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Abstract The change in the state of sky from cloudy to cloudless (or vice versa) comprises an additional
phase called “transition zone,” in which the characteristics of the particle suspension lay between those
corresponding to pure clouds and atmospheric aerosols. This phase, however, is usually considered, in
atmospheric monitoring and modeling, as an area containing either aerosol or thin clouds. A sensitivity
analysis has been performed to assess the longwave radiative effects resulting from different approximations
to the transition zone for three radiation parameterizations included in the Weather Research and
Forecasting Model. The parameterizations produce important differences (up to 60 W m™2) between
radiative effects of optically thin layers of aerosols and clouds (as surrogates for transition zone suspensions)
in the longwave region, both at the top and bottom of the atmosphere. Also, differences are greater if the
suspension of particles is located at higher altitudes, but smaller in high humidity conditions.

Plain Language Summary The change in the state of sky from cloudy to cloudless (or vice versa)
comprises an additional phase called “transition zone,” in which the characteristics of the particle
suspension lay between those corresponding to a pure cloud and those of atmospheric aerosols. This phase,
however, is usually considered, in atmospheric monitoring and modeling, as an area containing either
aerosol or thin clouds. This study quantifies the uncertainties that this binary assumption may introduce
to the estimation of longwave radiative effects at the top and bottom of the atmosphere by using the
Fu-Liou-Gu (FLG), NewGoddard, and Rapid Radiative Transfer Model for General Circulation Model
(RRTMG) radiative parameterizations included in the Weather Research and Forecasting Model. The results
show that there are important differences between optically thin clouds and aerosols in longwave region,
which may cause substantial uncertainties in the radiative effects at the top and bottom of the atmosphere
(up to 60 W m™2) if they are used to approximate transition zone conditions. Results are important

due to the role that longwave radiation plays in the radiative balance that drives the Earth's climate.

1. Introduction

Aerosols and clouds, as two particular cases of a single phenomenon (i.e., a suspension of particles in the
air), are important components in the climate system. They significantly affect the Earth energy budget by
scattering, absorbing, and emitting radiation in the atmosphere. Although aerosols and clouds interact
and affect each other's properties, their radiative properties and effects are usually treated separately in
climate, meteorological, and weather forecasting studies (Redemann et al., 2009; Spencer et al., 2019;
Varnai et al., 2017). Thus, in such studies usually a discrimination between the cloudy and noncloudy sky
(which contains a certain aerosol load) is required.

In theory, there are distinct differences between characteristics and origin of fully developed clouds and
aerosols, which makes it possible to distinguish them from each other (Liu et al., 2009; Michalsky et al., 2010;
Platnick et al., 2003). However, what is categorized as a cloud based on one method may be categorized dif-
ferently based on another. Additionally, there are some conditions at which regardless of the method uti-
lized, discrimination among them becomes challenging (Calb6 et al., 2017; Fuchs & Cermak, 2015;
Wollner et al., 2014). Specifically, the change in the state of sky from cloudy to cloudless (or vice versa)
occurs gradually, and it comprises an additional phase called “transition zone” (or “twilight zone”). At this
phase, the microphysical and radiative characteristics of the suspended particles in the atmosphere are in
transition between those corresponding to a pure cloud and those corresponding to pure atmospheric aero-
sols (Koren et al., 2007, 2009). Based on three ground-based observation systems at two midlatitude sites,
Calbo et al. (2017) found that the transition zone produces typically an optical depth of less than 0.32, but
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it might be found for optical depth as high as 2.00. The transition zone may correspond to different pro-
cesses/suspensions: hydration and dehydration of aerosols, cloud fragments sheared off from the adjacent
clouds, decaying and incipient clouds, and pockets of high humidity that oscillate near saturation (Koren
et al., 2009). It has been found that at any time, a large proportion of sky contains particle suspensions with
characteristics of the transition zone (Calbo et al., 2017; Charlson et al., 2007; Koren et al., 2009; Schwarz
et al., 2017; Varnai & Marshak, 2011; Wollner et al., 2014). Nevertheless, the vast area that potentially
may represent the transition zone is usually neglected and assumed as an area that contains either aerosols
or optically thin clouds. In other words, radiative and optical properties corresponding to clear- or cloudy-
sky are misleadingly used to characterize such transition zone conditions.

