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The objective of this study is to understand how cloud fraction diurnal cycle and sub-grid
cloud optical thickness variability influence the all-sky direct aerosol radiative forcing
(DARF). We focus on the southeast Atlantic region where transported smoke is often
observed above low-level water clouds during burning seasons. We use the CALIOP
observations to derive the optical properties of aerosols. We developed two diurnal cloud
fraction variation models. One is based on sinusoidal fitting of MODIS observations from
Terra and Aqua satellites. The other is based on high-temporal frequency diurnal cloud
fraction observations from SEVIRI on board of geostationary satellite. Both models indicate
a strong cloud fraction diurnal cycle over the southeast Atlantic region. Sensitivity studies
indicate that using a constant cloud fraction corresponding to Aqua local equatorial
crossing time (1:30 PM) generally leads to an underestimated (less positive) diurnal mean
DARF even if solar diurnal variation is considered. Using cloud fraction corresponding to
Terra local equatorial crossing time (10:30 AM) generally leads overestimation. The biases
are a typically around 10–20%, but up to more than 50%.

The influence of sub-grid cloud optical thickness variability on DARF is studied
utilizing the cloud optical thickness histogram available in MODIS Level-3 daily data.
Similar to previous studies, we found the above-cloud smoke in the southeast Atlantic
region has a strong warming effect at the top of the atmosphere. However, because of the
plane-parallel albedo bias the warming effect of above-cloud smoke could be significantly
overestimated if the grid-mean, instead of the full histogram, of cloud optical thickness is
used in the computation. This bias generally increases with increasing above-cloud
aerosol optical thickness and sub-grid cloud optical thickness inhomogeneity. Our results
suggest that the cloud diurnal cycle and sub-grid cloud variability are important factors to
be accounted for in the studies of all-sky DARF.
& 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/3.0/).
1. Introduction

Over the last decade, significant advances have been
made in quantifying the direct aerosol radiative forcing
(DARF) under clear-sky (i.e., cloud-free) conditions based
er Ltd. This is an open acce

g).
on satellite remote sensing observations [1] and model
simulations [2]. In contrast, DARF under cloudy conditions
remain poorly understood [2]. One of the important
reasons for this is because conventional satellite-based
remote sensing methods, in particular those based on
passive sensors, can provide aerosol property retrievals
only under cloud-free conditions. As a result, there has
been a lack of observational constraints on model simula-
tions of cloudy-sky DARF. Recently, the global observations
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from the space-born lidar Cloud-Aerosol Lidar with Ortho-
gonal Polarization (CALIOP) onboard of the Cloud-Aerosol
Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO) mission have greatly improved our knowledge
of the vertical distribution of aerosols and clouds, in
particular the occurrence of above-cloud aerosols (ACA),
and thus has opened a new avenue for studying the
cloudy-sky DARF [3–5]. In addition to CALIOP observation,
attempts have also been made recently to detect ACAs and
retrieve their properties using passive imagers. Waquet
et al. [6] developed a method based on multi-angular,
polarization measurements from Polarization and Direc-
tionality of the Earth Reflectances (POLDER) to retrieve
the aerosol optical thickness (AOT) of above-cloud smoke.
This method has recently been extended to include both
smoke and dust aerosols [7]. Most recently, Torres et al. [8]
developed an algorithm to retrieve the AOT of ACA using
Ozone Monitoring Instrument (OMI) on board of Aura
satellite. Jethva et al. [9] demonstrated a color ratio
method to retrieve the above-cloud AOT based on MODIS
multiple spectral cloud reflectance measurements. A review
of the emerging satellite-based observations of ACA can be
found in Yu and Zhang [10]. These novel techniques based
on passive sensors will provide a revealing perspective on
ACA complementary to CALIOP. In particular, the global
above-cloud aerosol retrievals from POLDER [11] will soon
become publically available (Waquet 2013, personal com-
munication). These new datasets will provide us more
opportunities for comparison and evaluation studies like
[12] to understand the accuracy and limitations of each
method.

Using multiple years of CALIOP observations,
Devasthale and Thomas [4] located several geographical
regions where elevated aerosols are often found above
low-level liquid phase clouds. For example, during the
austral winter and spring light-absorbing smoke aerosols
originating from seasonal burning of the southwestern
African Savannah are often observed over the bright
stratocumulus decks over southeast Atlantic. In contrast
to cloud-free DARF that generally has a cooling effect at
the top of the atmosphere (TOA), above-cloud smoke can
have a strong warming effect at TOA because the bright
cloud layer beneath significantly enhances smoke absorp-
tion [13–15]. In addition to DARF, above-cloud aerosols can
also have semi-direct effects on the clouds beneath [16,17].
For these reasons, above-cloud smoke in the southeast
Atlantic has attracted increasing attention recently.

The CALIOP ACA property retrievals have been used in
several recent studies in combination with cloud products
from Moderate Resolution Imaging Spectroradiometer
(MODIS) to derive the DARF of above-cloud light-absorb-
ing aerosols in southeast Atlantic region with radiative
transfer simulations [15,18,19]. In Chand et al. [15], the
CALIOP level-2 above-cloud AOT retrievals [20] and the
MODIS monthly mean cloud optical thickness (COT) from
the MODIS monthly level-3 product (11�11 resolution)
were both aggregated to 51�51 resolution and then used
to compute the DARF of above-cloud smoke. A major point
made in this study is that the all-sky TOA DARF is strongly
modulated by the underlying cloud fraction as a result of
the dramatic difference between the clear-sky DARF
(generally negative) and the DARF of ACA (strongly posi-
tive). Based on a similar methodology as in Chand et al.
[15], Oikawa et al. [18] used the MODIS level-3 monthly
mean COT and aggregated CALIOP ACA retrievals to derive
the all-sky DARF and compared the results with model
simulations from a GCM. These recent studies have shed
light on the important and unique role of ACA in the
climate system and clearly demonstrated the usefulness of
satellite remote sensing data; in particular, CALIOP data,
for estimating ACA DARF. However, these studies have a
common limitation in that they use coarse resolution
monthly mean data in their computation, which obscures
the influence of cloud diurnal cycle and sub-grid spatial
variability on all-sky DARF.

