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Abstract

All-sky aerosol direct radiative effect (DRE) was estimated for the first time at the At-
mospheric Radiation Measurement Southern Great Plains site using multi-year ground-
based observations. The NASA Langley Fu-Liou radiation model was employed. Observed
inputs for the radiation model include aerosol and cloud vertical extinction profile from
Raman lidar; spectral aerosol optical depth, single-scattering albedo, and asymmetry fac-
tor from Aerosol Robotic Network; cloud water content profiles from radars; tempera-

ture and water vapor profiles from radiosondes; and surface shortwave spectral albedo
from radiometers. A cloudy-sky radiative closure experiment was performed. The rel-
ative mean differences between modeled and observed surface downwelling shortwave to-
tal fluxes were 6% (7%) for transparent (opaque) cloudy-skies. The estimated annual mean
all-sky aerosol DRE is -2.13+£0.54 W m~2 at the top of atmosphere (TOA) and -5.95+0.87
W m~2 at the surface, compared to -3.00+0.58 W m~2 and -6.854+1.00 W m~2, respec-
tively, under clear-sky conditions. The seasonal cycle of all-sky aerosol DRE is similar

to that of the clear-sky, except with secondary influences of the clouds: The cloud ra-
diative effect is strongest (most negative) in the spring, which reduces the all-sky aerosol
DRE. The relative uncertainties in all-sky aerosol DRE due to measurement errors are
generally comparable to those in clear-sky conditions except for the aerosol single-scattering
albedo. The TOA all-sky aerosol DRE relative uncertainty due to aerosol single-scattering
albedo uncertainty is larger than that in clear-sky, leading to a larger total relative un-
certainty. The measurement errors in cloud properties have small effects on the all-sky
aerosol DRE.

1 Introduction

Aerosols modify Earth’s radiative energy budget directly via scattering and absorb-
ing radiation, which is referred to as the aerosol direct radiative effect (DRE). The aerosol
DRE is also referred to as the radiative effect due to aerosol-radiation interactions (RFEq;;)
in the Intergovernmental Panel on Climate Change (IPCC) report (Boucher et al., 2013).
In order to quantify the aerosol DRE, knowledge of aerosol optical properties including
aerosol optical depth (AOD), single-scattering albedo, and asymmetry factor, are required
vertically and spectrally, along with the characterization of the surface properties, cloud
optical properties, atmospheric state, and Sun-Earth geometry.

All-sky global-mean shortwave (SW) aerosol DRE estimates at the top of the at-
mosphere (TOA) are about -2 W m~2 (e.g., Henderson et al., 2013; Matus et al., 2015,
2019; Oikawa et al., 2018). Passive satellite remote sensing estimates of the aerosol DRE
rely on column-averaged observations that are often limited to cloud-free ocean (Yu et
al., 2006). Active sensors such as the CloudAerosol Lidar and Infrared Pathfinder Satel-
lite(CALIPSO) provides the opportunity to have vertical profiles of aerosol and clouds
over both ocean and land, which allows for more comprehensive all-sky aerosol DRE global
estimates. However, several studies have documented that optically thinner aerosol can
go undetected by CALIPSO (Redemann et al., 2012; Kacenelenbogen et al., 2014; Rogers
et al., 2014; Omar et al., 2013; Thorsen & Fu, 2015b). Thorsen and Fu (2015b) showed
that CALIPSO does not detect all radiatively significant aerosols due to instrument sen-
sitivity. Thorsen et al. (2017) further showed that the undetected aerosols result in an
underestimate of the global mean AOD, which ultimately leads to an underestimate in
the global mean aerosol DRE of up to ~50%.

Ground-based observations provide the opportunity to make regional estimates of
the aerosol DRE (e.g., Bansal et al., 2019; Di Biagio et al., 2009; Che et al., 2019; Di Bi-
agio et al., 2010; Mortier et al., 2016; Sherman & McComiskey, 2018; Xia et al., 2016).
Regional estimates can then be useful to compare and validate satellite estimates. The
high-quality ground-based observations at the Atmospheric Radiation Measurement Pro-
gram (ARM) sites (Ackerman & Stokes, 2003) provide the opportunity to utilize obser-
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vations of aerosol, cloud, radiation, and the atmospheric state to quantify the aerosol DRE.
Previous studies have quantified the clear-sky aerosol DRE at the ARM sites (e.g., Fu

et al., 1999; Delene & Ogren, 2002; Iziomon & Lohmann, 2003; Michalsky et al., 2006;
Creekmore et al., 2014; Wu et al., 2021). However, no study to date has quantified the
all-sky aerosol DRE at the ARM sites based on ground-based observations.

In Wu et al. (2021), we quantified the clear-sky aerosol DRE at the ARM South-
ern Great Plains (SGP) and Tropical Western Pacific (TWP) sites using multi-year ground-
based observations. Herein we quantify the all-sky aerosol DRE by considering the aerosol
DRE for both cloudy-skies and clear-skies at the ARM SGP site. Note that we do not
consider the ARM TWP site in this study as we did in Wu et al. (2021) due to the lim-
ited data availability hampering the ability to estimate the cloudy-sky aerosol DRE.

By inputting the ground-based observations into the NASA Langley Fu-Liou ra-
diative transfer (RT) model (Fu & Liou, 1992, 1993; Fu, 1996; Fu et al., 1998; F. G. Rose
& Charlock, 2002; F. Rose et al., 2006), the regional aerosol DRE can be estimated by
quantifying how the radiative fluxes change in an atmosphere with and without aerosols.
As in Wu et al. (2021), the ground-based Raman lidars (RL) (Ferrare et al., 2006; Gold-
smith et al., 1998; Newsom, 2009) are utilized for aerosol vertical detection and extinc-
tion profile (Balmes et al., 2019; Balmes & Fu, 2018; Thorsen & Fu, 2015a; Thorsen et
al., 2015; Thorsen & Fu, 2015b; Thorsen et al., 2017) while the Aerosol Robotic Network
(AERONET) Cimel sun photometers provide aerosol optical depth, single-scattering albedo,
and asymmetry factor at several wavelengths (Holben et al., 1998; Giles et al., 2019). To
estimate the aerosol DRE under cloudy-skies, the RL cloud vertical detection and ex-
tinction profiles are utilized. In addition, the Active Remote Sensing of Clouds (ARSCL)
value-added product (Clothiaux et al., 2001) from the Ka-band Zenith ARM radar (KAZR)
and the millimeter cloud radar (MMCR) supplements the RL observations to provide
cloud and precipitation observations when the lidar becomes fully attenuated. The all-
sky aerosol DRE is then quantified in terms of the daily mean, monthly mean, seasonal
cycle, and annual-mean climatology.