This simplified assumption about the state of the sky rises the following question: “How different the radia-
tive effects will be, if an atmospheric layer containing a suspension of particles corresponding to transition
zone is assumed as a cloud or as an aerosol layer?” It was found by Jahani et al. (2019) that under ideal con-
ditions, this assumption may lead to substantial differences in the broadband surface shortwave radiative
effects simulated by the radiation parameterizations included in the Advanced Research Weather
Research and Forecasting model (WRF-ARW). The uncertainties risen from different approximations
(describing a situation corresponding to the transition zone as cloud or as aerosol) in the longwave region,
however, remain undescribed to our knowledge. For this reason, the current study aims to quantify these
uncertainties by applying a sensitivity analysis, for some of the longwave radiation (lwrad) parameteriza-
tions included in WRF-ARW.

2. Materials and Methods
2.1. Model Description

WRF-ARW is a widely used mesoscale atmospheric model, developed for both research and operational
weather forecasting purposes (Powers et al., 2017). There are seven lwrad parameterizations included in this
model. These parameterizations are also shared with the Model for Prediction Across Scales (MPAS; Ha
et al., 2017), which is intended to replace WRF. Among them, three parameterizations which are capable
of dealing with aerosol radiative effects in the longwave band were separated from the model structure
and adapted for idealized one-dimensional vertical simulations (“sandbox” approach): Fu-Liou-Gu
(FLGpy; Gu et al., 2011), Rapid Radiative Transfer Model for General Circulation Models (RRTMGy;
Tacono et al., 2008), and NewGoddard (NGOy,; Chou & Suarez, 1999). These parameterizations were then
used to simulate the downwelling longwave irradiance (E|) and the upwelling longwave irradiance (E?)
at the model levels, including ground surface (Eyol), and top of the atmosphere, Ey,,t. Throughout this
paper, we give positive and negative sign to the physically downwelling and upwelling irradiances,
respectively.

In the parameterization FLGy, the longwave region is divided into 12 spectral bands starting from 4.55 pum.
In the case of the parameterizations RRTMGy,, and NGOy, the longwave region starts from 3.33 um and is
divided into 16 and 10 spectral bands, respectively. These lwrad parameterizations use different methods for
solving the Radiative Transfer Equation (RTE) and obtaining cloud optical properties. These methods are
the same as the ones used by their corresponding shortwave schemes, which are described in Chou and
Suarez (1999), Iacono et al. (2008), and Gu et al. (2011), respectively. These parameterizations are also differ-
ent when dealing with the radiative effects of the aerosols and clouds. The parameterizations NGOy, and
FLG,,, deal with longwave scattering due to atmospheric particles (clouds and aerosols) and calculate their
radiative effects based on their extinction coefficient (6), single scattering albedo (w), and asymmetry factor
(g). In these two parameterizations, the band-averaged values of §, w, and g (at each layer) corresponding to
aerosols are directly inputed to the RTE solver, whereas the band-averaged cloud optical properties (5, w, and
g) at each level are calculated based on the input values of droplet/crystal effective radii, liquid/ice water
mixing ratio, and temperature, using the cloud parameterizations included in the lwrad parameterizations.
In RRTMGyy, however, cloud and aerosol optical depths (at each spectral band and layer) are the only rele-
vant input to the RTE solver. Indeed, in RRTMGy,,, the atmosphere is assumed as a nonscattering medium
(w = 0) and the diffusivity angle for all of the atmospheric components is assumed to be the same and is cal-
culated (at each spectral band and layer) as a function of water vapor content.
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Figure 1. Spectral optical characteristics (extinction coefficient, &;; single scattering albedo, wy; asymmetry factor, g;)
corresponding to continental-average, maritime-clean, and urban aerosol models at relative humidities equal to 70%
and 99% as described in Hess et al. (1998) for 74 550 = 1.00.

2.2. Experiment Setup

The methodology adopted for quantifying the uncertainties risen from different approximations (as cloud or
aerosol) to the transition zone in the lwrad parameterizations consists of (i) considering cloud- and aerosol-
free atmospheres as reference setups, (ii) using the isolated radiation parameterizations to simulate long-
wave irradiances (upwelling and downwelling) by adding homogeneous layers of cloud—resulting from dif-
ferent combinations of crystal/droplet sizes and liquid/ice water content—or aerosol—with different optical
characteristics—to the reference setup, (iii) calculating the radiative effects (RE, W m~2) due to the different
cloud/aerosol layers, and (iv) analyzing differences in the simulated REs for both Ey| (hereafter denoted as
REpol) and EyopT (REpt). Here, the term “uncertainty” is defined as the range of REs resulting from
describing a situation corresponding to the transition zone as cloud or as aerosol. This methodology is based
on the assumption that the radiative effects of the particles with the characteristics of the transition zone are
between those corresponding to aerosols and clouds, and thus, the uncertainty calculated this way should be
greater than (and hence cover) the difference between the transition zone and pure cloud or aerosol
suspensions.

