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Abstract A comprehensive two-moment microphysics scheme is incorporated into the
MIROC6-SPRINTARS general circulation model (GCM). The new scheme includes prognostic
precipitation for both rain and snow and considers their radiative effects. To evaluate the impacts of
applying different treatments of precipitation and the associated radiative effect, we perform climate
simulations employing both the traditional diagnostic and new prognostic precipitation schemes, the
latter also being tested with and without incorporating the radiative effect of snow. The prognostic
precipitation, which maintains precipitation in the atmosphere across multiple time steps, models the
ratio of accretion to autoconversion as being approximately an order of magnitude higher than that for the
diagnostic scheme. Such changes in microphysical process rates tend to reduce the cloud water
susceptibility as the autoconversion process is the only pathway through which aerosols can influence rain
formation. The resultant anthropogenic aerosol effect is reduced by approximately 21% in the prognostic
precipitation scheme. Modifications to the microphysical process rates also change the vertical distribution
of hydrometeors in the manner that increases the fractional occurrence of single-layered warm clouds

by 38%. The new scheme mitigates the excess of supercooled liquid water produced by the previous
scheme and increases the total mass of ice hydrometeors. Both characteristics are consistent with
CloudSat/CALIPSO retrievals. The radiative effect of snow is significant at both longwave and shortwave
(6.4 and 5.1 W/m? in absolute values, respectively) and can alter the precipitation fields via energetic
controls on precipitation. These results suggest that the prognostic precipitation scheme, with its radiative
effects incorporated, makes an indispensable contribution to improving the reliability of climate modeling.

1. Introduction

Clouds and precipitation play significant roles in the global hydrological cycle and radiation budget. As such,
appropriate representations of hydrometeor distributions are crucial for reliable climate simulation. The ver-
tical distribution of precipitation is especially important because hydrometeors of different types and/or its
phase (e.g., Matus & L'Ecuyer, 2017) have different sensitivities to the terrestrial and solar radiation spectra.
In general circulation models (GCMs), however, the typical resolution of O(100 km) with ~30-min time step
is not fine enough to capture individual cloud processes and subgrid-scale phenomena (e.g., Lebsock et al.,
2013; Song et al., 2018a, 2018b), which must therefore be parameterized. For example, many GCMs treat pre-
cipitating hydrometeors (i.e., rain and snow) diagnostically, because the computational cost can be reduced
by neglecting horizontal advection and by avoiding the restriction imposed by the Courant-Fredrichs-Levy
(CFL) criteria on the vertical sedimentation of hydrometeors (see Gettelman & Morrison, 2015 for details),
which is expedient for coarse resolution GCMs. On the other hand, such simplified representations can
cause biases in both the microphysical and macrophysical aspects (e.g., Gettelman et al., 2013; Komurcu
et al., 2014; Nam et al., 2012) due to the inherent lack of complexity in the modeled relationship between
hydrometeors, the environment, and atmospheric dynamics (Stevens & Feingold, 2009; Wood, 2012).

Low-level clouds in the boundary layer are particularly likely to interact with aerosols. These interactions are
referred to as “aerosol-cloud interactions” (ACI; Albrecht, 1989; Twomey, 1977) and are correlated with the
environmental and thermodynamic conditions (Klein & Hartmann, 1993; Wood & Hartmann, 2006), whose
complex morphology makes it difficult to emulate cloud system responses to aerosol perturbations (Bender
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et al., 2018; Michibata et al., 2016; Sato et al., 2018; Zhou & Penner, 2017) in GCMs. This issue is manifested
in the tendency for the magnitude of the ACI to be overestimated in GCMs (e.g., Quaas et al., 2009). Zhang
et al. (2016) found a large spread among GCM simulations in the response of the liquid water path (LWP)
to aerosol perturbations for different dynamic regimes, which implies that GCMs do not capture the regime
dependence of aerosols on microphysics-dynamics interactions (Michibata et al., 2016; Wood, 2012).

The uncertainty in parameterizing cloud water susceptibility to aerosols is inextricably linked to uncertainty
in rain formation. The cloud-to-rain water conversion in models is represented by the autoconversion pro-
cess. The autoconversion rate is generally parameterized as a function of the cloud liquid water mixing ratio
q. and the cloud droplet number concentration N, (e.g., Berry, 1968; Khairoutdinov & Kogan, 2000; Liu &
Daum, 2004; Tripoli & Cotton, 1980) as
9q,
ot

= Cou@° N, 1)

aut

Likewise, accretion of cloud droplets by raindrops is generally parameterized as a function of the g, and
rainwater mixing ratio g, (e.g., Michibata & Takemura, 2015; Wu et al., 2018) as

aq,

E = Cacc (qc qr)y > (2)

acc

where C,,;, Cyec» @ f, and y are the prescribed constants. The increased N,, due to increased aerosol con-
centration, decreases the autoconversion rate, prolonging the cloud lifetime. As a result, the cloud-to-rain
microphysical transition is highly sensitive to the autoconversion scheme used (Suzuki et al., 2013a;
Wood, 2005a).

Suzuki et al. (2015) evaluated the rain formation process by comparing outputs from a multimodel analysis
(using both GCMs and a cloud-resolving model, CRM) with satellite observations. The GCMs were found
to simulate rain formation too early, even in the case of smaller cloud droplets with size <10 ym, where
drizzle initiation rarely occurs (e.g., Michibata et al., 2014; Nakajima et al., 2010a; Suzuki et al., 2011). On
the other hand, only the CRM could satisfactorily capture the cloud-to-rain transition process observed in
the satellite data. One of the causes of this systematic difference could be attributed to the treatment of
precipitation in the model (Takahashi et al., 2017; Wang et al., 2012), that is, diagnostic (hereinafter “DIAG”)
and prognostic (hereinafter “PROG”) approaches. For example, although small drizzle drops, which do not
reach the surface within a single-model time step, are suspended in the real atmosphere (e.g., Wood, 2012),
the DIAG method assumes that all the diagnosed rainwater precipitates to the surface within a single time
step. This introduces biases in precipitation frequency and/or intensity (Stephens et al., 2010) as well as in
the radiative properties (Michibata & Takemura, 2015).

It is also worth noting that there is a critical discrepancy between the “process-oriented constraints” of
microphysics, deduced from satellite data (Suzuki et al., 2013b), and the “performance-oriented constraints”
of the climate trend used for empirical model tuning (Golaz et al., 2013). This discrepancy is accounted for by
means of error compensation in the model parameterization and in the historical temperature trend via the
arbitrary “tunable knobs” in GCMs (Suzuki et al., 2013b). Recent work performed by Mulcahy et al. (2018)
improved the estimates of effective radiative forcing by updating aerosol processes, such as the cloud droplet
spectral dispersion, aerosol activation scheme, and black carbon optical property. These studies strongly
assert that the modeling framework used to depict aerosol-cloud-precipitation interactions must be devel-
oped at the fundamental process level toward a more physically representative parameterization (Seinfeld
et al., 2016).