Section 2 describes the aerosol and cloud optical properties from the RL, KAZR,
and MMCR, as well as the RT model and other observational data employed in this study.
Section 3 presents the radiative closure experimentunder cloudy-sky condition by com-
paring simulated surface downwelling SW fluxes using observed inputs with correspond-
ing observed fluxes. Section 4 presents the daily mean as well as the seasonal cycle of
the all-sky aerosol DREs. Section 5 quantifies the measurement uncertainties for the es-
timated all-sky aerosol DREs. Section 6 summarizes and presents concluding remarks.

2 Data and Radiation Model
2.1 Aerosol and cloud profiles
2.1.1 ARM RL

The ARM Raman lidar (RL) (Ferrare et al., 2006; Goldsmith et al., 1998; New-
som, 2009) provides vertical profiles of retrieved aerosol and cloud extinction at 355 nm
from the feature detection and extinction (RL-FEX) retrieval algorithm (Balmes et al.,
2019; Balmes & Fu, 2018; Thorsen et al., 2015; Thorsen & Fu, 2015a; Thorsen et al., 2017,
Wu et al., 2021). In this study, a temporal resolution of 10 minutes and a vertical res-
olution of 30 meters are considered from 1 August 2008 to 31 August 2016 at the South-
ern Great Plains (SGP) site in Lamont, Oklahoma (36.61°N, 97.49°W). Profiles in which
the lidar beam does not fully attenuate are referred to as transparent profiles, which are
those when the signal-to-noise ratio (SNR) is greater than 1 at 16 km (Balmes et al., 2019;
Thorsen et al., 2015).
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Figures 1a and 1b show an example of feature classification and extinction coef-
ficient from the RL, respectively, as a function of time and height retrieved on 28 Jan-
uary 2013 over the ARM SGP site. On this day, there are periods of clear-skies until around
12 UTC and then cloudy-skies after that. Ice clouds are present around 10-12 km and
liquid clouds are present around 0.5-2.5 km after around 16 UTC. From 12-18 UTC and
then again after 21 UTC, the cloudy-sky profiles are transparent to the RL, which we
refer to as transparent cloudy-sky. There are a few intervals of cloudy-sky periods dur-
ing 18-21 UTC when the RL fully attenuates, which are referred to as opaque cloudy-
sky.

The occurrence fraction of clear-sky, transparent cloudy-sky, and opaque cloudy-
sky for the entire 8-year time period at SGP is presented in Fig. 2. The clear-sky frac-
tion is 0.38 and the cloud fraction is 0.62. The cloud fraction is further separated into
transparent and opaque cloudy-sky as described above, which correspond to 0.32 and
0.30, respectively.

In this study, RL aerosol and cloud extinction profiles are used for clear-sky and
transparent cloudy-sky profiles. For the aerosol profiles in opaque cloudy-sky conditions,
the RL aerosol extinction profile below the level where the RL signal becomes fully at-
tenuated is utilized. For the atmosphere above the RL attenuated level, the weekly mean
cloudy-sky aerosol extinction profile is used at levels where the radar did not detect clouds
or precipitation and cloud liquid and ice water profiles are based on the radar retrievals
as described next.

In addition to the RL extinction profile for transparent cloudy-sky profiles, the cloud
particle size is also needed as input to the radiative transfer model (Section 2.2). The
liquid cloud effective radius is set as 6.54 microns for transparent cloudy-sky profiles, which
is used in multiple retrieval algorithms (Zhao et al., 2012) as well as in the RL retrieval
algorithm (Thorsen & Fu, 2015a). The ice cloud effective diameter is derived as a func-
tion of temperature following Heymsfield et al. (2014).

2.1.2 Radar retrievals

For opaque cloudy-sky profiles in which the RL fully attenuated, the Active Re-
mote Sensing of Clouds (ARSCL) value-added product (Clothiaux et al., 2001) is used
to retrieve cloud properties. ARSCL from the millimeter cloud radar (MMCR) is used
for August 2008 - January 2011 and from the Ka-band ARM Zenith Radar (KAZR) for
January 2011 - August 2016. The temporal resolution is 10 seconds and the vertical res-
olution is 43 meters for the MMCR and 4 seconds and 30 meters for the KAZR. The cloud
retrievals are adapted from those used in Thorsen et al. (2013) and the ARM value-added
products MICROBASE (Dunn et al., 2011) and CombRet (J. M. Comstock et al., 2013).The
cloud layer boundaries, reflectivity, and temperature are used to retrieve cloud water con-
tent with the phase determined by temperature following MICROBASE (Dunun et al.,
2011).

For liquid clouds, the liquid water content (LWC) is retrieved from reflectivity fol-
lowing Liao and Sassen (1994) with the cloud particle number concentration set as 100
cm ™3 (Dunn et al., 2011). For opaque cloudy-sky profiles, the liquid cloud effective ra-
dius is retrieved from the LWC following Frisch et al. (1995) and Dunn et al. (2011) with
the assumption of a log-normal droplet distribution with a width of 0.35. In contrast to
Dunn et al. (2011), the cloud particle number concentration is set as 100 cm ™2 follow-
ing Thorsen et al. (2013).

For ice clouds, the ice water content (IWC) is retrieved from temperature and re-
flectivity following Hogan et al. (2006). In the same manner as transparent cloudy-sky
(Section 2.1.1), the opaque cloudy-sky ice cloud effective diameter is from Heymsfield
et al. (2014).

—4—
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Figure 1. Raman lidar (RL) and Ka-band ARM Zenith Radar (KAZR) observations on 28
January 2013 at the Southern Great Plains (SGP) site. (a) RL feature type as liquid cloud (red),
rain (purple), horizontally-oriented ice (HOI; brown), ice cloud (black) or aerosol (grey). (b) RL
feature particulate extinction (o; km™') at 355 nm. (c) KAZR reflectivity (dBZ). (d) KAZR-
retrieved hydrometeor water content (g m™?). The light blue + along the x-axis indicates the

periods when the RL became fully attenuated.
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Figure 2. Clear-sky (left) and cloud fractions for the Raman lidar (RL) at the Southern
Great Plains (SGP) site from August 2008 to August 2016. The cloud fraction is partitioned into
those transparent (middle) and opaque (right) to the RL. The fraction is labeled above each bar.

When the reflectivity is greater than -7 dBZ with temperature greater than 0 °C
(Fueglistaler & Fu, 2006), we consider the reflectivity to be due to liquid precipitation.
The rain water content (RWC) is retrieved from the reflectivity following Wood (2005).
After the liquid water content is retrieved, it is run again with the corrected reflectiv-
ity to consider the attenuation by water drops (Lhermitte, 1990). The water content is
then averaged temporally to match the RL temporal resolution of 10 minutes.

Figures 1c and 1d show an example of the KAZR reflectivity and KAZR-retrieved
water content, respectively, for 28 January 2013 over SGP. The radar-retrieved water con-

tent profiles are considered during the intervals of opaque cloudy-sky times from 18-21
UTC.