In a cloud- and aerosol-free atmosphere the lwrad transfer is dominated by the tropospheric water vapor,
due to the spectral extent of its absorbing properties (Clough & Iacono, 1995). Additionally, the amount of
lwrad emitted by the atmospheric particles/molecules and by the Earth surface is highly affected by tempera-
ture. For these reasons, the present study was carried out under both winter and summer conditions. To this
aim, the standard midlatitude cloud- and aerosol-free summer and winter atmosphere profiles given in
Anderson et al. (1986) were considered as the reference setups. For other atmospheric gases (O3, CO,, ...),
the precribed profiles included in the parameterizations were used. In all simulations, the model surface
and top were set at 0 and 30 km, respectively, and the atmospheric column was divided in 30 layers with
equal physical thickness (1 km for each layer). The surface emissivity was fixed to 0.97.

The clouds considered in this study consist of: (i) ice clouds (physical thickness: 1 km, altitude: between
7-8 km) with crystal effective radii (r,) ranging between 10 and 120 um and (ii) liquid clouds (physical
thickness: 1 km, altitude: between 1 and 2 km) with droplet r, ranging between 2.5 and 15 um. The aerosols
used consist of six typical aerosol models described in OPAC (Optical Properties of Aerosols and Clouds)
aerosol data base (Hess et al., 1998), at different hydration stages (relative humidity: 70-99%): (i) urban;
(ii) continental-clean; (iii) continental-average; (vi) continental-polluted; (v) maritime-clean; and (vi)
maritime-polluted. The spectral data regarding to aerosol optical properties (extinction coefficient, &;; single
scattering albedo, w;; asymmetry factor, g;) obtained from OPAC (provided in 61 wavelengths between 0.25
and 40.00 um) was then transformed to band-averaged values according to the spectral bands of the parame-
terizations. Figure 1 illustrates the spectral optical characteristics corresponding to the example of continen-
tal-average, maritime-clean, and urban aerosol models at relative humidities equal to 70% and 99%. In this
figure, &, values correspond to the particle concentrations which produce an optical depth at the 0.550 um
wavelength (7) equal to 1.00 (assuming a physical thickness of 1 km). This figure shows that the
continental-average and urban aerosol models described in Hess et al. (1998) have similar optical
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properties, specially at higher hydration levels. This is mainly because both aerosol models are a composition
of three aerosol components: insoluble, soot, and water soluble (with only slight different volumetric mixing
ratios at the hydrations levels illustrated here) and for both models, the absorption and the scattering cross
sections are dominated by the components water soluble and insoluble, respectively. The size distribution of
the particles in these two aerosol models are also similar, but different compared to the maritime-clean aero-
sol model. The aerosols were placed in single layers with altitudes between 7 and 8 km and between 1 and
2 km (physical thickness for the layers at both altitudes: 1 km) for comparison with ice (Comparison I-a) and
liquid (Comparison L-a) clouds, respectively.

In all simulations, the 7 assigned to either cloud or aerosol layers (here 7 only refers to cloud/aerosol and does
not account for the other atmospheric components) was considered to vary between 0.01 and 2.00. This
range of 7 covers low and high values of T which can potentially represent a transition zone situation
(Calbd et al., 2017) and is also consistent with the range considered in Jahani et al. (2019). For the aerosol
layers, the variation in 7 was addressed through changing total number concentration of the aerosol particles
until obtaining the desired 7 (at the band that contains the 0.550 pm wavelength). The values of 7 at other
spectral bands were determined by multiplying the 7 at 0.550 um by the ratio between 7 at the desired band
and that at 0.550 um in the original OPAC database. In case of the cloud layers, as each parameterization
uses different methods for determination of the cloud optical properties (these methods are different in
many ways, including number of bins considered for r,, size distribution of the droplets/crystals in the cloud,
and databases utilized), for each droplet/crystal size, cloud v was obtained through trial and error: fixing dro-
plet/crystal size and increasing/decreasing water/ice mixing ratio until obtaining the desired 7 (at the band
that contains the 0.550 um wavelength) with a maximum error of +1%.