In terms of solid precipitation process, snowflakes fall from higher altitudes with slower fall velocities than
raindrops and are thus characterized by longer residence time. The representation issues that arise when
using the DIAG scheme are therefore critical for the warm rain microphysics discussed above and for approx-
imating the vertical distribution of solid hydrometeors (Reitter et al., 2011). For example, Waliser et al.
(2009) showed that the larger-sized precipitating ice (i.e., snow and graupel) will account for more than
60% of the total ice water path (TTWP) retrieved from the CloudSat radar measurement. However, the DIAG
parameterization fundamentally misses the precipitating hydrometeors in the atmosphere, further generat-
ing biases in the radiation field (Li et al., 2014; Waliser et al., 2011). Li et al. (2014) investigated the impact
of the snow radiative effect by conducting sensitivity experiments with and without snow in their radia-
tive transfer computations. They emphasized the significance of the radiative effect of snow, which alters
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atmospheric circulation via cloud-radiation-dynamics interactions and which may also mitigate biases in
the land surface temperature (Li et al., 2016).

In this situation, advanced frameworks for cloud precipitation microphysics, such as the prognostic precipi-
tation scheme, have recently been introduced into GCMs to improve representation of the microphysics and
hydrometeor distribution (Gettelman et al., 2015; Sant et al., 2015; Walters et al., 2011). It was found that rep-
resentation of the proportion of microphysical processes, denoted by the accretion-to-autoconversion ratio
(Acc/Aut), was significantly improved when compared with in situ measurements (Gettelman et al., 2013;
Wood et al., 2011), due to enhancement of the accretion process (Posselt & Lohmann, 2008). The enhance-
ment in the Acc/Aut ratio results in relaxation of the aerosol forcing (Posselt & Lohmann, 2009), since
the aerosol effect depends only on the autoconversion process via its relationship with N, as described in
equation (1) whereas the accretion process is independent of aerosol (or cloud droplet) numbers as described
in equation (2).

Motivated by these successful studies, we develop a comprehensive two-moment microphysics scheme
based on a prognostic precipitation framework (incorporating both rain and snow) for an aerosol-climate
model, the MIROC6-SPRINTARS GCM. The new framework includes a radiation calculation for prognostic
hydrometeors. The main objective of our study is to clarify how different treatments of precipitation (i.e.,
DIAG vs. PROG) in GCMs will impact on microphysical processes, the distribution of hydrometeors, and
radiative forcing on the climate system. The model configurations between the two versions are the same
except for the treatment of precipitation, and simulations are conducted under the same tuning param-
eters, in order to isolate the role of the precipitation framework as much as possible (cf. section 2). The
performance and advantages of the PROG scheme relative to the traditional DIAG scheme are evaluated in
comparison with multisensor satellite measurements. In section 2, we describe the model, summarize the
new microphysics scheme, and detail the relevant updates in MIROCS. In section 3 we present our results
and discussion. Our conclusions and plans for future work are summarized in section 4.

2. Model and Methods

2.1. General Model Description

We employ the latest (sixth) version of the Model for Interdisciplinary Research on Climate (MIROC) in this
study. The SPRINTARS (Spectral Radiation-Transport Model for Aerosol Species) aerosol module, which
simulates global transport of the major species of tropospheric aerosols (Takemura et al., 2000, 2002, 2005), is
coupled with MIROC6 (Tatebe et al., 2019). SPRINTARS prognoses the mass-mixing ratios of carbonaceous
aerosols (black carbon and organic matter), sea salt, soil dust, and sulfate. The precursor gases of sulfate, that
is, sulfur dioxide and dimethyl sulfide, and organic matter (terpene and isoprene) are also considered explic-
itly. The aerosol transport processes treated include emission, advection, diffusion, the chemical reaction of
sulfate and organic matter, dry and wet deposition, and gravitational settling.

MIROCS introduces shallow cumulus parameterization (Park & Bretherton, 2009) to reduce the dry bias
in the free troposphere found in MIROCS5 over low-latitude oceans. The treatment of cloud microphysics
and planetary boundary layer schemes in MIROCS is the same as in the previous version, MIROCS5 (see
Tatebe et al., 2019, for a detailed comparison between MIROCS5 and 6). MIROC6 incorporates a probability
density function (PDF) based prognostic large-scale condensation scheme, which parameterizes explicitly
for subgrid-scale cloud variability (Watanabe et al., 2009). This scheme assumes small fluctuations in the
total water-mixing ratio g, within the model grid and predicts variance and skewness of the PDF (G(q,)).
Cloud is formed for the fraction of the model grid where g, exceeds supersaturation g, with respect to
liquid. The PDF shape is characterized by a triangular basis function, which varies depending on cloud
microphysics, cumulus convection, turbulent mixing, and advection. The cloud fraction (CF) and liquid
water mixing ratio are thus computed by integrating the PDF over the saturated pixels in the model grid as,

CFP = / G(q,)dg, 3)

Gsat

and

q. = / (9 — 9sa0) - G(gpdg; , €

Gsat

respectively, where g, denotes the grid mean value.
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The PDF scheme is coupled to the ice microphysics scheme based on Wilson and Ballard (1999),
which solves homogeneous and heterogeneous nucleation, deposition, sublimation, riming, and ice melt.
MIROC-SPRINTARS employs a two-moment bulk cloud microphysics scheme for both liquid droplets and
ice crystals, the formulations for which are documented in Takemura et al. (2009). The nucleation of cloud
droplets from aerosols is based on Abdul-Razzak and Ghan (2000).

The cloud-to-rain conversion is diagnosed from Berry (1968) scheme. The standard version of MIROC6
treats both rain and snow diagnostically and assumes that the precipitating hydrometeors diagnosed at the
present time step fall to the surface instantaneously (Ghan & Easter, 1992). This approach is reasonable
for relatively large hydrometeors with fall velocities in the range 3-5 m/s, and which fall 1,800-6,000 m in
the typical time step applied in GCMs of 10-20 min. The DIAG approach is not constrained by the CFL
condition in the sedimentation process of precipitating hydrometeors, which is convenient for GCMs with
long time steps as it reduces the computational cost. However, the DIAG method neglects small raindrops
and/or snowflakes with residence times longer than the model time step. This introduces further biases in
the hydrological cycle and vertical distribution of hydrometeors as well as in the resulting radiation field
since the errors in sedimentation of precipitating hydrometeors can further lead to biases in the evaporation
(sublimation) of raindrops (snowflakes), which can also influence thermal transport due to these processes.

2.2. Prognostic Precipitation Framework

We have significantly reconstructed the default DIAG rain scheme in the MIROC6-SPRINTARS setup
described above for both liquid and solid precipitation processes. The new scheme includes prognostic pre-
cipitation based on the two-moment approach, which solves prognostic equations for both mass (denoted
as q) and number (denoted as N) mixing ratios with regard to the rain (g, and N,) and snow (g, and N,) bulk
categories. The associated time tendencies are described as

o,

0(paQxVy,)
1 1 X
— =__V.(pauqx)__&+

S, and (5)
Pa Pa 02 E

oN, 1 1 9(PaNvn)
—2 =—_V. uN.) - — ——— %
; (pguN,) 7z

+Sy. 6
ot . 3} N, (6)

where x € {r and s}, p, is the air density, and u is the wind vector. The Vg and Vy, are the bulk fall velocities,
weighted by mass and number, respectively, and are described in greater detail later (cf. equations (10), (11),
(14), and (15)). The Sq, and Sy, are the source/sink of the mass and number mixing ratios with respect to
condensation, evaporation, and other microphysical collection processes (e.g., autoconversion, accretion,
and self-collection). These “conservation equations” are newly introduced into MIROC6-SPRINTARS, and
now the cloud microphysics and macrophysics link synchronously with precipitation. Convective cumulus
is still treated diagnostically.

