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Abstract We evaluate the Community Atmosphere Model Version 5 (CAM5) with a higher-order
turbulence closure scheme, named Cloud Layers Unified By Binomials (CLUBB), and a Multiscale Modeling
Framework, referred to as the “superparameterization” (SP) with two different microphysics configurations to
investigate their influences on rainfall simulations over southern Amazonia. The two different microphysics
configurations in SP are the one-moment cloud microphysics without aerosol treatment (SP1) and two-
moment cloud microphysics coupled with aerosol treatment (SP2). Results show that both SP2 and CLUBB
effectively reduce the low biases of rainfall, mainly during the wet season, and reduce low biases of humidity
in the lower troposphere with further reduced shallow clouds and increased surface solar flux. These changes
increase moist static energy in the lower atmosphere and contribute to stronger convection and more
rainfall. SP2 appears to realistically capture the observed increase of relative humidity prior to deep
convection, and it significantly increases rainfall in the afternoon; CLUBB significantly delays the afternoon
peak rainfall and produces more precipitation in the early morning, due to more gradual transition between
shallow and deep convection. In CAM5 and CAM5 with CLUBB, occurrence of more deep convection appears
to be a result of stronger heating rather than higher relative humidity.

1. Introduction

The Amazonian rainforest, as a significant component of the global carbon cycle, accounts for approximately
15% of global terrestrial photosynthesis (Field et al., 1998). Changes of precipitation in this region in the 21st
century would not only influence regional water and energy balance but also the global carbon-climate feed-
backs and atmospheric CO2 concentration (Cox et al., 2004). However, state-of-the-art climate models have
been shown to have large biases in reproducing the rainfall climatology in the recent past and large intermo-
del spread in projecting future rainfall changes over Amazonia (Fu et al., 2013; Li et al., 2006; Vera et al., 2006;
Yin et al., 2013). Such an inadequate representation of rainfall and its future changes in climate models has
been a major source of uncertainty in projecting future atmospheric CO2 concentration and resultant climate
changes (Friedlingstein et al., 2006, 2014).

Significant low-precipitation biases were first found among nearly all climate models that participated in the
Coupled Model Intercomparison Project (CMIP) phase 3 (CMIP3) of the World Climate Research Programme
(WCRP), including the National Center for Atmospheric Research (NCAR) Community Atmosphere Model
(CAM). Such a low-rainfall bias was at that time attributed to their underestimation of the surface latent flux
(e.g., Li et al., 2006). However, despite improved surface latent flux in the CMIP Phase 5 (CMIP5), the
low-rainfall biases still exist (e.g., Yin et al., 2013). In particular, in the Community Climate System Model
version 4 (CCSM4) (Gent et al., 2011), a global climate model widely used by the research community in
the United States, rainfall is underestimated over southern Amazonia despite its overestimation of the
surface latent flux.

The low-rainfall biases over Amazonia in the global climate models can be a result of multiple factors. For
example, Li et al. (2006) found that the simulated El Niño-like sea surface temperature (SST) pattern and warm
bias in the northern tropical Atlantic appear to enhance atmospheric subsidence and consequently reduce
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clouds and rainfall over the Amazon. Yin et al. (2013) speculated that the underestimation of cloudiness,
which causes an overestimation of surface net radiative flux and resultant high biases of sensible flux and
Bowen ratio, could contribute to the low-rainfall biases. Whether the underestimation of cloudiness is a result,
rather than the cause, of the underestimation of rain bearing atmospheric convection remains unclear.

This study aims to test the response of rainfall over southern Amazonia, where the low-rainfall bias is
centered, to several treatments of convective and cloud processes, and of the atmospheric boundary layer,
in the Community Atmosphere Model version 5 (CAM5), a widely used global atmosphere model of the
Community Earth SystemModel (CESM) developed at NCAR (Neale et al., 2010). CAM5 also shows low-rainfall
biases similar to those of other CMIP3, CMIP5, and Atmospheric Model Intercomparison Project (AMIP) mod-
els, as will be shown in this paper.

Cumulus parameterizations in current global climate models do not represent deep convection and shallow-
to-deep convection transition processes well enough and tend to underestimate rain rate with an early diur-
nal peak over land (e.g., Dai et al., 1999; Sato et al., 2009). These biases can be largely removed by resolving
convective processes at a resolution finer than 5 km (e.g., Sato et al., 2009; Warner et al., 2003). However, it is
computationally expensive and technically challenging to resolve convective processes, particularly in global
models. As an intermediate step, Khairoutdinov and Randall (2001) and Grabowski (2001) developed a super-
parameterization (SP) approach, which resolves convective process using a two-dimensional cloud-resolving
model (CRM) embedded in each global climate model grid column, with a horizontal grid spacing of 1–4 km
and about 24 vertical layers (Grabowski, 2001; Khairoutdinov & Randall, 2001).This approach has been shown
to improve rainfall intensity on global scales (Kooperman et al., 2016), representation of the convective varia-
bility associated with the Madden-Julian Oscillation (Benedict & Randall, 2009), Asian and West African
Monsoons (DeMott et al., 2011; McCrary et al., 2014), and organized convective systems over the Great
Plains of the United States (Kooperman et al., 2013; Pritchard et al., 2011). Over South America,
Krishnamurthy and Stan (2015) have shown that SP embedded in the Community Climate System Model
Version 3 (CCSM3) can improve intraseasonal and interannual variabilities and their spatial pattern of rainfall
associated with Pacific influences. To our knowledge, whether the SP approach can improve the diurnal cycle
and reduce the low-rainfall bias over Amazonia has not been reported in past literature.

Both observations and numerical model experiments have suggested that aerosols could influence cloud
microphysics and thus rainfall intensity over Amazonia (e.g., Andreae et al., 2004; Chakraborty et al., 2016;
Koren et al., 2004, 2008; Lin et al., 2006; Martin et al., 2016; Wendisch et al., 2016). Song et al. (2012) and
Lim et al. (2014) found some positive impacts of including microphysical processes in the Zhang and
McFarlane convection scheme (Zhang &McFarlane, 1995) in simulating precipitation, cloud liquid water path,
and surface radiative fluxes in global and regional models. In CAM5, aerosols only influence cloud microphy-
sics in their large-scale stratiform clouds. In SP, the explicit-cloud parameterized-pollutant (ECPP) approach
(Gustafson et al., 2008; Wang et al., 2011b) uses statistics of cloud distribution, vertical velocity, and cloud
microphysical properties provided by the cloud-resolving model to drive aerosol and chemical processing
in all cloud types. Establishing whether this physically more realistic approach that includes the aerosol influ-
ence on convective clouds would reduce the low-rainfall bias over the Amazon should shed light on how
aerosols affect rainfall in the region.

