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Long-term measurements of aerosol optical depth (AOD) from the Aerosol Robotic Network (AERONET)
located in Beijing reveal a strong diurnal cycle of aerosol load staged by seasonal patterns. Such pro-
nounced variability is matter of importance in respect to the estimation of daily averaged direct aerosol
radiative forcing (DARF). Polar-orbiting satellites could only offer a daily revisit, which turns in fact to be
even much less in case of frequent cloudiness. Indeed, this places a severe limit to properly capture the
diurnal variations of AOD and thus estimate daily DARF. Bearing this in mind, the objective of the present
study is however to evaluate the impact of AOD diurnal variations for conducting quantitative assess-
ment of DARF using Moderate Resolution Imaging Spectroradiometer (MODIS) AOD data over Beijing. We
provide assessments of DARF with two different assumptions about diurnal AOD variability: taking the
observed hourly-averaged AOD cycle into account and assuming constant MODIS (including Terra and
Aqua) AOD value throughout the daytime. Due to the AOD diurnal variability, the absolute differences in
annual daily mean DARFs, if the constant MODIS/Terra (MODIS/Aqua) AOD value is used instead of ac-
counting for the observed hourly-averaged daily variability, is 1.2 (1.3) Wm�2 at the top of the atmo-
sphere, 27.5 (30.6) Wm�2 at the surface, and 26.4 (29.3) Wm�2 in the atmosphere, respectively. During
the summertime, the impact of the diurnal AOD variability on seasonal daily mean DARF estimates using
MODIS Terra (Aqua) data can reach up to 2.2 (3.9) Wm�2 at the top of the atmosphere, 43.7 (72.7) Wm�2

at the surface, and 41.4 (68.8) Wm�2 in the atmosphere, respectively. Overall, the diurnal variation in
AOD tends to cause large bias in the estimated DARF on both seasonal and annual scales. In summertime,
the higher the surface albedo, the stronger impact on DARF at the top of the atmosphere caused by dust
and biomass burning (continental) aerosol. This indicates that the impact on DARFs estimates is sensitive
to assumptions of aerosol type and surface albedo.

1. Introduction

Atmospheric aerosols affect the Earth’s energy budget directly
by scattering and absorbing the solar radiation. Known as direct
aerosol radiative forcing (DARF), these interactions are found to
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make a significant contribution to climate (e.g., Kaufman et al.,
2002; Ramanathan et al., 2007; Guo et al., 2014; Wang et al.,
2015a), affect regional atmospheric circulation (e.g., Ramanathan
and Carmichael, 2008; Yoon et al., 2005), or even delay the onset
of precipitating systems (Guo et al., 2016). In the assessment report
of IPCC (2013), the scientific understanding of DARF has been
designated as “High”. However, estimates of DARF regionally still
contain significant uncertainties due to complex aerosol sources,
strong diurnal variability, and poorly known morphology (Arola
et al., 2013). Reducing these uncertainties requires improved un-
derstanding of the spatial and temporal distribution of aerosols
properties, such as aerosol optical depth (AOD, Adhikary et al.,
2008), single scattering albedo (SSA) and asymmetry factor (ASY).

As satellite remote sensing remains the only means of observing
the large spatial and temporal variability in aerosol properties,
satellite observations have been used extensively to perform global
estimates of DARF (Chin et al., 2009; Yu et al., 2006). Based on
remote sensing observations, especially Moderate Resolution Im-
aging Spectroradiometer (MODIS) observations, significant ad-
vances have been made in quantifying the DARF under clear-sky
conditions (Yu et al., 2006). However, MODIS acquires data over a
same site twice per day due to the limited satellite revisit cycle, and
thus the lack of fine temporal samplings of AOD fromMODIS cannot
allow us to faithfully reproduce the diurnal variations of AOD
(Kuang et al., 2015).