The radiative effect of each of the mentioned cloud/aerosol layers on any irradiance irr (downwelling or
upwelling) at any model level, simulated by each parameterization par, for a given 7 (RE;;,, pq(7)) Was calcu-
lated according to Equation 1:

REirr.par (T) = Eirr.par(T)_Eirr,par(O) @

The irradiance Ej, q,(0) corresponds to the simulation for the reference setups (i.e., clean and clear, summer
and winter, and atmospheres).

3. Radiative Effects

Vertical profiles of the downwelling (E|, positive values) and upwelling (Et, negative values) longwave irra-
diances simulated by the parameterizations NGOy, FLG}y, and RRTMG,, under reference setups are pro-
vided in Figure 2. According to Figure 2, both E,,1 and Eyp) are much larger (in absolute sense) in summer
than in winter, because of higher temperatures and larger water vapor amount in the whole atmosphere.
Furthermore, as expected for both summer and winter setups, most changes in E1 and E| occur in the tropo-
sphere (i.e., below 12-15 km). This figure also reveals that the differences among the irradiances simulated
by FLG,,, and NGOy, are very tiny (<3.8 W m™2), while larger differences are visible with those simulated by
RRTMGyy,. Specifically, RRTMG,,, simulates less (absolute) ET and more E| compared with FLGy,, and
NGOy The reason for this difference, to a large extent, is the different treatment of diffusivity angle: In
RRTMGy, it is computed for all atmospheric components as a function of total column water vapor content
(Tacono et al., 2008), whereas in FLGy, and NGOy, it is determined according their asymmetry factor.

Figure 3 shows the values of REy) and RE,1 resulting from different approximations to the transition
zone (describing a situation corresponding to the transition zone as cloud or as aerosol) for 7 = 0.01-2.00,
based on the three parameterizations. In this figure, the upper panel is dedicated to the comparison between
the RE of high (ice) clouds and aerosols (Comparison I-a), and the lower panel to the comparison between
the RE of low (liquid) clouds and aerosols (Comparison L-a). In each single plot, the lines of the same type
and color mark the maximum and minimum possible values of REy| (blue) and RE,,1 (black) due to dif-
ferent cloud (dashed lines) or aerosol (solid lines) approximations. In each single plot, the lower and upper
colored areas represent the uncertainty (associated with describing a situation corresponding to the transi-
tion zone as cloud or aerosol), which we define here as the range (AREy), blue) of the values of REpql
(actually accounting for the uncertainty in Eyol) and the range (ARE T, pink) of the values of REp1
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Figure 2. Vertical profiles of the downwelling (E|) and upwelling (E1) lwrad simulated by the parameterizations
NGOy, FLGy, and RRTMGyy, for the summer (red lines) and winter (blue lines) reference setups.

(accounting for the uncertainty in E,,1). For all parameterizations, adding a cloud/aerosol layer with any ¢
results in positive REpqil and RE,1. In other words, it causes an increase in Eypo) (positive sign, as
downwelling) but a reduction in Ey,1 (negative sign, as upwelling) compared to their corresponding
reference irradiances. The increase in Epol is due to the downward emission from cloud/aerosol layer,
which (despite being far from a blackbody, as the amount of suspended particles is relatively small given
the low range of 7 considered) is performed at a temperature higher than the brightness temperature of
the clear atmosphere. The reduction in the absolute value of E,,1 is because the upward emission of the
layer is performed at a temperature which is lower than that of the ground, and also due to the fact that
cloud/aerosol layer is absorbing some of the E1 emitted by the surface.

In Figure 3 some small differences between the cloud REs simulated by the parameterizations FLGy, and
NGOy, are evident. They originate from the difference in the methods used by the parameterizations for sol-
ving the RTE, obtaining the cloud optical properties, as well as the number and limits of the spectral bands
used. However, despite these differences, the results obtained from FLGy,, and NGOy, show that, under all
tested conditions, there are distinct and important differences between the REs of aerosols and clouds in the
longwave region, which are evident in both REp.| and RE,p1. This means that assuming a condition cor-
responding to the transition zone as cloud or aerosol may cause large uncertainties (up to 60.0 W m™> for
T = 2.00, the largest optical depth studied here) in the simulation of REy| and RE,1. This uncertainty
seems to be small compared to what was reported in Jahani et al. (2019) for the shortwave radiation.
However, it is a rather noticeable value when compared to the Ep,l (217-338 W m~2) and Biop!?
(232-286 W m™2) for the reference setups (Figure 2), which are the result of the emission and absorption
by atmospheric gases. According to Figure 3, even at a relatively low 7 of 0.1, ARE,| ranges (depending
on layer height and season) between 2.2-6.6 and 2.2-7.2 W m™? based on FLGy,, and NGOy, simulations,
respectively. At the same 7, ARE;,T comprises 1.2-6.5 and 0.5-6.1 W m™2based on FLG}, and NGOy, simu-
lations, respectively. However, it is worth mentioning that results obtained from NGOy, show that there are
cases where REs of clouds and aerosols may overlap: liquid clouds with small droplets (r,: 2.5 um) and highly
hydrated maritime aerosols (relative humidity: 99%; r,: 2.3-3.0 um).
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Figure 3. The simulated values of REp) (blue lines, left axis) and RE,p1 (black lines, right axis) resulted from different approximations to the transition zone
Versus 7 ssq (0.01-2.00) for winter and summer atmospheric profiles based on FLGyy, NGOjy, and RRTMGy, simulations (Note: upper panel corresponds to Case
“I-a” and the lower panel to “L-a”).