Table 1 summarizes the microphysical processes considered in the new PROG framework, called
CHIMERRA (Cloud/Hydrometeors Interactive Module with Explicit Rain and Radiation). We have updated
the autoconversion and accretion schemes based on Khairoutdinov and Kogan (2000). This scheme assumes
the initial size of a raindrop to be 25 ym, allowing for the rain class to include drizzle. Self-collection among
raindrops is represented following the method described by Beheng (1994). Within the ice microphysics
component, ice-to-snow aggregation is based on the Morrison and Gettelman (2008) scheme, which rep-
resents snow by converting cloud ice that has been identified as exceeding the critical threshold size over
the conversion timescale. Cloud droplets, ice crystals, and raindrops are accreted by snowflakes, which are
parameterized using the Seifert and Beheng (2006) and Reisner et al. (1998) methods. The dominant source
term for cloud ice and snow is Bergeron-Findeisen (BF) process (Bergeron, 1935; Findeisen, 1938), which is
parameterized according to the Rotstayn et al. (2000) scheme. We do not apply any upper or lower thresholds
for either the mass or number mixing ratios of precipitating hydrometeors. Instead, raindrops or snowflakes
break up when their mean diameter exceeds 2 or 4 mm, respectively. Such cases are rare in our simulations.

The above microphysical processes are calculated within each subtime step (60 s in this study). Model per-
formance is highly sensitive to the duration of the subtime step used (Posselt & Lohmann, 2008), which
is correlated with the nonlinear representation of microphysical process rates such as the autoconversion
and accretion terms (see Gettelman et al., 2015 for details). Fewer substeps can cause errors in representing
the sedimentation process, which, in turn, influences the evaporation and sublimation of precipitation. The
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Table 1
Summary of Interaction Processes Among Hydrometeors (Water Vapor “v*, Liquid Cloud “c’, Cloud Ice “i”, Rain “r’, and Snow “s”) for Mass (q) and Number (N)
Implemented in the New Prognostic Precipitation Framework

Process Interaction q. q; @ qs N, N; N, Ny References

Prognostic rain

Autoconversion c+cor l 1 | 1 Khairoutdinov and Kogan (2000)
Accretion c+r—r l 1 | Khairoutdinov and Kogan (2000)
Self-collection r+r-r | Beheng (1994)

Evaporation r-v | l Khairoutdinov and Kogan (2000)
Sedimentation r 1 s Sant et al. (2015)

Breakup r—r T

Prognostic snow

Instantaneous melt sS—r T l )
Freezing of rain r—s l T l
Aggregation it+i—os | 0 | Morrison and Gettelman (2008)
Accretion c+s—s | 0 | Seifert and Beheng (2006)
i+s—s | 0 | Seifert and Beheng (2006)
r+s—s 1 1 | Reisner et al. (1998)
Hallet-Mossop c—1i ! 1 1 Cotton et al. (1986)
Self-aggregation S—s | Passarelli (1978)
Sublimation S>>V | | Rotstayn et al. (2000)
Sedimentation S T Tl Sant et al. (2015)
Bergeron c—i l 1 Rotstayn et al. (2000)
c—s l 1 Gettelman and Morrison (2015)
Breakup S—s )

Note. The up (down) arrows indicate that the process leads to an increase (decrease) in mass and number-mixing ratios.

iteration with regard to the sedimentation of hydrometeors can be shorter dependent on the vertical CFL
criteria, as described in more detail later.

The subgrid precipitation fraction is determined by assuming the maximum cloud overlap, which neglects a
possible tilting of precipitation shafts between the two adjacent levels. We also assume that the precipitation
occurs uniformly in the cloudy area, without considering in-cloud precipitation inhomogeneity (see also
detailed description of other methods in Chosson et al., 2014 and Turner et al., 2012). The model does not
take into account horizontal advection of the precipitation fraction.

The raindrop size distribution N(D) is based on the modified gamma distribution (Ulbrich, 1983), described

as
N, ([ D\*1 D
N = F(m)(lﬁ) D P <_Do,x> ’ @

where I'(u,) is the Gamma function, and N, and D are the total number concentration (m~3) and the diame-
ter of the hydrometeor (m), respectively. N(D) depends on both the shape parameter x, and the distribution
parameter D, calculated as

Do = Dx ®

s + 2 + Dty

where the mean diameter of the hydrometeor D, (m) is

— 6 Pl
D. = 3 — . 9
= ©)

Where p,, is the density of water, assumed to be 1,000 kg/m?3. For snowflakes, p, is assumed to be 250 kg/m?
in our model.
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For the rain class, the mass and number weighted bulk fall velocities, Vg, and Vy,, are approximated based
on Rogers et al. (1993), and are described as follows (Posselt & Lohmann, 2009; Sant et al., 2015):

S (4, +3)b, Dy, for Dy, < D,/(u, +3) (10)
ar b, for Dy, > D,/(u, +3) ,
Vo = #rvaO,r for DO,r < Dv//”r (11)
N bl for DO,r > Dv//”r >

with the constants b, = 9.65 m/s, b, = 3,918 s7!,and D, = 2,463 ym. Thus, the sedimentation of the mixing
ratios in flux form is expressed as

99, 10
—_— = — — . 12
ot sed Pa 0z (ﬂaqrvq,) ( )
oN. 10
= ——(p,Nvy), 13
6t ced pa az(pa r N,) ( )

which are strictly constrained by the CFL criteria in the vertical, such that C = v, At/Az < 1 will be
satisfied. Although we apply the classic Euler forward scheme to solve the sedimentation of falling hydrom-
eteors using subtime stepping described above, prognostic approaches also can avoid the CFL constraints
by applying semi-Lagrangian method (e.g., Juang & Hong, 2010; Staniforth & Cote, 1991; Xiao et al., 2003),
or box-Lagrangian scheme (Kato, 1995), or exponential limiters (Rotstayn, 1997). It is worth investigating in
future studies how the computational efficiency and the modeled climatology are sensitive to the different
types of sedimentation scheme.

For the snow class, mass and number weighted fall velocities are described as

B D(ps+3+ B,)

st = ﬁlDO,S F(/’ls + 3) ’ (14)
r
vy, = m%’i% : (15)

where #, and f, are characterized by the particle types and riming degree (Barthazy & Schefold, 2006) and
are chosen to be consistent with the particle types categorized within the radiation module in MIROCS,
described in more detail later (cf. section 2.3). The shape parameters for rain and snow are prescribed as
u, = Sand u, = 1, respectively, for the consistency with previous work by Sant et al. (2015).

2.3. Radiation Calculation for Precipitating Hydrometeors

The radiative transfer in MIROC6-SPRINTARS is solved using mstrnX (Sekiguchi & Nakajima, 2008), which
isak-distribution based two-stream approximation radiative transfer package. The mstrnX used in this study
discretizes 29 spectral bands for the radiative transfer calculation, of which 15 are solar and 14 are thermal.

For hydrometeors, the mstrnX considers liquid droplets within the range 1 to 200 ym, and ice crystals (and
snowflakes for the PROG scheme) within the range 5 to 500 ym. In the PROG scheme, raindrops are also
considered within the radiation calculation, but their effect is small (e.g., Hill et al., 2018). Solid hydrom-
eteors are considered as hexagonal columns in the cloud ice bulk category and as dendrite crystals in the
snow category. The scattering, absorption, and polarization properties of solid hydrometeors are based on
Yang et al. (2013). With the exception of precipitating hydrometeors, the radiation table employed in the
DIAG and PROG schemes is the same.