Recent studies suggest that shallow convection affects the development of deep convection by its moisten-
ing and destabilizing of the lower troposphere (e.g., Derbyshire et al., 2004; Grabowski & Moncrieff, 2004;
Holloway & Neelin, 2009; Waite & Khouider, 2010). Analyses of observations, including those from the recent
GoAmazon field campaign, have shown that the development of shallow convection can influence the diur-
nal cycle and intensity of the deep convection over Amazonia (e.g., Zhuang et al., 2017). To improve the
representation of the shallow convection and boundary layer clouds and thermodynamic processes, a
third-order turbulence closure parameterization called Cloud Layers Unified by Binomials (CLUBB) (Golaz
et al., 2002; Larson & Golaz, 2005) has been developed and implemented into CAM5 to provide a unified
treatment of atmospheric boundary layer (ABL) processes, i.e., planetary boundary layer turbulence, shallow
convection, and stratiform clouds (Bogenschutz et al., 2013). In a separate effort, CLUBB has also been imple-
mented in the CRM component of SP to improve its turbulence and shallow convection treatment (Wang
et al., 2015). Thus, we examine whether CLUBB can reduce the low-rainfall bias over Amazonia in both
CAM5 and SP and, if so, through what process.

Journal of Geophysical Research: Atmospheres 10.1002/2017JD026576

ZHANG ET AL. HOW PARAMETERIZATION CHANGES RAINFALL 9880



To isolate the influence of an improved representation of multiscale convective process, cloud
microphysics, the ABL, shallow convective processes, and of aerosols, we will evaluate over southern
Amazonia in section 3 six versions of CAM5, i.e., CAM5 (CM), CAM5 with CLUBB (CM_CL), SP with two-
moment microphysics with aerosol treatment: SP2 and SP2 with CLUBB (SP2_CL), and SP with one-moment
microphysics without aerosol treatment: SP1 and SP1 with CLUBB (SP1_CL). The influences of these
processes on rainfall and bias in CAM5 and so potentially in CAM5-class global climate models will be
discussed in section 4.

2. Models and Methodology

The CAM5.1 model and its SP version are used as bases in this study, with CLUBB implemented in both mod-
els. CAM5 was released in June 2010 as a component of the CESM developed at NCAR (Neale et al., 2010).
Large-scale dynamics are treated using the Finite Volume dycore (Neale et al., 2010). CAM5 parameterizations
include (i) the Zhang and McFarlane (1995) (ZM) scheme for deep convection with some further refinements
documented in Neale et al. (2008), (ii) the Bretherton and Park (2009) shallow convection and moist turbu-
lence schemes developed at the University of Washington (Park & Bretherton, 2009), (iii) a two-moment cloud
microphysics scheme (Gettelman et al., 2008; Morrison & Gettelman, 2008) and a cloud macrophysics scheme
(Park et al., 2014) for the parameterizations of clouds, and (iv) the open-source Rapid Radiative Transfer Model
for General Circulation Models (GCMs) (RRTMG) package developed by Atmospheric and Environmental
Research (Mlawer et al., 1997). Results from CM and CM_CL will be compared with results from the SP versions
of CAM5.

CLUBB (Golaz et al., 2002; Larson & Golaz, 2005) has been developed and implemented into CAM5 to
provide a unified treatment of boundary layer processes, i.e., planetary boundary layer turbulence, shallow
convection, and stratiform clouds (Bogenschutz et al., 2013). This parameterization was developed assuming
a joint probability density function (PDF) of vertical velocity, liquid water potential temperature, and total
water mixing ratio at a particular location and time. Once the subgrid joint PDF is determined, the buoyancy
terms, cloud fraction, cloud liquid water mixing ratio, and the unclosed moments can be diagnosed directly
from it (Larson & Golaz, 2005). Although this PDF-based parameterization adds to the computational
expense, it ensures consistency of cloud water content and cloud fraction and avoids artificial categorization
of different cloud types (e.g., cumulus and stratocumulus) and physical processes (Larson et al., 2012).

The version of SP used in this study is documented in detail (Wang et al., 2015) (The source code of SPCAM
used here can be found at https://svn-ccsm-models.cgd.ucar.edu/cam1/branches/spcam1_5_00_cam5_2_
09_pnnl). Thus, we only briefly describe it here. The SP is an extension of the Colorado State University
(CSU) Multiscale Modeling Framework model (Khairoutdinov et al., 2008, 2005; Li et al., 2009; Tao et al.,
2009) that was first developed by Khairoutdinov and Randall (2001). The host GCM in SPCAM has been
upgraded to the CAM5, and the resulting SP treats multiscale interactions of aerosols, clouds, and precipita-
tion (Wang et al., 2011a, 2011b). The embedded CRM in each GCM grid column is a two-dimensional version
of the System for Atmospheric Modeling (SAM) (Khairoutdinov & Randall, 2003). Convection is assumed to be
resolved in the SP models; i.e., large-scale and convective rainfall are not generated by separate schemes but
rather produced by the embedded CRMs. During each GCM time step (every 10min), the CRM is forced by the
large-scale temperature and moisture tendencies arising from GCM grid-scale dynamical processes and it
feeds the cloud response back to the GCM grid scale as heating and moistening terms in the large-scale bud-
get equations for heat andmoisture. The CRM runs continuously using a 20 s time step with cyclical boundary
conditions within each cell.

CLUBB has been further implemented into the CRM component of this version of SPCAM with its two differ-
ent microphysical configurations (Wang et al., 2015), i.e., (a) the two-moment cloud microphysics scheme
(Wang et al., 2015) (“SAM2MOM”) that uses the Explicit Clouds Parameterized Pollutants representation of
cloud effects on the aerosol (Wang et al., 2011b) and (b) the single-moment cloud microphysics scheme with
no aerosol treatment. The CRM uses the radiation scheme used in CAM, Version 4 (Collins et al., 2004;
Khairoutdinov & Randall, 2001; Khairoutdinov et al., 2005, 2008). There are some adjustments to both the
single-moment (SAM1MOM) and two-moment (SAM2MOM) cloud microphysics schemes when they are
coupled to CLUBB due to the fractional cloudiness that it diagnoses (Wang et al., 2015). To reduce computa-
tional expense, CLUBB is activated every third CRM time step; thus, the time step that CLUBB uses is 1 min.
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Tendencies output from the CLUBB at each of its time steps are applied uniformly over all three CRM time
steps (Larson et al., 2012). For other technical details, refer to Wang et al. (2015).

In this study, we perform six model experiments, i.e., CAM5 (CM), CAM5_CLUBB (CM_CL), MMF with two-
moment microphysics (SPCAM_SAM2MOM (SP2) and SPCAM_SAM2MOM_CLUBB (SP2_CL)), and MMF with-
out aerosol treatment (SPCAM_SAM1MOM (SP1) and SPCAM_SAM1MOM_CLUBB (SP1_CL)). The simulations
are performed for 10 years with SST prescribed as climatology. The models are run at a horizontal resolution
of 1.9° × 2.5° with 30 vertical levels. The embedded CRM includes 32 columns at 4 km horizontal grid spacing
and 28 vertical layers coinciding with the lowest 28 CAM levels. The model aerosol treatment with a three-
mode representation is chosen, as documented in Liu et al. (2012).

