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Abstract A number of studies have stated that the shift from a cloud‐free to cloudy atmosphere (and vice
versa) contains an additional phase, named “Transition (or twilight) Zone”. However, the information
available about radiative effects of this phase is very limited. Consequently, in most meteorological and
climate studies, the area corresponding to the transition zone is considered as an area containing aerosol or
optically thin clouds. This study investigates the differences in shortwave radiative effects driven from
different treatments of the transition zone. To this aim, three of the shortwave radiation parameterizations
(NewGoddard, Rapid Radiative Transfer Model for Global circulation models, and Fu‐Liou‐Gu) included in
the Advanced Research Weather Research and Forecasting Model (WRF‐ARW) were isolated and adapted
for one‐dimensional vertical simulations. These parameterizations were then utilized to perform
simulations under ideal “cloud” and “aerosol”modes, for different values of (i) cloud optical depths resulting
from different sizes of ice crystals or liquid droplets andmixing ratios; and (ii) different aerosol optical depths
combined with various aerosol types. The resulting shortwave broadband total, direct, and diffuse
irradiances at the Earth surface were analyzed. The uncertainties originated from different assumptions of a
situation regarding to the transition zone are quite substantial for all the parameterizations. For all the
parameterizations, direct and total irradiances are the least and most sensitive irradiances to different
treatments of the transition zone, respectively. Differences in the radiative effects of transition zone
dominantly result from the difference between the radiative effects of clouds and aerosols (different types),
not from cloud type or droplet/crystal size.

1. Introduction

Solar radiation is a key element of the Earth atmosphere system, and is involved in several natural processes.
Furthermore, the amount of solar radiation reaching the Earth surface is mainly affected by aerosols and
clouds, which are two particular cases of a single phenomenon, i.e. a suspension of particles in the air.
However, the radiation‐cloud‐aerosol interactions are rather complex (Fan et al., 2016). Consequently,
radiation, cloud and aerosol parameterizations may be considered as one of the most computationally
demanding parts of the atmospheric, climate, and weather forecasting models (Carslaw et al., 2013). Thus,
to this date a number of efforts have been made by researchers for studying and improving the radiation,
cloud, and aerosol parameterizations in such models (Loeb et al., 2018; Ming & Held, 2018).

However, despite the existing differences in the origin and composition of clouds and aerosols, it is not always
easy to clearly classify the type of suspension in the sky (González et al., 2017; Seinfeld et al., 2016). Indeed,
the characteristics of the suspension sometimes lay on the border between those corresponding to a cloud and
those corresponding to an atmospheric aerosol (Calbó et al., 2017). More precisely, the shift between cloudy
to cloud‐free atmosphere contains an additional phase named “Transition Zone” (also known as “Twilight
Zone”), with characteristics that depend on both the nearby clouds and surrounding aerosols (Fuchs &
Cermak, 2015; Koren et al., 2007). The situation gets even more complex when using data derived frommea-
surements with relatively low temporal and/or spatial resolutions (Várnai & Marshak, 2011, 2015).

The transition zone may correspond to various processes including hydrated aerosols, cloud fragments
sheared off from the adjacent clouds, decaying and incipient clouds, etc. (Koren et al., 2009). Moreover, stu-
dies show that the transition zone (as a property of a cloud field) may expand up to tens of kilometers away
from the cloud field (Várnai & Marshak, 2011). According to Koren et al. (2007), almost 30‐60% of the globe
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categorized as clear sky (cloud‐free) can potentially correspond to this phase. Based on the total cloud and
aerosol records of the Moderate Resolution Imaging Radiometer satellite sensor between 2007 and 2011,
Schwarz et al. (2017) concluded that almost 20% of all pixels could be categorized as transition zone.
Calbó et al. (2017) quantified that the frequency of the transition zone is about 10%, on the basis of three
ground‐based observation systems at two mid‐latitude sites. They also found that the transition zone pro-
duces typically an optical depth of less than 0.32, but it might be found, at those sites, for optical depth as
high as 2.00. All these papers underline the fact that a significant proportion of sky at any time is covered
by a particle suspension with characteristics of the transition zone, which seems to play, consequently, a sig-
nificant role in the energy balance of the Earth. Despite the importance of the transition zone, however, the
currently available information about its radiative effects and the mechanisms at which it influences the
total climate system is limited. In most meteorological, climate, and weather forecasting studies and models,
aerosols and clouds are commonly treated separately (as either dry aerosols or fully developed clouds), leav-
ing no gap for the transition zone. This implies that, in the mentioned models, the condition of sky in each
layer of a given grid cell is assumed to be either cloudy (fully or partially covered) or cloud‐free (maybe con-
taining aerosols), neglecting the transition zone.

The separate treatment of clouds and aerosols arises the question “how different the simulated radiative
effects in a grid cell of a meteorological/weather forecasting model will be, if a situation corresponding to
transition zone is assumed as cloud or aerosol?”Or in otherwords, “how important it is to study and deal with
the radiative characteristics of the transition zone?” For this purpose, the present study aims to answer the
mentioned questions by applying a sensitivity analysis to the shortwave radiation (swrad) parameterizations
included in a particular meteorological model, namely theWeather Research and ForecastingModel (WRF),
which is being widely used by meteorology organizations and research institutes all around the world.