When available, the cloud liquid water path (LWP) retrieved from the radar is scaled
to match the LWP from the ground-based microwave radiometer (MWR) (Gaustad et
al., 2011). The temporal resolution of the MWR is 20 seconds and it is averaged to match
the RL temporal resolution of 10 minutes. If MWR observations are unavailable, a fit
between the radar-retrieved LWP and MWR LWP from all collocated observations in
each month is utilized to scale the radar-retrieved LWP. We scale the radar-retrieved cloud
LWC using MWR LWP for liquid clouds since we have much more confidence on the lat-
ter based on the quantified uncertainties (Gaustad et al., 2011). An example of the col-
located radar-retrieved and MWR LWP observations for January 2013 is shown in Fig.
3a where the orthogonal distance regression line is obtained by using 794 pairs of LWP
observations with a coefficient of determination (r?) of 0.34. The fitting is applied to each
month to find a scaling relationship that is then applied to the opaque cloudy-sky LWC
profile when the MWR is not available.

Similar to the LWC scaling, we scale the radar-retrieved cloud IWC using RL cloud
optical depth for ice clouds since again we have more confidence on the RL retrieval based
on associated uncertainty (Thorsen & Fu, 2015a; Balmes et al., 2019). The radar-retrieved
IWC profiles in opaque cloudy-sky conditions are scaled as follows. The scaling relation-
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ship is found by using collocated observations of radar-retrieved and RL ice cloud col-
umn optical depth when the RL is transparent. The ice cloud column optical depth is
further restricted to vertical levels where both instruments detect ice clouds. The effec-
tive radius of ice particles as a function of temperature following Heymsfield et al. (2014)
is used along with the radar-retrieved IWC profile to obtain its ice cloud optical depth.
An example of the collocated radar-retrieved and RL ice cloud column optical depth for
January 2013 is shown in Fig. 3b where there are 854 collocated observations and the
orthogonal distance regression line has a r? of 0.62. A scaling relationship is found for
each month and each opaque cloudy-sky IWC profile is then scaled accordingly.

2.2 Radiative transfer model and other data

The radiative transfer model and remaining data utilized in this study, which are
the same as those used in Wu et al. (2021), are briefly described below. For further de-
tails, see Sections 2 and 3 in Wu et al. (2021).

The aerosol and cloud profiles are inputted into the NASA Langley Fu-Liou radia-
tive transfer model (Fu & Liou, 1992, 1993; Fu, 1996; Fu et al., 1998; F. G. Rose & Char-
lock, 2002; F. Rose et al., 2006). In this study, we only consider the shortwave (SW) fluxes
since the longwave aerosol DRE is orders of magnitude smaller for aerosols common at
SGP (e.g., Reddy et al., 2005).

In addition to the RL aerosol extinction profiles, other column-mean aerosol prop-

erties come from the Aerosol Robotic Network (AERONET) Version 3 (V3) Level 2 AEROSOL

OPTICAL DEPTH and Level 1.5 AEROSOL INVERSIONS datasets for spectral aerosol
optical depth (AOD), single-scattering albedo, and asymmetry factor (Giles et al., 2019).
The Angstrom exponent is used for the AOD at wavelengths outside the observational
spectral range. For the spectral range beyond the observed wavelengths, the single-scattering
albedo and asymmetry factor is constructed from a combination of 84% urban and 16%
sulfate droplets (based on the aerosol models of D’Almeida et al. (1991) and Hess et al.
(1998)), which best matched the AERONET spectral single-scattering albedo observa-
tions (Wu et al., 2021).

The MODerate Resolution Imaging Spectroradiometer (MODIS) MCD43C1 Ver-
sion 6 Bidirectional Reflectance Distribution Function (BRDF) and Albedo Model Pa-
rameters dataset (Schaaf et al., 2002; Roesch et al., 2004) is utilized for the surface albe-
dos. Atmospheric state profiles are from radiosondes for temperature and water vapor,
and from the European Centre for Medium-Range Weather Forecasts (ECMWF') reanal-
ysis product, ERA-Interim (Dee et al., 2011) for ozone. National Oceanic and Atmospheric
Administration (NOAA) Earth System Research Laboratory (ESRL) observations of trace
gas concentrations of COs, NoO, CH,4, and CFCs are also used.

Surface SW flux observations are from the ARM QCRAD data product (Long &
Shi, 2006, 2008). The downwelling surface SW fluxes considered are the direct (Fjirect)v
diffuse (Fjiffuse)7 and the sum of the direct and diffuse, or the total (F,i)ml) at the hor-
izontal surface. The simulated downwelling surface SW fluxes are compared with observed
downwelling surface SW fluxes for cloudy-sky conditions through a radiative closure ex-
periment in the next section.

3 Radiative Closure Experiment

Simulated surface SW broadband radiative fluxes based on cloudy-sky observed in-
puts are compared with radiometer observations to evaluate the radiative transfer model
with the observed input, which is commonly referred to as a radiative closure experiment
(e.g., Mace et al., 2006; Michalsky et al., 2006; Mather et al., 2007; Miller & Slingo, 2007;
J. M. Comstock et al., 2013; Shupe et al., 2015; McComiskey & Ferrare, 2016). Radia-
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tive closure experiments typically focus on clear-sky observations and only limited case
studies have been done at the SGP site for cloudy-skies for SW downwelling fluxes (e.g.,
Lane et al., 2002; Min et al., 2003; Turner et al., 2007).

In Wu et al. (2021) we compared simulated and observed surface SW fluxes for clear-
skies at SGP and found excellent agreement with a mean difference of 1 W m~2 in Ftiot al-
In this study, we investigate the cloudy-sky radiative closure by considering transpar-
ent cloudy-sky profiles and opaque cloudy-sky profiles separately. For the opaque cloudy-
sky profiles, we consider cases with collocated RL, radar, and MWR, observations. The
radiative transfer model inputs (e. g., aerosol and cloud optical properties, surface albedo,

atmospheric state) are detailed in Section 2.

To limit the impact of cloud horizontal inhomogeneity that cannot be observed by
the zenith-view of the RL and radar for given time, we only consider cases when the ob-
served F jirect is greater (less) than 10 W m~2 for the transparent (opaque) cloudy-sky
situation, and the cosine of the solar zenith angle is greater than 0.15. Figure 4 compares
the simulated and observed fluxes for the transparent cloudy-sky (Fig. 4a) and opaque

cloudy-sky (Fig. 4b) profiles.

For the transparent cloudy-skies, the mean (relative) differences in Ffoml, F j“,e ot

and Fjiffuse are 31.85 (6.0%), 37.71 (10.8%), and -5.87 (-3.3%) W m~2, respectively.