The diurnal variability in aerosol burden can be quite significant
(Smirnov et al., 2002; Eck et al., 2003; Zhang et al., 2012; Yin and
Min, 2013). For example, Wang et al. (2015a, b) reported that
diurnal changes of AOD can reach up to 0.54 during a highly
polluted day in Hefei. The diurnal variations of AOD dramatically
impact calculations of DARF (Christopher et al., 2003). Arola et al.
(2013) reported that there can be significant biases in DARF esti-
mates in individual sites if the constant AOD value for the daily
mean was taken from the MODIS Terra or Aqua overpass times
instead of accounting for the true observed daily variability. The
AOD cycles with either maximum or minimum AOD close to local
noon caused the most significant effect on daily DARF due to the
impact of diurnal AOD variability. It has been shown byWang et al.
(2015b) that strong diurnal changes in aerosol loadings have an
impact on the 24-h averaged DARF with reported absolute errors
varying between �7.6 and 15.6 Wm-2. However, diurnal variations
of these optical properties have rarely been taken into account in
the estimates of DARF using MODIS data.

The objective of this study is to investigate the influence of AOD
diurnal variations on the estimation of DARF using MODIS data.
Here we will focus on the Beijing site located in North China Plain
where the aerosol loading is known to be very high. The de-
scriptions of the ground-based and satellite measurements, as well
as the methodologies used in this study, are given in Section 2. In
Section 3, we present the diurnal variations in hourly mean AOD,
the effects of seasonal and annual aerosol diurnal variations on the
estimate of DARF, and the sensitivity of surface albedo and aerosol
types to clear-sky DARF. Section 4 summarizes and concludes the
study.

2. Materials and methods

2.1. Site description and measurements

The Beijing observation station (39.98oN, 116.38oE, 92 m) is
situated at the northern tip of the North China Plain (Fig. 1). The
climate of Beijing is known as “continental monsoon’’ and has four
distinct seasons each year, i.e., winter (December, January and
February; DJF), spring (March, April and May; MAM), summer
(June, July and eAugust; JJA), and autumn (September, October and

November; SON). Spring is occasionally impacted by the dust
episode transported by northwesterly and westerly winds from the
Kumutage and Taklimakan deserts inwestern China or by northerly
winds fromMongolian deserts (Guo et al., 2013; Sun et al., 2001). In
summer, it is characterized by relatively hot and humid weather
and accounts for about 74% of annual precipitation (Yu et al., 2009).
Autumn is relatively clean and clear and winter is windy and dry. In
recently years, this region was plagued by deteriorated air quality
due to the high aerosol emissions caused by rapid ecomonic
development (Guo et al., 2009, 2011).

2.1.1. AERONET data

In the present study, ground-based AODs were measured using
a CIMEL 318 radiometer. This instrument is available at the AERO-
NET stations, which form a global network of sun photometers.
AERONET data are used to derive AOD and other aerosol charac-
teristics using an inversion method applied to measurements of
downwelling solar radiation (Holben et al., 1998; Dubovik and King,
2000). Standard protocol makes that AOD is provided every 15 min
for spectral bands centered at 340, 380, 440, 500, 675, 870, and
1020 nm with an accuracy of ±0.02. For the level 2.0 products, the
AOD uncertainties are of the order of 0.01 in the visible and near-
infrared channels (Eck et al., 1999). In this study, instantaneous
AOD data at 440 nm and Ångstr€om exponent within 440e675 nm
are retrieved from the cloud screened and quality-assured Level 2.0
of AERONET. AOD estimates derived from AERONET are converted
to 550 nm using the Ångstr€om coefficient within 440e675 nm (e.g.
Ångstr€om, 1929). In this research we analyzed radiometer data
from January to December 2010.