2.4. Experimental Design and Model Setup

We performed sets of simulations using both the DIAG and PROG schemes with present-day (PD) and
preindustrial (PI) emissions to investigate aerosol-cloud interactions. For the PD experiment, the emission
inventories used for black carbon, organic carbon, and sulfur dioxide are sourced from the Global Fire Emis-
sions Database (GFED) version 3.1, based on biomass burning (Randerson et al., 2013), and the Hemispheric
Transport of Air Pollution (HTAP) Phase 2 data, representing anthropogenic sources (Janssens-Maenhout
et al., 2012). The monthly oxide fields of O,, OH, and H,0, are based on RCP historical emission data.
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Table 2
Global Annual Mean Values From the DIAG and PROG Schemes With and Without Snow Radiation Simulation
DIAG PROG PROG
ON/SnwRad OFF/SnwRad Reference value and source
Autoconversion rate (kg-m~2.s71) 9.1 x 107° 1.8 x 107° 1.8 x 107° —
Accretion rate (kg-m~2-s71) 3.9 x 1076 6.2 x 107° 6.2 x 107° —
Acc/Aut ratio 0.14 4.62 4.67 1-100 (VOCALS: Gettelman et al., 2013)
CLWP (g/m?) 94.3 89.2 86.7 84.7 (SSMIS F16)
CIWP (g/m?) 28.6 6.2 6.3 23.0-26.7 (CloudSat: Li et al., 2012)
RWP (g/m?) = 25.7 25.3 =
SWP (g/m?) = 86.0 82.3 =
N, burden (10'° m~2) 1.6 1.0 0.9 —
N; burden (10% m~2) 50 2.5 2.5 —
N, burden (107 m~2) = 4.2 4.0 —
N, burden (107 m~2) = 6.2 6.1 —
Precipitation rate (mm/day) 3.25 3.03 3.13 2.67 (GPCP v2.2)
Total cloud cover (%) 55.8 59.1 58.4 65.4 (ISCCP D2), 67.2 (CALIPSO-GOCCP)
High cloud cover (%) 23.2 25.5 25.1 32.9 (CALIPSO-GOCCP)
Middle cloud cover (%) 9.2 9.5 9.9 18.3 (CALIPSO-GOCCP)
Low cloud cover (%) 25.7 26.6 26.0 37.4 (CALIPSO-GOCCP)
COT 10.6 9.7 9.4 13.1 (MODIS C6)
CER (um) 11.9 10.0 9.9 13.8 (MODIS C6)
AOT 0.108 0.097 0.092 0.160 (MODIS C6)
OLR (W/m?) 237.2 237.3 243.7 240.3 (CERES EBAF-TOA radiation Ed4.0)
OSR (W/m?2) —237.5 —236.8 —241.9 —241.2 (CERES EBAF-TOA radiation Ed4.0)
LWCRF (W/m?) 25.2 23.7 16.5 28.0 (CERES EBAF-TOA radiation Ed4.0)
SWCRF (W/m?) -51.1 -52.6 —47.0 —45.8 (CERES EBAF-TOA radiation Ed4.0)
NetCRF (W/m?) —26.0 -28.9 -30.5 —17.8 (CERES EBAF-TOA radiation Ed4.0)

Note. In the case of reference values taken from previous studies, the reference paper is specified in the list. The satellite data products for comparison with the
model outputs were obtained from the following: Special Sensor Microwave Imager Sounder (SSMIS) F16 (Wentz et al., 2012) for liquid water path (LWP) for the
period 2006-2010; Global Precipitation Climatology Project (GPCP) version 2.2 (Adler et al., 2003) for precipitation rate for the period 2001-2013; International
Satellite Cloud Climatology Project (ISCCP) D2 data set (Rossow & Schiffer, 1999) and CALIPSO General Circulation Model-Oriented CALIPSO Cloud Product
(CALIPSO-GOCCP) version 3.1.2 (Chepfer et al., 2010) for cloud cover for the periods 2005-2009 and 2006-2017, respectively; Aqua-Moderate Resolution
Imaging Spectroradiometer (MODIS) C6 level-3 monthly product (Platnick et al., 2017) for cloud optical thickness (COT), cloud droplet effective radius at the
cloud top (CER), and aerosol optical thickness (AOT) for the period 2006-2010; CERES EBAF-TOA Edition 4.0 (Loeb et al., 2018) for longwave and shortwave
radiation and cloud radiative forcing (OLR, OSR, LWCRF, and SWCRF) at the top of the atmosphere (TOA) for the period 2001-2017.

We conducted simulations, using prescribed climatological sea surface temperature, over 6-year period, with
the last 5 years being used in the subsequent analysis. The model resolution is T85 (approximately 1.4°
resolution in longitude and latitude) with 40 vertical levels. The standard time step is 12 min, which becomes
shorter in cases with unstable conditions.

Another sensitivity experiment was performed in which the radiative effect of snow was turned off to inves-
tigate the radiative impact of snow. The majority of GCMs continue to ignore snow's radiative effect (Li et al.,
2012; Waliser et al., 2011) due to their diagnostic treatment of precipitation. Simulations with and without
snow radiation (hereinafter, ON/SnwRad and OFF/SnwRad) were carried out with the aim of understanding
the importance of this parameter in GCMs. The results are discussed in section 3.4.

3. Results and Discussion

3.1. Global Statistics
The global annual mean values from three types of simulations and reference values are summarized in
Table 2. Although most of the reference values analyzed in this study are taken from observations, the
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Figure 1. Zonal mean (a) total cloud cover, (b) liquid water path, (c) total ice water path (i.e., CIWP + SWP), (d) liquid
cloud top effective radius, (e) cloud optical thickness, (f) aerosol optical thickness, (g) precipitation rate, (h) longwave
cloud radiative forcing, and (i) shortwave cloud radiative forcing, for DIAG (black) and PROG (red) simulations.
Observational data from ISCCP D2 (for the period 2005-2009), SSMIS/F16 (2006-2010), CloudSat and CALIPSO
2C-ICE product (2006-2011), Aqua-MODIS Level 3 (2006-2010), GPCP version 2.2 (2001-2013), and CERES
EBAF-TOA Ed4.0 (2001-2017) are also plotted (gray) for reference. ISCCP = International Satellite Cloud Climatology
Project; PROG = prognostic; DIAG = diagnostic; SSMIS = Special Sensor Microwave Imager Sounder; MODIS =
Moderate Resolution Imaging Spectroradiometer; GPCP = Global Precipitation Climatology Project.

values cited for some unavailable parameters are from previous studies or other models, for which the
corresponding references have been specified.

As we expected, the process rates, that is, the autoconversion and accretion rates, are altered significantly
when switching between the DIAG and PROG schemes. Within the PROG framework, the prognosed rain-
water is stored in the atmosphere across multiple time steps, enhancing the accretion rate. The Acc/Aut
ratio is approximately an order of magnitude higher in the PROG implementation than in the traditional
DIAG scheme, and is in closer agreement with the VOCALS in situ aircraft measurements (Gettelman et
al., 2013; Wood et al., 2011) as well as with results from previous modeling studies (Gettelman & Morri-
son, 2015; Sant et al., 2015). Note that the Acc/Aut ratio is calculated locally using instantaneous process
rates, and then the ratio averaged vertically over the entire cloud layer. The Acc/Aut ratio is fundamentally
related to the magnitude of aerosol-cloud interactions because aerosol (or N,) modifies the autoconversion
rate but not the accretion rate (see equations (1) and (2)). We further discuss the links between microphys-
ical processes and aerosol-cloud interactions in later sections (cf. sections 3.2 and 3.3). Implementation of
the PROG ON/SnwRad and PROG OFF/SnwRad settings results in comparable outputs, with the exception
of the radiation field and derived precipitation.