It is well known that marine boundary layer (MBL)
clouds, such as those over southeast Atlantic, have a strong
diurnal cycle driven largely by cloud solar absorption [21–
23]. Wood et al. [22] found that the diurnal amplitudes of
the liquid water path (LWP) in low cloud regions to the
west of continents (e.g., southeast Atlantic and southeast
Pacific stratocumulus decks) are typically 15–35% fraction
of the diurnal mean. In this study, we developed two
diurnal cloud fraction variation models (see Section 3 for
details). One is based on sinusoidal fitting of MODIS
observations from Terra (10:30 AM local equatorial cross-
ing time) and Aqua (1:30 PM local equatorial crossing
time) satellites. The other is based on high-temporal
frequency diurnal cloud fraction observations from SEVIRI
(Spinning Enhanced Visible and Infrared Imager) on board
of geostationary satellite. Both models indicate a strong
cloud fraction diurnal cycle over the southeast Atlantic
region. In both Chand et al. [15] and Oikawa et al. [18], as
well as most previous studies [5,19,24], the cloud property
used in ACA DARF computations were from retrievals
based on polar-orbiting satellites (e.g., Terra or Aqua
MODIS), which provide only an instantaneous snapshot
of the cloud field at the local crossing time. As a result, the
strong diurnal cycle of MBL clouds is not accounted for in
these studies, which as shown later in this study could
cause significant bias in diurnal mean DARF computation.
MBL clouds are also known to have significant small-scale
heterogeneity [25–27]. It is well known that using the grid
mean COT to estimate the shortwave radiative effects of
clouds with horizontal heterogeneity can lead to signifi-
cant bias, an effect known as the “plane-parallel albedo
bias” [27–29]. Note that several of the above-motioned
studies have used the coarse resolution grid-mean COT in
ACA DARF computation (e.g., 51�51 resolution as in Chand
et al. [15]). The potential impact of plane-parallel albedo
bias on these studies remains unknown.

The objective of the present investigation is to study
the influence of the temporal (i.e., diurnal cycle) and
spatial variability (i.e., sub-grid heterogeneity) of clouds
on the estimate of all-sky ACA DARF. Here we will focus on
the southeast Atlantic region where light-absorbing aero-
sols are often found above low-level MBL clouds. We will
first briefly introduce the CALIOP, MODIS and SEVIRI
products used in this study in Section 2. In Section 3, we
present a study of how cloud fraction diurnal cycle
influences the all-sky ACA DARF computation. In Section
4, we present a study of how sub-grid heterogeneity
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influences the ACA DARF computation, followed by con-
clusions and discussions in Section 5.

2. MODIS, CALIOP and SEVIRI data

In this study we focus on the southeast Atlantic region
bounded within [101W-151E longitude; 201S-01S latitude].
Previous studies found high occurrence frequency of
above-cloud light-absorbing smoke in this region during
burning seasons (July, August, and September) [4,13,14,17].
We use MODIS and SEVERI observations to derive the
cloud fraction diurnal variations over this region. We use
CALIOP operational aerosol layer products for the needed
aerosol properties in DARF computation.

We use the Collection 5.1 level-3 daily cloud products
(MOD08_D3 from Terra and MYD08_D3 from Aqua) at
11�11 resolution [30] from the two MODIS instruments
onboard Terra and Aqua satellites respectively. Terra has a
nominal ascending node equatorial crossing time of 10:30 AM
local time. Aqua's local equatorial crossing time is 01:30 PM.
As demonstrated in previous studies e.g., [31–34], because
of this crossing time difference, cloud property differences
between Terra-MODIS and Aqua-MODIS provide useful
information for studying cloud diurnal cycle. A particular
useful cloud product in MODIS level-3 product is the joint
histogram of COT vs. cloud top pressure (CTP) (hereafter
“COT–CTP joint histogram”). It is derived using daily
counts of successful level-2 pixel retrievals that fall into
each joint COT–CTP bin. Eleven COT bins, ranging from
0 to 100, and 13 CTP bins, ranging from 200 to 1000 mb,
comprise the histogram. Recently, Zhang et al. [35]
developed a novel method for computing the ACA DARF
using MODIS and CALIOP data, in which they use the
aerosol layer height information from CALIOP to identify
the population of below-aerosol clouds in MODIS COT–CTP
joint histogram and to derive the corresponding COT
histogram for ACA DARF computation. We adopt this
approach in this study to derive the below-aerosol COT
from MODIS level-3 daily COT–CTP joint histogram.
Fig. 1. (Left panel) Number of ACA per 11�11 box observed by CALIOP during th
Probability distribution function (0.05 resolution) of above-cloud aerosol optical t
based on the above-cloud aerosol samples in the left panel.
It should be noted that because the joint histogram
contains eleven COT bins ranging from 0 to 100 it provides
rich information on sub-grid cloud variability. Previous
studies have used this information to study, for example,
the plane-parallel albedo bias [28].

We also use SEVIRI products from Satellite Application
Facility on Climate Monitoring (CM-SAF) of the European
Organization for the Exploitation of Meteorological Satel-
lites (EUMETSAT) as an independent data source to derive
cloud fraction diurnal variation. SEVIRI is a 12-channel
imager on board of the Meteosat Second Generation (MSG)
geostationary satellite operated by EUMETSAT. An over-
view of the SEVIRI cloud property products and retrieval
algorithm can be found in [36,37]. The advantage of SEVIRI
cloud observation is its high temporal frequency. It
observes the full disk of the Earth with an unprecedented
repeat cycle of 15 min, with the southeast Atlantic region
at the center of the disk.

