface temperature is fixed during the integration. The microphysics scheme in this study is 
the six-water-categories single-moment bulk scheme including vapor, cloud water, rain, 
cloud ice, snow, and graupel as hydrometeors (NSW6: Tomita 2008a), which is based on the 
scheme of Lin et al. (1983). The vertical grid number is 40, and it covers from the surface to 
40 km; the vertical resolutions become coarser toward the upper levels. The integration time 
starts at 00 UTC 1 January and terminates at 00 UTC 1 February 2007. The actual analysis 
was made for the period of from 06 UTC 1 January to 00 UTC 1 February; thus, the 6 h 
before this analysis can be regarded as the time for the spin-up process. We use about one 
month’s data to obtain more statistical results for mesoscale convective systems for the 
control experiment (Section 5.2). We simply perform a free run without nudging and do not 
apply the boundary conditions from realistic observations. We obtain mesoscale convective 
systems in the target area throughout the simulation. Synoptic-scale waves and intraseasonal 
oscillations are also realistically reproduced in the simulation even after a few days, similarly 
to Miura et al. (2007). As shown later (Section 5.5), sensitivity experiments will be 
performed for the first seven days of the integration. The output data are interpolated to 
0.0315 (～3.5 km) for comparison with the observation data at the same horizontal grid 
spacing.  

In NSW6, the size distributions of precipitating hydrometeors are represented by the 
simple negative exponential distributions relation  

 
,                  (5.1)      

 
where  is the number concentration per unit volume per unit size range, N0 is an 

intercept parameter, D is the diameter, and  is a slope parameter. The subscripts r, s, and g 
denote rain, snow, and graupel, respectively. N0 is constant in NSW6. The 
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number-concentration-weighted mean diameter (the inverse of  in the exponential 
distribution, hereafter mean diameter) is a function of the mass concentration of 
hydrometeors for a fixed N0. The mass–diameter relationship for a spherical shape is given 
by 

 

 ,                               (5.2)     

 
where m is the mass of particles per unit volume per unit size range, and  is the 

hydrometeor density. The slope parameter is expressed as 
 

 ,                     (5.3)     

 
where  is the hydrometeor mass concentration, and  is the air density. 

 
5.2.2 Observational data and satellite forward operators 

 
The infrared equivalent blackbody temperature (TBB) of the MTSAT geostationary 

satellite from the 11 μm infrared channels with 0.04 resolution are used to investigate the 
cloud-top temperature and the horizontal distribution of cloud systems (Global-IR: Janowiak 
et al. 2001). The infrared 11 μm TBB from the TRMM 1B01 product and the 13.8 GHz 
reflectivity and orbital precipitation from TRMM 2A25 are used for the T3EF method. T3EF 
has three steps: obtaining the joint histograms of TBB and PTH, the CFADs of the PR 
reflectivities, and the cumulative probability distribution of the TRMM Microwave Imager 
(TMI) 85 GHz brightness temperatures (Masunaga and Kummerow 2006; Matsui et al. 
2009). The PTH is identified as the highest altitude of the layer above 17 dBZ of PR 
reflectivity. The TBB on the PR instantaneous field of view is used, and every data point is 
interpolated to 0.0315 (~ 3.5 km) of horizontal spacing for comparison with the NICAM 
data. 

We use the Satellite Data Simulator Unit (SDSU: Masunaga et al. 2010), version 2.1.4, 
to compare the radiances of the observation data with those of the NICAM data. 
Joint-simulator is developed based on SDSU. Similar approaches are used to calculate 
radiances of radar and IR channels. For examples, the extinction and scattering properties of 
hydrometeors are calculated based on the Mie theory. These radiative properties are used for 
calculation of satellite radiances by microwave, radar, and Vis/IR simulators. Especially, 
snow and graupel are assumed as a soft mixture of air and ice by Maxwell Garnet approach 
(Maxwell-Garnett 1904) which was generalized by Bohren and Battan (1982). The effective 
dielectric constant of the solid precipitating hydrometer is like  
 

 ,                           (5.4) 
 

  ,             (5.5) 
 

- 79 -



Chapter 5  Evaluation of a stretched NICAM using a geostationary satellite and TRMM PR in the tropical open ocean 

 

- 80 - 
 

 ,                                          (5.6) 
 

where , , and  is the complex dielectric constant of the hydrometer, pure ice, 
and air. f is volume fraction of ice and air. 

We use the same assumed size distributions for rain, snow, and graupel in NICAM and 
the SDSU. For cloud water and cloud ice, we use the size distributions used in the SDSU 
because NSW6 has no assumption about the size distributions of cloud ice and cloud water; 
that is, we set 30 μm as the effective radius of cloud ice and a log normal distribution of 
cloud water (the median diameter is 20 μm and the dispersion is 0.35) in the radar simulator 
and the visible/infrared channel simulator of the SDSU.  
 
5.2.3 Results of the control experiment 
 

 
 

Fig 5.1 Comparison of horizontal distribution of TBB from MTSAT (left) and the control 
experiment by NICAM (right) at 6 UTC 2 January 2007. Black box is the analysis 
domain. 

 
 

Fig 5.1 shows the horizontal distribution of TBB observed by MTSAT and simulated by 
the stretched NICAM over 30S–30N and 130E–160W at 6 UTC 2 January 2007. Two 
convective bands over the analysis domain (enclosed by the rectangle in Fig 5.1) are 
reproduced well at almost the same location as in MTSAT. One convective system is in the 
northern hemisphere about 5N latitude, and the other is in the relatively cloud-populated 
areas in the southwestern domain (5S–10S, 170E–180E). In the region outside the rectangle, 
the horizontal resolutions are coarser than that of the analysis domain, so the simulated TBB 
is lower than the observations. The cloud sizes of convective systems seem to be 
overestimated in the area of coarse resolution, but we do not use the coarser resolution region 
for the analysis.  

First, to show the statistical behaviors of clouds in the analysis domain, we analyze the 
size distributions of the upper clouds using the two threshold values of the TBB, 208 K and 
253 K, following Inoue et al. (2008). We calculated the 11 μm TBB from vertical profiles of 
the NICAM simulation snapshot data using the infrared satellite simulator embedded in the 
SDSU and directly compared the observed and simulated 11 μm TBBs. This is in contrast to 
the work of Inoue et al. (2008), who compared the observed TBB and the OLR of the 

Fig 5.1   Comparison of horizontal distribution of TBB from MTSAT (left) and the control 
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NICAM simulations using their respective threshold values. Fig 5.2a shows that the 
simulated cold clouds having a threshold of 253 K are similar to those of the observation. 
The cloud size probability distribution of the deep convective core (208 K) shows that the 
simulation has larger convective core fraction than the observation (Fig 5.2b). These results 
are compatible with those of the global NICAM with a 3.5 km horizontal mesh shown by 
Inoue et al. (2008).  
 