We use several observational data sets and reanalysis to compare with the results from the six models. The
rainfall data sets are the monthly data from the Global Precipitation Climatology Project (GPCP) for the years
of 1979–2014 (Adler et al., 2003; http://precip.gsfc.nasa.gov/) and 3-hourly data from Tropical Rainfall
Measuring Mission (TRMM) for the years of 1998–2014 (Kummerow et al., 2000). The TRMM latent heating
data used in this study is given by the TRMM 2H25 product for monthly profiles and 3G25 product for 3-
hourly profiles, both of which provide 19 vertical levels of latent heating data derived using the Spectral
Latent Heating algorithm (SLH) at each orbital grid point along the TRMM precipitation radar’s swath.
Radiative fluxes are from the Clouds and Earth’s Radiant Energy System (CERES) Energy Balanced and
Filled (EBAF) Edition 4.0 for the years of 2000–2014 (http://ceres.larc.nasa.gov). ERA-Interim is a reanalysis
spanning from 1979 to present (Dee et al., 2011). The Modern-Era Retrospective Analysis for Research and
Applications (MERRA) reanalysis has been produced by the Global Modeling and Assimilation Office of
NASA, based on the Goddard Earth Observing System, version 5 (GEOS-5) (Rienecker et al., 2011), and cover-
ing the satellite era (1979 to present).

3. Results
3.1. Climatological Behavior

Figure 1 shows the climatological rainfall biases relative to GPCP rainfall data during October–March for the
six different models (Table 1). In CM, large dry biases can be observed in the southern Amazonia region, while
with CLUBB, these biases are significantly alleviated. With the superparameterization, the two-moment con-
figuration SP2 decreases the dry biases but over the eastern tropical South America increases the wet biases.
With the one-moment configuration, SP1 shows stronger dry biases than CM, but its dry bias is replaced by
wet bias when it is coupled with CLUBB. Such a large swing between dry and wet biases shows a strong sen-
sitivity of rainfall to the treatment of cloud microphysics and atmospheric boundary layer processes and
shallow convection.

The root causes of the differences among the six versions of the CAM5 are their treatments of convective
and cloud processes, the atmospheric boundary layer (ABL), shallow clouds, and the influence of aerosols
on clouds. However, resultant changes of rainfall and clouds lead to changes of diabatic heating, which drive
changes in the large-scale circulation and advection between different versions of CAM5 (Figure 1). The
resultant moisture transport can provide feedback to rainfall differences; i.e., the initial rainfall and cloud
changes among the six versions of CAM5 induced by different convective and cloud treatments can be
further influenced by changes of the large-scale circulation. Thus, the changes of rainfall shown in
Figure 1 are a combination of initial influences of the changes of convective and cloud processes and
feedbacks between large-scale circulation and rainfall. In particular, the southeasterly wind biases and
moisture divergence at 850 hPa within the southern Amazon domain in CM, CM_CL, SP1, and SP1_CL
(Figures 1c–1h) are consistent with underestimate of rainfall over the southern Amazon and overestimate
of rainfall in the Caribbean Sea or the equatorial Amazon (Wang & Fu, 2002). Likewise, the northwesterly
wind biases in SP2 and SP2_CL (Figures 1e and 1f) are consistent with reduced low-rainfall biases in the
southern Amazon domain and wet bias in the South American Convergent Zone over southeastern Brazil.
While the reductions of the rainfall biases are robust and significant, we note that such changes among
different CAM5 versions are partially influenced by the shifts of the bias to outside of our analysis domain
(Figures 1e, 1g, and 1h). An increasing of domain size for analysis would likely reduce the rainfall differences
among the different versions of CAM5, as implied by Figure 1, but it will also mix the regions with different
rainfall seasonality.
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Figure 2 shows the seasonal cycle of temperature, humidity, precipitation,
clouds, radiative fluxes, and surface fluxes over the southern Amazon domain
(5°S–15°S, 50°–70°W) in the six model configurations and observations.
Figure 2a shows that CM has dry biases for precipitation simulations over
the southern Amazon domain during both wet and dry seasons. CLUBB
consistently reduces the dry bias in CM, SP2, and SP1 in the wet season
(November–March). SP models show a strong sensitivity to cloud microphy-
sics, i.e., only SP2 alleviates the dry biases of precipitation during the wet
season. SP2_CL produces the most rainfall among the six models. SP1
worsens the dry bias compared to that of CM. Note that dry biases during
the dry season (May–August) and the dry-to-wet transition season
(September–October) remain. Such dry biases during the dry season occur
in most of the CMIP5 models in both the southern and northern Amazon
(Yin et al., 2013).

Because of the strong interdependence between precipitable water, clouds,
rainfall, and land surface conditions, we evaluate how seasonal cycles of
clouds and surface fluxes vary among the six models. We first evaluate
whether their dry rainfall biases are due to lack of moisture in the atmo-
sphere, as represented by precipitable water. Figure 2b shows that precipita-
ble water is not underestimated in the wet season and that the models with
the least dry rainfall bias, SP2_CL and SP1_CL, have the highest precipitable
water. However, in the dry season, all the models have severely underesti-
mated precipitable water. It does not vary with the different treatments of
shallow and deep convection in the dry season. However, the models with
the smallest dry bias in the wet season, i.e., SP2 and SP2_CL, also show amore
rapid increase of precipitable water with the dry- to wet-season transition
during September–October. Figure 2c shows that all six model configurations
realistically represent the surface temperature during wet season
(November–April) but overestimate its value during the late dry season and
the dry to wet transition season (July–October). CM_CL reduces such warm
surface temperature bias compared to CM. SPs, especially SP1, strongly
exacerbate this warm bias in the surface temperature. CL has mixed effect
in reducing this warm surface temperature bias in SP: it only reduces the
warm bias in SP1.

Figures 2d and 2e show large spreads in surface sensible and latent heat
fluxes, respectively, in both reanalyses and the six models, leading to large
uncertainties in the assessment of the model behavior on surface fluxes.
Most of those models fall within the range of different reanalyses, especially
for the surface sensible flux (Figure 2d). Surface latent flux is underestimated
during the dry season (June–August) beyond the range of observational
uncertainty (Figure 2e). Themodels with least rainfall bias during the wet sea-
son, i.e., SP2_CL, SP2, and SP1_CL, produce largest surface latent heat flux at
that time (November–May, Figure 2e). The variations of the sum of surface
sensible and latent flux simulated by the six models are within the range of
the observational uncertainty, except for CM, CM_CL, and SP1 during
Septmeber–November, the dry to wet transition season (Figure 2f).