2. Materials and Methods
2.1. Model Description

The Advanced Research WRF (WRF‐ARW) is a state‐of‐the‐art open source mesoscale atmospheric model,
developed by National Center for Atmospheric Research (NCAR) for both research and numerical weather
prediction purposes (Powers et al., 2017). This model, which is probably the most popular meteorological (it
also has a climatic version) model worldwide, has the capability to be used for a wide range of applications,
such as real‐time numerical weather prediction, data assimilation, parameterized‐physics research, regional
climate simulations, air quality modeling, atmosphere‐ocean coupling, and idealized simulations (Blossey
et al., 2013; Doubrawa et al., 2018; Jimenez et al., 2016; Lin et al., 2015; Moeng et al., 2007; Montornès
et al., 2016; Wang et al., 2009; Yamaguchi & Feingold, 2012; Zhong et al., 2016). In addition, it can be ran
at different domains and offers various options for parameterization of convective processes, turbulent trans-
ports, evolution of surface temperature and soil moisture, and soil‐air interactions (Ruiz‐Arias et al., 2013;
Skamarock et al., 2008). Similarly, WRF‐ARW employs different frameworks for parameterization of swrad.
However, the way these parameterizations deal with clouds and aerosols varies from one to another. They
are also different in terms of other factors, such as required input data, spectral range, number of spectral
bands, complexity of the calculations, etc. (Montornès et al., 2015).

The swrad parameterizations included in the latest version of WRF‐ARW (Version 4.0) consist of: Dudhia
(Dudhia, 1989), Fu‐Liou‐Gu (FLG, Gu et al., 2011), Goddard (Fels & Schwarzkopf, 1981), NewGoddard
(Chou & Suarez, 1999), NCAR Common Atmosphere Model (CAM, Collins et al., 2006), Rapid Radiative
transfer Model for Global circulation models (RRTMG), RRTMG‐fast, RRTMG‐K (Baek, 2017; Iacono
et al., 2008), and Held‐Suarez relaxation (Chen et al., 1997). However, among them, the parameterizations
which (i) are more detailed and (ii) allow the users to consider different treatments of clouds and aerosol
were chosen for this study. Thus, selected parameterizations comprise RRTMG, NewGoddard, and FLG.
In these parameterizations, diffuse and direct irradiances are simulated separately, and then the total com-
ponent is computed as the summation of diffuse and direct. However, these parameterizations involve dif-
ferent definitions of direct and diffuse irradiances: in the parameterizations NewGoddard and FLG, direct
irradiance is a summation of scattering in forward direction and (eventually attenuated by absorption) direct
beam, whereas for RRTMG the direct irradiance only refers to the direct beam. In the latter parameteriza-
tion, scattering in all directions is considered as part of the diffuse component. More information about
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these parameterizations can be found in Skamarock et al. (2008) and
Montornès et al. (2015), but a brief description follows:

1. RRTMG uses the two stream practical improved flux method
(Zdunkowski et al., 1980) for solving the Radiative Transfer Equation
(RTE). Furthermore, it considers the region between 0.20 μm and
12.20 μm wavelengths as the shortwave spectrum and splits into 14
spectral bands: 3 ultraviolet (UV), 2 PAR, and 9 near‐infrared (IR).
In this parameterization, ice and liquid cloud optical depths (ODs)
are obtained as a function of the corresponding input mixing ratios
and effective crystal/droplet sizes following the method provided by
Fu (1996) and Hu and Stamnes (1993), respectively.

2. NewGoddard solves the RTE by using the two stream δ‐Eddington
approximation method (Joseph et al., 1976). In this parameterization,
the swrad wavelength ranges between 0.18 μm and 10.00 μm, and it
is divided into 11 spectral bands: 7 UV, one PAR, and 3 near‐IR.
NewGoddard computes the optical depth due to ice and liquid clouds
based on Slingo and Schrecker (1982) method.

3. In terms of FLG, RTE is solved through the δ‐four stream approxima-
tion method provided by Liou et al. (1988), and the region with wave-
length between 0.20 μm and 4.00 μm is considered as shortwave
spectrum. This parameterization splits this spectral region into 6 sepa-
rate bands: one UV‐PAR and 5 near‐IR. FLG parameterizes ice and
liquid cloud's ODs based on the method described in Slingo (1989).

These parametrizations have a different definition of the shortwave region. In addition, they also have a dif-
ferent distribution of spectral bands over the shortwave region. However, it should be noted that despite the
shortwave region is extended up to 10.00 and 12.20 μm for parameterizations NewGoddard and RRTMG,
none of the three parameterizations chosen deals with emission. This means that the irradiances calculated
by these parameterizations are only affected by scattering and absorption. In order to be able to assess the
performance of the radiation parameterizations independently of the other schemes of WRF‐ARW and
design simulations under ideal conditions, the source codes of these parameterizations were isolated from
the main model structure and adapted for one dimensional vertical simulations (“sandbox” approach). By
doing so, the inputs to the radiation parameterizations were given to the parameterizations under controlled
conditions (regardless of the uncertainties associated with other parts of the model, such as microphysics).
Consequently, the final results obtained from the radiation parameterizations will be affected only by the
radiation parameterization itself. These isolated parameterizations were then utilized to perform several
simulations under ideal “cloud” and “aerosol” modes.

2.2. Experiment Setup

To address the objectives of this study, conditions at midday for summer at mid‐latitudes (46.8°) were
selected, resulting in a solar zenith angle of ≈30°, and a standard mid‐latitude summer time atmosphere
was used (Anderson et al., 1986). A cloud‐ and aerosol‐free (clean) atmosphere and a surface albedo of
0.14 was initially considered as a reference setup for all of the simulations. For all simulations, an equal
number of 78 atmospheric layers were considered; the model top was set at 30 km. However, based on the
results obtained for this reference model configuration, the same analysis was carried out later for different
values of solar zenith angles and surface albedos (a summary of results obtained for these additional config-
urations is provided in the Discussion Section). Figure 1 shows the vertical profiles of air temperature (T) and
water vapor mixing ratio (qv) in the reference atmosphere.