 
 

Fig 5.2 Histogram of cloud size of TBB defined by the threshold values of 208 K (a) and 253 
K (b). Size on abscissa is defined as the square root of the area. 

 
 
Next, we analyze the vertical properties of precipitating clouds using the T3EF method. 

In this study, we focus on the joint histograms and CFADs. Matsui et al. (2009) classified 
cloud types into four categories according to the domain within the joint histogram: shallow, 
congestus, mid-cold, and deep clouds (Table 5.1). Because the different cloud types have 
different dynamical processes and environmental conditions, it is important to evaluate the 
quantitative properties of clouds by classifying them into different types. This type of 
classification method is advantageous in comparison of observations and CSRM output.  
 
 

Table 5.1 Categorization of cloud types based on the T3EF method of Matsui et al. (2009). 

 Shallow Congestus Mid-cold Deep 

TBB Above 260 K Above 245 K Under 245 K Under 245 K 

PTH Under 4 km Between 4  
and 7 km 

Between 4  
and 7 km Above 7 km 

 
 
 
 
 
 

a
) 

b
)

Fig 5.2   Histogram of cloud size of TBB defined by the threshold values of 208 K (a) and
              253 K (b). Size on abscissa is defined as the square root of the area.

 

 

Fig 5.2 Histogram of cloud size of TBB defined by the threshold values of 208 K (a) and 
253 K (b). Size on abscissa is defined as the square root of the area. 
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Fig 5.3 Joint histograms of PTH and TBB from TRMM (left) and the control experiment 
(right) for 30 days on January 2007. The unit of the color bar is % km-1 K-1. 

 
 
Fig 5.3 shows the joint TBB and PTH histograms from both the simulation and the 

TRMM observation. Following Masunaga and Kummerow (2006) and Matsui et al. (2009), 
we use the joint TBB and PTH histograms to classify the cloud types into the four categories 
given above. In this study, the simulation is targeted on the region of active deep clouds in 
the tropics, and the populations of deep and mid-cold clouds are higher; this characteristic is 
similar to the KWAJEX case shown by Matsui et al. (2009; their Fig. 2a). For the 
observation, the percentages of each cloud type are 16.1 %, 14.3 %, 29.9 %, and 21.1 % for 
shallow, congestus, mid-cold, and deep clouds, respectively. In this case, the mid-cold clouds 
are the most populated category, and deep clouds are the second. Deep clouds represent both 
mesoscale deep convective systems and stratiform clouds. The mid-cold clouds are related 
mainly to the stratiform precipitation systems, and cirrus partially overlapped congestus 
according to the TRMM PR convective–stratiform classification data.  

For the simulation shown in the right panel of Fig 5.3, the percentages of each cloud type 
are 23.5 %, 11.7 %, 17.4 %, and 32.0 % for shallow, congestus, mid-cold, and deep clouds, 
respectively. It is clear that the simulation produces too many deep clouds and does not 
represent sufficient stratiform clouds (mid-cold). This cannot be inferred from the upper 
cloud size statistics shown in Fig 5.2, so we need to analyze the vertical structures of the 
clouds in more detail using the T3EF method as adopted here. The shallow precipitation is 
overestimated in comparison with the observation. This means that the control result 
underestimates stratiform precipitation systems compared with convective precipitation 
systems.  

Fig 5.3 shows a clear discrepancy in the simulation, that is, high frequencies of PTH near 
14 km and low frequencies of PTH between 5 and 10 km. Three discrete distributions appear 
in the joint histogram of the numerical results at low, medium, and high PTH. From 
switching off the contribution of each category of hydrometeors in the SDSU, we found that 
the heavier population near 14 km in PTH is related to the radar reflectivities of the snow 
category (not shown). The radar reflectivity is calculated from the hydrometeor content and 
the size distribution assumption in the single-moment bulk microphysics. Thus, one possible 
reason is overestimation of the mass concentration of snow, and the other is excessively large 
snow particles over the upper part of the troposphere.  

- 82 -



CGER-I127-2016, CGER/NIES 

- 83 - 
 

 
 

Fig 5.4 CFADs for cloud categories of shallow (a, b), congestus (c, d), mid-cold (e, f), and 
deep clouds (g, h) for TRMM observation (left) and control experiment (right). The 
unit of the color bar is % km-1 dBZ-1. 

 
 

Fig 5.4   CFADs for cloud categories of shallow (a, b), congestus (c, d), mid-cold (e, f), and 
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Fig 5.4 shows the CFADs of radar reflectivities of the four cloud types in the T3EF for 
30 days in the tropical central Pacific. In the shallow and congestus clouds, the observed 
average reflectivity in CFADs increases from upper altitudes to the surface, and the 
reflectivity is broadly distributed down to the surface (Fig 5.4a, c). The CFADs of the 
simulated congestus and mid-cold clouds are somewhat similar to those of the observed 
clouds (Fig 5.4c, d, e, f), although they show overestimation of radar reflectivity below 5 km 
altitude. The modal radar reflectivity in the simulated shallow precipitation does not increase 
to the surface and is slightly underestimated compared to the observation (Fig 5.4b). The 
simulated congestus precipitation is similar to the observed pattern, and the average radar 
reflectivity in the CFADs increases (Fig 5.4d). The mid-cold clouds have a clear bright band 
near the melting layer (5 km), where the radar reflectivity increases slightly in the 
observation (Fig 5.4e). However, the simulation does not have a clear signal near the melting 
layer (Fig 5.4f), so the bright band option of the SDSU is not used in this simulation. The 
CFADs of deep clouds from 10 km to 15 km appear similar in the observation and the 
simulation (Fig 5.4g, h); however, they differ from the surface to 10 km, and the radar 
reflectivities distribution is broader in the simulations than in the observations. Graupel is 
found to dominate from 5 to 10 km in the simulation, which produces stronger signals from 
deep clouds (Fig 5.4h).  