The surface solar flux (Figure 2g) is overestimated in all six versions during the
dry and dry to wet transition seasons (May–October) compared to both
CERES-EBAF observation and ERA-Interim. CM and CM_CL show the least
overestimate of the surface solar flux, SP2 and SP2_CL increase its high bias,
and SP1 and SP1_CL make it even worse. During the wet season (November–
April), the modeled solar fluxes are within the range of the observational
uncertainties as indicated by ERA-Interim and CERES-EBAF. The intermodel

Figure 1. Climatological rainfall (mm/d) during the wet season (October–
March) of (a) GPCP and (b) TRMM observations. Climatological precipita-
tion biases (mm/d) during the wet season (October–March) of (c) CM,
(d) CM_CL, (e) SP2, (f) SP2_CL, (g) SP1, and (h) SP1_CL comparedwith GPCP.
Overlaid vectors are wind biases at 850 hPa compared with ERA-Interim
reanalyses. The black box denotes the study region (5°–15°S, 50°–70°W).
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variation of the surface solar radiation bias is in part consistent with that of the low cloud fraction (shown in
Figures 2j and 4), i.e., CM and CM_CL overestimate high clouds and slightly underestimate low clouds
compared to those of SP2, SP2_CL, SP1, and SP1_CL. This worsening of the high biases of surface solar
radiation in SP1 and SP1_CL compared to SP2 and SP2_CL can be explained by their stronger reduction of
high and middle level cloud fractions (cf. Figure 4). The surface net upward longwave flux is generally
overestimated during both dry and wet seasons (Figure 2h). Such bias can be explained by the combined
effects of warm biases at the surface and low biases of the precipitation, total column moisture, and
cloudiness. The overestimate of surface solar is largely balanced by the overestimate of longwave fluxes
during the dry season (Figure 2i), leading to relatively realistic net surface radiative flux (Figure 2i) and
temperature (Figure 2c) during that season. However, during the dry to wet transition (September–
November), overestimate of surface solar fluxes outweight that of longwave flux, leading to overestimate
of surface net radiative flux (Figure 2i) that can explain the high bias of surface temperature during this
period shown in Figure 2c.

Howwell do thesemodels simulate clouds? Figure 2j shows that CLUBB can significantly decrease low clouds,
consistent with Wang et al. (2015). This decrease leads to more shortwave fluxes to the surface, as shown in
Figure 2g. Figure 2k shows that shortwave cloud forcing is not sufficiently negative during the wet season,
compared with the CERES-EBAF observations. Generally, the models that strongly underestimate rainfall also
underestimate cloud fraction (Figure 4) and underestimate shortwave cloud forcing in the wet season, i.e., CM
and CM_CL. Underestimation of shortwave cloud forcing enhances net shortwave fluxes at the surface, lead-
ing to drier relative humidity and less precipitation. The longwave cloud forcing is underestimated during the
dry and transition seasons, consistent with the underestimation of clouds implied by Figures 2g and 2k.

To give an overview of the biases of specific humidity, temperature, relative humidity, and vertical velocity,
we show in Figure 3 the vertical profiles of these biases during the wet season in the six models compared
with ERA-Interim reanalysis during the wet season. All the six models have dry biases in the lower tropo-
sphere and wet biases in the middle troposphere in terms of relative humidity (Figure 3c). Both CLUBB and
SP2 reduce the dry biases in the lower troposphere (below ~750 hPa), while SP1makes the lower troposphere
even drier (Figure 3a). All the models have warm biases in the atmosphere, and this bias is strongest in SP2
and SP2_CL (Figure 3b). All the six models show strongly overestimated subsidence in the ABL (Figure 3d).

Table 1
Cloud Treatments in Different Model Configurations, Revised From the Table 1 of Wang et al. (2015)

Cloud treatment Aerosol treatment Radiation schemes

Case name
Deep

convection
Shallow

convection
Stratiform clouds
and turbulence Cloud processing of aerosols

CAM5 (CM) ZMa UWb UW with MGc Parameterized cloudsd RRTMG in CAM5e

CAM5_CLUBB (CM_CL) ZMa CLUBB with MGf CLUBB with MGf Parameterized cloudsd RRTMG in CAM5e

SPCAM_SAM2MOM (SP2) Explicitly simulated using SAM with the two-moment
microphysics scheme; subgrid transport is treated using

a simple Smagorinsky-type scheme; no subgrid cloud treatment

ECPP with no fractional cloudiness
from SAMg

RRTMG in CAM5e

SPCAM_SAM2MOM_CLUBB
(SP2_CL)

Same as SPCAM, but CLUBB is used to treat both subgrid
transport and subgrid clouds

ECPP with fractional cloudiness
from SAMh

RRTMG in CAM5e

SPCAM_SAM1MOM (SP1) The same as SPCAM_SAM2MOM, but with the one-moment
cloud microphysics scheme

ECPP with no fractional cloudiness
from SAMg

CAM version 4i

SPCAM_SAM1MOM_CLUBB
(SP1_CL)

The same as SPCAM_SAM2MOM_CLUBB, but with the
one-moment cloud microphysics schemes

ECPP with fractional cloudiness
from SAMh

CAM version 4i

aThe deep convection scheme in both CM and CM_CL is based on Zhang and McFarlane (1995) (ZM) with some further refinements documented in Neale et al.
(2008). bThe shallow convection scheme in CM is from the University of Washington (UW) without detailed cloud microphysics (Park & Bretherton, 2009). cThe
treatments of stratiform clouds and turbulence in CM are from the University of Washington (Bretherton & Park, 2009; Park & Bretherton, 2009) coupled with the
detailed Morrison and Gettelman (MG) cloud microphysics scheme (Morrison & Gettelman, 2008). dIn CM and CM_CL, fields from conventional cloud
parameterizations are used to treat cloud processing of aerosols (e.g., wet scavenging, aqueous chemistry, and convective transport) (Liu et al., 2012). eIn
CM, CM_CL, SP2, and SP2_CL, RRTMG in CAM5 is used for radiative transfer calculation. fIn CAM5_CLUBB, CLUBB provides a unified treatment of shallow
convection, stratiform clouds, and turbulence and is coupled with the MGmicrophysics scheme. gIn SAM2MOM, cloud statistics from SAM is used to drive cloud
processing of aerosols using the ECPP approach (Gustafson et al., 2008; Wang et al., 2011a). No subgrid cloud treatment in SAM. hIn SAM2MOM_CLUBB, the
subgrid cloud treatment based on CLUBB in SAM is accounted for in ECPP. iThe single-moment cloud microphysics scheme in the SAM CRM is coupled with
the radiation scheme used in the CAM, version 4 (Khairoutdinov et al., 2005, 2008; Khairoutdinov & Randall, 2001).
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SP1 and SP2 also overestimate the subsidence at the top of convection, which is consistent with the dry
advection (Figure 3e) and underestimate of cloud fraction in the upper to middle troposphere (as will be
shown in Figure 4). Both CLUBB and SP2 increase convection above the ABL (Figure 3d), which takes more
moisture upward (Figure 3f). Almost all the models overestimate the moisture divergence above 850 hPa
(Figure 3e), especially SP. However, the vertical components of moisture tendency in SP2 and SP2_CL
overweigh the advective components, leading to more humidity in both models.