2.1.2. MODIS data

The MODIS instrument, aboard the pair of low Earth orbit (LEO)
satellites Terra and Aqua, observes the Earth with a total swath of
more than 2300 km and a revisit cycle of one to two days. MODIS
measures the TOA radiance with 36 spectral bands from 0.4 to

Fig. 1. The spatial distribution of AOD differences between MODIS/Terra AOD and
MODIS/Aqua AOD during the period from January to December 2010. The star repre-
sents Beijing AERONET station.
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14.2 mm (Salomonson et al., 1989). In this study, the Collection 6
Level 2 MOD04 and MYD04 aerosol products (Levy et al., 2013) are
considered. Instantaneous AOD values at 550 nm corresponding to
the aerosol conditions at the time of the overpass of the Terra and
Aqua satellites are disseminated with a spatial resolution of 10 km.
For each collocated MODIS- and AERONET-observed AOD data pair,
the average MODIS AOD over 3� 3 MODIS grids centered at Beijing
AERONET site has to be determined. Meanwhile, the hourly average
AOD at Beijing AERONET site is calculated from the observations
taken within ±30 min of the MODIS overpasses. Here we analyzed
radiometric data from the whole year 2010.

2.1.3. Surface albedo data

In this paper, we use the daily-averaged surface albedo (a),
which is borrowed from the climatology constructed using seven
years (2004e2010) of MODIS black-sky visible albedo. In particular,
we use the MCD43 product from collection 5.0, which is obtained
by inverting multi-date, multi-angular, cloud-free, atmospherically
corrected, surface reflectance observations acquired by the MODIS
instruments on board the Terra and the Aqua satellites over a 16-
day period. The accuracy of the high quality MODIS operational
albedo is well less than 5% at the majority of the validation sites
studied by Cescatti et al. (2012). In addition, only albedo values with
a high confidence index were used to build the albedo climatology
used in the present article. The latter was built at a spatial resolu-
tion of 0.05� � 0.05�. Black-sky albedo was preferred to white-sky
or blue sky-albedos because it is not impacted by aerosols and
therefore allows us to consider only the radiative effect arising from
the intrinsic surface properties.

2.2. Methodology

2.2.1. Aerosol radiative forcing calculations

Generally speaking, the clear-sky DARF (DF;Wm�2) is defined as
the difference between the net flux with aerosol and the net flux
without aerosol, which can be expressed as:

DFi ¼ Fnet;i � F 0net;i (1)

where i may represent “at the top of atmosphere (TOA)” or “at the
surface (SUR)”, Fnet,i represents the net flux with aerosol, and F ’net;i
represents the net flux without aerosol.

Fnet,i can be calculated as the difference between the down-
welling flux with aerosol (FY,i) and upwelling flux with aerosol
(F[,i), given as below:

Fnet;i ¼ FY;i � F[;i (2)

Similarly, F 0net denotes the difference between the downwelling
fluxwithout aerosol (F 0

Y;i) and the upwelling fluxwith aerosol (F 0
[;i),

which is formulated as follows:

F 0net;i ¼ F 0Y;i � F 0[;i (3)

Combining Eqs. (1)e(3), we obtain the following expression:

DFi ¼
�

FY;i � F[;i

�

�
�

F 0Y;i � F 0[;i

�

(4)

Since the downward flux at the top of the atmosphere is inde-
pendent of the presence of aerosols (i.e., FY,TOA ¼ F 0

Y;TOA), the clear-
sky DARF at TOA (DFTOA) is derived as follows:

DFTOA ¼ F 0[;TOA � F 0[;TOA (5)

On the other hand, the upward flux at the surface (F[,SUR) can be
estimated in terms of the downward flux and the a such as

F[;SUR ¼ aFY;SUR (6)

If i in Eq. (4) is replaced with SUR, we get the DARF at the surface
(DFSUR) as:

DFSUR ¼
�

FY;SUR � aFY;SUR

�

�
�

F 0Y;SUR � aF 0Y;SUR

�

(7)

which can be further written as:

DFSUR ¼ ð1� aÞ
�

FY;SUR � F 0Y;SUR

�

(8)

The DARF in the atmosphere (DFATM) is defined as:

DFATM ¼ DFTOA � DFSUR (9)

The daily mean DF is given by (Min and Zhang, 2013):

DF ¼
1

Tday

Z

Tsunset

Tsunrise

DF
h

q
0ðtÞ; tðtÞ

i

dt (10)

where Tday is the total number of hours in a day depending on the
difference between Tsunset and Tsunrise; Tsunrise and Tsunset are the
sunrise and sunset time; q0 is solar zenith angle and t stands for
AOD here.