An overview of CALIOP data processing system and
retrieval products can be found in [38]. In this study, we
use the level-2 5 km (horizontal resolution) CALIOP cloud
and aerosol layer products [38] for above cloud aerosol
detection. The detection scheme is as follows: (1) for each
5 km CALIOP profile that falls within a given latitude–
longitude grid box, we first check whether there is any
aerosol layer present in the profile; (2) if an aerosol layer is
present we then proceed to check for the presence of an
underlying liquid-phase cloud layer within the profile
using the CALIOP cloud layer product; (3) if a cloud layer
is also present, the profile is identified as an ACA case. The
AOT of the above-cloud aerosol layer is recorded to derive
the grid mean AOT for the grid box. The bottom height of
the aerosol layer is also recorded to derive the grid mean
aerosol layer bottom height that will be later used to
determine the below-aerosol cloud population using the
MODIS COT–CTP joint histogram as mentioned above.

Using the above method, we have processed MODIS
and CALIOP data for the burning seasons (July–September)
from year 2006 to 2012. Fig. 1 (left panel) shows a regional
e burning seasons (July–September) of the year 2006–2012. (Right panel)
hickness (at 532 nm) retrieved from CALIPSO level 2 aerosol layer product
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map of the total number of ACA cases (each case is a 5 km
CALIOP profile) per 11�11 grid box detected by CALIOP
over the 7 years we processed. Fig. 1 (right panel) shows
the probability distribution function (PDF) of above-cloud
532 nm AOT derived from all the ACA cases in Fig. 1.
Similar to previous studies [5], we found that the PDF
of above-cloud AOT peaks at small values around 0.05
and then decreases with increasing AOT. We found that
more than 95% of ACA cases have AOT at 532 nm lower
than 0.50.

It is worth mentioning here that a recent inter-comparison
of CALIOP above-cloud AOT with collocated retrievals based
on POLDER and MODIS methods suggests that CALIOP tends
to underestimate the above-cloud AOT [12]. In align with [12],
Waquet et al. [11] found the above cloud AOT in the same
southeast Atlantic region in Fig. 1 is substantially larger than
the value in Fig. 1. In addition to this potential bias, CALIOP
operational algorithm also often misses faint aerosol layers
with AOT o0.02 at 532 nm and tends underestimate above-
cloud AOTaccording to recent studies based on air-borne High
Spectral Resolution Lidar (HRSL) [39,40]. Furthermore, it is
also found that the AOT retrieved based on daytime CALIOP
observation is significantly different from nighttime retrieval,
which suggests calibration issues related to solar background
noise e.g., [5]. As explained in Kacenelenbogen et al. [39], the
underestimation of AOT by CALIOP is a result of several
factors, including calibration, low signal-to-noise ratio, false
and miss detection of aerosol layer, and erroneous aerosol
classification (e.g., erroneous lidar ratio). In addition to AOT
uncertainty, there is also large uncertainty in aerosol absorp-
tion. Based on in situ and AERONET observations made during
the SAFARI 2000 campaign, Leahy et al. [41] found the single-
scattering albedo (at 550 nm) of smoke over the South African
region to vary from about 0.8 to 0.9, with the probability
density function peak at about 0.85. Similar range of varia-
bility is also reported in Eck et al. [42]. Substantial efforts are
needed to narrow down this uncertainty in aerosol absorp-
tion, as it plays a critical role determining the magnitude and
even sign of the DARF.

Note that the abovementioned CALIOP AOT retrieval
uncertainties are beyond the scope of this study. Interested
readers are referred to the abovementioned studies, as
well as Winker et al. [38] and Young et al. [43] for more
detailed analysis of the uncertainties in CALIOP opera-
tional aerosol retrieval algorithm. Nevertheless, these
studies suggest that the CALIOP operational retrieval is
likely to underestimate the true above-cloud AOT for
various reasons. We have carried out several sensitivity
tests to investigate the impact of the uncertainty in AOT, as
well as aerosol absorption, on our results, which will be
shown along with control test based on the operational
CALIOP retrieval in the following sections.
00 02 04 06 08 10 12 14 16 18 20 22 24

Time of Day [hr local]

Fig. 2. A sinusoidal model to represent the diurnal variation of cloud
fraction. Model parameters are determined based on the mean cloud
fractions observed by Terra (10:30 AM local crossing time) and Aqua
MODIS (01:30 PM local crossing time), under the assumption that the
cloud fraction peaks at the local time 03:36 AM. Dashed purple line
represents solar zenith angle diurnal variation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web
version of this article.)
3. Influence of cloud fraction diurnal cycle on all-sky
DARF

In this part, we will use two simple sensitivity studies,
constrained by satellite observations, to illustrate the
influence of cloud fraction diurnal cycle on estimating
all-sky DARF. Here, we assume that a grid box has a
time-dependent cloud fraction f cðtÞ and a smoke layer
above the cloud. For simplicity, we assume that the AOT
(τa) and COT (τc) are constant with time. Under these
assumptions, the diurnal mean all-sky shortwave DARF

(FSWall� sky ) for this grid box is given by

FSWall� sky ¼
1

Ttotal

Z Tsunset

Tsunrise

f cðtÞFSWcloudy½θ0ðtÞ; τa; τc�

þ½1� f cðtÞ�FSWclear½θ0ðtÞ; τa� dt; ð1Þ
where Ttotal is the total time in a day depending on the unit
of t; Tsunrise and Tsunset are the sunrise and sunset time;

FSWcloudy is the instantaneous ACA DARF which is a function

of τa, τc, and solar zenith angle θ0ðtÞ; FSWclear is the instanta-
neous clear-sky DARF which is a function of τa and θ0ðtÞ.

