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a b s t r a c t

Simple analytical equations for global-average direct aerosol radiative forcing are useful to
quickly estimate aerosol forcing changes as function of key atmosphere, surface and
aerosol parameters. The surface and atmosphere parameters in these analytical equations
are the globally uniform atmospheric transmittance and surface albedo, and have so far
been estimated from simplified observations under untested assumptions. In the present
study, we take the state-of-the-art analytical equation and write the aerosol forcing as a
linear function of the single scattering albedo (SSA) and replace the average upscatter
fraction with the asymmetry parameter (ASY). Then we determine the surface and
atmosphere parameter values of this equation using the output from the global MACR
(Monte-Carlo Aerosol Cloud Radiation) model, as well as testing the validity of the
equation. The MACR model incorporated spatio-temporally varying observations for
surface albedo, cloud optical depth, water vapor, stratosphere column ozone, etc., instead
of assuming as in the analytical equation that the atmosphere and surface parameters are
globally uniform, and should thus be viewed as providing realistic radiation simulations.

The modified analytical equation needs globally uniform aerosol parameters that
consist of AOD (Aerosol Optical Depth), SSA, and ASY. The MACR model is run here with
the same globally uniform aerosol parameters. The MACR model is also run without cloud
to test the cloud effect. In both cloudy and cloud-free runs, the equation fits in the model
output well whether SSA or ASY varies. This means the equation is an excellent
approximation for the atmospheric radiation. On the other hand, the determined
parameter values are somewhat realistic for the cloud-free runs but unrealistic for the
cloudy runs. The global atmospheric transmittance, one of the determined parameters, is
found to be around 0.74 in case of the cloud-free conditions and around 1.03 with cloud.
The surface albedo, another determined parameter, is found to be around 0.18 and 0.28 in
case of cloud-free and cloudy-sky conditions respectively. Because the cloudy-sky runs
yield unrealistic parameter values, we conclude that the equation is more adequate for
cloud-free conditions.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Aerosols affect climate in multiple ways. The effect of
aerosols on climate is normally quantified in terms of
aerosol radiative forcing. Direct aerosol radiative forcing is
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due to aerosol scattering and absorption of solar radiation
[1]. Aerosol radiative forcing is defined as the effect of
anthropogenic aerosols (or aerosol change in time) on the
radiative fluxes at the top of the atmosphere (TOA) and
at the surface and on the absorption of radiation within
the atmosphere. The effect of the total (anthropogen-
icþnatural) aerosols is called aerosol radiative effect or
total aerosol forcing.

The magnitude of the global aerosol direct radiative
forcing has been estimated to range from �0.85 to
þ0.15 Wm�2 in the 5th IPCC report [2]. This range of
estimate is based on estimates from multiple approaches.
The most common approach is a model-based approach of
simulating global aerosol amount, distribution, and char-
acteristics, and processing the predicted global aerosol
distribution by a radiation model [3]. Aerosol observations
provide an alternative estimate of aerosol radiative forcing.
Attempts have been made to constrain global aerosol
simulations by observations [4–7]. This can be referred to
as a semi-empirical approach. In a purely observational
approach, measured relationships between aerosol
amount and TOA radiative flux allow one to bypass even
a radiation model [8]. Purely observational methods,
however, have been limited primarily to assessing the
direct aerosol radiative effect (i.e., natural þ anthropo-
genic aerosol forcing) under clear sky conditions.

Although not used for the IPCC report aerosol forcing
estimates, simple analytical solutions have been used for
estimating the direct effect of aerosols on the radiation
budget [9–11]. Because of their simplicity, these equations
can be very useful in explaining the explicit dependence
on individual parameters determining the forcing [11].
These explicit relationships are useful in understanding
the influence of microphysics and optics on aerosol radia-
tive forcing.

In the present study, we validate the state-of-the-art
analytical equation by Chýlek and Wong [11] with the
radiation output from one of the most realistic aerosol
forcing simulation models, that is the Monte-Carlo Aerosol
Cloud Radiation (MACR) model as in Choi and Chung [12].
This model was originally developed during INDOEX [13]
and enhanced by Chung et al. [5] and Choi and Chung [12].
This model, which accounts for multi-layer clouds from
satellite observations, has undergone comprehensive vali-
dation of the simulated fluxes at the TOA and at the
surface over 100 land and island stations (agreement with
observations is within a few W m�2) [14]. Satellites
normally cannot detect multi-layer clouds, and, as a result,
the presence of low-level cloud is derived normally in the
absence of overlying clouds. To construct multi-layer
clouds, a random overlap scheme [14] was incorporated
into the MACR model [5]. Only shortwave (i.e., solar)
radiation is considered.

This paper is structured as follows. Section 2 introduces
the analytical equation, the radiation model, and the
method for calculating the parameters in order to verify
the equation. Section 3 displays and explains the results.
Here, we discuss and compare our results too. The sum-
mary follows in Section 4.

2. Analytical equation

Charlson et al. [10] developed a simple equation for
quantifying the direct global-average radiative forcing by
sulfate aerosols. This equation included only the effect of
non-absorbing aerosols such as sulfate. Some aerosols
such as black and brown carbon and mineral dust can
absorb sunlight significantly [1,15]. To address absorbing
aerosols, Chýlek and Wong [11] extended the equation
from Charlson et al. [9]. Their equation is valid for purely-
scattering and also for absorbing aerosols and is currently
the state-of-the-art analytical equation for direct aerosol
forcing.

The original equation by Chýlek and Wong [11] is
as follows.

ΔFaer ¼ �S0
4
T2
atm 1�Acldð Þ 2βτscat 1�Rsurfð Þ2�4τabsRsurf

h i
;

ð1Þ
where ΔFaer is aerosol forcing, S0 the solar constant, Tatm

the transmittance of the atmosphere above the aerosol
layer, Acld the cloud fraction, Rsurf the surface albedo, β the
fraction of radiation that is scattered back to the upper
hemisphere (referred to here as the average upscatter
fraction), τscat the aerosol layer scattering optical depth
and τabs the aerosol layer absorption optical depth.

In the present study, we first modify the form of this
equation to replace aerosol scattering and absorption
optical depths with SSA (single scattering albedo) ω and
the aerosol optical depth (AOD) τ, and give the aerosol
forcing efficiency ΔFaer/τ as

ΔFaer
τ

¼ �S0
2
T2
atm 1�Acldð Þ βω 1�Rsurfð Þ2�2 1�ωð ÞRsurf

h i
ð2Þ

The aerosol forcing efficiency (i.e., aerosol radiative
forcing per aerosol optical depth) given in Eq. (2) depends
on two intrinsic aerosol properties: ω and β. It should be
noted that the analytical equation assumes values for
parameters and coefficients, such as AOD and the average
upscatter fraction, to be uniform or averaged over the
sunlit hemisphere of the earth. Also, Eq. (2) implies a
linear relationship between aerosol forcing and SSA. In the
present study, we will test this implied relationship using
the MACR model output. We will also determine the
atmospheric transmittance and surface albedo in the
equation using the MACR model, to see if the previously
adopted values need to be revised substantially.

2.1. The upscatter fraction

The upscatter fraction is a function of the solar zenith
angle θ0 and is denoted as β(θ0). Eq. (2) utilizes the average
upscatter fraction β, which is the fraction of radiation that
is scattered back to the space for the entire sunlit hemi-
sphere. Thus, the average upscatter fraction β is no longer a
function of the solar zenith angle and is only a function
of aerosol optics. In order to estimate aerosol radiative
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