The effect of SP and CLUBB in CAM5 on cloud cover is investigated in Figure 4. Figure 4a shows that in the wet
season CLUBB in CAM5 increases it in the middle and upper troposphere by as much as 20% and reduces it in
the lower troposphere by as much as 10%, consistent with Figure 2j. However, CLUBB does not change cloud
fraction during the dry season. CLUBB in SP2 increases cloud fraction in the upper troposphere by about 10%

Figure 2. Seasonal cycle of (a) precipitation (PRECT, mm/d), (b) total precipitable water (TMQ, kg/m2), (c) surface tempera-
ture (TS, K), (d) surface sensible heat flux (SHFLX, W/m2), (e) surface latent heat flux (LHFLX, W/m2), (f) sum of Figures 2d and
2e (SHFLX + LHFLX, W/m2), (g) net solar flux at surface (FSNS, W/m2), (h) net longwave flux at surface (FLNS, W/m2), (i) dif-
ference of Figures 2g and 2h (FSNS� FLNS, W/m2), (j) low cloud fraction (CLDLOW, %), (k) shortwave cloud forcing (SWCF,
W/m2), and (l) longwave cloud forcing (LWCF, W/m2) over the southern Amazon domain from the observations and six
models listed in Table 1. Observational data sets: precipitation is from GPCP; low cloud fraction is from Cloudsat; total pre-
cipitable water, surface sensible heat flux, and latent heat flux are from ERA-Interim; shortwave cloud forcing, net solar flux,
and longwave flux at surface and longwave cloud forcing are from CERES-EBAF (dashed lines in Figures 2c and 2d are from
ERA-Interim for comparison); and MERRA, JRA-55, and NCEP reanalyses are shown as black dashed lines in Figures 2d–2f.
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relative to SP2 during the wet season (Figure 4b). CLUBB in SP1 appears to have the least impact on cloud
fraction in the late wet season (December–April, Figure 4c), only increasing it by 5% in the upper
troposphere. SP by itself leads to decreases of cloud fraction by as much as 20% above the lower
troposphere during the wet season (Figures 4d and 4f), more for SP1. CL decreases cloud fraction during
the wet season, most in SP2_CL, but also more in SP1_CL than in CM_CL (Figures 4e and 4g).

Figure 5 shows the latent heating profiles of the six models compared with TRMM observations and ERA-
Interim and MERRA reanalyses. First, there are considerable uncertainties among the observation and reana-
lysis products. The TRMM observations show latent heating from 850 hPa to 200 hPa with maximum heating
at 400 hPa during wet and dry to wet transition seasons (September–April) and 700 hPa during dry season.
ERA-Interim does not have latent heating archived, so we use for it the total diabatic heating minus the radia-
tive heating (Zhang et al., 2016). ERA-Interim shows latent heating from surface to higher than 150 hPa,

Figure 3. Vertical profiles of biases of (a) specific humidity (Q, g/kg), (b) temperature (T, K), (c) relative humidity (RELHUM,
%), (d) vertical velocity (OMEGA, mbar/d), (e) advective moisture tendency term (ADV, g/kg/d), and (f) vertical moisture
tendency term during the wet season (October–March) over the southern Amazon domain in the six models compared to
those derived from with ERA-Interim.
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peaking around 500 hPa, during the wet season, slightly lower than that of TRMM (Figure 5b). Latent heating
is much weaker and shallower, but still positive, during the dry season. Latent heating in MERRA (Figure 5c) is
positive from the surface to 200 hPa, similar to that of the TRMM. However, its magnitude is weaker and peak
is lower (700 hPa to 500 hPa) than that of TRMM. Based on Ling and Zhang (2013), both reanalyses show a
shallower peak of atmospheric diabatic heating over the South American sector than that derived from
atmospheric soundings. Although differences exist between TRMM observations and the two reanalyses,
they have a common feature of gradual transitions during the wet-to-dry and dry-to-wet transition seasons.

In contrast, latent heating drops sharply to nearly 0 above 700 hPa in all six models, even weakly negative in
SP2 and SP1 during the dry season (Figures 5d–5i). Below 700 hPa, CM shows nearly zero latent heating,
whereas SP and CLUBB (CM_CL, SP2, SP2_CL, SP1, and SP_CL) lead to strong latent heating. During the
dry- to wet-season transition (September–November), the CLUBB (CM_CL, SP2_CL, and SP1_CL) appears to
improve the shallow-to-deep convection transition (Figures 5e, 5g, and 5i) but overestimates latent heating
between 700 hPa and 300 hPa (Figures 5e, 5g, and 5i). During wet season, CM (Figure 5d) shows a relatively
more realistic magnitude of the latent heating profiles than those of the four SP versions (Figures 5f–5i) and
CM_CL (Figure 5e), although it overestimates the height of the latent heating compared to TRMM. The SP
models producemuch shallower latent heating than CM and CM_CL and some spurious latent cooling during
the dry season (Figures 5f–5i). SP2 increases latent heating in the middle troposphere but decreases it in the
upper troposphere (Figures 5f and 5g).

Figure 6 shows the observed and modeled probability density distribution of rainfall. Among the six models,
CM shows the greatest overestimation of the light to medium rain rates and underestimation of heavy and
extreme rain rate, whereas SP2_CL best captures the observed probability distribution of the rain rates,
although it generates more extreme precipitation events compared with observations (Figure 6a). It does

Figure 4. Seasonal cycle of cloud fraction differences over the southern Amazon domain between the six models. (a–c) The
difference due to CLUBB; (d, e) the influence of SP2; and (f, g) the influence of SP1.
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Figure 5. Seasonal cycle of latent heating over the southern Amazon domain in (d–i) the six models comparedwith (a) TRMM
observations, (b) ERA-Interim, and (c) MERRA reanalyses.
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so because SP2 substantially reduces the overestimation of light and medium rain rate, and CLUBB further
increases the frequency of heavy rain rates in the wet season (Figure 6b). In contrast, SP1 substantially
overestimates the frequency of light rain and underestimates the frequency of rain rates at all other
intensities in the wet season (October–March, Figure 6b). CLUBB in SPs further exacerbates the
overestimation of light rain but increases the frequency of heavy to extreme rain rates in the wet season
(Figure 6b). These changes of wet-season rain rates are the main contributors to the changes of the annual
rain rate probability distribution among the six models (Figure 6a). During the dry season (April–
September), SP improves the shape of the rain rate probability distribution curves but underestimates rain
rates frequency at moderate intensities and overestimates the frequency of light rain (Figure 6c). CLUBB in
SP1 further exacerbates the overestimation of light rain. It also reduces the low bias of the peak rain rates
in the wet season.