In the first sensitivity test, following previous studies
[22,23] we use a simple sinusoidal model, constrained by
the observation from Terra and Aqua MODIS, to approx-
imate the diurnal variation of f cðtÞ, i.e.
f cðtÞ ¼ Asin½πðtþϕÞ=12�þB; ð2Þ
where t is local time (h). The parameters A, ϕ, and B are,
respectively, amplitude, initial phase, and diurnal mean value
of cloud fraction.We can only deduce two of these parameters
from the Terra and Aqua cloud fraction observations and have
to assume the other one. Here, we assume that the sinusoidal
cloud fraction peaks at 6:50 AM local time in the southeast
Atlantic region, which is chosen based on the SEVIRI observa-
tion (see Fig. 4). This corresponds to a ϕ¼�0.96 in Eq. (2).
Under this assumption, we can then solve Eq. (2) by sub-
stituting the multiple year seasonal and regional mean liquid-
phase cloud fractions from Terra (f cð10:30 AMÞ¼0.58) and
Aqua (f cð01:30 PMÞ¼0.46) MODIS to obtain A¼0.13 and
B¼0.51. Fig. 2 shows the fitted sinusoidal diurnal cloud
fraction and solar zenith angle cycle. We mark in the figure
the Terra and Aqua local equatorial crossing times, as well as
the sunrise and sunset time corresponding to the center of the
interested region on the date of Aug. 15th. The fitted cloud
fraction diurnal cycle reaches the maximum value of 0.63 in
early morning. After sunrise, some clouds begin to dissipate as
a result of increasing solar heating. At Terra crossing time, the
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cloud fraction is about 0.58. The value reduces to 0.49 when
Aqua crosses the equator and reaches the minimum value of
0.38 around sunset before it increases again during the
nighttime.

As Eq. (1) suggests, all sky DARF FSWall� sky depends on
incident solar condition and cloud fraction, both are functions
of solar zenith angle. While the variation of solar condition
has been considered in most previous studies of aerosol direct
radiative forcing e.g., [16], influence of diurnally varying cloud
fraction remains largely unexplored. It is also important to
note that using instantaneous cloud fraction from a single
MODIS instrument could lead to significant bias in computing

the FSWall� sky even if the diurnal variation of solar zenith angle is
considered. In order to understand the influence of f cðtÞ on
FSWall� sky we carried out a sensitivity study shown in Fig. 3.
Based on the sinusoidal cloud fraction model fitted from Terra
and Aqua observations in Fig. 2, we computed the diurnal
variation of all-sky shortwave DARF based on Eq. (1) for
different AOT (τa ¼ 0.05, 0.2 and 0.5 at 550 nm). In the
computation, we assumed the single scattering albedo of
smoke to be 0.85 at 550 nm on the basis of the update
synthesis of remote and in situ observations during the South
African Regional Science Initiation 2000 [41]. Similar values
for single scattering albedo of smoke have also been used in
previous studies [15]. The spectral dependence of the smoke
scattering properties is based on the model developed in [44].
Cloud optical thickness and effective radius are assumed to be
9.1 [45] and 10 μm, respectively. The radiative transfer com-
putation is carried out using the RRTM_SWmodel [46,47]. See
Table 1 for detailed information on the setup of the radiative
transfer simulations.

The simulated diurnal variations of FSWall�sky under dif-
ferent AOTs are shown in Fig. 3. It is interesting to note

that the FSWall�sky based on sinusoidal f cðtÞ (curves with solid
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Time of Day [hr local]

-10

0

10

20

30

40

50

D
ire

ct
 R

ad
ia

tiv
e 

Fo
rc

in
g 

(W
/m

2 )

Terra Aqua

CldFrac  Fitted  Aqua  Terra

AOT=.05
AOT=0.2
AOT=0.5

Fig. 3. Simulated diurnal variations of all-sky DARFs under different
above-cloud AOTs (at 532 nm) and based on different assumptions of
cloud fraction diurnal cycle. Green: AOT¼0.05; blue: AOT¼0.2; and red:
AOT¼0.5. Solid circles: all-sky DARF based on the sinusoidal model in
Fig. 2; triangles: all-sky DARF under the assumption that cloud fraction is
a constant throughout the day and Aqua cloud fraction observation is
used; squares: all-sky DARF under the assumption that cloud fraction is a
constant throughout the day and Terra cloud fraction observation is used.
Vertical lines correspond to Terra and Aqua local crossing times. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
circles) has a rather complicated diurnal variation that is
different from either solar zenith variation or the sinusoi-
dal cloud fraction diurnal cycle. For the case with τa¼0.5 at

550 nm, the FSWall�sky reaches its maximum value of about
30 Wm�2 at around 09:00 AM, instead of the local noon-
time. The result suggests that both solar zenith angle and
cloud fraction play a significant role and the diurnal

variation of FSWall�sky reflects the convolution of the two

effects. In addition to the diurnal mean FSWall�sky based on

the sinusoidal f cðtÞ (referred to as FSWall�skyðf cðtÞÞ hereafter),
we also computed two other sets of diurnal mean FSWall�sky

assuming constant cloud fraction throughout the day,
one based on a fixed cloud fraction observation from Terra

MODIS f Terrac ¼ 0:581 (hereafter FSWall�skyðf Terrac Þ) and the

other based on Aqua f Aquac ¼ 0:485 (hereafter FSWall�skyðf Aquac Þ).
When constant cloud fraction is used, the diurnal variation of

FSWall�skyðf Terrac Þ and FSWall�skyðf Aquac Þ is primarily dependent on
the variation of solar zenith angle, with maximum values
located around local noontime. It is worth noting that the

FSWall�skyðf Terrac Þ seems to be biased high, while the FSWall�sky

ðf Aquac Þ seems to be biased low, in comparison with the

FSWall�skyðf cðtÞÞ. The diurnal mean values of FSWall�skyðf cðtÞÞ,
FSWall� skyðf Aquac Þ and FSWall�skyðf Terrac Þ under different AOTs are
listed in Table 2. For the case with τa ¼ 0:5 at 550 nm, the

FSWall�skyðf Aquac Þ is 7.0 Wm�2, about 16% smaller than of the

FSWall�skyðf cðtÞÞ (8.38Wm�2). The FSWall�skyðf Terrac Þ is 9.9 Wm�2,

about 18% higher than the FSWall�skyðf cðtÞÞ. Similar relative
differences between constant cloud fraction result and
sinusoidal model are also observed for the τa ¼ 0:05 and
0.2 cases.

As aforementioned, there is substantial uncertainty
associated with the aerosol absorption. We performed
two additional tests to investigate the impact of this
uncertainty on our results, as well as its relative impor-
tance with respect to cloud diurnal cycle. In one test, we
increased the aerosol absorption by reducing the single-
scattering albedo of the aerosol and in the other test we
Table 1
Configurations of the RRTM-SW model.