The correlation coefficients between simulated and observed fluxes for Ftimlv F(:iLir o

Fji ffuse are 0.76, 0.66, and 0.83, respectively. The overestimation of simulated F

and
direct
indicates that the cloud optical depth in the direction of the solar direct beam is gen-
erally larger than the RL-derived cloud optical depth divided by the cosine of the solar
zenith angle, which might be largely caused by the cloud horizontal inhomogeneity. The
exponential relationship between the optical depth and F i’imct could potentially result

in the 10-minute averaged observed flux to exceed the 10-minute modeled flux (based

on the average optical depth). However, the opposite bias is seen as there is a positive
bias in the simulated F which suggest that any non-linearity effects are compen-

direct’
sated by another dominant factor.

1
el and Fdl.ffuse are -13.23
and -11.85 W m™2, respectively, corresponding to relative differences of ~-7.2% and -
6.5%. The correlation coefficients between modeled fluxes and observations are 0.86 for

2
both Ftotal and Fc\lLiffuse'

For the opaque cloudy-skies, the mean differences in F*

The sensitivity of the results to the solar zenith angle is assessed by considering
stricter solar zenith angle thresholds (e.g., cos(SZA) > 0.3). For increasing cos(SZA),
the transparent cloudy-sky results switch from a positive bias in Ffoml and F;irect to a
negative bias while the Fdii ffuse Degative bias increases. For example, the relative dif-

ferences in Fi}ml, Fjirect, and Fdiiffuse are ~-6.7%, -6.8%, and -6.5% when considering
only profiles when cos(SZA) > 0.8. The opaque cloudy-sky radiative closure results were
largely invariant of the solar zenith angle threshold and the mean difference in Ftiot ol Was

~-13 W m~2 and Fjiffuse was ~-12 W m~2 for nearly all solar zenith angle thresholds
considered.

The sensitivity of the results to the observed Fjirect threshold (10 W m~2) is ex-
amined by considering all transparent and opaque cloudy-sky profiles. For transparent
cloudy-sky profiles, the mean differences in Fjoml, F;irect, and Fiiffuse are 34.36, 38.49,
and -4.13 W m™~2, respectively, corresponding to relative differences of ~6.7%, 11.4%,
and -2.3%. For the opaque cloudy-skies, the mean differences in Ftttal, and Fji Ffuse aT€
-43.50 and -9.37 W m ™2, respectively, corresponding to relative differences of ~-16.6%
and -4.1%. While the results indicate a worse agreement in Ftiml for the opaque cloudy-

sky, the results are similar overall and even better in Fé’i Fluse:
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Overall, the agreement is good as the mean difference is smaller than about 10%
with large correlation coefficients. While the mean differences were significantly smaller
for clear-sky conditions (Wu et al., 2021), some disagreement for cloudy-sky conditions
is expected since the cloud fields are horizontally heterogeneous and therefore difficult
to capture with zenith-pointing instruments. In addition, the 3D effects of radiative trans-
fer are not captured by using a 1D radiative transfer model (e.g., Fu et al., 2000).

Another reason for the disagreement could be related to errors in retrieved cloud
optical depth. By decreasing the opaque cloudy-sky cloud optical depth by 10%, the mean
difference between the observed and simulated fluxes becomes less than 2 W m~2 for Ftloml
and less than 1 W m™2 F ;i fuser FOr the transparent cloudy-sky situation, however, an
increase or decrease in cloud optical depth only leads to a small change in the Ftttal since
the changes in the Fjirect and Fji ffuse are opposite in sign and largely cancel each other.
For example, when the transparent cloudy-sky cloud optical depth is increased by 10%,
the mean (relative) differences in i, . Fiy . and Fjiffuse are 30.08 (5.7%), 31.79 (9.1%),
and -1.71 (-0.9%) W m~2, respectively. This suggests that the mean differences between
observed and simulated fluxes for the transparent cloudy-sky are likely related to the cloud
inhomogeneity and 3D effects. It is also worth noting that we have confidence on the trans-
parent cloudy-sky cloud optical depth in the zenith direction based on RL observations.

It will be shown later (Table 1) that the aerosol DRE is less sensitive to changes in cloud
microphysical and optical properties. For example, a 10% change in the transparent cloud
optical depth results in a less than 1% change in the aerosol DRE (the impact of a 10%

change in the opaque cloud optical depth is even smaller).

4 All-sky aerosol direct radiative effect

The instantaneous aerosol DRE is defined as:

DRE = [F* — FNaerosor — [F* — FMno aerosols
(1)

where F* is the downward flux and F7 is the upward flux. Equation 1 is evaluated con-
sidering fluxes at the top of the atmosphere (TOA) for the TOA aerosol DRE and at the
surface (SFC) for the SFC aerosol DRE. The aerosol DRE is calculated by running the
radiative transfer model with and without aerosols for the same atmospheric profile. The
aerosol DRE is considered across three time scales in this study, including the (1) daily,
(2) monthly, and (3) annual mean aerosol DREs.

The daily mean aerosol DRE, DRE, is calculated as:

DRE = ;. [*""**" DRE(t)dt,

24 hr Jsunrise
(2)
where DRE(t) is the instantaneous aerosol DRE at given time ¢. The solar zenith an-
gle effects on the daily mean aerosol DRE are characterized by considering a time step
of 30 minutes (Yu et al., 2004, 2006; Balmes & Fu, 2020). Note that the instantaneous
aerosol DREs (e.g., Oyola et al., 2019) can be much larger than the daily mean aerosol
DREs presented in this study.

4.1 Daily- and monthly-mean time series of all-sky aerosol DREs

The daily mean all-sky aerosol DRE is calculated by considering the instantaneous
aerosol DRE at every 30-minute time step. We consider the closest RL observation in
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Figure 4. Downwelling surface shortwave (SW) fluxes from the model and observations. The
fluxes shown include (a, d) the total downwelling surface SW fluxes, Ftiotal, (b, e) the direct
downwelling surface SW fluxes, F jirect’ and (c, f) the diffuse downwelling surface SW fluxes,

F jl. ffuse- Results are for Raman lidar (RL) transparent cloudy-sky profiles (top) and opaque
cloudy-sky profiles (bottom) from August 2008 to August 2016. The 1:1 lines are shown as
dashed grey lines. The mean difference (diff) between modeled and observed fluxes and the mean
value of the observed fluxes (obs) are given in the top left of each plot. The sample size (N) is

given in the top left of each plot in the left column.
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time. When the closest RL observation is clear-sky or transparent cloudy-sky, the RL

aerosol and cloud extinction profile is used. When the closest RL observation is opaque
cloudy-sky, the closest radar cloud and rain water content profiles are used (Section 2.1.2).

The AODs used in the aerosol DRE calculations are scaled so that the (1) monthly mean

AOD matches the monthly mean observed AOD (Wu et al., 2021), and that the (2) monthly
mean clear-sky RL AOD matches the monthly mean AERONET AOD. The closest AERONET
observations of spectral AOD, single-scattering albedo, and asymmetry factor are used

if they are available within one week. If no AERONET observation is available within

one week, monthly mean AERONET observations are inputted.