In summary, the results in Figures 1–5 suggest that SP and CLUBB in CAM5 can significantly improve rainfall
and precipitable water by altering surface radiative fluxes, cloud forcing, and the latent heating profiles and
weak convection above the ABL in the wet season relative to the original CAM5. In fact, SP can increase the
surface solar flux, temperature, and latent heating in these seasons. For the wet season, both versions of SP
appear to be most effective in improving the probability distribution of rain rates, and the rainfall amount,
by reducing the frequency of light rain rates and increasing the frequency of medium to extreme rain rates.
These improvements are rather sensitive to themicrophysical treatment in SP. For example, while SP2 provides
a more realistic rain rate and stronger latent heating, SP1 best captures the shape of the rain rate distribution
curve. However, the SPmodels produce too shallow latent heating (below 250 hPa) during thewet season and
too strong latent cooling during the dry season. CLUBB also moderately improves the rain rate probability
distribution by increasing the frequency of heavy rain rates and vertical velocity in the tropospheric column.

3.2. Diurnal Cycle

Convection in climate models that have parameterized convection, including CAM5, tends to develop faster
and die faster than observed, leading to an earlier and shorter duration bias of the diurnal peak rainfall. To

Figure 6. Probability density function of precipitation over the southern Amazon domain using 3-hourly data sets in the
six models and observations during (a) all the year round; (b) the wet season; and (c) the dry season. Very light, light,
medium, and heavy rain discussed in the text refer to the rain rate ranging between 0.01 and 0.1 mm/d, between 0.1 and
2.5 mm/d, between 2.5 and 10 mm/d, and >10 mm/d, respectively.
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evaluate whether representation of the subgrid convective dynamics, as implemented by the SP models, and
a unified treatment of planetary boundary layer turbulence, shallow convection, and stratiform clouds, as
represented by CLUBB, could reduce such a bias, we evaluate against TRMM in Figure 7 the diurnal cycle
of precipitation throughout the year over the south Amazon region in the six simulations. Here we use
UTC time, which is 3 h later than the local time at Sao Paulo, Brazil (~ 46°W), and 4 h later than the local time
at Manaus (~ 60°W). TRMM rain rate data shows that during the wet season, themost intense rainfall occurs in
the late afternoon (~ 21 UTC time) and then decays gradually until the early morning (8–10 UTC) of the fol-
lowing day (Figure 7a). During the dry season, rainfall occurs infrequently and only in late afternoon. As
shown in Figure 7b, CAM5 shows a daily maximum precipitation near noon (i.e., at ~16 UTC) during a day
and a substantial underestimate of rain rate during the wet season. Rainfall decays in the late afternoon,
rather than as observed at late night. The early morning rainfall during the wet season is thus also underes-
timated. During the dry season, virtually no rainfall is simulated, so its late afternoon peak is missing. CLUBB is
able to improve the rainfall diurnal cycle by delaying the afternoon rainfall to ~18 UTC (i.e., by ~2 h) and pro-
ducing more rainfall in early morning (Figure 7c), presumably due to its ability to better simulate the relation
between the ABL and shallow clouds and thusmoisture transport from the ABL to free troposphere. However,
its rain rate is still substantially weaker than that observed. SP2 strongly increases the rain rate in the late
afternoon and also produces morning rainfall during 6–10 UTC (Figure 7d). The intensity of afternoon rainfall
in SP2 is close to that observed. However, the afternoon peak rainfall is still too early (~ 16–20 UTC) and some-
what stronger than observed. Also, the nocturnal rainfall seen in TRMM is largely missing. When combining
SP2 with CLUBB (SP2_CL), the model produces the most realistic afternoon peak and more early morning
rainfall, although it generates a spurious late morning rainfall (~12–16 UTC). The diurnal cycle of rainfall in
SP1 and SP1_CL is similar to that in SP2 and SP2_CL but with much weaker rain rate for its afternoon peak.
This result is consistent with its underestimation of medium to extreme rain rate distribution in the one-
moment cloud microphysics without treatment of aerosols that is shown in Figure 6.

Latent heating profiles contribute to the influence of deep convection on the large-scale circulation. Thus, in
Figure 8 we evaluate the diurnal altitude patterns of latent heating from the six models against TRMM obser-
vations and ERA-Interim and MERRA reanalyses during the late transition to wet season (October–March).
TRMM shows a peak of latent heating at around 18 UTC hour, with 4–6 K/d between 700 and 350 hPa
(Figure 8a). ERA-Interim shows a strong diurnal peak of deep latent heating in the troposphere in late after-
noon, with 6–8 K/d between 700 and 350 hPa and 2–3 K/d between 300 and 200 hPa (Figure 8b), which is
stronger than that of TRMM. From early morning to noon, there is also about 1–2 K/d latent heating centered
between 600 and 300 hPa, which is weaker than seen in TRMM. In MERRA, the latent heating is shallower and
weaker and peaks earlier than that in TRMM and ERA-Interim in the afternoon but deeper and stronger in the
morning. The latent heating peaks near 500 hPa in both TRMM and ERA-I, where the freezing level is generally
located. In MERRA, latent heating peaks somewhat below 500 hPa. In CM, the overall pattern is similar to that
in TRMM, but the latent heating peaks in early afternoon with a rate smaller than that in TRMM and in the two
reanalyses both between 600 and 300 hPa and at 200 hPa (Figure 8d). Such a weaker and lower diurnal peak
of latent heating can result in a weaker response of the large-scale circulation to deep convection. CLUBB
embedded in CM enhances the latent heating to 50% or more of that in the reanalysis and also reduces
the latent cooling bias in the ABL (Figure 8e). SP2 increases the peak latent heating rate in early afternoon
to values higher that of TRMM (Figure 8f). However, the time period of such peak latent heating is earlier than
that of the TRMM and ERA-Interim. SP2 also produces spurious latent cooling below 850 hPa before and after
the afternoon peak of latent heating. When CLUBB is added (SP2_CL, Figure 8g), the diurnal peak of latent
heating is delayed. It also reduces the overestimate of diurnal peak heating rate by about 1.5 K/d. The spur-
ious latent cooling below 850 hPa still exists. Finally, in SP1 (Figure 8h), the latent heating rate is reduced by
~40–50% relative to SP2, i.e., it is more comparable to the TRMM observations (Figures 8f and 8a). The spur-
ious cooling below 850 hPa still exists. The impact of the cloud microphysical treatment appears to be less
when CLUBB is included in SP1 (Figure 8i compared to Figure 8h) than in SP2 (Figure 8g compared to
Figure 8f). SP1_CL retains a similar pattern of the diurnal cycle of the latent heating (Figure 8i) as that of
SP2_CL (Figure 8g), although it reduces the magnitude of the peak latent heating rate by ~25% in late after-
noon. The CM and CM_CL have their peak of latent heating at the freezing level (near 500 hPa, Figures 8d
and 8e), whereas the four SP model versions do not (Figures 8h and 8i). Figure 8 suggests mixed effects of
the SP and CL on improving the diurnal cycle of the latent heating profiles. While both SP1 and SP2 sharpen
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Figure 7. Diurnal cycle of precipitation (mm/d, horizontal axis) and its seasonal variation (vertical axis) over the southern
Amazon domain from (b–g) the six models and (a) TRMM. The x axis is the Universal Time (UTC), and y axis is the date.
The dashed black lines denote the hours when the peak precipitation occurs during each pentad. At 12 UTC is 8 A.M. local
time at 60°W, the longitudinal center of the southern Amazon domain.
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Figure 8. Diurnal cycle of latent heating during the wet season (October–March) in (a) TRMM, (b) ERA-Interim, (c) MERRA,
and (d–i) the six models.
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the afternoon peak of the latent heating profiles, they tend to overestimate the latent heating rate, create
spurious latent cooling in the lower and upper troposphere in morning and evening, and remove the
latent heating center near the freezing level. CL delays the afternoon peak of the latent heating and
reduces the high bias of the latent heating rate induced by SP1 and SP2.