The results obtained from RRTMG;y,, however, are somewhat different from those obtained from FLG;,, and
NGOy, According to RRTMG,, simulations, large hydrated aerosols (7,: 2.3-3.0 um) produce REs similar to
ice/liquid clouds with crystal/droplet r, as large as 10.0 um, which results in a smaller range of RE and thus
lower uncertainties compared to FLGy, and NGOy, (<45.0 W m™2 for 7 = 2.00). This is mainly because
RRTMGy,, deals with lwrad in less details compared with FLG,,, and NGOy, Specifically, in this parameter-
ization, longwave scattering due to clouds and aerosols is neglected (w = 0), and the spectral behavior of the
extinction coefficient is considered as the only source of difference among clouds and aerosols of different
type. Due to the simplicity of RRTMGy, in dealing with Iwrad in comparison with the two other
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parameterizations, hereafter discussion about transition zone REs will mainly be addressed according to the
results obtained from FLGy,, and NGOy,

Figure 3 also shows that for the range of 7 studied and in both seasons, the values of RE,,T and ARE 1
simulated under the case I-a are always greater than those of the Case L-a. This is consistent with the results
of Mishra et al. (2015) and Mitchell and Finnegan (2009) and means that the higher the layer (where
cloud-aerosol confusion happens) is, the greater the uncertainties in the simulation of E,p1 are. Thus, as
the amount of E| at the top of the atmosphere is negligible, transition zone conditions at high altitudes will
contribute to larger uncertainties in the determination of the longwave radiative forcing and the atmo-
spheric cooling rate. Correspondingly, the ARE,] simulated by both parameterizations under the Case
L-a is always greater than that of the Case I-a. Detailed information about the vertical behavior of RE at dif-
ferent levels of the atmosphere (in particular at the levels just above and below the cloud/aerosol layers), for
the example, of 7 = 1.00 is provided in Figure S1 in the supporting information. According to this figure, the
values of AREs (both upwelling and downwelling) at top and base of the cloud/aerosol layers are indeed
greater under Case I-a compared to L-a. The reason for smaller REy| in the Case I-a is that the emitted
radiation needs to pass through a (physically and optically) thicker path in the troposphere and thus is sub-
jected to a greater absorption. As a result, the E| emitted under I-a cases is more strongly attenuated.
Furthermore, as Figure S1 shows, for both comparison cases the absorption is even stronger in the layers
beneath the cloud/aerosol layers in summer, which is due to larger amount of water vapor in the summer
setup (Clough & Iacono, 1995).

4. Conclusions and Discussions

This study has shown that for the range of 7 studied (0.01-2.00), there are some differences between parame-
terizations NGOy, and FLG,,, regarding the magnitude of the simulated irradiances, which, however, lead to
very similar radiative effect ranges (AREs, used as an approximation to uncertainties). RRTMGyy, 0on its side,
produces somewhat different irradiances, which result in slightly lower radiative effect ranges. For all para-
meterizations, when adding a cloud/aerosol layer (with any 7), E,,1 decreases (in absolute value), because
the upward emission of the layer is performed at a temperature which is lower than that of the ground and
Epoil increases (due to the downward emission from cloud/aerosol layer), resulting in positive REpo) and
RE;opT. The REs simulated by NGOy, and FLGy,, show that, under all tested conditions, there are distinct
and important differences between the REs of aerosol and clouds in the longwave region, which may result
in uncertainties up to ~60W m ™2 at T = 2.00. Even at very small 7 of 0.10, assuming a situation corresponding
to the transition zone as cloud or aerosol may lead to a noticeable amount of ARE,,1 (0.5-6.5 W m™2, values
depending on layer height and season) and AREpy| (2.2-7.2 W m™2). Although this uncertainty has been
computed from physical modeling and refers only to local and temporary effects, it deserve to receive atten-
tion, because transition zone conditions may affect a vast area of the global atmosphere, therefore a signifi-
cant proportion of sky at any time is covered with such a particle suspension according with several studies
(Calbb et al., 2017; Fuchs & Cermak, 2015; Koren et al., 2007; Schwarz et al., 2017). This amount of uncer-
tainty over a large area may add incertitude to, or explain a part of the doubts associated with, the description
of global energy balance and its evolution in combination with the effects of other atmospheric components,
such as the well-mixed anthropogenic greenhouse gases (which have produced a global scale radiative
forcing of 2.83 + 0.29 W m™2 over 1750-2011; Myhre et al., 2013).