The PROG scheme decreases the cloud liquid water path (CLWP) slightly more so than the DIAG scheme as
some liquid water shifts to the rain class and remains in the atmosphere. However, this does not correspond
directly to changes in cloud fraction. The total cloud amount increases by 3.3-3.6% in the PROG scheme,
with contributions of additional low- (~1%) and high-level cloud (~2%). However, the total cloud amount
is still less than that observed, especially over midlatitudes (Figure 1a).
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Figure 2. Zonal mean distribution of rainwater mass mixing ratio for (a) MIROC6 with PROG scheme and (b)
CloudSat radar retrieval from the 2C-RAIN-PROFILE product. The black line indicates a guide for the annual zonal
mean melting level at T = 273 K from (a) the intrinsic model value and (b) the ECMWF-AUX product. Note that the
model only includes stratiform clouds (see text for details). CloudSat retrieval misses near-surface hydrometeors (below
~1 km) due to ground clutter contamination. RWC = rainwater content; PROG = prognostic.

Figure 2 shows a vertical cross section of rainwater content for a MIROC6 PROG simulation and CloudSat
radar retrieval (2C-RAIN-PROFILE product; Lebsock et al., 2011) with the ECMWF-AUX product (Partain,
2007). Note that the CloudSat retrieval misses near-surface rainwater (below ~1 km) due to ground clutter
contamination (Marchand et al., 2008; Tanelli et al., 2008). CloudSat observations show high rainwater mass
over midlatitude areas at lower altitude, just below the melting line. This detail is well reproduced within
the model. Such observations can be attributed to long-lived smaller drizzle drops, and/or contributions
from melting snow. We do not compare the absolute value of the rainwater in the atmosphere because the
observations can include bias in rainwater retrieval due to radar attenuation and the detection sensitivity of
the cloud profiling radar (Stephens et al., 2008).

In the PROG simulation, cloud liquid water content above the melting layer is significantly reduced, which
is realistic when compared with the CloudSat observations (Figures 3a-3c). For the ice phase, the cloud ice
water path (CIWP) is reduced in PROG while the snow water path (SWP) is explicitly preserved across multi-
ple time steps, and hence the total ice water path (TIWP = CIWP + SWP) is significantly higher in the PROG
simulation and is in good agreement with CloudSat and CALIPSO retrievals (Figures 3d-3f). The reason for
this systematic difference between PROG and DIAG is that parameterization of the depositional growth of
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Figure 3. Zonal mean distribution of (top row) cloud liquid and (bottom row) total ice mass mixing ratios for (a, d) MIROC6 DIAG scheme, (b, ¢) PROG
scheme, and (c, f) CloudSat and CALIPSO satellite retrievals. CLWC= cloud liquid water content; DIAG = diagnostic; PROG = prognostic; TIWC = total ice

water content.
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Figure 4. Zonal mean distribution of number mixing ratios simulated in the MIROC6 PROG scheme for (a) N, (b) N},
(¢) N,, and (d) N;.

ice hydrometeors is more efficient due to the BF process in the PROG (not shown), which depletes coexist-
ing supercooled liquid water (Fan et al., 2011; Rotstayn et al., 2000). It is interesting to note that the liquid
water content at lower altitude (>800 hPa) is increased in the PROG scheme even though the global mean
CLWP is reduced relative to that derived within the DIAG scheme (Figures 3a and 3b, and Table 2). We fur-
ther investigated the instantaneous output and found that the occurrence frequency of single-layered warm
clouds is increased by ~38% in the PROG scheme, whereas the horizontal distribution is approximately the
same for the two schemes (not shown). Changes in the vertical distribution of hydrometeors (i.e., the phase)
will further affect cloud feedback (Matus & L'Ecuyer, 2017) and model climate sensitivity (e.g., Gettelman
& Sherwood, 2016; McCoy et al., 2016; Tan et al., 2016). This will be addressed further in future work.

As a result, both the liquid- and ice-column path representations show considerable improvement in the
PROG scheme (Figures 1b, 1c, 2, and 3) when compared with the DIAG scheme. TIWP remains underesti-
mated over the tropics (Figures 1c and 3e) because the precipitation (rain and snow) prognosed in the model
is only representative for large-scale contributions, but not for convective clouds. As shown in Table 2 and
Figure 4, the number concentrations of each hydrometeor in the PROG scheme are consistent with the find-
ings of Wang et al. (2011), based on a multiscale modeling framework with an embedded cloud-resolving
model (PNNL-MMF).

The PROG scheme does not always lead to improvements in the representation of microphysics parameters
such as the cloud droplet effective radius (CER), the cloud optical thickness (COT), and the aerosol optical
thickness (AOT; see Figures 1d-1f). We obtained MODIS-CER retrievals from the 3.7 ym band (not from
the 2.1 ym band) to effectively represent the upper cloud top property (e.g., Nakajima et al., 2010b; Platnick,
2000). MIROC6 underestimates the CER compared with the MODIS satellite retrieval, resulting in brighter
COT in liquid clouds (Figures 1d and 1e). These results suggest that the so-called “too few too bright low
cloud problem” (Calisto et al., 2014; Nam et al., 2012) remains an unresolved issue in MIROCS, although
the microphysical parameters also have large retrieval uncertainties (e.g., King et al., 2013; Merk et al., 2016;
Zhang et al., 2012). A further study using satellite simulators (Bodas-Salcedo et al., 2011; Swales et al., 2018)
is desired, but is beyond the scope of this paper.

AOT is decreased by ~10% in the PROG simulation relative to the DIAG scheme, mainly at midlatitudes
(Figure 1f), due to enhancement of wet scavenging, associated with the prognostic treatment of precipitation
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Figure 5. Joint PDF of LWP and vertically integrated process rates for (a, b) diagnostic (DIAG) and (c, d) prognostic
(PROG) schemes. The dashed lines indicate the conversion time scale with regard to the autoconversion (z,,;) and
accretion (z,..) processes as references. Global means (60°S to 60°N) of the process rates P, and P, are shown at the
top right in each panel.

which prolongs the residence time of rainwater. The original MIROC6 implementation with the DIAG
scheme still overestimates the precipitation rate, although improvements have been made from the previ-
ous version, MIROCS5 (Tatebe et al., 2019). Precipitation rate is somewhat decreased (by ~7%) in the PROG
scheme (Figure 1g), due to mitigation of radiative cooling in the troposphere. This will be addressed in more
detail later (cf. section 3.4).

Consequently, longwave radiative forcing (LWCRF) at the top-of-atmosphere (TOA) is reduced in the PROG
scheme (Figure 1h) due to the reduction in cloud ice. The DIAG scheme also underestimates LWCREF, espe-
cially over midlatitudes. For shortwave cloud radiative forcing (SWCRF), both DIAG and PROG reflect
too brightly over low latitudes (Figure 1i), which implies that cumulus convection is overrepresented in
these schemes. These results suggest that in addition to further development of the microphysics frame-
work, improvements in the bulk representation of ice hydrometeors (e.g., Morrison et al., 2015; Milbrandt &
Morrison, 2016), as well as in convective parameterization (e.g., Chikira & Sugiyama, 2010; Hirota et al.,
2018) are required.