If the closest RL observation is beyond 1 hour, we do not calculate the instanta-
neous aerosol DRE for that 30-minute time step. In addition, if the closest radar obser-
vation is beyond 1 hour of the opaque cloudy-sky observation, the instantaneous aerosol
DRE is not calculated. The daily mean all-sky aerosol DRE is not estimated for days
in which any 30-minute time step does not have an instantaneous aerosol DRE estimate.
This results in 2030 days with a daily mean all-sky aerosol DRE estimate out of the 2953
days from August 2008 to August 2016. Monthly mean aerosol DREs are constructed
by taking the mean of all daily mean estimates in each month.

The 2030 days with daily mean aerosol DRE estimates corresponds to 51915 time
steps of daylight when considering 30-minute resolution. 91% of the time steps are within
the RL profile time interval (i.e., 10 minutes). When they are not, the average time dif-
ference between the RL profile central time and the 30-minute time step is 7.7 minutes.
Of the time steps that are opaque cloudy-sky, 98% of radar profile times are the same
time as the RL profile time. 70% of the opaque cloudy-sky time steps have MWR ob-
servations within 1 hour, and 39% are within the MWR time interval. 93% of the time
steps have AERONET AOD observations within 1 week and 89% of the time steps have
AERONET single-scattering albedo and asymmetry factor observations within 1 week.

Figure 5 shows the daily mean all-sky aerosol DRE time series at both the TOA
and the surface. The daily mean aerosol TOA DRE at SGP is typically negative with
the largest in magnitude negative DRE of -13.42 W m~2. In 259 days (12.8%) of the to-
tal 2030 days, the daily mean aerosol DRE is positive with a largest in magnitude pos-
itive DRE of 11.38 W m~2. The daily mean aerosol DRE at the surface is always neg-
ative with a maximum that is nearly neutral (-0.05 W m~2) to a minimum of -34.87 W
m~2. Figure 5 also shows the monthly mean aerosol DRE time series. The monthly mean
aerosol DRE varied from 2.24 to -5.83 W m~2 at the TOA and from -1.27 to -13.75 W
m~?2 at the surface. Two months have a positive monthly mean aerosol DRE at the TOA
(September 2010 and October 2013), while all other 89 monthly mean aerosol DREs are
negative. In contrast to the clear-sky aerosol DRE, the all-sky aerosol DRE is typically
less negative due to the increased albedo by the clouds, which tends to weaken the aerosol
DRE. Consider the clear-sky aerosol DRE in the same 2030 days at SGP for a compar-
ison: the TOA daily mean aerosol DRE is positive only for 27 days (1.3%) with a max-
imum value of 2.04 W m~2. In addition, the TOA monthly mean aerosol DRE ranges
from -0.60 to -7.19 W m~2. Similar to the clear-sky aerosol DRE, the all-sky aerosol DRE
is generally stronger (i.e., more negative) during the summer and weaker (i.e., less neg-
ative) during the winter. This is related to the seasonal cycle of AOD and daytime frac-
tion, which are both larger in the summertime. The all-sky aerosol DRE seasonal cy-
cle is investigated in more detail in the next section.

4.2 Seasonal cycle and annual mean all-sky aerosol DRE

The seasonal cycle of the all-sky aerosol DRE is examined by constructing its monthly
mean climatology, which is the mean of all monthly mean estimates for each month. The
annual mean climatology of the aerosol DRE is then the mean of the monthly mean cli-
matology. Since the daily mean aerosol DRE is not estimated for all 2953 days of the
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Figure 5. The daily mean (black) and monthly mean (red) all-sky aerosol direct radiative
effect (DRE) time series at the Southern Great Plains (SGP) site from August 2008 to August
2016. Results are shown for (a) the top of the atmosphere (TOA) and (b) surface (SFC).
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8-year study period, its impact on the annual mean aerosol DRE is assessed. The clear-
sky annual mean aerosol DRE in Wu et al. (2021) is calculated using all 2953 days, which
differed from that by considering the 2030 days by only 0.02 W m~2 at both the TOA
and surface. This provides confidence that the all-sky aerosol DRE result presented here
is capturing the annual mean aerosol DRE despite missing days due to unavailable ob-
servations.

Figure 6 shows the seasonal cycle of the all-sky aerosol DRE, which largely follows
the seasonal cycle of the clear-sky aerosol DRE in Wu et al. (2021) (also shown in Fig.
6 for a comparison) with secondary effects from clouds. The strongest aerosol DREs of
-3.90 W m~2 at the TOA and -9.41 W m~2 at the surface are during the summer (June-
August) when the AOD is largest. The weakest aerosol DREs correspond to October-
February with -1.01 W m~2 at the TOA and -3.31 W m~2 at the surface.

The annual mean all-sky aerosol DRE climatology is -2.13 and -5.95 W m~?2 at the
TOA and surface, respectively. In comparison to the annual mean clear-sky aerosol DRE,
the all-sky aerosol DRE is weaker by 0.86 (0.90) W m~2 or by 28.8% (13.1%) at the TOA
(surface). This is what we expect since the clouds overall weaken the aerosol DRE. The
relative difference is comparable to other studies that provide both a clear-sky and all-
sky aerosol DRE estimate (e.g., Matus et al., 2015). The annual mean aerosol DRE shows
interannual variability (Fig. 5), which for the all-sky (clear-sky) conditions ranges from
-1.60 W m~2 in 2010 (-2.52 W m~2 in 2010) to -3.02 W m~2 in 2012 (-3.79 W m~2 in
2012) at the TOA and from -5.24 W m~2 in 2015 (-6.24 W m~2 in 2011) to -6.82 W m~?2
in 2010 (-7.55 W m~2 in 2009) at the surface.

The all-sky aerosol DRE can be separated into the contribution from clear-sky, trans-
parent cloudy-sky, and opaque cloudy-sky. For the annual mean climatology at the TOA
(surface), the contributions are -1.15 (-2.89) W m~2 from clear-skies, -1.04 (-2.45) W m~2
from transparent cloudy-skies, and 0.06 (-0.61) W m~2 for opaque cloudy-skies. About
50% contribution each from clear-sky and transparent cloudy-sky varies little from month
to month (not shown). The transparent cloudy-sky contribution that is nearly the same
as that from clear-sky is a result of cancellation effects in the transparent cloudy-sky. The
transparent cloudy-sky AOD is larger than the clear-sky AOD (Balmes et al., 2021), which
strengthens the aerosol DRE. However, the weakening in aerosol DRE due to cloud re-
flection overall compensates the strengthening due to larger AOD. The opaque cloudy-
sky contribution is very small and the monthly mean climatology contribution ranges
from -0.11 in July to 0.26 W m~?2 in May, with most months less than 0.10 W m~2 in
magnitude.