 
 

5.3 Modifications of microphysics scheme  
 
In the previous section, we showed the biases of the control experiment using the T3EF 

analysis of the joint histogram and CFADs, especially for deep clouds. We try to improve 
these results by modifying the cloud microphysics scheme, and focusing on the size 
distributions of hydrometeors. We used the single-moment bulk scheme NSW6 (Tomita 
2008a) in Section 5.2.3. In this study, we stick to the single-moment scheme and examine 
whether the biases are reduced if the available diagnostic relations are applied to the size 
distributions of hydrometeors. We describe modifications of the size distributions of snow, 
graupel, and rain in Sections 5.3.1, 5.3.2, and 5.3.3, respectively. In next section, sensitivity 
experiments of these modifications will be subsequently shown in Sections 5.4.1, 5.4.2, and 
5.4.3, respectively. 

Before going into the modifications of the size distributions, we introduce common 
modifications applied to the original NSW6. One of the well-known problems in 
single-moment bulk microphysics schemes is overestimation of high-density ice such as 
graupel or hail in mesoscale convective systems compared with observations (Lang et al. 
2007; Stith et al. 2002). As the first change in the original scheme, following Lang et al. 
(2007), we turn off the accretion of snow and cloud ice by graupel (PGACS and PGACI in 
Tomita 2008b) to reduce the unrealistic presence of high-density ice in the anvil and 
stratiform portions of clouds. As the second change, we explicitly calculate the ice nucleation 
and ice deposition processes following Hong et al. (2004) instead of the saturation 
adjustment of the original NSW6 scheme; when we used the saturation adjustment for 
sensitivity tests of snow and graupel having large N0(s, g), the amount of cloud ice was 
significantly reduced in the convective core by depositional processes of snow and graupel.  
 

  

- 84 -



CGER-I127-2016, CGER/NIES 

- 85 - 
 

5.3.1 Snow  
 
The high frequency of signals above 12 km in PTH in the simulation (Fig 5.3) is related 

to the snow category of the control experiment. We focus on the dependency on the size 
distribution of snow and examine the changes in the PTH bias with the same size 
distributions of the other hydrometeors. For the default setting of NSW6, the intercept 
parameter of snow is set at a constant value, N0s =  m−4, which is based on a ground 
observation (Gunn and Marshall 1958). However, the intercept parameter in the upper 
troposphere is much larger according to airplane observations, for example, Heymsfield et al. 
(2008) suggest a value of 1.0 × 108 m-4 based on upper tropospheric aircraft observations. 

The size distribution of snow is known to depend on the temperature and result from 
aggregation and depositional growth processes. Houze et al. (1979, hereafter HZ79) found 
that N0s depends on the temperature. Some parameterizations used the following temperature 
dependence for N0s (Hong et al. 2004):  

 
 ,                  (5.7)     

 
where  = 273.15 K, and T is the ambient temperature (K). 
Field et al. (2005, hereafter FS05) introduced a parameterization about the moments of 

the snow size distribution using a second moment and the temperature based on aircraft 
observation data. Thompson et al. (2008) implemented this approach in their microphysics 
scheme and tested it for an idealized case. This parameterization employs the bimodal size 
distribution using a combination of exponential and gamma distributions:  

 
 ,                        (5.8)     

 
where 
 

 ,                                      (5.9)     
 

 ,                                     (5.10)    

 
using the second (i = 2) and third (j = 3) moments in Table 2.2 of FS05, 
 

.  (5.11)    
 

After inserting equations (5.9), (5.10), and (5.11) into (5.8), the final form of the size 
distribution is given by  

 
  ,        (5.12)    

 
where 
 

 .                                        (5.13)    
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Snow is generally less dense than bulk ice in observations and model assumptions 
because of the open shapes of snowflakes. The density of snow is known to affect the radar 
reflectivity (Matrosov 1992).  

 
In the default assumption, the density of snow is constant, and the M–D relationship is 

proportional to the third power of the diameter D. Observational studies show that the 
exponent is closer to 2 than to 3 (Locatelli and Hobbs 1974). The density of snow is inversely 
proportional to the diameter in several observations. In this study, we adopt the size–density 
relationship of the spherical shape assumption corresponding to the M–D relationship. 
Thompson et al. (2008) has a similar experiment using an M-D relationship (their EXP1 in 
Thompson et al. 2008): m(D)=0.069 D2 and s=0.13 D-1. We use the empirical equation of 
Fabry and Szyrmer (1999), given by 

 
 .                       (5.14)      

 
We obtain an M–D relationship similar to the observations when we insert (5.14) into 

(5.2): 
 

 .                          (5.15)      
 

FS05 also used m(D)=0.069 D2 for the second moment of the size distributions in their 
parameterization. In this study, we used equation (5.15) for FS05 for the sensitivity test. 

The effective density is related to the shape of the snow. Larger particles have lower 
density because they tend to have a two-dimensional planar shape. Smaller precipitation 
particles have higher densities with a three-dimensional shape.  

The default snow size distribution of NSW6 is based on ground observations and does 
not consider the effect of snow aggregation in the upper troposphere. Thus, it generally 
overestimates the radar reflectivities of snow. There are several parameterizations of the bulk 
size distribution of snow such as HZ79 and FS05. In the control run, the snow mass is 
proportional to the third order of the mean diameter, whereas it is proportional to almost the 
second order in the observations. In Section 5.4.1, we test the effects of several 
parameterizations of the snow size distribution and the M–D relationship of snow on the joint 
histogram and CFADs of mesoscale convective systems. 

 
5.3.2 Graupel 

 
There are fewer observations of the size distributions of graupel than that of snow. The 

duration of precipitation is known to increase as the intercept parameter of graupel (N0g) 
increases (Gilmore et al. 2004; Van Weverberg et al. 2011).  