3.2. Warm Rain Microphysics

One of the main differences between the DIAG and PROG schemes lies in the microphysical process rates,
summarized in Table 2. Figure 5 illustrates a joint PDF as a function of LWP and vertically integrated process
rates. The data presented here are derived from single-layered warm clouds (60°S to 60°N) using 6-hourly
instantaneous outputs, so the mean values of vertically integrated process rates, shown at the top right in
each panel, differ from the values presented in Table 2.
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Figure 6. The vertically averaged ratio of accretion to autoconversion (Acc/Aut) for (left) horizontal and (right) vertical
distributions obtained from the (top) diagnostic (DIAG) and (bottom) prognostic (PROG) schemes.

In the DIAG scheme, the accretion process is relatively insignificant in our model as all rainwater falls to
the surface within a single model time step, such that precipitation occurs primarily by means of the auto-
conversion process (Figures 5a and 5b). Many of the samples were taken within the autoconversion time
scale 7, range: 8 hr < 7,,, <2 hr (Figure 5a). Use of the alternative autoconversion schemes show a similar
relationship between LWP and process rates (Michibata & Takemura, 2015). In contrast, the PROG scheme
retains rainwater in the atmosphere across multiple time steps, enhancing the contribution of accretion rela-
tive to autoconversion (Figures 5c and 5d). This is consistent with previous studies that tested the prognostic
treatment of precipitation (e.g., Gettelman et al., 2015; Posselt & Lohmann, 2008). The dominant autocon-
version time scale 7, ranges from 16 to 4 hr (Figures 5c) and contributes to mitigating the too fast and too
frequent light rain issue found in GCMs (Jing et al., 2017; Kay et al., 2018). For LWP > 300 g/m?, the rain
process employed switches to an accretion-dominated regime.

Itis important for climate models to characterize the distribution of the Acc/Aut ratio (e.g., Gettelman et al.,
2013), because the specific weight of the autoconversion and accretion is related to the susceptibility to
aerosols (Feingold et al., 2013; Jiang et al., 2010; Sorooshian et al., 2009), as well as to the precipitation time
scale (Suzuki & Stephens, 2009). Figure 6 depicts the horizontal and vertical distribution of the Acc/Aut ratio
represented in the model. The DIAG scheme presents a lower Acc/Aut ratio that does not vary very much
(<0.1-5.0), whereas the PROG scheme presents larger variability in the Acc/Aut ratio (~0.1-50). This sug-
gests that the PROG scheme is more representative over larger variations in precipitation intensity and time
scale. Over continents, a relatively higher Acc/Aut ratio is found for both the DIAG and PROG schemes,
due to autoconversion being inhibited in regions where there is higher aerosol concentration. While higher
Acc/Aut ratios can only be found over midlatitudes in the DIAG scheme, the PROG scheme presents higher
values over the oceanic tropics (i.e., in the eastern Pacific and equatorial Atlantic) where LWP is high. Con-
versely, the Acc/Aut ratio is lower over the typical stratocumulus deck found over regions such as California,
Peru, Namibia, and the Canaries. Lower LWP is characteristic over these regions, and autoconversion is
dominant in the formation of precipitation, resulting in a lower Acc/Aut ratio. The vertical structure is also
significantly different (Figures 6b and 6d). In PROG, the accretion process is dominant overall (Acc/Aut ratio
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> 10) below the melting layer, and autoconversion is minor except
in the upper layer. This microphysical structure is consistent with an
observation-based study performed by Wood (2005a).

The balance between autoconversion and accretion is fundamentally
related to the representation of raindrop size. This is because autoconver-
sion increases both the mass and number mixing ratios of rain (g, and N,)
assuming initial raindrops to have a radius of 25 ym, whereas accretion
only increases the mass g, (see also Table 1). Figure 7 depicts the raindrop
effective radius as simulated by the PROG scheme. The dominant auto-
conversion process, especially in the upper portion of clouds, produces
numerous small drizzle drops over the calm stratocumulus regions that
—=l [ I are characterized by a lower Acc/Aut ratio. Although global observations
30 35 40 45 50 55 60 65 70 of raindrop size are limited, MIROC6 PROG successfully captures driz-
Raindrop Effective Radius [um] zle droplets (30-50 ym), especially over the marine stratocumulus decks
Figure 7. Geographical distribution of the effective raindrop radius below  found off the west coasts, where the simulated values agree with several
cloud-base simulated by the PROG scheme. in situ aircraft measurements and field campaigns including: DYCOMS-II
(VanZanten et al., 2005), MASE (Wang et al., 2009), ASTEX (Wood, 2005a,
2005b), ARM Azores (Dong et al., 2015; Wu et al., 2015), and VOCALS-REx (Wood et al., 2011; Wang et al.,
2012). These results provide evidence that the new PROG scheme is working in a more realistic manner

than the previous microphysics scheme, which treated precipitation diagnostically.

It should be noted that the Acc/Aut ratio can be affected by other elements than only the treatment of pre-
cipitation. For example, the autoconversion and accretion schemes themselves strongly affect the Acc/Aut
ratio, regardless of whether the model adopts a diagnostic or prognostic framework (Hill et al., 2015). This
emphasizes the importance of how the model calculates process rates (Michibata & Takemura, 2015) and
represents the subgrid-scale variability (Boutle et al., 2014; Lebsock et al., 2013), as well as changing the
treatment of precipitation.

3.3. TOA Radiation and Aerosol-Cloud Interactions

To understand how the improvements in microphysics described above affect the radiation and climate
fields, we examine the differences between the PD and PI simulations. As a simplification, we employ here
the PROG scheme with only liquid rain (snow is the same as DIAG) to isolate the snow radiation effect from
the effect that prognostic precipitation has on aerosol-cloud interactions. We evaluate the snow radiative
effect further in the next section. The TOA imbalance between longwave and shortwave radiation in the
DIAG and PROG schemes is small within the PD environment (—0.31 and —0.21 W/m?, respectively).

We estimate the effective radiative forcing due to aerosol-cloud interactions (ERF,;), which is defined as
the change in net cloud radiative forcing between the PD and PI simulations. The cloud radiative forcing

under clean-sky conditions (aerosol free) is used to remove contamination due to aerosol scattering and

— I . [
-0 -7 -5 -3 -1 0 1 3 5 7 10

ACRF [W m~]

Figure 8. Effective radiative forcing due to aerosol-cloud interactions for the (a) diagnostic (DIAG) and (b) prognostic
(PROG) schemes, estimated from changes in cloud radiative forcing (ACRF) between the present-day and preindustrial
experiments.
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Figure 9. Changes in (a, d) liquid water path (LWP), (b, e) column N, burden, and (c, f) cloud droplet effective radius R.¢ from present-day to preindustrial
experiments for the (top row) diagnostic (DIAG) and (bottom row) prognostic (PROG) schemes.

absorption following Ghan (2013). Figure 8 illustrates the geographical distribution of the ERF ;. We find
strong ERF,,; over East Asia, Eurasia, central Africa, the northern Indian Ocean, and the equatorial eastern
Pacific. The ERF,; is mitigated, on a near global scale, by switching from the DIAG to PROG scheme, which
is consistent with previous findings by Gettelman et al. (2015). Global mean ERF,; is altered from —1.36
W/m? (4+0.22 W/m? for LW and —1.58 W/m? for SW) for DIAG to —1.07 W/m? (+0.29 W/m? for LW and
—1.36 W/m? for SW) for PROG, mainly due to ASWCRF via ALWP as shown in Figure 9. Changes in the
column N, burden (AN,) and droplet effective radius (AR.) are less sensitive to change in ERF, . Cloud
cover is also insensitive to the change in the PD-PI anomaly (not shown).