The all-sky aerosol DRE estimates in this study provide an estimate with all in-
put quantities from observations for a point-location. This can provide a benchmark to
compare with satellite and modeling estimates. We compare our all-sky estimates to those
from Matus et al. (2019), which estimate the aerosol DRE globally from A-Train satel-
lite observations of clouds and aerosols on a 2.5 by 2.5° latitude-longitude grid. For the
grid point covering SGP (35 to 37.5°N, 95 to 97.5°W), their all-sky aerosol TOA DRE
estimate is -1.86 W m~2 annually. Seasonally, their all-sky aerosol TOA DRE estimate
is -0.63 W m~2 for December-February, -2.13 W m~?2 for March-May, -1.48 W m~2 for
June-August, and -2.85 W m~2 for September-November. For a comparison, the TOA
estimates presented in this study (Fig. 6) are -2.13 W m~2 annually, -0.89 W m~2 for
December-February, -2.12 W m~2 for March-May, -3.90 W m~2 for June-August, and
-1.63 W m~2 for September-November. The all-sky aerosol DRE based on satellite ob-
servations over the SGP site is 38% of that from the present study in the summer but
is 1.75 times of that from the present study in the fall. The latter is a surprise since CALIPSO
does not detect all radiatively significant aerosols and underestimated aerosol DREs were
expected (e.g., Thorsen & Fu, 2015b; Thorsen et al., 2017). Further research efforts are
required to understand such discrepancy between the satellite- and ground-based esti-
mates of the aerosol DREs.

—14—

This article is protected by copyright. All rights reserved.



(a) -2.13 (-3.00)

8T T T T T T
] FMAM]| |

(b) -5.95 (-6.85)

=16 —"TT1TTT1TTT1
J FMAM] |
Month

Figure 6.

Seasonal cycle of aerosol direct radiative effect (DRE) at the Southern Great Plains

(SGP) site from August 2008 to August 2016. Results are shown for (a) the top of the atmo-
sphere (TOA) and (b) the surface (SFC). The aerosol DRE mean (black dots), median (black

open circles), and 25th-75th percentile of daily means (shading) are shown. The annual mean cli-
matology values are given in the bottom left. The clear-sky monthly mean climatology is shown

in blue along with the annual mean climatology value given in the parentheses for a comparison.
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To further interpret the differences between the clear-sky and all-sky aerosol DREs
due to clouds, we examine the SW cloud radiative effect (CRE). The daily mean and sea-
sonal cycle CRE are calculated in the same way as the aerosol DRE, except the differ-
ence in fluxes is found by running the radiative transfer model with and without clouds.
The seasonal cycle of the all-sky SW CRE is shown in Fig. 7. The strongest all-sky SW
CRE of -60.54 (-64.69) W m~2 occurs in May at the TOA (surface). The stronger CRE
in the springtime (March-May) corresponds to a stronger relative weakening of the all-
sky aerosol TOA DRE compared to clear-sky aerosol TOA DRE (~37%). The weakest
all-sky SW CRE of -16.87 (-17.54) W m~?2 occurs in November at the TOA (surface),
which corresponds to a small relative weakening of the all-sky aerosol TOA DRE of ~8%.

Other studies have quantified the CRE at SGP and results are comparable to those
presented here. For example, Mace and Benson (2008) showed the CRE is more nega-
tive in the spring and less negative in the summer and fall and monthly mean climatol-
ogy values range between ~-20 to -60 W m~2 at the TOA and the surface. Dong et al.
(2006) also showed a similar surface all-sky CRE.

Figure 8 shows the monthly climatology of all-sky aerosol radiative heating pro-
files (a) and its difference from that under clear-sky conditions (b). The aerosol heat-
ing profile is calculated analogously to the aerosol DRE, but instead considering the dif-
ference in the radiative heating rate profile with and without aerosols. The all-sky heat-
ing profile is similar to the clear-sky heating profile in Wu et al. (2021), which is predom-
inantly near the surface and extends higher into the atmosphere from April to October.
The all-sky heating profile is smaller than the clear-sky heating rates by ~0.07 K/day
near the surface and is also slighter smaller between ~0.3 and 1.5 km (Fig. 8b) (with
the exception in October). The reduced radiative heating rate in the lower atmosphere
and near the surface is due to clouds reflecting downwelling SW radiation, which over-
all reduces the downwelling solar radiation there. The heating is slightly stronger than
the clear-sky heating rates around 2-3 km due to aerosol heating above clouds that re-
flect downwelling SW radiation and thus increase the absorption of the SW radiation by
aerosols above. In October, the all-sky radiative heating is larger than the clear-sky heat-
ing including the near surface and lower atmosphere where the impact of the larger aerosol
extinction in cloudy-sky might outweigh the cloud albedo effects.

4.2.1 Sensitivity of annual mean all-sky aerosol DRE to the methods
used

The sensitivity of annual mean all-sky aerosol DRE to the methods used is exam-
ined. Considering RL observations within 10 minutes instead of 1 hour of each time step
results in a difference of -0.04 W m~2 in the annual mean DRE at both the TOA and
surface. The small aerosol DRE difference is largely caused by the reduction of days with
aerosol DRE estimates, which becomes 1798 days.

When the radar profile must be within 10 minutes instead of 1 hour, the annual
mean aerosol DRE differed by -0.03 W m~2 at both the TOA and surface and the num-
ber of days with aerosol DRE estimates is reduced to 1956 days. MWR observations re-
stricted to within 10 minutes results in an annual mean aerosol DRE difference less than
0.5%. The sensitivity of the aerosol DRE to AERONET observations within 1 week is
assessed by considering observations within 1 day and the difference in aerosol DRE is
found to be within 2%. Overall, the aerosol DRE annual mean estimate is largely insen-
sitive to using observations within 1 hour (or 1 week for AERONET) since the vast ma-
jority of observations are at the same time of the 30-minute time steps considered or closer
than the threshold considered.

The sensitivity of the aerosol DRE to the radar-retrieved water content profiles for
the opaque cloudy-sky profiles are tested by using different retrievals. The radar-retrieved
water content is instead retrieved following Frisch et al. (1995) for LWC, Liu and Illing-
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Figure 7. Seasonal cycle of the shortwave (SW) cloud radiative effect (CRE) at the Southern
Great Plains (SGP) site from August 2008 to August 2016. Results are shown for the (a) top of

the atmosphere (TOA) and (b) surface (SFC). The SW CRE mean (dots), median (open circles),
and 25th-75th percentile (shading) are shown. The annual mean climatology values are given in

the bottom left.
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worth (2000) for IWC, and K. K. Comstock et al. (2004) for RWC. In all cases, the aerosol
DRE differed by less than 0.01 W m~2 at both the TOA and surface. This small differ-
ence is because the LWP and IWP are constrained by MWR and RL observations, re-
spectively. The sensitivity of the aerosol DRE to the LWP scaling relationship (Fig. 3a)
(that is used to scale the radar-retrieved LWP when MWR observations are not avail-
able) is tested by using the scaling relationships for all LWC profile (i.e., no collocated
MWR observations are used). The annual mean aerosol DRE differed by 0.01 W m~2

or less, providing confidence that the scaling relationships used are representative in re-
gards to estimating the aerosol DRE. The sensitivity of the LWP scaling relationship (Fig.
3a) is further tested by restricting profiles to those where the MWR LWP is greater than
10 g m~2. The annual mean aerosol DRE differed only by 0.2% (0.1%) at the TOA (sur-
face), showing that the aerosol DRE is insensitive to the opaque cloudy-sky LWP.