Figure 9 shows the diurnal cycle of CIN and CAPE in the six models, and for reference also that calculated from
the two reanalyses, ERA-Interim and MERRA in the same way are also shown. CLUBB in CM decreases CIN and
increases CAPE in the afternoon. In the SPs, CLUBB delays the peak of CAPE. SP2 increases both CIN and CAPE,
especially in the afternoon, which promote quick development of deep convection; it decreases CAPE in the
morning, which is consistent with the latent heating patterns shown in Figure 8f.

Figure 9. Diurnal cycle of (a) CIN and (b) CAPE in ERA-Interim, MERRA, and the six models during the wet season (October–
March).

Figure 10. Changes of the diurnal pattern of MSE in CAM5 during the wet season (October–March) over the southern
Amazon (a–c) due to CLUBB, (d, e) due to SP2, and (f, g) due to SP1.
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To understand whether the large-scale thermodynamic instability might cause the changes of rainfall beha-
vior between the different treatments of convection in CAM5, we use moist static energy (MSE) to check the
stability of the atmosphere in these models. The MSE is defined as MSE = CpT + Lvq + gz, where Cp is specific
humidity of dry air at constant pressure, T is temperature, g is gravity, z is geopotential height, Lv is latent
heating of vaporization, and q is specific humidity. The MSE profiles indicate the stability of atmospheric
columns based on the vertical distributions of temperature and moisture. A positive difference of MSE
suggests that the atmosphere is more saturated, warmer, and less stable (more CAPE) and can generate
more precipitation.

Figure 10 shows the difference of the diurnal cycle of MSE between pairs of models: CLUBB in CM
decreases MSE in the lower atmosphere during the morning and increases MSE during the afternoon
(Figure 10a); these differences are primarily due to the changes of moisture (Figure 11a). In the SP models,
CLUBB acts to increase MSE during early morning and late evening (Figures 10b and 10c), when shallow
convection dominates. This increase is primarily due to moisture increase (Figures 11b and 11c). Such
higher MSE can contribute to the increase of rainfall during this period. With SP2, lower atmospheric
MSE increases significantly throughout the day (Figures 10d and 10e), due to both higher humidity
(Figures 11d and 11e) and temperatures (Figures 12d and 12e), but humidity dominates this increase in
the ABL. This increase of MSE increases CAPE in the afternoon (Figure 9b). The instability of the atmo-
sphere in SP2 and SP2_CL is the highest among all the models, leading to their higher rainfall in the after-
noon (Figures 7d and 7e).

In terms of diurnal cycle of rainfall, SP significantly increases deep convection and precipitation in the after-
noon, but it does not reduce the early bias of the diurnal peak of the rainfall as much as does CLUBB; CLUBB,
on the other hand, improves the diurnal cycle of rainfall by delaying the afternoon peak time and producing
precipitation in the early morning, due to a more gradual transition between shallow and deep convection.

Figure 11. Same as Figure 10 but for moisture differences.
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The SPs, especially SP2, can increase or even overestimate precipitation in the afternoon, but do not delay
the timing of the precipitation peak as much as CLUBB.

3.3. Interaction Between Rainfall and Environmental Conditions

Convection represents a key adjustment process for large-scale atmospheric circulation. Thus, the realism of
the interaction between convection and ambient large-scale atmospheric thermodynamic conditions repre-
sents the most important goal of the convective parameterization. Errors in representing such interactions
can lead to rapid growth of the errors in both rainfall and large-scale circulation. To evaluate how well this
interaction is represented in the models, we compare the composited atmospheric conditions before and
after high- and low-precipitation events in Figures 13–15. Here high-rainfall occurrences are defined as the
days with daily precipitation anomalies exceeding the one standard deviation thresholds. Only results of
high-rainfall composites are shown here as low-rainfall composites are similar but of opposite signs. In
observations, precipitation over the southern Amazon region follows anomalous high relative humidity in
the entire tropospheric column that peaks in the middle troposphere, starting as much as 90 h before
high-precipitation events (Figure 13a). The gradual deepening and strengthening of high relative humidity
prior to the deep convection suggests a possible moistening effect of convective congestus and transition
to deep convection. The moistening by strong rainfall also peaks in the middle troposphere during the
90 h after the peak rainfall events. In CM (Figure 13b), the anomalous increase of relative humidity prior to
high-rainfall events is much weaker and confined to below 500 hPa. The sudden deepening of the high rela-
tive humidity (RH) layer suggests a lack of realistic transition from congestus to deep convection. The moist-
ening by deep convection is also much stronger and deeper than that of the reanalysis. CLUBB reduces the
low relative humidity bias prior to high-rainfall events (Figure 13c), but still produces a pattern of shallow
moist layer similar to that of CM (Figure 13b). CLUBB further strengthens the overestimation of moistening
of the deep tropospheric column after high-rainfall events in CM_CL (Figure 13d) and SP2_CL (Figure 13f),

Figure 12. Same as Figure 11 but for temperature differences.
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compared to that of CM (Figure 13c) and SP2 (Figure 13e). SP2 is able to capture the general pattern of the
observed anomalous higher relative humidity throughout the troposphere with a peak in the middle
troposphere before high-rainfall events, especially in SP2_CL (Figure 13e), although it overestimates the
anomalous high RH (Figure 13d). This high relative humidity explains why SP2 has a quicker transition to
deep convection and more rainfall in the afternoon (Figure 7d). SP1 also improves the simulations of RH
anomalies before high-rainfall events but still produces biases in the upper atmosphere (Figures 13f and
13g). Overall, SP2_CL best captures the pattern of anomalous high RH before and after high-rainfall events,
although it somehow overestimates the moistening effect of convection after the high-rainfall events
(Figures 13a and 13e). Also, SP2 shows stronger RH before and less gradual drying after high-rainfall

Figure 13. Time-vertical evolution of relative humidity anomalies (%) composited for high-precipitation events over the
southern Amazon, derived from (a) ERA-Interim, (b) MERRA, and (c–h) six models. Precipitation data used for Figures 13a
and 13b are from TRMM. The dots represent grids that are not significant at 95% level. The significance test is based on a
bootstrapping method by permuting the original time series for 10,000 times.
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events compared with the observations. The results for low-precipitation events almost mirror those for high-
precipitation events shown here.