The reduction of the LWP susceptibility to aerosol perturbations in the PROG scheme, from the PI to the
PD simulations, is a desirable feature, since most GCMs overestimate the magnitude of the ACI (e.g., Quaas
et al., 2009; Wang et al., 2012). Overestimation of the ACI is related to overemphasis in the representation
of autoconversion, which suppresses rain generation due to perturbed aerosols, therefore prolonging the
cloud lifetime (equation (1)) and resulting in coherent positive LWP susceptibility (Michibata et al., 2016).
We conclude that the emphasis given to the accretion process over autoconversion in the PROG scheme
(Figures 5 and 6) weakens the LWP susceptibility and thus the magnitude of the ACIL

ERF,; estimated in the PROG scheme is in close agreement with the observational constraints (-1.1 + 0.4
W/m?) estimated by Murphy et al. (2009) and with the lower bound of the estimates (—1.0 W/m?) com-
piled by Stevens (2015). A recent study suggested that mitigation of the too early rain formation in a
GCM can simultaneously overemphasize the anthropogenic aerosol forcing (Jing & Suzuki, 2018). This
dichotomy between precipitation and energy (P&E dichotomy) explains why the magnitude of the ACI is
highly sensitive to the autoconversion scheme used. It could possibly be eliminated by using a prognostic
precipitation scheme, and future work should seek to untangle this self-contradiction (compensating errors)

at the fundamental process-level (Gettelman, 2015; Ghan et al., 2016).

As described above, the magnitude of aerosol-cloud interactions is decreased by approximately 21% in the
present study, when switching to PROG scheme, which is in agreement with the range of 2-33% reduction
suggested by Gettelman et al. (2015). Our results provide a more robust generalization of previously pub-
lished findings and also emphasize the importance of prognostic precipitation in GCMs for a more realistic
representation of aerosol-cloud interactions.

3.4. Snow Radiative Effect

We have so far described aerosol-cloud-radiation interactions, especially for warm-rain processes. Since the
previous DIAG scheme in MIROC6 does not calculate the radiative effect of precipitating hydrometeors,
we document the effect of the new radiation scheme on model performance. We focus here mainly on the
radiative effect of snow, because the radiative impact of rain is negligible (Hill et al., 2018). We have also
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Figure 10. Global annual mean outgoing longwave radiation for (a) CERES observations, (b) MIROC6 DIAG, (c)
MIROC6 PROG, and (d) the difference between the PROG scheme without the snow radiative effect and the standard
configuration (ON/SnwRad — OFF/SnwRad).

estimated rain radiative effect by conducting sets of simulations with and without radiative effect of rain-
water (not shown) to find that the global mean difference in NetCRF between the two experiments was
negligibly small (—0.09 W/m?).

Sets of simulations were performed using the PROG scheme both with and without the snow radiation
effect, as summarized in Table 2. Although there has been some similar research recently (e.g., Chen et al.,
2018; Li et al., 2016), our findings related to the impact of the snow radiative effect on model performance
are expected to make a valuable contribution because most GCMs still ignore the radiative effect of snow.

Figure 10 illustrates outgoing longwave radiation (OLR) and shows that both the DIAG and PROG schemes
are in good agreement with the CERES satellite observations. The difference between PROG ON/SnwRad
and OFF/SnwRad yields an almost global negative anomaly in OLR (Figure 10d). This is because the sus-
pended snowflakes trap terrestrial radiation. The negative anomaly is relatively large over midlatitudes
where SWP is large, and the geographical pattern is similar to that found by Li et al. (2014). The accumulated
precipitating ice hydrometeors reflect solar radiation simultaneously, but the radiative effect is more sensi-
tive at longwave. The differences in global mean OLR and OSR between the ON/SnwRad and OFF/SnwRad
experiments are significant, 6.4 and 5.1 W/m? in absolute values, respectively (i.e., AF,,, = 1.3 W/m?).
These values are larger than those previously estimated by Li et al. (2014) and Chen et al. (2018), because
MIROC6 PROG has more SWP than the models used in previous studies. Given that the real atmosphere
has more TIWP compared to that in models (Figure 1c), the radiative impacts should be more significant.

Incorporating the snow radiation effect into the model leads to stabilization of the troposphere. Net radiative
cooling, the imbalance between shortwave heating and longwave cooling, is weaker in PROG ON/SnwRad
(104.3 W/m?) than in PROG OFF/SnwRad (108.1 W/m?), and closely agrees in both with regard to the
corresponding summation of sensible and latent heats, 104.1and 107.9 W/m?, respectively. These values are
consistent with the observational constraints on the energy budget (~106-108 W/m? ) described by L'Ecuyer
et al. (2015) and Stephens and L'Ecuyer (2015).
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Figure 11. Global annual mean precipitation rate for (a) GPCP observations, (b) MIROC6 DIAG, (c) MIROC6 PROG,
and (d) the difference between the PROG scheme without snow radiative effect and the standard configuration
(ON/SnwRad — OFF/SnwRad). The regions where the difference between ON/SnwRad and OFF/SnwRad is significant
(larger than 2 standard deviations of the interannual variability) are hatched. GPCP = Global Precipitation Climatology
Project; PROG = prognostic.

Figure 11 shows the precipitation rate for GPCP observations, MIROC6 simulations for DIAG and PROG,
and the resulting changes between the ON/SnwRad and OFF/SnwRad. Both the DIAG and PROG schemes
are representative of the qualitative distribution of precipitation, yet MIROC6 somewhat quantitatively
overestimates the precipitation rate, as discussed in Tatebe et al. (2019). Nevertheless, PROG reduces the
overestimation of precipitation in comparison to the DIAG scheme (Figures 11b and 11c), especially over
the north Pacific, off the west coast of Australia, over Peru, and Namibia, and over the Amazon.

On the other hand, the large model bias in relation to the GPCP observations is still evident in the PROG
scheme, especially over the tropics, where convective activity is strong (e.g., in the Arabian Sea and Bay of
Bengal, the Philippines, and the Intertropical Convergence Zone/South Pacific Convergence Zone), due to
the moist free troposphere that triggers convection (Hirota et al., 2018). Note that the large precipitation bias
worsens if the model does not incorporate the radiative effect of snow (Figure 11d) over these regions. It can
be assumed that the stronger radiative cooling derived in the OFF/SnwRad leads to vertical destabilization
and thus heavier precipitation. In fact, the net effect of the TOA imbalance (AF,,,) and the difference in
radiative cooling (i.e., —1.3 + 108.1 — 104.3 =~2.5 W/m?) is balanced with the simulated difference in
precipitation rate between the ON/SnwRad and OFF/SnwRad (i.e., 0.095 mm/day =~2.7 W/m?).