The isolated parameterizations were used to simulate the shortwave broadband direct (horizontally pro-
jected), diffuse, and total irradiances at Earth surface by adding to the reference setup (i) ice and liquid
clouds with different ODs resulting from different crystal and droplet sizes and water contents; and (ii) aero-
sols with different ODs combined with various aerosol types. In all these simulations the cloud/aerosol OD
was considered to vary between 0.01 and 2.00. This range of OD covers low and high values of ODwhich can

Figure 1. Vertical profiles of temperature T, (K, solid black line) and water
vapor mixing ratio qv (kg/kg, red dashed line) used in the reference atmo-
sphere (note: the blue and green line represent the average altitude of the
liquid and ice clouds layers, respectively).
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potentially represent a situation regarding to the transition zone. Also, it contains the typical range of OD for
the transition zone that Calbó et al. (2017) found for two sites located in unpolluted regions.

The cloud altitude for the liquid and ice clouds was considered to be ~1.5 km and ~7.5 km, respectively. The
effective radius of cloud ice crystals was considered to vary between 10 and 120 μm. Similarly, the effective
radius of cloud droplets was considered to vary between 2.5 and 15 μm. These cases comprise 11 combina-
tions (four ice and four liquid clouds and three aerosol types) for each considered OD. As each of the para-
meterizations selected uses different methods and coefficients for calculation of cloud OD, the cloud OD for
all crystal and droplet sizes were obtained through trial and error: fixing droplet/crystal size and
increasing/decreasing water/ice mixing ratio until the desired OD (at the band that contains the 0.550 μm
wavelength) with a maximum error of ±1% is obtained.

The aerosol types used in this study consist of three predescribed aerosol models which are common among
all parameterizations selected: (1) urban; (2) continental; and (3) marine. Among them, the marine and
urban aerosols are the most reflective and absorbing aerosols, respectively. In these parameterizations, the
aerosol OD at 0.550 μm and the desired aerosol type are given to the parameterization as an input. Then,
based on the aerosol type selected, the parameterizations use the predescribed aerosol models included in
them to distribute the aerosols’ optical properties (OD, single scattering albedo and asymmetry factor) for
all of the spectral bands along the column of the atmosphere. For all parameterizations and aerosol types,
aerosols are mostly concentrated in the lower layers (< 3 km) of the atmosphere, decaying exponentially
with height. It is worth mentioning that the other optical characteristics of these aerosol types and their dis-
tribution along the column of the atmosphere are defined differently by each parameterization: there are
minor differences between RRTMG and NewGoddard, while those of FLG are remarkably different com-
pared with the other parameterizations. The information regarding to the values and distributions of an
aerosol single scattering albedo (SSA) and asymmetry factor (ASY) of the three parameterizations at the
spectral bands containing the 0.550 μm wavelength have been extracted from the source codes of the para-
meterizations and provided in Figure 2.

2.3. Quantification of Radiative Effects and Sensitivity

In order to be able to have a clear insight about the differences among irradiances, which may only arise
from different treatments of the transition zone (i.e., description as cloud or as aerosol), and eliminate the
effect of other factors which may affect the broadband direct, diffuse, and total irradiances at the Earth's

Figure 2. Vertical profiles of SSA (top panel) and ASY (bottom panel) for the pre‐described urban, continental and marine aerosol models included in the parame-
terizations RRTMG, NewGoddard and FLG.
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surface (ozone, trace gases, water vapor, etc.); the radiative effects for the mentioned irradiances under each
model run were calculated through equation (1):

REα;irr;par ODð Þ ¼ Eα;irr;par ODð Þ–Eirr;par 0ð Þ (1)

where REα,irr,par (OD) (W m−2) is the radiative effect for irradiance irr (total, direct, and diffuse) for the αth
run (α= 1‐11) for the parameterization par at a given OD. Eα,irr,par (OD) (Wm−2) is the computed irradiance
irr for the αth run of the parameterization par at a given OD; Eirr,par(0) stands for the irradiance irr computed
by the parameterization par under the reference configuration (cloud‐ and aerosol‐free atmosphere, OD =
0). These radiative effects were then utilized in the further analysis.

Nevertheless, in order to be able to provide comparisons among the radiative effects and to quantify the
ranges at which they may vary for different treatments of the transition zone (a comparison between ice
clouds and aerosols, I‐a; and another between liquid clouds and aerosols, L‐a), two additional indices; the

Radiative Effect Range (ΔRE, W m−2) and the Mid‐range Radiative Effect (RE), were proposed:

ΔREirr;par ODð Þ ¼ Max REα;irr;par ODð Þ� �
–min REα;irr;par ODð Þ� �

(2)

REirr;par ODð Þ ¼ Max REα;irr;par ODð Þ� �þmin REα;irr;par ODð Þ� �� �
=2 (3)

where ΔREirr,par (OD) and REirr,par (OD) (Wm−2) take into account the dispersion of all radiative effects for
the cases I‐a (three aerosol types and four ice clouds, α = 3 + 4) and L‐a (three aerosol types and four liquid
clouds, α = 3 + 4), produced by the parameterization par, for the irradiance irr at a given OD. It should be
noted that hereafter the range will also be called “sensitivity,” as this measure of the dispersion of results for
a given OD indicates the error that may be involved with using one particular treatment of the transition
zone. Here, RE has been calculated as an average of the minimum and maximum REs for (i) simplicity
and (ii) in order to avoid giving extra weight to the values produced by cloud or by aerosol treatment.
This way, RE is just in the midpoint between the maximum and minimum RE values at a given OD, so in
the middle of the range of values where the actual RE should lay. Therefore, this midrange value is appro-
priate to be used for normalizing the range (see below).