The sensitivity of the aerosol DRE to the opaque cloudy-sky aerosol profile is also
tested. The monthly mean aerosol extinction profile was used for the heights above where
the RL fully attenuated instead of the weekly mean, which resulted in a difference of 0.01
W m~2 at both the TOA and surface. Additionally, the weekly mean aerosol extinction
profile was also used for heights where clouds or precipitation were detected by the radar
instead of considering the aerosol extinction to be zero. The annual mean aerosol DRE
differed by 0.09 (-0.32) W m~2 at the TOA (surface), which is -4.3% (5.4%) of the an-

nual mean.

5 Aerosol DRE uncertainty estimates associated with measurements

In Wu et al. (2021), we estimated the measurement uncertainty and methodology
uncertainty in the estimated clear-sky aerosol DRE. This section focuses on the measure-
ment uncertainty in the estimated all-sky aerosol DRE. See Wu et al. (2021) and Sec-
tion 4.2.1 for the methodology uncertainty. In contrast to the clear-sky aerosol DRE un-
certainty estimates, this study will instead apply the measurement uncertainties to each
model run instead of running one profile for each month with monthly mean climato-
logical aerosol optical properties. For AOD, single-scattering albedo, asymmetry factor,
and surface albedo, the same uncertainty considered for the clear-sky aerosol DRE will
be applied to quantify the all-sky aerosol DRE measurement uncertainty (see Section
6.1.1 in Wu et al. (2021) for specifics). Note that the uncertainty in the single-scattering
albedo is provided for each available AERONET retrieval as a 1-sigma estimate for each
observational wavelength (i.e., 440, 675, 870, and 1020 nm). We derive the mean single-
scattering albedo uncertainty estimate for each wavelength by averaging the individual
single-scattering albedo uncertainty weighted by the optical depth. We then apply this
single-scattering albedo uncertainty interpolated to model wavelengths to estimate the
impact on the aerosol DRE. In addition to aerosol optical properties, measurement un-
certainties associated with clouds due to optical depth, LWP, and particle size will also
be quantified.

The annual-mean uncertainty estimates are presented in Table 1. In general, the
relative (absolute) uncertainties in all-sky aerosol DRE due to aerosol optical properties
are similar to those for clear-sky (see Table 1 in Wu et al. (2021)). For example, the an-
nual mean aerosol DRE uncertainty due to AOD is about £7-8% at the TOA and the
surface, compared to +8% for clear-sky. The exception is the uncertainty in the TOA
aerosol DRE due to the aerosol single-scattering albedo, which is 22% in all-sky but 15%
in clear-sky. The single-scattering albedo measurement uncertainty is again the largest
contributor to the measurement uncertainty, which is consistent with McComiskey et al.
(2008), Thorsen et al. (2020), and Thorsen et al. (2021). Compared to clear-sky, the asym-
metry factor and surface albedo measurement uncertainty are slightly higher at the TOA
(£7-8%) but slightly lower at the surface (£2-3%).
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The aerosol DRE uncertainties due to cloud properties measurements are also quan-
tified in Table 1. The cloud measurement uncertainties are separated into those from
the transparent cloudy-sky optical depth, the opaque cloudy-sky LWP, and the opaque
cloudy-sky ice cloud optical depth. For the transparent cloudy-sky optical depth, the mean
relative cloud column optical depth uncertainty is based on the RL-FEX reported ex-
tinction systematic uncertainty, which is found to be ~£10%, resulting in an uncertainty
in the annual mean aerosol DRE of ~0.01 W m~2 at the TOA and ~0.02 W m~2 at the
surface.

For the opaque cloudy-sky LWP, the mean relative uncertainty is based on the MWR-
reported LWP uncertainty of £10%, resulting in the all-sky aerosol DRE uncertainty of
less than 1% at both the TOA and the surface. While the measurement uncertainty in
LWP of +£10% is the uncertainty considered in this study, when considering an uncer-
tainty of +20% in LWP, the aerosol DRE uncertainty is 2% at the TOA and 1% at the
surface. This further demonstrates that large errors in opaque cloudy-sky LWP does not
impact the aerosol DRE. The opaque cloudy-sky ice cloud optical depth uncertainty is
considered to be similar to that for the transparent ice cloudy-sky condition since the
opaque cloudy-sky IWC profile is scaled using a relationship based on the transparent
RL ice cloud optical depth. The relative uncertainty is 5%, resulting in an uncertainty
in the aerosol DRE of less than 0.1% at the TOA and surface.

The liquid cloud particle size uncertainty considered is £1.91 microns for trans-
parent cloudy-skies (Thorsen & Fu, 2015a) and +10% for opaque cloudy-skies (Zhao et
al., 2012). The resulting aerosol DRE uncertainty is 2% at the TOA and 1% at the sur-
face. The ice cloud particle size uncertainty is also considered to be £10%, which results
in an all-sky aerosol DRE uncertainty of less than 1% at both the TOA and the surface.
The small uncertainty in the opaque cloudy-sky terms is expected since the opaque cloudy-
sky contribution is overall very small (Section 4.2).

The total aerosol DRE uncertainty estimate associated with measurement uncer-
tainties is quantified in the same manner as Eq. 4 of Wu et al. (2021) by adding the un-
certainties in quadrature, but with additional terms for the uncertainties associated with
the cloud properties. The monthly aerosol DRE with the total monthly measurement
uncertainty is shown in Fig. 9. The monthly relative uncertainty ranges between 20-40%.
Overall, the all-sky aerosol DRE measurement uncertainties are similar to those estimated
for clear-sky despite the additional cloud optical properties uncertainties. All aerosol DRE
uncertainties due to cloud optical properties uncertainty are 2% or less, which are all less
than the smallest clear-sky measurement uncertainty term (3%). In summary we have
annual mean aerosol DREs of -2.134+0.54 (F25.3%) at the TOA and -5.95+0.87 (F14.5%)
at the surface under all-sky conditions, compared to -3.00+0.58 (F19.4%) at TOA and
-6.85+1.00 (F14.6%), respectively, under clear-sky conditions.