Parameter Values used in model

Cloud
Phase Liquid
Height 3–4 km
Optical thickness 9.10
Effective radius 10 μm

Above-cloud aerosol
Type Smokea

Height 4–6 km
Single scattering albedo 0.85 (550 nm)

Other
Atmospheric profile tropical model
Surface albedo (Lambert) 0.05

a The spectral dependence of the optical properties of smoke used in
this study is based on the model developed in Molineaux et al. [44].



Table 2
Summaries of simulated daily mean DARFs (Wm�2) and differences.

AOT (532 nm) Sinusoidal fc Constant fc (Aqua) Difference (Aqua-fc) Constant fc (Terra) Difference (Terra-fc)

0.05 1.00 0.84 �0.17 (�16.50%) 1.20 0.20 (19.69%)
0.20 3.76 3.15 �0.61 (�16.25%) 4.48 0.72 (19.14%)
0.50 8.38 7.03 �1.35 (�16.10%) 9.92 1.55 (18.44%)

Table 3
Same as Table 2, except that above-cloud aerosol is more absorptive in this test (the single scattering albedo at 550 nm in this test is 0.80).

AOT (532 nm) Sinusoidal fc Constant fc (Aqua) Difference (Aqua-fc) Constant fc (Terra) Difference (Terra-fc)

0.05 1.72 1.52 �0.20 (�11.69%) 1.96 0.24 (13.74%)
0.20 6.26 5.53 �0.73 (�11.68%) 7.11 0.85 (13.54%)
0.50 13.44 11.86 �1.58 (�11.72%) 15.21 1.78 (13.26%)

Table 4
Same as Table 2, except that above-cloud aerosol is less absorptive in this test (the single scattering albedo at 550 nm in this test is 0.90).

AOT (532 nm) Sinusoidal fc Constant fc (Aqua) Difference (Aqua-fc) Constant fc (Terra) Difference (Terra-fc)

0.05 0.27 0.15 �0.13 (�47.13%) 0.43 0.16 (57.60%)
0.20 1.11 0.63 �0.48 (�43.56%) 1.70 0.58 (52.49%)
0.50 2.71 1.61 �1.10 (�40.52%) 3.99 1.28 (47.35%)

Fig. 4. Diurnal cloud fraction variation over the southeast Atlantic region
derived from 5-years (2008–2012) of SEVIRI product. The gray lines
correspond to monthly mean diurnal cloud fraction variation for July,
August and September of each year. The solid blue line is the 5-year mean
diurnal cloud fraction variation based on monthly mean results. The red
dashed line corresponds to the sinusoidal fit to the 5-year mean. The two
vertical dashed lines indicate the Terra and Aqua local equatorial crossing
times. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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reduced the aerosol absorption. The results from the two
tests are shown in Tables 3 and 4. As expected, aerosol
absorption has a strong impact on DARF. For example, in

the AOT¼0.5 case, FSWall�skyðf cðtÞÞ increases from 8.4 Wm�2

to 13.4 Wm�2 when single scattering albedo (at 550 nm)
is reduced from 0.85 to 0.80. In comparison, the uncer-
tainty associated with cloud fraction diurnal cycle is about
1.6 W m�2. These tests indicate that the uncertainty
caused by assuming constant cloud fraction is significant
when comparing to the uncertainty associated with aero-
sol absorption, further attesting its importance in all-sky
DARF. It is interesting to note that the impact of cloud
diurnal cycle becomes even stronger when aerosol is less
absorptive (see Table 4). The bias caused by using a
constant cloud fraction in diurnal mean DARF computation
approaches about 50%. It is probably because the magni-
tude of the DARF of ACA is comparable to that of clear-sky
DARF when aerosol is less absorptive although the former
is positive and the latter is negative. In such case the
delicate balance between the two is strongly modulated by
cloud fraction, which explains why a constant cloud
fraction can lead substantial error in such situation.

In the second test, we use the SEVIRI CM-SAF products as
an independent data source to derive cloud fraction diurnal
cycle and investigate the corresponding impact on DARF.
Another motivation of using SEVIRI data is to check whether
DARF result based the simple sinusoidal model is in good
agreement with that based on SEVIRI observation. Fig. 4
shows the diurnal variation of total cloud fraction over the
southeast Atlantic region (domain average) in Fig. 1 derived
from 5 years (2008–2012) of SEVIRI CM-SAF cloud products.
One may note that the cloud fraction from SEVIRI in Fig. 4 is
significantly higher than that from MODIS in Fig. 2, while the
diurnal cycle is weaker. One reason is that SEVIRI total cloud
fraction diurnal variation product does not distinguish
between low and high clouds, while in Fig. 2 we only include
the low-level liquid-phase clouds from MODIS. It is known
that diurnal variation of convection activity over ocean and
associated high clouds usually have an opposite phase than
low-clouds, which diminishes the low-cloud diurnal cycle [see
Fig. 4 of 23]. Even so, a significant cloud fraction diurnal cycle
is still evident in Fig. 4, although month-to-month variations
are large. The cloud fraction usually peaks around 7 AM in the
morning and then decreases to the minimum value at around



Table 5
Same as Table 2, except based on SEVIRI observations.

AOT (532 nm) SEVIRI Sinusoidal Difference
(Sinusoidal-SEVIRI)

Constant fc
(Aqua)

Difference
(Aqua-fc)

Constant fc
(Terra)

Difference
(Terra-fc)