However, due to the differences in the magnitude of the radiative effects (mainly depending on OD), equa-
tions (2)–(3) fail to show the importance of the sensitivity in relation to the corresponding parameterizations.
For this reason, a relative index, the Relative Radiative Effect Sensitivity (RΔRE, %, equation [4]) was intro-
duced as well:

RΔREirr;par ODð Þ ¼ 100× ΔREirr;par ODð Þ=jREirr;par ODð Þj� �
(4)

Moreover, in order to represent the relative sensitivity in a bulk single number for the whole range of ODs,

the Mean Relative Radiative Effect Sensitivity (RΔRE, equation 5) was also defined as follows:

RΔREirr;par ¼ 1
ODmax−ODmin

× ∫
ODmax

ODmin

RΔREirr;par ODð ÞdOD (5)

Thus, variables RΔREirr,par (OD) and RΔREirr;par (%) provide quantitate information about the ΔRE regard-
ing to each parameterization in relation to the corresponding radiative effect simulated by the parameteriza-
tion for a given and for the whole range of OD, respectively. In some way, these values are useful as a first
estimation of the uncertainty that is involved when dealing with radiative effects of a transition zone
situation.

3. Results
3.1. Radiative Effects (RE)

An overall picture about the variations of direct (REdir), diffuse (REdif), and total (REt) radiative effects of the
atmosphere resulting from different treatments of transition zone, based on the model simulations, is pro-
vided in Figure 3. In this figure, the upper panel shows comparison between the REs of ice clouds and
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aerosols (I‐a), and the lower panel shows the comparison between the REs of liquid clouds and aerosols (L‐
a). Furthermore, the lines of the same type and color correspond to the maximum and minimum possible
values of REdir, REdif, and REt due to aerosols, ice, and liquid clouds for OD between 0.01 and 2.00, based
on each parameterization. Therefore, for each case (I‐a and L‐a) the distance between the lowest and
highest lines of the same type is the range of dispersion (ΔRE) of the simulated values of REdir, REdif, and
REt, based on the different treatments of the transition zone. According to this figure, for all
parameterizations and for both comparison cases, the increment in the aerosol/cloud OD leads to
reduction and enhancement of direct and diffuse irradiances, respectively, resulting in a decrease in total
irradiance. In addition, the declining rate of REdir versus OD seems to be higher in RRTMG compared to
the two other parameterizations. The lines for RRTMG given in Figure 3 are more concave, meaning that
the decrease is particularly steeper for lower OD (<1.00). For the two other parameterizations, REdir

appears to have almost similar rate of variation versus OD. This may be due to the difference in the
definition of direct irradiance among the parameterizations; as above mentioned, direct irradiance is
defined as the summation of direct beam and forward scattering in NewGoddard and FLG, while in
RRTMG, direct irradiance only refers to the direct beam. Furthermore, from Figure 3 it can be seen that
the effect of droplet/crystal size on the simulated REdir and REdif seem to be different depending on the
parameterization utilized. Its effect, however, is generally smaller on REt for all the parameterizations.

According to this figure, there is a substantial difference among the REs (all components) simulated by the
parameterization FLG for the liquid and ice clouds. This difference can be more visibly seen in REdif com-
pared to other components of solar radiation. Furthermore, based on this parameterization liquid clouds
have higher REdir and REdif (absolute values) compared to the ice clouds. Also, the effect of particle (crys-
tal/droplet) size (the distance between the highest and lowest values) is larger for ice clouds, compared to
liquid clouds This may be due to the larger range of ice crystal sizes considered in our simulations compared
to liquid droplets, because larger particles imply enhanced forward scattering (Bohren & Huffman, 1998;
Petty, 1958), and thus more (less) radiation in the direct (diffuse) component. In contrast, the parameteriza-
tion FLG projects very similar REdir for the three different aerosol types, so only at the higher ODs the dif-
ferences are visible in Figure 3. Moreover, the magnitude of REdir simulated by FLG for aerosols is also
similar to that of the liquid clouds with large droplet size, in particular at the lower ODs. However, there
are more differences among the REdif simulated by this parameterization for the three aerosol types.
According to the simulations of this parameterization, the REdif of aerosols may be similar to that of ice

Figure 3. Minimum and Maximum values of REdir, REdif and REt of the atmosphere resulted from different treatments of transition zone versus OD (0.01‐2.00),
based on NewGoddard, RRTMG and FLG simulations for cases I‐a (panel “a”) and L‐a (panel “b”).
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cloud or liquid cloud, depending on the aerosol type. However, the magnitude of REt corresponding to aero-
sols (depending on the aerosol type) can either be similar to or greater (in absolute sense) than that of clouds.

In case of the parameterization NewGoddard, although it produces some differences between ice and liquid
clouds, it projects the same REdir and REdif for liquid clouds with small droplet sizes and ice clouds with
large crystal sizes at the same OD (Figure 3). This parameterization produces lower REdir and REdif (absolute
values) for the liquid clouds compared to the ice clouds, unlike FLG. Contrarily, and similar to FLG, this
parameterization produces distinct REt for ice and liquid clouds. The effect of particle (crystal/droplet) size
is, however, smaller compared to FLG. Also, for OD < 0.50 the REdif simulated by this parameterization for
the aerosols is very similar to that of the clouds. However, for OD> 0.50, REdif simulated by NewGoddard for
aerosols (depending on the type) may either be very similar or very different from that of both cloud types.
Although the REdir simulated by this parameterization for the aerosols is generally greater than that of the
clouds, however, it projects similar REdir for clouds with small crystal sizes and a particular type of aerosols
(continental). In terms of total radiation, Figure 3 shows a vast difference among the REs of clouds and aero-
sols simulated by the parameterization NewGoddard, even at very low OD (0.10): those corresponding to the
aerosols are greater (in absolute sense) than those of the clouds.