As we described earlier, the model prognosed only the large-scale contribution of precipitating hydromete-
ors. However, these results suggest that the prognostic precipitation, including its radiative effect, can alter
the precipitation rate as well as its global distribution, by modifying the vertical circulation (not shown) via
cloud-radiation-dynamics interactions (e.g., Li et al., 2014) due to the mitigation of radiative cooling in the
atmosphere. Many GCMs, in addition to MIROCS, tend to overestimate global mean precipitation (e.g., Guo
et al., 2014; Salzmann et al., 2010; Stephens et al., 2012; Sud et al., 2013; Sant et al., 2015; Wang et al., 2011).
The mitigation of the radiative cooling due to snow will contribute to reducing the common bias in CMIP
models. If observed solid hydrometeors in the atmosphere are larger than those in the model simulations, the
radiative cooling will be more moderated. The modeled climate sensitivity will also be modified (e.g., Bony et
al., 2015; Sherwood et al., 2014). The results detailed above strongly support the importance of incorporating
the snow radiative effect in GCMs to achieve more reliable climate research outputs. The application within
models of prognostic precipitation for both liquid and solid species, as well as their radiative calculation,
will contribute to advances in global climate modeling.
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4. Summary and Future Work

We have developed a two-moment microphysics scheme with prognostic precipitation for both rain and
snow and incorporated it into an aerosol-climate model, the MIROC6-SPRINTARS GCM. The radiative
transfer calculation for precipitation has also been coupled to the new scheme. To explore the impact
of applying this treatment for precipitation and its radiative effect on the climate simulation, we evalu-
ated the performance of the traditional DIAG scheme and the newly introduced PROG scheme, with and
without inclusion of the snow radiative effect, using multisatellite data sets. Although not all changes
are attributed to the different treatments of precipitation, we have obtained significant improvements by
applying prognostic precipitation framework in our model described below.

The new PROG scheme reproduced well the observed statistics in terms of cloud microphysics and macro-
physics, as well as the TOA radiation. The ratio of accretion to autoconversion (Acc/Aut) was significantly
increased in the PROG simulation, which was in closer agreement with the observed trend based on in situ
measurements (Gettelman et al., 2013). This characteristic of the PROG scheme is consistent with previ-
ous studies of the application of prognostic precipitation in GCMs (e.g., Gettelman et al., 2015; Posselt &
Lohmann, 2008), in that the rainwater can reside in the atmosphere across multiple time steps. Use of prog-
nostic precipitation slowed down the autoconversion time scale, mitigating the premature onset of rain,
which is regarded as a common issue in GCMs (Jing et al., 2017). The PROG scheme successfully modeled
smaller raindrops (drizzle), which are frequently observed off the west coast of California, and over Peru,
the Canaries and Namibia, as a result of improved parameterization of the relative weight of autoconversion
(characterized by increases in both g, and N,) and accretion (with an increase only in g,).

The treatment of precipitation in the model also significantly altered the vertical structure of hydrometeors.
Although the global mean CLWP decreased in PROG, because some cloud water shifted to the rain class, g,
increased for lower altitudes (>800 hPa), which resulted in an increase of ~38% in the occurrence frequency
of single-layered warm clouds. The overemphasized supercooled liquid fraction in the DIAG scheme was
reduced in the PROG scheme due to depletion of cloud liquid water from coexisting ice hydrometeors via the
BF process. As a result, TIWP (i.e., CIWP + SWP) was increased significantly by switching from the DIAG
to PROG framework, providing comparable results to the CloudSat and CALIPSO retrievals. The changes in
vertical distribution of hydrometeors and thus the phase partitioning of liquid and ice can further alter the
modeled climate sensitivity (Tan et al., 2016). This is an area that would benefit from further investigation.

We have quantified the anthropogenic aerosol forcing by looking at the differences in TOA radiation between
PD and PI. The PROG scheme reduced the magnitude of ERF,; by approximately 21%, which lies within
the range of the 2-33% reduction suggested by Gettelman et al. (2015). The reduction of ERF,,; in PROG
was fundamentally related to the mitigation of LWP susceptibility to perturbed aerosols from the PI to the
PD simulations. The autoconversion process provides the only pathway through which aerosols can influ-
ence rain formation (see equation (1)) and therefore the LWP susceptibility (Michibata et al., 2016). It can
therefore be inferred that improvements in microphysical process rates are concurrent with improvement
in ERF ;.

To evaluate the snow radiative effect in the new PROG scheme, sets of simulations with and without the
snow radiative effect (ON/SnwRad and OFF/SnwRad) were performed. Precipitating ice affected both long-
wave and shortwave radiation significantly, with the former found to be more sensitive (changes in OLR
and OSR were 6.4 and 5.1 W/m? in absolute values, respectively). Simulation with the ON/SnwRad reduced
the precipitation rate by ~0.1 mm/day compared to the OFF/SnwRad, due to moderation of radiative cool-
ing that stabilizes the troposphere. In our model, the particle shapes of solid hydrometeors are prescribed
(hexagonal columns for cloud ice; dendrite crystals for snow). It is recommended that a further study is
conducted into particle species and shape sensitivity. In addition, arbitrary unphysical parameter, such as
the ice-to-snow autoconversion threshold size, should be avoided in a further model development. Taking
this into account, incorporation of a single ice parameterization (Morrison & Milbrandt, 2015) into GCMs
could be one of the solutions for better describing ice morphology while ensuring continuity of ice growth
(Dietlicher et al., 2018; Eidhammer et al., 2017; Zhao et al., 2017).

Our study has shown that application of prognostic precipitation for both liquid and solid hydrometeors, as
well as for their radiative calculation, will lead to promising advances in global climate modeling. If we do not

MICHIBATA ET AL.

855



~1
AGU

100

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Advances in Modeling Earth Systems

10.1029/2018MS001596

Acknowledgments

The authors would like to thank the
developers of both SPRINTARS and
MIROC. Codes of the new
microphysics and radiation scheme
were optimized by Koji Ogochi.
Simulations by MIROC-SPRINTARS
were executed with the SX-ACE
supercomputer system of the National
Institute for Environmental Studies,
Japan. MODIS Collection 6, Level 3
products are available through the
LAADS website (https://ladsweb.
modaps.eosdis.nasa.gov/). SSMIS
instrument data are obtained from the
Remote Sensing Systems data services
website (http://www.remss.com/
missions/ssmi). ISCCP D2 data sets are
also available online
(http://isccp.giss.nasa.gov/
products/browsed2.html). GPCP
version 2.2 can be obtained from
NASA Goddard Space Flight Center
(http://precip.gsfc.nasa.gov). CERES
EBAF-TOA Edition 4.0 products are
available from the NASA Langley
Research Center (http://ceres.larc.
nasa.gov/order_data.php). The
CloudSat data products were provided
by the CloudSat Data Processing
Center at CIRA/Colorado State
University (http://www.cloudsat.cira.
colostate.edu). CALIPSO-GOCCP data
set version 3.1.2 was obtained from
ClimServ data center
(http://climserv.ipsl.polytechnique.fr/
cfmip-obs/Calipso_goccp.html). This
study was supported by the JSPS
KAKENHI Grant-in-Aid for Research
Fellows (JP15J05544, JP18J00301, and
JP15H01728); the Integrated Research
Program for Advancing Climate
Models (TOUGOU program) from the
Ministry of Education, Culture, Sports,
Science and Technology (MEXT),
Japan; the Environment Research and
Technology Development Fund
(S-12-3) of the Environmental
Restoration and Conservation Agency,
Japan; and the Collaborative Research
Program of Research Institute for
Applied Mechanics, Kyushu
University. K. Suzuki was

supported by NOAA's Climate
Program Office's Modeling, Analysis,
Predictions, and Projections program
with grant NA150AR4310153. The
MIROC6-SPRINTARS simulation data
used for analysis are available at
https://doi.org/10.5281/zenodo.2584312
website. The authors are grateful to Ian
Boutle (UK Met Office) and one
anonymous reviewer for providing
constructive suggestions and
comments, that helped to improve the
manuscript.

include prognostic precipitation in GCMs, our confidence in simulating aerosol-cloud-precipitation-climate
interactions will remain low.
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