The results also suggest that different approximations to the transition zone for a suspension of particles at
higher altitudes has large impacts on the energy budget in the whole column of the atmosphere. In contrast,
different approximations to the transition zone at lower altitudes mainly affects the surface energy budget.
The results obtained in this study underline the importance of the transition zone in the longwave spectral
region and show that different approximations (as cloud or aerosol) to the transition zone may introduce
relatively large uncertainties to our understanding about the energy balance in the atmosphere. This is so
because a discrimination about the cloudy and cloud-free skies is required in climate studies, but in many
of them the area corresponding to the transition zone is either categorized as cloud or aerosol. It should
be noted that these uncertainties are not limited to observational studies, because the data obtained from
observations are used for running the atmospheric models. This means that even if a certain model is capable
of treating clouds and aerosols as continuum fields, the error in the initial input data may introduce large
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uncertainties to how energy is transferred in different layers of the model, which, through heating/cooling
rates, may significantly affect the model dynamics. Also, a comparison between the simulations of the three
parameterizations show that even though the interactions between clouds and aerosols may be well defined
in the microphysical schemes of a weather forecasting model, the interactions of the suspensions of particles
(clouds and aerosols, more or less hydrated) with radiation may be defined differently in the radiation
schemes: in NGOy, liquid clouds with small droplets (r.: 2.5 um) and highly hydrated maritime aerosols
(re: 2.2.3-3.0 um) produce very similar REs; whereas, in FLGy, there is no overlap between the REs of
the aerosols and clouds; and in RRTMG,, the REs simulated for large hydrated aerosols (r,: 2.3-3.0 pum)
are similar to those of ice and liquid clouds with crystal/droplet sizes as large as 10.0 um.

These findings and those obtained by Jahani et al. (2019) for the shortwave region encourage studying the
links between these differences in the shortwave and longwave REs and model dynamics. These uncertain-
ties associated with the transition zone REs show the need of defining an additional intermediate phase
between the cloudy and clear skies; alternatively, a continuous treatment of such suspensions of particles
(from pure, dry aerosols to typical clouds), as well as their coexistence in some situations could also be habi-
litated in the radiation parameterizations. This may be done through introducing a new set of optical proper-
ties for transition zone in models based on the observations, an interpolation between the radiative/optical
properties of hydrated aerosols and clouds (some adjusted size distributions laying between those typical of
aerosol and those typical for clouds), or including in the parameterizations the aerosol optical properties for
relative humidities close to and above saturation. All of these proposals, however, may eventually require
defining an index (or a set of indices) to decide about the phase of the particles (aerosol, transition zone,
and cloud). Also, studying the radiative behavior of particle suspensions at the transition zone, as well as
exploring the size distribution and the composition of particles in the regions around the clouds based on
in situ measurements may help researchers to identify such cases. Moreover, it should be noticed that the
present study is rather theoretical and limited to (i) two midlatitude atmospheric profiles, (ii) six aerosol
types (with characteristics that may be incompatible with their vertical position and relative humid-
ity < 100%), and (iii) homogeneous vertical layers of clouds and aerosols. Thus, the transition zone REs
under real conditions (including three-dimensional effects) as well as their effect on the climate system, still
need to be further investigated.

Data Availability Statement

The source codes of WRF-ARW model Version 4.0 are freely accessible online (http://www2.mmm.ucar.
edu/wrf/users/download/get_source.html). The band-averaged OPAC aerosol optical properties used and
the results summarized in Figures 3 and S1 can be downloaded online (http://doi.org/10.5281/
zen0do.3987788).
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