Unlike the two other parameterizations discussed, RRTMG produces almost the same REdir for different
types of ice and liquid clouds resulting from different droplet/crystal sizes (Figure 3). This implies that the
REdir simulated by the parameterization RRTMG is not very sensitive to different treatments of clouds, at
least at this limited range of low OD. However, it is worth mentioning that RRTMG projects a higher extinc-
tion rate of REdir for clouds compared to the two other parameterizations studied: for example, at OD = 1.00,
REdir for both liquid and ice clouds is approximately 575Wm−2. The simulated values of REdif show that the
parameterization RRTMG considers some differences between the two cloud types, which do not appear to
be substantial, though. In addition, it can also be seen that cloud particle size hasmore influence on the REdif

simulated by RRTMG for ice clouds, compared with that of liquid clouds. In case of total irradiance,
although the parameterization RRTMG produces differences between the REt of the two cloud types, it
simulates similar REt for the liquid clouds with small droplet sizes and ice clouds with large crystal sizes.
Moreover, similar to diffuse irradiance, cloud particle size seems to have more influence on the REt regard-
ing to ice clouds, compared to that of liquid clouds. In contrast, from the data represented in Figure 3 it can
be seen that the parameterization RRTMG considers a vast difference between the RE (all components) of
different aerosol types compared to the cloud types. This fact shows that the parameterization RRTMG is
more sensitive to aerosol characteristics compared to those of clouds. Also, it produces less REdif and
REdir (in absolute sense) for aerosols compared to clouds, which combined produce, however, a greater
effect (in absolute sense) on the total irradiance. It is worth mentioning that this difference between the
RE of clouds and aerosols increases with OD.

3.2. Sensitivities (ΔRE)

The values ofΔREdir,ΔREdif, andΔREt for each of the parameterizations versus OD are provided in Figure 4.

Based on the RΔRE values also shown in Figure 4, it can be affirmed that in all the parameterizations stu-
died, REdir, and REt are the least and most sensitive variables to different treatments of transition zone.
However, in an absolute sense, for the parameterizations RRTMG and FLG, REdif is the most sensitive com-
ponent. It is worth mentioning that despite the direct component being the least sensitive to the transition

zone treatment, ΔREdir still seems to be notable (RΔREdir;I�a = 44, 25 and 38%, RΔREdir;L�a = 57, 27, and
11% for parameterizations NewGoddard, RRTMG, and FLG, respectively).

As shown in Figure 4, the values of ΔREdir,I‐a and ΔREdir,L‐a resulted from the simulations of the three para-
meterizations nonlinearly vary with OD. In case of the parameterizations NewGoddard and FLG, ΔREdir,I‐a

and ΔREdir,L‐a continuously increases with OD for the whole range of OD studied. This increase, however, is
steeper for lower OD (<1.00). In contrast, for RRTMG, Figure 4 shows an increase and a slight decline in
ΔREdir,I‐a and ΔREdir,L‐a for ODs ranged 0.01–1.00 and 1.00–2.00, respectively. The rapid extinction of the
direct component in RRTMG (specially for lower range of OD) may be a possible reason for this particular
behavior observed in ΔREdir,I‐a. From Figure 4, it can also be seen that there are slight differences among
values of ΔREdir,I‐a resulted from the simulations of all parameterizations. For ΔREdir,L‐a, however, there
are more substantial differences among the parameterizations. This means that although all the
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parameterizations are almost equally sensitive to different treatment of the transition zone under the case I‐
a, there are quite vast differences among their sensitivities under the case L‐a. This difference can be more
visibly seen in the parameterization FLG. In case of this parameterization, ΔREdir,I‐a varies between 2 and
152 W m−2, whereas ΔREdir,L‐a varies between 1 and 48 W m−2 for the range of OD studied. In contrast,
for NewGoddard, the values of ΔREdir,L‐a (4‐201 W m−2) are higher than those of ΔREdir,I‐a (3‐150 W m
−2). Unlike the two other parameterizations, RRTMG is almost equally sensitive under both cases (ΔREdir,

L‐a and ΔREdir,I‐a show similar values).

According to Figure 4, although the ΔREdif regarding to all parameterizations increases with OD for both
cases, the values corresponding to the case I‐a are slightly greater than those of L‐a, implying that there
are very small differences among the models sensitivities in simulation of diffuse irradiance for both cases.
This figure also shows that ΔREdif,I‐a andΔREdif,L‐a values resulting from RRTMG simulations increase non-
linearly with OD and their magnitudes at any OD are clearly higher than those of the two other parameter-
izations. In addition, these values are also higher than the corresponding values of ΔREdir resulting from
RRTMG simulations, which imply higher sensitivity in diffuse compared to the direct. More precisely, differ-
ent treatments of transition zone under the case I‐a seem to lead to a wider range of results for the diffuse
component of solar radiation compared to direct for the parameterization RRTMG. In case of the parameter-
ization FLG, despite ΔREdif,I‐a and ΔREdif,L‐a having almost the same values for the range of OD studied,
they have different variation patterns; ΔREdif,I‐a varies nonlinearly and the other linearly. The magnitude
of the ΔREdif,I‐a resulted from the simulations of the parameterization FLG more or less varies in the same
range as ΔREdir,I‐a does (specially for OD < 1.00). But, comparing them with the corresponding midpoint
radiative effects, the relative sensitivity of this parameterization to simulation of the diffuse component at

the transition zone is higher than the direct (RΔREdif ;I�a = 51%, RΔREdif ;I�a = 38%). This figure also shows
a substantial difference between the ΔREdir,L‐a and ΔREdif,L‐a resulting from FLG simulations. For the para-
meterization NewGoddard, in contrast, the ΔREs for both cases vary linearly and they have very similar
values in the range of OD studied. In both cases (I‐a and L‐a), the ΔREdif values resulting from
NewGoddard simulations are greater than those of ΔREdir, but this difference can be more clearly be seen
in the case I‐a.