0.05 1.70 1.69 �0.01 (�0.6%) 1.60 �0.09 (�5.31%) 1.83 0.14 (8.28%)
0.20 6.31 6.28 �0.04 (�0.60%) 5.95 �0.33 (�5.29%) 6.79 0.51 (8.13%)
0.50 13.96 13.84 �0.12 (�0.86%) 13.10 �0.73 (�5.30%) 14.93 1.10 (7.93%)
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5 PM in the afternoon. A sinusoidal fit (red dashed line) to the
5-year mean cloud fraction cycle (solid blue line) gives
f cðtÞ ¼ 0:08sin½πðt� 0:96Þ=12�þ0:70. Notably, the diurnal
mean value is significantly larger than MODIS result in Fig. 2
and the cloud diurnal cycle is significantly weaker for the
reasons mentioned above. The diurnal mean DARF computa-
tions based on 5-year mean SEVIRI observation and the
sinusoidal fit are listed in Table 5. Evidently, the two are in
close agreement with maximum difference smaller than 1%.
The results indicate that the sinusoidal model provides an
excellent approximate to the real cloud fraction diurnal cycle
for DARF computation. We also computed two additional
DARF, shown in Table 5, using constant cloud fractions
corresponding to Terra and Aqua equatorial crossing time,
respectively. Similar to what we found in the test based on
MODIS observations, using a constant cloud fraction at
1:30 PM (i.e., Aqua local equatorial crossing time) leads to
underestimation of diurnal mean DARF, while using cloud
fraction at 10: 30 AM would lead to overestimation. The
magnitude of the biases is, however, significantly smaller than
that based on MODIS observations. As aforementioned, this is
probably because the SEVIRI cloud diurnal cycle product does
not distinguish between low and high cloud, leading to a
smaller diurnal cloud fraction variation.

The sensitivity tests indicate that cloud fraction diurnal
cycle is an important factor in determining the diurnal
mean all-sky shortwave DARF. This is not surprising
considering the strong dependence of the shortwave DARF
on underlying surface reflectivity [15]. The results also
indicate that using the instantaneous cloud fraction obser-
vation from a single MODIS instrument to compute the
diurnal DARF may lead to systematic bias, even if the
diurnal variation of solar zenith angle is considered.
Finally, we would like to point out that besides cloud
fraction the diurnal variation of FSWall�sky is also dependent
on several other factors, especially the diurnal variation of
cloud optical thickness. In the above sensitivity study, we
have assumed a constant COT¼9.1. The effect of diurnal
variability on COT and thus on FSWall�sky will need to be
studied in future research.
4. Influence of sub-grid cloud spatial variability on
cloudy-sky DARF

In this part, we will investigate the impact of sub-grid
scale horizontal variability of COT on estimating cloudy-
sky DARF due to ACA. It follows from Eq. (1) that the
corresponding impact on all-sky DARF is simply scaled by
cloud fraction. MBL clouds are known to have a significant
small-scale horizontal variability [25,26]. Because of the
nonlinear dependence of cloud reflectance on COT, if the
COT in a grid box has significant horizontal variability, the
grid-mean cloud reflectance computed based on grid
mean optical thickness Rð〈τ〉Þ is biased high in comparison
with the computation considering sub-grid COT variation
(〈R〉):

Rð〈τc〉Þ ¼ R
Z 1

0
τcpðτcÞ dτc

� �
Z〈R〉¼

Z 1

0
RðτcÞpðτcÞ dτc ð3Þ

where pðτcÞ is the probability density function of COT
within the grid. This is the well-known plane-parallel
albedo bias [28,48,49].

Including an aerosol layer above cloud significantly
complicates the problem. By definition, the TOA shortwave
DARF of ACA is the difference of the TOA shortwave
reflectance between clouds without and with above-
cloud aerosols:

FSWcloudy ¼ RSW
cloud�RSW

cloudþACA: ð4Þ

Consider a grid box with significant horizontal varia-
tion of COT but a constant AOT. The grid mean cloudy-sky
TOA DARF is given by

〈FSWcloudy〉¼ 〈RSW
cloud〉�〈RSW

cloudþACA〉; ð5Þ

where 〈RSW
cloud〉¼

R1
0 RSW

cloudðτcÞpðτcÞ dτc and 〈RSW
cloudþACA〉¼R1

0 RSW
cloudþACAðτa; τcÞpðτcÞ dτc. As in previous studies e.g.,

[15,18], the grid mean DARF could also be estimated based
on the grid mean COT:

FSWcloudyðτa; 〈τc〉Þ ¼ RSW
cloudðτa; 〈τc〉Þ�RSW

cloudþACAðτa; 〈τc〉Þ; ð6Þ

where 〈τc〉¼
R1
0 τcpðτcÞ dτc is the grid mean COT. The

difference between the two methods is

FSWcloudyð〈τc〉Þ�〈FSWcloudy〉¼ ½RSW
cloudð〈τc〉Þ�〈RSW

cloud〉�
�½RSW

cloudþACAð〈τc〉Þ�〈RSW
cloudþACA〉�; ð7Þ

The sign of FSWcloudyð〈τc〉Þ� 〈FSWcloudy〉 is determined by the
difference between the two terms in the brackets on right
hand side of Eq. (7). Although both terms are expected to
be positive on the basis of Eq. (3), their difference is less
certain and could be dependent on the properties of both
cloud and above-cloud aerosol. Nevertheless, we argue
that in the case of light-absorbing smoke above cloud

FSWcloudyð〈τc〉Þ� 〈FSWcloudy〉 is likely to be positive. When the AOT

of ACA is small, the RSW
cloudþACAðτa; τcÞ can be roughly

approximated by

RSW
cloudþACAðτa; τcÞ � RSW

cloudðτcÞT2ðτaÞþRSW
ACAðτaÞ: ð8Þ
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In the above equation, T2ðτaÞ is the direct two-way

transmittance of the ACA layer. The term RSW
ACAðτaÞ is the

reflection of the ACA layer, which is not affected by cloud
variability. Note that the dependence on solar angle has
been dropped in the equation. Substituting Eq. (8) into Eq.
(7), one can show that in the case of light-absorbing
aerosol overlying cloud