There are large variances in the density of graupel and N0g. We tested an M–D relationship 
for lump graupel in Locatelli and Hobbs (1974):  

 
.                          (5.16)  

 
We will perform sensitivity tests of N0g following Van Weverberg et al. (2011) using 

equation (5.16) and a higher N0g.  
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5.3.4 Rain  
 
The size distributions of rain in observed convective and stratiform precipitation are 

known to differ (e.g., Tokay and Short 1996; Maki et al. 2001; Rao et al. 2001). The 
dominant physical processes related to the size distributions of rain are autoconversion, 
coalescence, and break-up by positive buoyancy and convergence in convective precipitation, 
whereas rain originating from the melting of snow or graupel and the evaporation process are 
more important in stratiform precipitation because the relative humidity is lower than 
convective core. The modal diameters of rain in convective precipitation are smaller than 
those in stratiform precipitation for the same liquid water content (LWC) (Tokay and Short 
1996). Tokay and Short (1996) found that the linear relationship between the LWC and radar 
reflectivity is different in convective and stratiform precipitation (Fig 5.5). In the original 
NSW6 scheme, the default value of the intercept parameter of rain is fixed at N0r 

 m−4. Zhang et al. (2008, hereafter ZH08) introduced the intercept parameter as a 
function of the LWC based on video disdrometer observations: 

 
 .               (5.17)     

 
 affects other physical processes such as deposition/evaporation and collection.  

 
 

 
 

Fig 5.5 Relationship between radar reflectivity and LWC for NSW6, ZH08, and 
observations of convective and stratiform systems from Tokay and Short (1996). 

 
 
Fig 5.5 compares the relations between the radar reflectivity and LWC calculated from 

the size distributions used by NSW6 and ZH08 and the corresponding linear experimental 
fittings for convective and stratiform precipitation derived from the observation of Tokay and 
Short (1996). The ZH08 parameterization is closer to the observed relationship for stratiform 
precipitation. The MP relation is similar to that observed for convective precipitation.  

 

     observations of convective and stratiform systems from Tokay and Short (1996).
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One of the dominant processes related to rain in stratiform precipitation is evaporation. 
The MP relation is known to lead to overestimation of evaporation in stratiform precipitation 
because the evaporation process is more active for smaller particles and is sensitive to the 
particle size of rain (Morrison et al. 2009; Xiaowen et al. 2009).  

We introduce a simple box model to check how the size distributions of rain change 
because of evaporation. We compare three bulk methods and one bin method: the three bulk 
methods are based on the assumed exponential size distribution of NSW6, ZH08, and a 
double-moment method of Khairoutdinov and Kogan (2000); in the bin method, we divide 
rain particles in the box into 50 bins and trace the changes in the number and mass of rain in 
each bin during evaporation. The minimum radius of rain is set to 10 µm. When the radius of 
rain particles reaches the minimum size, they are removed from the box model. We set up the 
same initial conditions for sensitivity tests in an exponential distribution with an LWC of 1 g 
m−3 and 80 % relative humidity.  

In this box model, the changes in the mass and number concentration in the bin method 
are given as follows. For evaporation, we use the same evaporation equation as NSW6 
(Tomita 2008a):  

 

 ,                         (5.18)     

 
where m is the mass of a single particle,  for a sphere, and  is the 

supersaturation ratio. The thermodynamic function  is given as 
 

 ,              (5.19)    

 
where  J m−1 s−1 K−1 is the thermal diffusion coefficient, 

 J m2 s−1 K−1 is the diffusion coefficient of water vapor in air, and  is 
the latent heat of liquid water. F is the ventilation factor, given by  

 

 ,     (5.20)     

 
where , , Re is the Reynolds number, , d = 0.5, and  is 

the kinematic viscosity of air. The number concentration is obtained by  
 

 ,                            (5.21)     

 
where  is the number concentration,  is the mass concentration of rain, and  = 

1. For comparison with exponential distributions, the slopes  and  of the bin 
method are calculated using two points, D1 = 0.5 mm and D2 = 2 mm, by  

 

.   
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Fig 5.6 Comparison of temporal variations in LWC, radar reflectivity, N0r, and mean 
diameter during evaporation of rain for the bin method (black solid curve), NSW6 
(red solid curve), the double-moment approach (red dashed curve), and ZH08 (blue 
solid curve). 

 
 
Fig 5.6 compares the time evolution of the LWC, radar reflectivity, N0r, and mean 

diameter among the bin method, NSW6, double-moment scheme, and ZH08 during the 
evaporation process in the box model. The LWC of NSW6 shows a rapid decrease with time, 
similar to the bin method. During evaporation, the mean diameter increases slightly in the bin 
method, and N0r decreases rapidly. For NSW6, because N0r stays constant, the mean diameter 
decreases during evaporation. Thus, NSW6 overestimates N0r and underestimates the mean 
diameters compared to the other methods. For the bin method, the mean diameter does not 
change significantly. The radar reflectivity and mean diameter of the double-moment method 
and ZH08 reproduce their evolution and show better agreement with those of the bin method 
than NSW6. NSW6 underestimates the radar reflectivity relative to the bin method because 
of the decrease in the mean diameter (Li et al. 2009). If we use the equation(5.17) of ZH08, 
the radar reflectivity will increase, which increases the frequency of PTH in stratiform 
precipitation.  

The bulk size distributions of rain in convective and stratiform precipitation are different. 
The MP relation holds well for convective precipitation, whereas the diagnostic relation of 
ZH08 performs better for stratiform precipitation when we compare it with the observation of 
Tokay and Short (1996). One reason is that the MP relation with fixed N0r does not represent 
the change in mean diameter during evaporation.  
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5.4 Results of sensitivity experiments  
 

5.4.1 Sensitivity experiments setup 
 
We perform numerical experiments to examine the sensitivity of the statistics of clouds 

and precipitation. In this section, the integration time is limited to 7 days, from 18 UTC 1 
January to 18 UTC 8 January. This is because we found that the statistics of 7 days 
integration exhibit a joint histogram and CFADs similar to those of 1 month integration, 
however the shallow precipitation is more dominant in this experiment (Fig 5.7). Hereafter, 
we refer to the 7 days integration with the original scheme as CON. 
 
 

 
 

Fig 5.7 The joint histogram of PTH and TBB (a) and CFADs of deep clouds (c) in the 
control experiment for the 7 day simulation, and the joint histogram (b) and 
CFADs of deep clouds (d) for the experiment that applied the two modifications to 
turn off accretion of graupel with snow and ice and use ice nucleation and ice 
deposition following Hong et al. (2004) instead of the saturation adjustment.  

 
 
We investigate the impact of various size distribution parameterizations of precipitating 

hydrometeors on the joint histogram of TBB and PTH. Before presenting the sensitivities of 
the size distribution parameterizations of rain, snow, and graupel presented in the previous 
section, we introduce two changes in the original NSW6 scheme, which are used in all of the 
following experiments. This experiment is referred to as CON2. 
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The structure of the joint histogram when these two modifications are applied is similar 
to the biases of CON. There are high frequency above the 12 km altitude and underestimation 
of the mid-cold clouds. The ratio of deep clouds is slightly increased to more than 30% 
compared to CON (Fig 5.7). The average radar reflectivity of CON2 in CFADs is larger 
above the 10 km altitude and smaller between 5 and 10 km altitudes than CON. The 
maximum radar reflectivities of CON2 are slightly reduced than CON.  