In case of total irradiance, as Figure 4 shows both ΔREt,I‐a and ΔREt,L‐a values with respect to all parameter-
izations vary nonlinearly for the range of OD studied. This nonlinear behavior can be more clearly seen for

Figure 4. values of ΔREdir, ΔREdif, and ΔREt versus OD (0.01–2.00), based on RRTMG, NewGoddard and FLG simulations for cases I‐a (panel “a”) and L‐a (panel
“b”). Note: the values of RΔREdir, RΔREdif and RΔREt with respect to each parameterization are also presented in this figure.
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ODs greater than 1.00. Based on Figure 4, at any given OD, despite the differences observed in the diffuse and
direct irradiances simulated by the parameterizations RRTMG and NewGoddard, the summation of these
two components produce mostly the same values of ΔREt,I-a and ΔREt,L‐a for both parameterizations. This
implies that the parameterizations NewGoddard and RRTMG have a similar sensitivity to simulation of

the total irradiance in the transition. The data regarding toRΔREgiven in Figure 4 also proves this fact. From
Figure 4, it can also be seen that there is a substantial difference between the values of ΔREt,I-a and ΔREt,L‐a

that resulted from the simulations of FLG and those of the two other parameterizations. More precisely, at
any given OD, the ΔREt of NewGoddard and RRTMG are more than twice as much as that of FLG. This
implies that the total irradiance simulated by FLG is much less sensitive to different treatments of the
transition zone under both cases compared with the two other parameterizations.

4. Discussion

The simulations of all the parameterizations studied show that for all the treatments (different clouds and
aerosol types) REdir and REt decrease (i.e. reach negative values that are greater in absolute terms) and
REdif increases with OD, which is to be expected due to enhanced absorption and scattering at higher
ODs. However, REs (at any given OD) for each treatment and the rate at which they vary versus OD may
be different depending on the parameterization utilized. Similarly, the ΔRE (all components) involved with
the simulation of the radiative effect of a situation corresponding to the transition zone is different depend-
ing on the parameterization utilized. The differences in the treatment of forward scattering, number of spec-
tral bands, and range of shortwave spectral region considered by the parameterizations, the methods used
for solving the RTE and for cloud/aerosol parameterization as well as the code accuracy (Huang & Wang,
2019) may be reasons for these differences detected among the parameterizations. Indeed, Table 1 shows
the irradiances simulated by the three parameterizations under the reference (aerosol‐ and cloud‐free) con-
figuration, and the remarkable difference among parameterizations is obvious, so confirming that some of
the former reasons play an important role.

The parameterization RRTMG gives mostly similar REs for ice and liquid clouds with different particle sizes
(especially in direct irradiance). However, it gives very different REs for different aerosol types. In addition,
the parameterization RRTMG simulates completely different REs for clouds and aerosols. More precisely,
despite REdir with respect to aerosols is slightly lower than that of clouds (in terms of the absolute values),
the resulting REt regarding to aerosols is much less (i.e., greater in absolute terms) than that of clouds.
This may mainly be due to the way diffuse component is described by this parameterization for clouds
and aerosols. In other words, the parameterization RRTMG seems to project quite different rates of scatter-
ing for aerosols and clouds at any OD. According to the simulations of this parameterization, the difference

in the RE take the lowest and highest values for direct (RΔREdir;I�a = 25% and RΔREdir;L�a = 27%) and total

(RΔREt;I�a = 135% and RΔREt;L�a = 142%) irradiances, respectively. This notable uncertainty observed in
the total irradiance, mainly originates from the uncertainty associated with simulation of diffuse irradiance

at the transition zone (RΔREdif ;I�a = 98% and RΔREdif ;L�a = 100%). If we assume the whole atmosphere as
one atmospheric layer, according to the equation 3 given in Menang (2018) the shortwave heating rate (H,
K day−1) for the whole column of the reference atmosphere (ΔP = 956 hPa) based on RRTMG simulations
would be equal to 2.10 K day−1. Accordingly, the different treatment of the transition zone at OD = 1.00

Table 1
Direct, diffuse, and total irradiances (W m−2) simulated by the parameterizations NewGoddard (N.G.), RRTMG and FLG for reference aerosol‐ and cloud‐free atmo-
sphere configurations: (i) solar zenith angle~30° and surface albedo = 0.14 (ref), (ii) solar zenith angle~30° and surface albedo = 0.04 (ALB_4), (iii) solar zenith
angle~30° and surface albedo = 0.40 (ALB_40), and (iv) solar zenith angle~60° and surface albedo = 0.14 (SZA_60)

Configuration

Direct Diffuse Total

N.G. RRTMG FLG N.G. RRTMG FLG N.G. RRTMG FLG

ref 848 835 872 55 55 61 903 890 933
ALB_4 848 835 872 47 50 54 897 884 926
ALB_40 848 835 872 71 70 81 919 905 953
SZA_60 414 405 427 45 45 49 459 450 476
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will result in a H dispersion range (ΔH) of about 2.50 and 2.43 K day−1 for the cases I‐a and L‐a,
respectively. Furthermore, these differences in the RE of transition zone result from the difference between
the RE of clouds and aerosols, not from different cloud droplet/crystal size and water/ice content. This
means that according to RRTMG simulations, by assuming the fact that the RE of transition zone is the
same as that of a layer of (i) cloud, (ii) aerosol, or a (iii) mixture of both, the uncertainty involved with
not considering the actual RE of the transition zone can be rather high, especially for diffuse and total
irradiances. It is, however, worth mentioning that it is generally believed that total irradiance is less
sensitive to aerosol optical properties compared to direct and diffuse irradiances (Ruiz‐Arias et al., 2013)
and that some numerical weather prediction models do not consider aerosols in the simulation of RE
(Jimenez et al., 2016).

Unlike RRTMG, there are distinct differences among the direct and total REs simulated by the parameter-
ization NewGoddard for ice and liquid clouds with different particle sizes. For diffuse component, however,
this parameterization projects small differences among the REs of ice and liquid clouds. The projected differ-
ences among the REs of clouds of different type with different particle sizes were expected due to the fact that
this parameterization was in principle developed for studying the role of clouds and their interactions with
radiation in climate and hydrological systems and later the impact of aerosols was added to it (Tao et al.,
2009). Based on NewGoddard simulations, a substantial difference in the REs resulted from different treat-
ments of a situation corresponding to transition zone can be seen in almost all of the irradiances evaluated.