FSWcloudyð〈τc〉Þ�〈FSWcloudy〉� ½1�T2ðτaÞ�½RSW
cloudð〈τc〉Þ�〈RSW

cloud〉�:
ð9Þ

Because T2ðτaÞo1 and the term RSW
cloudð〈τc〉Þ� 〈RSW

cloud〉40,

FSWcloudyð〈τc〉Þ�〈FSWcloudy〉40. In other words, in the case of
light-absorbing aerosol above cloud, using the grid mean
COT to estimate the cloudy-sky DARF is expected to result
in positive bias when cloud has significant sub-grid hor-
izontal heterogeneity. Moreover, the bias can be expected

to increase with AOT because the T2ðτaÞ decreases with

AOT. Furthermore, because both RSW
cloudð〈τc〉Þ and 〈RSW

cloud〉

increase with COT, the bias is also expected to increase
with COT. Note that the above simple argument is only
intended to shed some light on the qualitative behavior of
the bias due to the sub-grid cloud inhomogeneity.
Fig. 5. Simulated absolute (left panel) and relative (right panel) differences betw
cloud optical thickness and sub-grid cloud homogeneity index χ. In the simulatio
301 and 10 mm, respectively.
To test our understanding, we carried out the following
numerical sensitivity study, in which we use a lognormal
distribution to represent the sub-grid scale COT hetero-
geneity, i.e.,

pðτcÞ ¼
1

τcs
ffiffiffiffiffiffi
2π

p exp �ðln τc� ln τ0Þ2
2s2

$ %
: ð10Þ

Following [48,50] we use the cloud homogeneity index
χ, defined as

χ ¼ e〈 ln τc〉

〈τc〉
¼ exp

R1
0 ln τcpðτcÞ dτc

� �R1
0 τcpðτcÞ dτc

; ð11Þ

as a quantitative index for sub-grid cloud heterogeneity.
Note that 0rχr1 and the larger the χ is, the more
homogenous the cloud. For a lognormal pðτcÞ, the χ has
an analytical solution χ ¼ e�s2=2. Using the RRTM-SW3
model, we computed two sets of instantaneous cloudy-
sky TOA DARF, one based on Eq. (5) (i.e., 〈FSWcloudy〉) and the
other based on Eq. (6) (i.e., FSWcloudyðτa; 〈τc〉Þ). Fig. 5 shows the
differences between the two as a function of above-cloud
AOT under different τ0 and χ conditions. The absolute
differences between FSWcloudyðτa; 〈τc〉Þ and 〈FSWcloudy〉 are seen to
increases with both τ0 and above-cloud AOT, which is
een FSWcloudyðτa; 〈τc〉Þ and 〈FSWcloudy〉 as a function of AOT (532 nm) for different
n, solar zenith angle and cloud droplet effective radius are assumed to be



Fig. 7. Relative difference (40.1%) ε¼ ððFSWcloudyðτa; 〈τc〉Þ� 〈FSWcloudy〉Þ= 〈FSWcloudy〉Þ�
100% between FSWcloudyðτa; 〈τc〉Þ and 〈FSWcloudy〉 as a function of sub-grid cloud
homogeneity index, χ, computed based on Terra (blue) and Aqua (red)
observations. The black solid straight line corresponds to a linear
regression of log10εwith respect to χ. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of
this article.)
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consistent with the theoretical expectation based on Eq.
(9). We also note that difference in the case with smaller
χ � 0:8 (i.e., more heterogeneous cloud) is larger than that
in the case with χ � 0:95. This is also expected because the
term RSW

cloudð〈τc〉Þ� 〈RSW
cloud〉 in Eq. (9) increases with increas-

ing heterogeneity (i.e., decreasing χ) [48,49]. The relative

difference between FSWcloudyðτa; 〈τc〉Þ and 〈FSWcloudy〉 behaves
quite differently from the absolute difference. For both
optically thin τ0 ¼ 1 and thick τ0 ¼ 20 clouds, the relative
differences remain almost constant for all above-cloud
COT. In the cases where τ0 ¼ 5 and τ0 ¼ 10 the relative
differences increase significantly with increasing above-
cloud COT. In general, the absolute differences between

FSWcloudyðτa; 〈τc〉Þ and 〈FSWcloudy〉 from the numerical sensitivity
test are consistent with the theoretical expectations, i.e.,
increase with increasing AOT, COT and cloud inhomogene-
ity (e.g., decreasing χ value).

As aforementioned, previous studies often use coarse
resolution grid mean COT in ACA DARF computation (e.g.,
51�51 mean as in [15]). This is likely to introduce a
positive bias depending on several factors as discussed
above. The magnitude of this bias is estimated here using
the collocated MODIS and CALIOP data set described in
Section 2. Using the method described in Zhang et al. [35],
we first use the CALIOP products to derive the AOT and the
base altitude of ACA layer. Then, the ACA layer height is
used in combination with MODIS COT–CTP histogram to
obtain the pðτcÞ of under-aerosol clouds within a given
11�11 grid box. Using the RRTM-SW model, we compute

two sets of ACA DARF, i.e., 〈FSWcloudy〉 (blue) and FSWcloudyðτa; 〈τc〉Þ
(red). Note that, here each sample corresponds to a 11�11
grid box with ACA present in a particular day during the
time period of interest (i.e., July, August and September of
2006–2012). Fig. 6 (left panel) shows the histograms of

〈FSWcloudy〉 and FSWcloudyðτa; 〈τc〉Þ based on MODIS COT–CTP histo-
gram data. Fig. 6 (right panel) shows the histograms of

absolute differences between FSWcloudyðτa; 〈τc〉Þ and 〈FSWcloudy〉.

Consistent with the theoretical expectations, FSWcloudyðτa; 〈τc〉Þ
Fig. 6. (Left panel) Probability distribution functions of FSWcloudyðτa; 〈τc〉Þ (red) and 〈

CALIPSO observations. (Right panel) Probability distribution functions of th
interpretation of the references to color in this figure legend, the reader is refe
is systematically larger than 〈FSWcloudy〉. On regional average,
the bias is about 10%. However, the bias is a strong
function of sub-grid cloud homogeneity index χ. Fig. 7

shows the relative difference between FSWcloudyðτa; 〈τc〉Þ and

〈FSWcloudy〉 as a function of χ derived from pðτcÞ based on Eq.
(11) for the samples with significant DARF (i.e., samples

with absolute value of 〈FSWcloudy〉 larger than 0.005 Wm�2).
Similar to previous studies [50], we found most χ values to
fall between 0.5 and 1.0. Consistent with theoretical

intuition, the relative difference between FSWcloudyðτa; 〈τc〉Þ
and 〈FSWcloudy〉 decreases with increasing sub-grid homoge-
neity from about 50% when χ ¼ 0:5 to 4% when χ ¼ 0:9. A
simple fit is used to achieve a formula relating the relative
FSWcloudy〉 (blue) simulated based on MODIS (Terra and Aqua combined) and
e absolute difference between FSWcloudyðτa; 〈τc〉Þ (red) and 〈FSWcloudy〉. (For
rred to the web version of this article.)
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difference between FSWcloudyðτa; 〈τc〉Þ and 〈FSWcloudy〉 and χ:

ε¼ 10�2:76χþ3:07; ð12Þ

where ε¼ ðFSWcloudyðτa; 〈τc〉Þ�〈FSWcloudy〉Þ=〈FSWcloudy〉� 100%. One

can easily estimate the accuracy of FSWcloudyðτa; 〈τc〉Þ in com-

parison with 〈FSWcloudy〉, based on the value of χ for a given
grid box. For example, for a grid box with χ around 0.8,
using the grid mean COT in cloudy-sky DARF computation
would lead to about 7% bias. It should be noted that
Eq. (12) is specific to the South-East Atlantic region
considered in this study. Further investigations are needed
in the future to study the impact of cloud inhomogeneity
on cloudy-sky aerosol forcing in other regions and for
other aerosol types.

It should also be noted that the above analysis is based
on the operational CALIOP AOT retrieval, which tends to
underestimate the true value according to recent studies
[12,40]. We investigated the impact of this underestima-
tion on the results shown in this section through several
sensitivity tests. First, we increased the operational AOT
retrieval from CALIOP by a factor of two in the light of the
recent studies [12,40] and did the tests in Figs. 5–7 again.
Furthermore, to investigate the impact of aerosol absorp-
tion uncertainty, we have also perturbed the single-
scattering albedo of the aerosol from 0.85 to 0.8 and 0.9
in both control experiment based on the operational
CALIOP AOT and double-AOT experiment (so a total of 6
tests). Qualitatively, the results from these sensitivity tests
are very similar to those shown in Figs. 5–7. Quantitatively,
the absolute magnitude of the bias due to sub-grid cloud
inhomogeneity increases with both AOT and aerosol absorp-
tion. Interested readers are referred to Supplementary
materials for details. Overall, the sensitivity tests confirm
that using grid-mean COT without considering sub-grid
scale cloud inhomogeneity tend to result in systematic bias
in DARF computation.
5. Conclusion and discussion

In this study, we use collocated CALIOP and MODIS data
to investigate the influence of cloud fraction diurnal cycle
and sub-grid scale COT variability on estimating the all-sky
DARF in the southeast Atlantic region. The results demon-
strate that the diurnal variation of all-sky DARF is depen-
dent on the diurnal variation of both solar zenith angle and
cloud fraction. Using the instantaneous cloud fraction from
polar-orbiting satellites may lead to systematic bias in all-
sky DARF computation even if the diurnal variation of solar
zenith angle is taken into account. Through comparison
with a sinusoidal cloud fraction diurnal model, we found
that assuming a constant cloud fraction in DARF computa-
tion can lead to a typical 10–20% of errors depending on
whether Terra or Aqua MODIS cloud fraction is used (see
Table 2). However, the error can be up to more than 50%
when aerosol absorption is weak (see Table 4). Our results
also indicate that due to the plane-parallel albedo bias
using grid mean cloud optical thickness, i.e., ignoring sub-
grid scale cloud horizontal variability, can lead to signifi-
cant overestimate of the cloudy-sky (and therefore all-sky)
DARF (see Figs. 5–7). This bias increases with decreasing
sub-grid cloud homogeneity index χ. A simple formula
ε¼ 10�2:76χþ3:07, where ε is the bias in percent, is derived
based on MODIS observation to related the magnitude of
the bias and χ. Several recent studies have shown that the
current CALIOP operational retrieval algorithm tends to
underestimate the AOT. In addition, aerosol absorption is
also subject to substantial uncertainty. Our sensitivity tests
confirm that these uncertainties do not affect our conclu-
sions. Nevertheless, efforts should be made to reduce these
uncertainties.

Based on these results from this study, we recommend
future studies to account for both cloud diurnal cycle and
sub-grid cloud variability in order to achieve most accurate
estimate of all-sky DARF. The high-frequency observations
from the SEVIRI instrument provide an excellent opportu-
nity to study the cloud diurnal cycle over the southeast
Atlantic region, which should be explored in future
research. As demonstrated in this study and previous ones,
the contrast between Terra and Aqua MODIS cloud fraction
also provides an opportunity to estimate the strength of
cloud diurnal cycle, which should be considered in diurnal
DARF computation to avoid systematic bias. Recently,
Zhang et al. [35] developed a novel method which utilizes
MODIS COT–CTP joint histogram and ACA height informa-
tion from CALIOP to derive the sub-grid statistics of cloud
optical thickness for DARF computation. This method is
computationally efficient in comparison with pixel-by-
pixel method [5], and yet account for the impact of sub-
grid scale cloud viability of all-sky DARF.

This study is only the first step toward a comprehensive
understanding of the all-sky DARF. There are many factors
to explore in the future. In this study we have ignored the
diurnal variation of above-cloud aerosols. Based on AERO-
NET observation, Eck et al. [42] noted a rather strong
diurnal variation of AOT over the South Africa continent
region, possibly due to a diurnal burning cycle. However, a
more rent study by Arola et al. [51] based all possible
AERONET sites suggested that the diurnal variation of AOT
has rather smaller impact on the diurnal mean DARF.
Nevertheless, the important of aerosol diurnal variation
should be explored in the future. In this study, for
simplicity we have also assumed that within a latitude–
longitude grid-box the cloudy and clear-sky regions have
the same AOT. This assumption is probably valid over the
ocean because the background AOT is generally small in
comparison with the transported aerosol layer above
cloud. Even if the AOT over clear-sky region is larger than
the above-cloud AOT, using a constant cloud fraction in all-
sky DARF is still likely to be biased, although the magni-
tude of bias needs to be further assessed in the future.
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