 For the modifications of the size distributions, we first examine the size distribution of 
snow (Section 5.4.1), then test that of graupel (Section 5.4.2), and finally examine that of rain 
(Section 5.4.3). The following experiments adopt the same microphysical framework 
introduced to CON2. We summarize all the experiments in Table 5.2 for the sensitivity tests.  

 
 

Table 5.2 List of sensitivity experiments. 
 
 Exp name Description Periods Section

 

Control 
CON 

NSW6  
NSW6  

30 days 
7 days 

5.2 

CON2 
PGACI and PGACS are turned off (Lange et al 
2007) 
Ice nucleation, ice deposition (Hong et al. 2004)

″ 
5.3 
5.4.1 

Snow 

Fixed_N0S N0s=3.0 ×106 m-4, s=100 kg m-3 

7 days 5.3.1 
5.4.1 

HZ79_M3 N0s=2.0 ×106 exp(-0.12× (T-T0)) m-4 
s=100 kg m-3 

HZ79_M2 N0s=2.0 ×106 exp(-0.12× (T-T0)) m-4 
g=0.15 D-1 kg m-3 

FS05_M2 Bimodal size distribution 
g=0.15 D-1 kg m-3 

Graupel 

G1 N0g=4.0 ×106 m-4, g=400 kg m-3 

7 days 5.3.2 
5.4.2 

G100 N0g=4.0 ×108 m-4, g=400 kg m-3 
LG1 N0g=4.0 ×106 m-4, g=33.7 D-0.3 kg m-3 
LG100 N0g=4.0 ×108 m-4, g =33.7 D-0.3 kg m-3 

Rain MP N0g=8.0 ×106 m-4 

7 days 5.3.3 
5.4.3 

ZH08 N0r=7.106 ×107(103× LWC)0.648 m-4 
 

Combined 

1) over 0.001 g m−3 of IWC of snow and 
graupel in melting layer (highest vertical 
grid over 0 °C) and below 1 m s−1 of 
vertical wind of each grid: N0r=7.106 
×107(103× LWC)0.648 m-4 

2) the other conditions: 8.0 ×106 m-4 
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5.4.2 Sensitivity to snow size distributions 
 
 

 
 

 Fig 5.8 Comparison of vertical distributions of PTH for parameterizations of the snow size 
distribution (Size distribution assumptions of other precipitating hydrometers are 
same in NSW6). 

 

 

Fig 5.8 shows the probability distribution of PTH in deep clouds at altitudes between 7 
and 16 km. A peak appears above the height of 10 km in the CON and the CON2, whereas 
the observed peak is located around the height of 8 km in the TRMM, which is consistent 
with Fig 5.3 and Fig 5.7. The parameterizations of the snow size distribution introduced in 
Section 5.3.1 reproduce the PTH profiles better than CON. The peak is located near 9 km for 
both the HZ79 and FS05 parameterizations, whereas FS05 has a peak at around 8 km. FS05 
show a rapid decrease in the ratio above 10 km, similar to the observation. HZ79 
overestimates the frequencies of PTH above 10 km. The M–D relationship is less sensitive to 
the PTH distribution.  

 
 

 
 

Fig 5.9 Comparison of average (left) and maximum (right) radar reflectivity profiles for the 
parameterizations of the snow size distribution (Size distribution assumptions of 
other precipitating hydrometers are same in NSW6). 

 

Fig 5.9   Comparison of average (left) and maximum (right) radar reflectivity profiles for the 
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Fig 5.9 compares the vertical profiles of the average and maximum radar reflectivity in 
deep clouds for the sensitivity experiments with each size distribution of snow. The M–D 
relationship affects the average radar reflectivity profile; the second order of the M–D 
relationship (～D2) using equation (18) in the experiments (HZ79_M2) shows lower radar 
reflectivities than the third order of the M–D relationship (～D3) using a fixed density 
(HZ79_M3). The observed mean radar reflectivity increases sharply from the altitude of 8 
km down to 5 km. FS05 reproduces vertical profiles similar to the observed profile. The radar 
reflectivity of HZ79 is higher than the observed values below 11 km, and it increases from 12 
km to 5 km. Thus, FS05 shows better results than HZ79 for the joint histogram and the 
CFADs of deep clouds.  

 
 

 
 

Fig 5.10 Snow mass spectrum for the parameterizations of the snow size distributions. The 
ice water content of snow is 0.1 g m-3. Air temperatures are -10°C (left) and -30°C 
(right). 

 
 

Fig 5.10 shows snow mass spectrum for the mass concentration of snow 0.1 g m-3 at 
temperature -10°C and -30°C. HZ79 and FS05 show the change of the size distribution 
depends on the temperature even for with the same ice water content. It reduces the 
frequency above the 12 km in the joint histograms. HZ79_M2 has smaller diameters and 
radar reflectivity than the HZ79_M3. FS05 has the bimodal size distribution and the second 
order of the M-D relationship. These two effects make more realistic joint histogram and 
CFADs of deep clouds than the H79_M3.  

These results correspond to the previous researches. Thompson et al. (2008) using FS05 
reproduced the more realistic storm height distributions than the Lin-type microphysics 
scheme. Van Weverberg et al. (2013) have also shown that MCS cloud properties were better 
captured using the Thompson parameterization. 

In conclusion, among the above parameterizations, FS05 performed the best; therefore, 
we will use the parameterization of FS05 for the snow size distribution in the following 
experiments. 

 
 

  

Fig 5.10   Snow mass spectrum for the parameterizations of the snow size distributions.
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5.4.3 Sensitivity to graupel size distribution  
 

 

 
 

Fig 5.11 Comparison of average (left) and maximum (right) radar reflectivity profiles for 
the parameterizations of the graupel size distribution (the snow size distribution is 
FS05, and other size distribution assumptions are same in NSW6 ). 