This difference, however, can be more notably seen in total irradiance (RΔREdir;L�a = 57%, RΔREdif ;L�a =

88% and RΔREt;L�a = 145%). According to the simulations of this parameterization, the H regarding to
the reference atmosphere is 1.87 K day−1 and the corresponding values of ΔH for I‐a and L‐a at OD =
1.00 are 2.48 and 2.41 K day−1. The differences observed in the REdif and REt of transition zone are
generally due to the difference in the REs regarding aerosols and clouds (similar to RRTMG), but the
difference observed in REdir seems to be mainly owing to difference in the REs of the clouds of different type
with various particle sizes. It is worth mentioning that the parameterization NewGoddard may produce
mostly similar REdif for clouds and aerosols of marine and urban origins. However, there is a distinct
difference among the REdir and REt simulated for clouds and aerosols.

The parameterization FLG is less sensitive to different treatments of the transition zone compared with the
two other parameterizations. But still it has a relatively high sensitivity to different treatments of the transi-

tion zone (RΔREt;L�a= 97% and RΔREt;I�a=78%). According to FLG simulation, H for the reference atmo-
sphere is equal to 1.77 K day−1, and the corresponding values of ΔH for I‐a and L‐a at OD = 1.00 are 0.76
and 0.67 K day−1. The parameterization FLG also reveals a distinct difference among the ice and liquid
clouds (for all of the irradiances). It also projects different REs for clouds of the same type but with different
particle sizes. The difference among the REs regarding to the two cloud types is larger in diffuse and total
compared to the direct. The REdir regarding to aerosols (all types) is very similar to those of liquid clouds.
Also, the REdif regarding to the liquid clouds simulated by this parameterization has a value similar to that
of the marine aerosols. A similar pattern is also visible in REt; for OD between 0.01 and 2.00, the REt simu-
lated by FLG for the ice and liquid clouds is very similar to that of marine aerosols.

All results shown and discussed so far correspond to a particular atmospheric profile, Sun position and
ground albedo. In order not to be restricted to these specifications, the same analysis was carried out for a
solar zenith angle of about 60°, and for a surface albedo of 0.04 and 0.40. Figure 5 provides a comparison

among the values of RΔREdir, RΔREdif , and RΔREt that resulted from the simulations of the parameteriza-
tions NewGoddard, RRTMG, and FLG under the mentioned conditions. In this figure, the former configura-
tion (solar zenith angle≈30° and surface albedo = 0.14) is considered as the reference setup. Information
regarding to direct, diffuse, and total irradiances simulated by the parameterizations for the aerosol‐ and
cloud‐free atmosphere setups for these additional cases (solar zenith angle of about 60°, and for surface
albedos of 0.04 and 0.40) is given in Table 1. Again, it should be noted the important differences among
the three radiation schemes, as previously noted for the reference setup.

Figure 5 suggests that despite the uncertainties involved with different treatments of the transition zone
change depending on the solar zenith angle and surface albedo, they still remain substantial. It also shows
that in almost all cases (all except the direct and diffuse irradiances simulated by FLG), all the parameteriza-
tions studied the have slightly higher sensitivities under the case L‐a than I‐a. From the information
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provided in Figure 5, it can be realized for all parameterizations, under all model configurations (different
solar zenith angles and surface albedos) total irradiance is the most sensitive irradiance to different
treatments of the transition zone. Given the facts that (i) most weather prediction models internally need
the total irradiance in the model's energy budget (Jimenez et al., 2016) and (ii) a large proportion of the
cloudless atmosphere may potentially represent the transition zone (Koren et al., 2007; Schwarz et al.,
2017), we can speculate that the confusion involved with the cloud‐aerosol transition zone may introduce
large biases in other parts of the models.

Based on Figure 5, for all configurations evaluated, the parameterizations NewGoddard and RRTMG,
respectively, showed the highest and lowest sensitivity in the direct component. In terms of diffuse irradi-
ance, (under all configurations) parameterizations RRTMG and FLG, respectively, had the highest and low-

est sensitivity to different treatments of the transition zone. The difference between theRΔREdif with respect
to NewGoddard and RRTMG under different configurations, however, is very small. These two parameter-
izations also present similar (and high) sensitivity to different treatments of the transition zone in total
irradiance.

Figure 5 also shows that the change in the surface albedo has no effect on the sensitivity in direct irradiance,
which is to be expected because physically the surface albedo has no influence on the direct beam, unlike
what happens on diffuse (and therefore, on total) irradiances. For the parametrizations RRTMG and
NewGoddard, the sensitivity in simulation of REdif increases and decreases by rising and reducing the value
of the surface albedo, respectively. The change associated with the change in the surface albedo, however, is
quite small, but slightly more noticeable in NewGoddard simulations. The change in the surface albedo has a
reverse and similar effect in the sensitivity of the parameterization FLG under the cases I‐a and L‐a, respec-
tively. This adverse effect is due to the fact that for the range of OD studied, the change in the surface albedo

has a very little effect on the ΔREdif compared toREdif. At OD = 1, for instance the values of ΔREdif obtained
from FLG simulations for surface albedos of 0.04 and 0.40 for the case I‐a are equal to 136 and 142 W m−2,

respectively. At the same OD, the corresponding values of REdif are 262 and 299 W m−2, respectively.
However, in case of the parameterizations RRTMG and NewGoddard, the situation is reverse. In case of
the total irradiance, Figure 5 shows that all parameterizations for both cases have higher and lower sensitiv-
ities to different treatments of the transition zone for larger and smaller values of the surface albedo,
respectively.