Figures 14 and 15 evaluate anomalous solar and longwave heating distributions before and after high-rainfall
events, and cloud composites shown by black contours. Both reanalyses show a persistent negative solar
anomaly (Figure 14a) in the lower troposphere and positive in the upper troposphere before and after
high-precipitation events. Such patterns are consistent with influences of middle and upper tropospheric
clouds that reflect solar radiation in the upper troposphere and reduce the solar radiation reaching the lower
troposphere (contours in Figure 14). The middle tropospheric clouds also reduce upwelling longwave to the
upper troposphere and increase downwelling longwave back to the lower troposphere (Figure 15). In the
days before and after the high-rainfall events, CM and CM_CL simulate the opposite to that observed, i.e.,

Figure 14. Same as Figure 13 but for shortwave heating anomalies (K/d). Overlaid black lines represent cloud fraction
composites: dash lines represent negative anomalies with an interval of 0.01%, and solid lines represent positive anoma-
lies with an interval of 0.05%.
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negative solar anomaly and positive longwave anomaly in the upper troposphere and anomalous solar
warming and longwave cooling in the lower troposphere (Figures 14b, 14c, 15b, and 15c), opposite to that
observed (Figures 14a and 15a). However, SP2 and SP2_CL both capture the general patterns of
anomalous cloudiness and thus solar and longwave heating as observed (Figures 14d, 14e, 15d, and 15e).
SP1 and SP1_CL produce opposite patterns during 10–30 h before high-rainfall events compared with
observations (Figures 14f, 14g, 15f, and 15g).

In summary, observations show increased relative humidity prior to deep convection events. SP2 and SP2_CL
appear to enable the models to capture this phenomenon. In contrast, the CM and CM_CL tend to have to a
low bias in relative humidity and solar heating in the upper troposphere and too high solar heating in the
middle to lower atmosphere before and after convection (Figures 13c, 13d, 14c, and 14d). SP1_CL also shows
this bias but to a lesser degree.

Figure 15. Same as Figure 14 but for longwave heating anomalies (K/d).
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4. Conclusions and Discussion

In this study, we conduct six numerical experiments to investigate the differences between rainfall over
southern Amazonia simulated by CM, CM_CL, SP2, SP2_CL, SP1, and SP1_CL. Low biases of rainfall in current
state-of-the-art climate models over southern Amazonia have been documented (e.g., Li et al., 2006; Yin
et al., 2013). This paper explores how different treatments of convection, namely, the updated Zhang-
McFarlane scheme in CM, SP and CLUBB, affect rainfall biases over Amazonia. Our results suggest that tur-
bulence and shallow cloud schemes such as CLUBB that better simulate the transition from shallow-to-deep
convection, or include more realistic representations of cloud and precipitation processes, aerosol effects,
and convective dynamics such as SP, can improve the rainfall diurnal cycle and reduce the low-rainfall biases
during the wet season. They also better represent the transition between the dry to wet seasons than does
the traditional convective treatment in CM. The combination of both SP (especially with its aerosol treat-
ment) and CLUBB (SP2_CL) produces not only the most realistic wet-season rainfall but also the observed
relationships between convection and large-scale environmental conditions, and anomalous radiative heat-
ing. However, none of these convective treatments are able to reduce the dry bias during the dry season
over Amazonia.

Observational studies have suggested that aerosols can invigorate and increase the lifetimes of deep convec-
tion over tropical continents (e.g., Chakraborty et al., 2016; Lin et al., 2006). However, assessing the physical
and dynamical feedbacks involved in aerosol-cloud-precipitation interactions in climate models, such as
entrainment and evaporative cooling, is quite difficult (e.g., Ackerman et al., 2004). Our simulations show that
CM with two-moment cloud physics and aerosol effect in stratiform clouds only, as well as SP with one-
moment cloud microphysics without aerosol effect, do not significantly reduce the dry bias. Only SP with
two-moment cloud microphysics and the effect of aerosols in all cloud types (especially convective clouds)
can significantly remove the dry bias in the wet season. These results suggest the importance of the cloud
microphysics and aerosol effects on convective and all cloud types for adequately modeling rain rate over
Amazonia. Similar results by Lim et al. (2014) comparing simulations over East Asia with and without cloud
microphysics and aerosol effects in the ZM scheme also support our findings. Lim et al. (2014) noted that
when cloudmicrophysics and aerosol effects are included in the ZM scheme, convection detrains more cloud
water and ice mass, which increases precipitation from the stratiform clouds.

With CLUBB, low biases of humidity in the lower troposphere are significantly reduced. The resultant stronger
lower tropospheric instability (Figure 10) with the increased MSE likely contributes to more rainfall and high
clouds. SP2 makes the lower atmosphere more unstable with higher atmospheric temperatures and more
moisture, further generating more deep convection and allowing the growth of more extreme convection.
All the models except for CM_CL have dry biases and thus lack condensation and latent heating in the
boundary layer.

In terms of the diurnal cycle, the superparameterization significantly increases deep convection and precipi-
tation in the afternoon, but rainfall still peaks earlier than observed, while CLUBB exhibits delays in the after-
noon peak time and more precipitation in the early morning. It also simulates an intermediate transition
stage from shallow-to-deep convection and from deep-to-shallow convection, which helps the deep convec-
tion to grow and decay more gradually, thus delaying the peak time and increasing the period of precipita-
tion events. SP increases, even overestimates, precipitation in the afternoon, but only delays the timing of the
precipitation peak by around 2 h.

The reasons for the precipitation changes in implementing CLUBB and SP are investigated in terms of
instability and moisture fields. The SP models generally produce more moist static energy
(Figures 10d–10g), in part due to higher temperature (Figures 3a and 3b). The changes in mean precipitation
amounts generally correspond to changes in the moist static energy fields, which reflect the fact that the
change in atmospheric stability might be a primary reason for the changes in precipitation simulations.

In observations, relative humidity is increased prior to deep convection events. Only the SP2 verisons (SP2
and SP2_CL) can capture this phenomenon. Thus, SP2 appears to best simulate the transition to deep
convection in the afternoon among the six model versions (Figure 7d). CM and CM_CL tend to underes-
timate precipitation and overestimate solar heating in the low atmosphere. Also, the cloud microphysics
with aerosol treatment helps to improve the simulations significantly, especially the development
of convection.
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Recently, a unified formulation of large-scale GCMs and local-scale CRMs has been used in global atmosphere
models (e.g., Arakawa & Konor, 2009; Arakawa & Wu, 2013; Arakawa et al., 2011). Comparison between
conventional GCMs and Multiscale Modeling Frameworks becomes increasingly important in improving
multiscale atmospheric modeling. The comparison between CM, CM_CL, SP2, SP2_CL, SP1, and SP1_CL pre-
sented here provides new evidence for how improvements in convection, microphysics, and aerosol-cloud
parameterizations can help improve the precipitation in simulations over the southern Amazon region in
the context of global models.
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