 
 

We examine the sensitivity of the graupel size distribution to the snow size distribution 
specified as in FS05. Table 5.2 lists the sensitivity experiments on the size distribution of 
graupel. We test the sensitivity of N0g and the M–D relationship. First, we increase N0g from 
the default value N0g = 4.0 × 106  m−4 (G1) to N0g = 4.0 × 108 m−4 (G100) based on 
Knight et al. (1982). We also test the M–D relationships for lump graupel in Locatelli and 
Hobbs (1974) introduced in section 5.3.2 with N0g = 4.0 × 106 m−4 (LG1). Finally, we test 
the M–D relationship of lump graupel with the increased N0g = 4.0 × 108 m−4 (LG100). 
The results show only a small sensitivity of the PTH distribution to the graupel size 
distribution (not shown). However, we found that the graupel size distribution greatly affects 
the average and maximum radar reflectivity of the CFADs above the melting layer (Fig 5.11). 
The sensitivity test using high values of N0g exhibits a reduced maximum radar reflectivity. 
The M–D relationship affects the vertical profiles of the maximum radar reflectivity. 
Sensitivity tests for lump graupel in Locatelli and Hobbs (1974) underestimates the average 
and maximum radar reflectivity above an altitude of 9 km (LG1 and LG100). The third order 
of the M–D relationship of graupel has a similar vertical profile of the radar reflectivity in 
this case (G100). The small size of graupel improves vertical profiles of radar reflectivity, 
whereas the lump graupel assumption reproduces weaker radar reflectivity with lower 
density than a constant density assumption over the upper altitude in the convective core.  

 
5.4.4 Sensitivity to rain size distribution  
 

The sensitivities to the rain size distributions are examined with the snow size 
distribution fixed as in FS05 and the graupel size distribution as in G100. We test three 
parameterizations of the rain size distributions: the MP relation with fixed N0r, ZH08, and a 
combination of the MP relation and ZH08 (Combined). The combined method (Combined) is 
introduced in this study as follows: 1) We classify the stratiform precipitation region as the 
region that satisfies the conditions IWC > 0.001 g m−3 in the melting layer (the highest 
vertical grid above 0 °C) and vertical velocity < 1 m s−1; 2) the ZH08 method is used to 

Fig 5.11   Comparison of average (left) and maximum (right) radar reflectivity profiles for 
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obtain the rain size distribution in the stratiform precipitation region, and the MP relation is 
used in the convective precipitation region.  
 
 

 
 

Fig 5.12 Comparison of average (left) and maximum (right) radar reflectivity profiles for 
the parameterizations of the rain size distribution (the snow size distribution is 
FS05, the graupel is G100). 

 
 
 

Table 5.3 Frequencies of cloud types for sensitivity experiments on rain size distribution. 

Experiment Shallow (%) Congestus (%) Mid-cold (%) Deep (%) 

TRMM 16.1 14.3 29.9 21.1 

CON 37.0 17.7 11.2 21.0 

CON2 20.5 9.4 7.8 50.8 

FS05_G100_MP 30.7 14.1 16.7 23.8 

FS05_G100_ZH08 38.5 12.4 14.3 16.1 

FS05_G100_Combined 25.2 16.4 22.9 18.8 

 
 
We examine the contribution of each cloud type in the joint histogram as classified in 

Table 5.1 as the effects of the rain distribution. The results of the sensitivity experiments are 
summarized in Table 5.3, which shows the ratio of the four categories of cloud types. MP 
underestimates the mid-cold clouds compared to the TRMM observation. ZH08 
overestimates the shallow clouds and underestimates the deep clouds. Combined increases 
the mid-cold clouds compared to MP and decreases the shallow clouds compared to ZH08. 
The percentage of mid-cold clouds increases from 7.8 % to 22.9 % and the percentage of 
deep clouds decreases from 50.8 % to 18.8 % from CON to Combined. These values are 

Fig 5.12   Comparison of average (left) and maximum (right) radar reflectivity profiles for 
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close to the 29.9 % of mid-cold clouds and 21.1 % of deep clouds in the TRMM observation. 
Because the rain size of stratiform precipitations is underestimated in the model than 
observation. When the different approach of rain size distribution, it would increase radar 
reflectivity in the mid-cold clouds. 

Average and maximum radar reflectivities above 10 km are reduced (Fig. 5.12). The rain 
size distribution affects the reduction of graupel and upper mass flux of rain. It is related to 
lower evaporation term of ZH08 near the surface than MP to make weaker convection than 
MP (Xiaowen et al 2009).  

 
5.4.5 Summary of total modifications   

 
We examined how to the modifications of the size distributions of snow, graupel, and 

rain affect the joint histograms and CFADs of deep clouds. The control experiment (CON) 
with the original scheme NSW6 overestimated radar reflectivity because temperature 
dependency of aggregation and depositional growth of snow is not considered. FS05 
improves the joint histogram’s bias and CFADs of deep clouds by introducing temperature 
dependency of the intercept parameter, the bimodal size distribution, and the second order of 
the M-D relationship (～D2). For graupel, the intercept parameter N0g and the M-D 
relationship affect the average and maximum radar reflectivities. When the high N0g is 
introduced based on Knight et al. (1982), better CFADs profiles are reproduced because of 
reduction of radar reflectivities in the convective core. The different approach of rain size 
distribution reproduces realistic fraction of mid-cold clouds due to increase of the radar 
reflectivities in the stratiform precipitation. 
 
 

 
 

Fig 5.13 Joint histograms of PTH and TBB (left) and CFADs of deep clouds (right) of 
MODI. 

 
 
We compare the joint histograms of the control experiment (CON) and the experiment 

with the modified size distributions of the three precipitating hydrometeors. It is referred to 
“Combine” in Section 5.4.4; this experiment is based on FS05 for snow, and G100 for 
graupel. We think that these choices of the size distributions give the best experiments in 
terms of the joint histograms and CFADs. Hereafter we referred to this set of the size 
distributions as MODI. As shown by Fig 5.13, MODI exhibits a reduced PTH height of high 
frequencies of deep clouds. The ratio of mid-cold clouds is increased near the melting layer. 

 Fig 5.13   Joint histograms of PTH and TBB (left) and CFADs of deep clouds (right) of 
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The mean radar reflectivity and maximum radar reflectivity in the CFADs of deep clouds are 
similar to those of the TRMM observations (Fig 5.3 and Fig 5.13). PTH is reduced in the 
layers between 5 and 10 km.  
 