Figure 5. The values of RΔREdir (direct, left), RΔREdif (diffuse, middle) andRΔREt (total, right) resulted from RRTMG, NewGoddard, and FLG simulations for the
cases I‐a (panel “a”) and L‐a (panel “b”) for (i) the reference setup (REF, gray), (ii) solar zenith angle~60° and surface albedo = 0.14 (SZA_60, red) and (iii) solar
zenith angle~30° and surface albedo = 0.04 (ALB_4, dark green), and (iv) solar zenith angle~30° and surface albedo = 0.40 (ALB_40, light green).
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From the data provided in Figure 5 it can also be seen that all of the parameterizations for both cases have a
lower sensitivity in simulation of direct and total irradiances at a higher solar zenith angle. Accordingly, all
of the parameterizations under both cases (except FLG under the case I‐a) have a higher sensitivity to differ-
ent treatments of the transition zone.

5. Conclusions

The main objective of the present study was to investigate the differences in the broadband shortwave RE
(Radiative Effect on surface irradiance) simulated by a meteorological/weather forecasting model, if a
situation corresponding to the cloud‐aerosol transition zone is assumed as either cloud or aerosol. To this
aim, the shortwave parameterizations NewGoddard, RRTMG, and FLG included in the model WRF‐ARW
were isolated and adapted for ideal one‐dimensional vertical simulations. These parameterizations were
then utilized to perform a number of simulations under ideal cloud and aerosol modes, for different
values of (i) cloud optical depths resulting from different sizes of crystals/droplets and mixing ratios (to
describe water or ice content); and (ii) different aerosol optical depths combined with various aerosol
types. These tests were carried out for two cases: the transition zone between ice clouds and aerosols
(I‐a) and between Liquid clouds and aerosols (L‐a). The results obtained in this study can be summarized
as follows:

1. As expected, for all the parameterizations, increasing cloud/aerosol particle optical depth leads to
increasing (negative) effect in direct radiation component and increasing (positive) effect in diffuse com-
ponent. The effect on the direct component dominates over effect in diffuse, thus leading to a negative
effect in total radiation. However, there are differences among the radiative effects simulated by the para-
meterizations, which can be more dominantly seen in diffuse irradiance, compared to other radiation
components.

2. Although there are differences among the radiative effects simulated by the parameterizations, the sen-
sitivity involved with different assumptions of a situation regarding to the transition zone is quite sub-
stantial for all of them and it increases with optical depth. Based on the simulations performed for
different solar zenith angles and surface albedos, regardless of the parameterizations utilized, different
assumptions about the transition zone will lead to a mean relative radiative effect sensitivity (RΔRE)
of 10–57, 32–115, and 50–169% in simulation of direct, diffuse, and total irradiances (see Figure 5).

3. Among the parameterizations studied, FLG was the least sensitive parameterization to different treat-
ments of the transition zone for simulating diffuse and total irradiances ( RΔREdif = 32–52% and
RΔREt = 50‐141%). In simulation of diffuse irradiance, the highest sensitivity was observed in the para-
meterizations RRTMG (RΔREdif = 105–160%). On the other hand, NewGoddard shows the highest sen-
sitivity in simulations of direct irradiance (RΔREdir = 34–57%). Despite parameterizations, NewGoddard
and RRTMG show different sensitivities (i.e., induce different uncertainties) to simulation of direct and
diffuse irradiances, they have an almost similar (and high) sensitivity in the resulting total irradiance
(RΔREt ranges between 102–169% and 105–161% for parameterizations NewGoddard and RRTMG,
respectively).

4. For all the parameterizations and under all tested model configurations (different solar zenith angles and
surface albedos) direct and total irradiances were the least and most sensitive irradiances to different
treatments of the transition zone, respectively.

5. The previously mentioned sensitivities, i.e. differences in the radiative effect of the transition zone
depending on the assumed treatment, dominantly result from the difference between results for clouds
and aerosols (different types), not from cloud type or droplet/crystal size.

These results show that different treatments of the transition zone may lead to substantial uncertainties in
simulation of direct, total, and diffuse irradiances and underline the importance of investigating the radia-
tive effects of the transition zone, as the radiation field is of essential importance in meteorological and cli-
mate models. This means assuming the state of sky as either cloudy or cloud‐free (neglecting the transition
zone) may introduce large uncertainties to estimation of swrad reaching the Earth surface and thus the sur-
face energy balance. This simplified assumption about the state of sky also leads to a large difference in the
atmospheric shortwave heating rate which will influence the dynamics of the meteorological model. Results
also suggest that the magnitude of these uncertainties is higher when parameterizations which cope with the
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Radiative Transfer Equation in more detail (RRTMG and NewGoddard) are employed. Indeed, although
complex (detailed) parameterizations are expected to have better performance and more accurate estima-
tions, they are very sensitive to input variables. So that, in a situation corresponding to the transition zone
(where the characteristics of the particle suspension are not well defined), an inaccurate assumption about
these characteristics may lead to large uncertainties in the simulations when RRTMG or NewGoddard are

applied (RΔREt > 102%,). Whereas, the uncertainties obtained from different assumptions of the transition

zone are smaller (but still substantial, RΔREt > 50%) when the simpler parameterization FLG is utilized.
These findings encourage further investigation on the transition zone from different aspects: (i) developing
automated methods for detection of a situation regarding to transition zone (based on surface/satellite mea-
surements) to facilitate studying the its actual radiative effects, (ii) the role and effects of transition zone in
the Earth climate system, (iii) exploring the radiative effects of the transition zone in the longwave range, (iv)
influence of not considering the transition zone on model dynamics.
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Erratum

Due to typesetting errors, the Δ was omitted from or incorrectly italicized in in‐line math throughout the
originally published version of this article, and equations (2), (3), and (5) featured typographical errors.
These errors have been corrected, and this may be considered the official version of record.
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