6 Conclusion

The all-sky aerosol direct radiative effects (DREs) were estimated at the Atmospheric
Radiation Measurement Program (ARM) Southern Great Plains (SGP) site using ground-
based observations along with the NASA Langley Fu-Liou radiative transfer model for
the first time. Previously, we quantified the clear-sky aerosol DRE by considering aerosol
optical properties from the Raman lidar and Aerosol Robotic Network (AERONET), at-
mospheric state from radiosondes, and surface shortwave spectral albedo from radiome-
ters. In addition to those observations, cloud extinction vertical profiles from the Ra-
man lidar, cloud water content profiles from the millimeter cloud radar and Ka-band ARM
zenith radar, and cloud liquid water path from the microwave radiometer are also con-
sidered in the all-sky aerosol DRE estimates. Simulated shortwave (SW) downwelling
surface total (Ftloml)7 direct (F¥. ), and diffuse (sz ffuse) fluxes were compared with

direct
observations through a radiative closure experiment for cloudy-sky conditions.

—20—

This article is protected by copyright. All rights reserved.



Table 1.
(DRE) under all-sky conditions. The uncertainty is shown for (top) the top of atmosphere (TOA)
and (bottom) the surface (SFC) at the Southern Great Plains (SGP) site. The aerosol DRE un-

certainty is separated into the uncertainty due to measurement uncertainty of the aerosol optical

The measurement uncertainty (W m™2) in annual mean aerosol direct radiative effect

depth (AOD), column-mean single-scattering albedo (@), column-mean asymmetry factor (g),
surface albedo («s), transparent cloud optical depth (7(cloud, trans.)), cloud liquid water path
(LWP), opaque ice cloud optical depth ((ice, opagq.)), liquid cloud particle size (r.), ice cloud
particle size (Dge), and the total uncertainty considering all components. The difference relative

to the annual mean aerosol DRE are given in the parentheses.

TOA DRE uncertainty [W m~2]

AOD +0.14 (F6.7%)
© +0.47 (F21.8%)
g +0.15 (76.8%)

Qs

+0.18 (F8.2%)

7(cloud, trans.)

(
+0.01 (F0.5%)
+0.02 (F0.8%)
(
(
(

LWP

7(ice, opaq.) +0.001 (0.06%)
re +£0.04 (F1.7%)
Dye +0.01 (F0.5%)
total +0.54 (F25.3%)

SFC DRE uncertainty [W m~2]

AOD

w
g
«

S

+0.45 (F7.5%)
+0.71 (F12.0%)
+0.15 (F2.5%)
+0.14 (F2.3%)

7(cloud, trans.)

(
+0.02 (F0.3%)
+0.02 (F0.4%)
(
(
(

LWP

7(ice, opaq.) +0.003 (F0.04%)
re £0.05 (F0.8%)
Dye +0.02 (F0.3%)
total +0.87 (F14.5%)
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Figure 9. The all-sky aerosol direct radiative effect (DRE) seasonal cycle and the uncertainty
estimate (vertical line) due to aerosol optical properties, surface albedo, and cloud properties
measurements at the Southern Great Plains (SGP). Results are shown for the (a) top of the
atmosphere (TOA) and the (b) surface (SFC). The monthly mean aerosol DRE is the same

as those in Fig. 6. The annual mean values are given in the bottom left with the range due to

measurement uncertainty in the parentheses.
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586 For transparent cloudy-sky profiles, the mean differences between simulated and
587 observed SW downwelling surface fluxes were 31.85 W m~2 (6.0%) for F¥, . 37.71 W

total’
568 m~2 (10.8%) for F and -5.87 W m~2 (-3.3%) for Fjiffuse, which are largely related

direct’
589 to the cloud inhomogeneity and 3D effects. The correlation coefficients between the sim-
59 ulated and observed fluxes were 0.76 for Fjoml, 0.66 for F;irect’ and 0.83 for Fjiffuse.
501 For opaque cloudy-sky profiles, the mean differences between simulated and observed SW
502 downwelling surface fluxes were -13.23 W m~2 (-7.2%) for Ftlotal and -11.85 W m~2 (-
593 6.5%) for F ii ffuse- Lhe correlation coefficients between the simulated and observed fluxes

504 were (.86 for Ftioml and Fjiffuse. These differences become about 1-2 W m~2 by decreas-

505 ing the opaque cloud optical depth by 10%.

596 The all-sky aerosol DRE is quantified for the daily mean, monthly mean, and an-
597 nual mean. In terms of the daily mean, the aerosol DRE ranged from 11.38 to -13.42 W
598 m~2 at the top of the atmosphere (TOA) and from -0.05 to -34.87 W m~2 at the sur-

599 face. In terms of the monthly mean, the aerosol DRE ranged from 2.24 to -5.83 W m~—2
600 at the TOA and -1.27 to -13.75 W m~2 at the surface. The annual mean aerosol DRE
601 was -2.13 W m~2 at the TOA and -5.95 W m~2 at the surface, which were -3.00 W m ™2
602 and -6.85 W m~?2 , respectively, under clear-sky conditions for a comparison. Similar to
603 the clear-sky aerosol DRE estimates in Wu et al. (2021), the seasonal cycle of the all-

604 sky aerosol DRE largely follows the aerosol optical depth (AOD) seasonal cycle. Addi-
605 tionally, the solar insolation seasonal cycle amplifies the all-sky aerosol DRE seasonal

606 cycle. The all-sky aerosol DRE is weaker than the clear-sky aerosol DRE by 28.8% (13.1%)
607 at the TOA (surface) as the addition of the clouds increases the albedo.

608 The strongest acrosol DREs of -3.90 W m~2 at the TOA and -9.41 W m~2 at the
600 surface are during the summer (June-August). The weakest aerosol DREs of -1.01 W
610 m~2 at the TOA and -3.31 W m~2 at the surface are in the fall and winter (October-
611 February). The strongest aerosol DREs correspond to the largest observed AODs while

612 the weakest aerosol DREs correspond to smaller observed AOD and single-scattering albedo.
613 The all-sky aerosol DRE uncertainty estimates are quantified (Table 1). The mea-
614 surement uncertainties in aerosol optical properties, surface albedo, and cloud proper-

615 ties result in the annual mean aerosol DREs of -2.13+0.54 (F25.3%) at the TOA and
616 -5.95+0.87 (F14.5%) at the surface under all-sky conditions, compared to -3.00£0.58 (F19.4%)
617 at the TOA and -6.85+1.00 (F14.6%) at the surface, respectively, under clear-sky con-

618 ditions. The all-sky aerosol DRE relative uncertainty due to individual components is
619 comparable to that for the clear-sky aerosol DRE except for the aerosol single-scattering
620 albedo: the uncertainty in the TOA aerosol DRE due to aerosol single-scattering albedo

621 in all-sky (22%) is larger than that in clear-sky (15%).

622 The regional all-sky aerosol direct radiative effect is quantified from radiative trans-
623 fer modeling with high-quality ground-based aerosol and cloud observations. The all-sky
624 aerosol direct radiative effect for one location with a suite of observations can be help-

625 ful to evaluate the estimated aerosol direct radiative effect from satellite and modeling

626 efforts, which can further knowledge of aerosols in the climate system and constrain the
627 aerosol direct radiative forcing, or the radiative perturbation due to anthropogenic aerosol
628 alone.
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