 
 

Fig 5.14 Comparison of the probability of PTH for the TRMM observation, CON, CON2, 
and MODI 

 
 

The radar reflectivities below the melting level (5 km) is still overestimated, similar to 
CON. This means that the numerical simulation overestimates precipitation, or the MP 
relation and ZH08 overestimate the radar reflectivity of rain compared with the observations 
in Tokay and Short (1996) (Fig 5.5). Fig 5.14 corresponds to Fig 5.13a, and it shows that 
modified size distributions decrease high frequency of PTH over 10 km and increase the 
frequency near 5 km; the result of MODI is better than that of CON2 for deep clouds and 
mid-cold clouds. However, the frequency of PTH is still underestimated between altitudes of 
5 and 7 km in the modified run.  

 
 

Fig 5.14   Comparison of the probability of PTH for the TRMM observation, CON, CON2, 
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Fig 5.15 Comparison of accumulated precipitation of a) TRMM 3B42, b) CON, c) CON2, 
and d) MODI over the domain. 

 
 
Fig 5.15 shows the accumulated precipitation among TRMM 3B42, CON, CON2, and 

MODI. The precipitation is concentrated near 5° latitude in TRMM 3B42 observation, but 
CON did not capture the precipitation distribution. CON2 and MODI reproduce the similar 
precipitation pattern. It means the different precipitating hydrometeor’s size distributions do 
not affect the accumulated precipitation distribution comparing CON2.  
 
 
5.5 Discussion and Conclusion 
 

In this study, we evaluated the cloud and precipitation properties of numerical 
simulations of NICAM for a single-moment bulk microphysics scheme using the TRMM PR 
and TBB with a satellite simulator. We investigated the effect of modifications of the size 
distributions of precipitating hydrometeors on the joint histogram of TBB and PTH from the 
TRMM PR for mesoscale convective systems over the tropical open ocean. 
Cloud-system-resolving simulations reproduced a horizontal cloud size distribution similar to 
those observed by geostationary satellites. We found that the control experiment with the 
defaults parameters of NSW6 leads to an overestimated frequency of deep clouds that is, in 
the joint histogram analysis the frequency of the deep cloud category is overestimated and 
PTH is overestimated above 12 km in the control run. It is due to the number concentrations 
of large snow particles resulted from the long tail negative exponential size distribution 

 and d) MODI over the domain.
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assumption over high altitude. The default assumption does not consider the mean size with 
height. Numerous studies have documented the exponential variation of the slope or 
characteristic size with height (Houze et al. 1979; Mitchell 1988; Westbrook et al. 2007). It 
has been suggested that this observed relationship is due to aggregation increasing of the 
mean size of the distribution. The control run also underestimates the frequency of mid-cold 
clouds. The negative bias of the fraction of mid cold clouds is due to small mean sizes of rain 
in the MP size distribution in the stratiform precipitation regions. The MP size distribution 
does not reproduce the climatological rain size in the stratiform precipitation. One of possible 
reasons is the problem of evaporation process in a single bulk microphysics in the stratiform 
precipitation.  

To improve the statistical frequency and CFADs of the simulated clouds, we examined 
the effects of the size distributions of hydrometeors. First, the sensitivity of the snow size 
distribution was examined using several M–D relationships. The snow size distribution 
affects the probability distributions of PTH in deep clouds. When the scheme of Field et al. 
(2005) is used, the bias of a too-high PTH is reduced, and the probability of PTH becomes 
closer to that of the TRMM observation. It is related to the bimodal size distribution and the 
M–D relationship. The M–D relationship affects the mean radar reflectivity of the CFADs.  

Next, we found that the graupel size distribution affects the maximum radar reflectivity. 
The maximum radar reflectivity in the upper troposphere decreased rapidly when the M–D 
relationship of lump graupel in Locatelli and Hobbs (1974) was applied.  

Third, from the sensitivity to the rain size distributions, we found that the frequency of 
shallow, congestus, and mid-cold clouds can be modified. The method of ZH08 reproduces a 
better representation of the size distribution of the stratiform precipitation. However, the 
frequency of shallow clouds is increased. Therefore, we introduced a combined 
parameterization that uses different rain size distributions for convective and stratiform 
precipitation. The results show that this quantitatively improves the frequency of cloud 
categories in the joint histogram. However, there are overestimations of radar reflectivities 
below altitude of 5 km. One of possible reasons is the horizontal resolution; we used about 3 
km grid space for the simulation. It is known that vertical mass flux is overestimated around 
this resolution because of underestimation of detrainment (Bryan and Morrison 2012; Caine 
et al. 2013; Weverberg et al. 2013). The other reason might be related to autoconversion and 
accretion of liquid process, since similar overestimation of radar reflectivities is seen in 
congestus and shallow clouds. 

The modification of microphysics affects the dynamics especially for vertical wind 
distribution in the upper altitude. Fig 5.16a shows probability distribution of vertical velocity 
at 10 km altitude; MODI has relatively high frequency of strong updraft velocity over 15 m 
s-1 than CON and CON2. We speculate that it is related to the weakening of precipitation flux 
with reduced graupel and smaller snow size. These effects are more dominant at high 
altitudes around 10 km than the lower levels.  

Vertical profiles of the domain average temperature have differences of MODI between 
CON and CON2 (Fig 5.16b). The ice nucleation and reduction of graupel has strong effects 
on the average vertical profile of temperature. It is related to the deposition and sublimation 
process of snow in CON2; the condensation heating is larger above 10 km by high relative 
humidity with respect to ice and abundant snow, whereas sublimation cooling is larger than 
CON near 6 km.  
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Fig 5.16 a) Normalized frequency of vertical winds for the CON, CON2 and MODI, and b) 
vertical profiles of averaged temperature differences of MODI with CON and 
CON2. 

 
 
 

Table 5.4 Domain and temporal averages of OLR for 7days among CON, CON2, MODI, 
and daily NOAA OLR. 

 

Experiment CON CON2 MODI NOAA OLR 

OLR 257.4 Wm-2 242.9 Wm-2 239.1 Wm-2 239.6 Wm-2 

 
 
 

Table 5.5 Average ratio of convective/stratiform precipitation among CON, CON2, and 
MODI. 

 

Experiment CON CON2 MODI 

Percentages 26.8 % 24.1 % 21.5 % 

 
 
 

 We compare the domain and temporal averaged OLR among CON, CON2, MODI, and 
daily NOAA OLR for 7 days in the analysis domain (Table 5.4). This shows that OLR is 
reduced by more than 15 W m-2 in CON2 and MODI in comparison with CON, and it 
becomes closer to the observation. It is because of nucleation and reduction of graupel. The 
modified size distributions affect decrease of almost 4 W m-2 OLR than CON2; it is related to 
the snow size distribution parameterization; smaller size of snow has more residence time in 
FS05 than a constant N0s. 

Finally, we investigated average ratio of convective/stratiform precipitation (Table 5.5). 
We defined mesoscale convective precipitation systems defined as larger 1225 km2 rainy area 

Fig 5.16   a) Normalized frequency of vertical winds for the CON, CON2 and MODI, and b) 

 and daily NOAA OLR.

 MODI.
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with over 1 mm hr-1 precipitation. We divide convective precipitation considered as over 20 
mm hr-1 and the other areas as stratiform precipitations. The average ratio of 
convective/stratiform precipitation are reduced from 24.1 % of CON2 to 21.5 % by MODI. It 
means the stratiform precipitation increases in MODI. 

There are more advanced microphysics schemes, such as multi-moment or bin 
microphysics schemes, that reproduce diverse size distributions. However, to interpret the 
results of such advanced schemes compared to satellite data, we need to understand how 
hydrometeor size distribution affects radiances from the cloud properties in numerical 
simulations. In fact, we found that the parameters assumed in the single-moment 
microphysical scheme control the cloud and precipitation properties. According to this study, 
the parameterization of the snow size distribution, which is affected by the 
aggregation/autoconversion processes, is related to the distributions of the frequencies of 
deep clouds in the joint histogram. The M–D relationship for snow affects the average radar 
reflectivity of the CFADs in deep clouds. The maximum radar reflectivity is affected by 
riming and the graupel density. On the basis of the results shown here, we will be able to 
analyze the results of other advanced microphysical schemes using the joint histogram 
framework with the single-moment bulk microphysics scheme. In addition, because the 
diagnostic relationships for the size distributions used in this study are based on observations, 
the size distributions of other schemes should be checked using these relationships. 
Comparisons of microphysics schemes of differing complexity will reveal further important 
factors in the size distributions using the methods proposed in this study.  

In this study, we focused on the Central Pacific and obtained better results for joint 
histograms, CFADs, and OLR compared to observations. Microphysical characteristics vary 
in different locations of all oceans. In the future, we intend to expand the global simulation to 
include evaluations using a several km homogenous resolution to assess these modifications 
in all oceans. 
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Chapter 6  General Conclusion  
 

The evaluation of cloud properties in cloud-system-resolving models (CSRMs) is 
important in order to reproduce and understand realistic cloud and precipitation systems. A 
satellite gives good observational data for clouds and precipitations. The Joint Simulator for 
Satellite Sensors (Joint-simulator) was developed as a package of satellite simulators to 
simulate radiances from outputs from CSRMs for comparison with radiances from satellite 
observations.  

We introduced the process to calculate the radiances by Joint-simulator from CSRMs, 
and multi-sensor simulators such as visible/infrared imagers, microwave radiometers, lidar, 
radar, and the EarthCARE Active Sensor Simulator (EASE) simulator in Chapter 2. 
Examples of signals such as passive visible/IR and microwave simulation were introduced in 
Chapter 3. In addition, examples of diagnoses of CSRMs were also explained using IR image 
and meridional distribution of cloudy grids by temperature.  

We described the evaluation results of clouds, which were simulated by a global cloud 
resolving model against CloudSat and cloud-aerosol lidar and infrared pathfinder satellite 
observation (CALIPSO) satellite data using Joint-simulator in Chapter 4. The output from the 
Non-hydrostatic Icosahedral Atmospheric Model (NICAM) was analyzed by Joint-simulator, 
then directly compared to the radar and lidar signals from CloudSat and CALIPSO. To 
investigate the dependence of the signals on temperature, we used temperature extensively as 
the vertical coordinate. The global statistical analysis of the radar reflectivity showed that the 
simulation overestimated all the percentiles above –50 °C, and that the snow category 
contributed significantly to low reflectivity values between –80 and –40 °C. The simulated 
lidar signals had two modes associated with cloud ice and snow categories, though the 
observations had only one mode. The synergetic use of radar reflectivity and lidar backscatter 
enabled us to determine the relative magnitudes of ice/liquid water contents and effective 
radii without the use of retrievals. The radar-and-lidar diagnosis for cloud tops showed that, 
due to the snow category, NICAM overestimated the mass-equivalent effective radius and 
underestimated the ice water content. Also, the diagnosis was shown to be useful in 
investigating the sensitivities of the parameters of bulk microphysical schemes on the water 
contents and sizes. The non-spherical scattering of ice particles was shown to affect the 
above radar-and-lidar diagnosis for large reflectivity ranges, but it was not found to alter 
most of the other diagnoses for this simulation. 

In Chapter 5, deep convective systems over the tropical open ocean were evaluated, and 
simulated cloud characteristics were improved based on the joint histogram of cloud-top 
temperature and precipitation echo-top heights, which were simulated by a regional version 
of NICAM using the Tropical Rainfall Measuring Mission (TRMM) and a satellite simulator. 
We evaluated the cloud properties such as horizontal cloud size distributions and 
precipitation cloud statistics based on the Triple-Sensor Three-Step Evaluation Framework 
(T3EF) method over the tropical Pacific Ocean by means of a 30 day simulation. We found 
biases in cloud statistics using the brightness temperature and precipitating cloud top height 
and contoured frequency by altitude diagrams (CFADs) based on the TRMM satellite data. 
We focused on the improvement of microphysics based on the size distribution of 
precipitating hydrometeors. We found that the size distributions of precipitating 
hydrometeors had an impact on the joint histogram and CFADs of deep convective systems 
according to several sensitivity tests. We found the preferable size distributions compared to 
TRMM, and these size distributions reproduced improved cloud statistics, accumulated 
precipitation and OLR compared to observations. 
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We showed that the Joint-simulator could be used to evaluate and improve simulations 
of CSRMs. The Joint-simulator can be used to reduce the uncertainty of assumptions on 
hydrometeors’ size distribution between CSRMs and satellite observations. We think that the 
characteristics of observed microphysical properties from satellite data can be understood by 
using the Joint-simulator. It means that the Joint-simulator also helps to develop and test 
retrieval algorithms for clouds and precipitation from synthetic satellite observations. 
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