2.2.2. Radiative transfer calculations

For the simulations of downward flux reaching the Earth’s sur-
face (FY,SUR and F 0

Y;SUR) and upward flux reaching the top of the
atmosphere (FY,TOA and F 0

Y;TOA), we employed the radiative transfer
model 6S (Second Simulation of a Satellite Signal in the Solar
Spectrum) (Vermote et al., 1997), which is widely used to simulate
the signals observed by a satellite sensor transmitted through a
coupled surface-atmosphere medium for a broad range of spectral,
geometrical and atmospheric situations (Kotchenova et al., 2006). A
cloudless U.S. 62 standard atmosphere is chosen to set typical
content and vertical profiles for atmospheric gases. The aerosol
model chosen for Beijing site is continental. For ground reflectance,
we consider a homogeneous and Lambertian surface with seasonal
mean surface albedo averaged from the albedo climatology pre-
sented in Section 2.1.3. In order to estimate the influence of AOD
diurnal variation on the DARF calculations using MODIS data,
seasonally averaged hourly AERONET AOD values are used as input.
In addition, both Terra and Aqua AOD are also used as input. Using
the 1-h time step, we performed the 6S calculations during a
daytime with the solar zenith angle corresponding to April 15th,
July 15th, October 15th, January 15th to get the seasonal DARF re-
sults of spring, summer, autumn and winter, respectively. Similarly,
we chose June 30th in order to get the annual results.

Estimation of DARF strongly depends on the aerosol type and
the albedo of the underlying surface (Keil and Haywood, 2003).
Therefore, sensitivity study is performed by running 6S for different
aerosol types such as dust, continental, biomass burning aerosols
and for different surface albedo values (0.1 &a& 0.9) to compute
the diurnal variation of DARF and the daily averaged DARF using
hourly averaged AODs during the daytime. Here, AOD diurnal cycle
during summertime is used.

3. Results and discussion

3.1. Diurnal variations of AOD

The diurnal variations of hourly averaged AERONET-observed
AOD at 550 nm in Beijing site for spring, summer, autumn,
winter, and the whole year of 2010 are present in Fig. 2. The vertical
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Fig. 2. Diurnal cycle (0700 LT to 1700 LT) of hourly averaged AERONET AOD at 550 nm in (a) spring (MAM), (b) summer (JJA), (c) autumn (SON), (d) winter (DJF) of the year 2010, and
(e) during the all months of January through December of 2010 at Beijing site. Note that the error bars represent one standard deviation.

Fig. 3. Scatterplots of the instantaneous DARFs (Wm-2) in the atmosphere (ATM, in red), at the top of atmosphere (TOA, in black) and at the surface (SUR, in blue) as calculated from
(a) MODIS/Terra AOD, (b) MODIS/Aqua AOD versus coincident AERONET AOD at Beijing site. The regression lines of MODIS DARFs against AERONET DARFs are given as well. Note
that all samples are limited to the period from January to December 2010. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

4



bars over the data points of each hour represent the standard de-
viation of the AOD. Only the local time (LT) range from 0700 to 1700
is considered, since the direct interaction of aerosol with the solar
radiation only happens during daytime. The annual daily averaged
AOD at Beijing is 0.46, which means that the Beijing city is highly
polluted. The seasonal daily averaged AOD presents some peaks in
spring (0.49) and summer (0.81) and the lowest values in autumn
(0.39) and winter (0.30). Gong et al. (2014) also reported a similar
value of seasonal mean AOD in Beijing, which is higher in spring
and summer and lower in autumn and winter. Seasonal daily
averaged AOD values are relatively high in spring due to the occa-
sional long-range transportation of dust aerosols upwind from dust
source regions. The highest AOD in summer is associated with
increased human activities, such as biomass burning, as well as the
hygroscopic growth of aerosols due to enhanced relative humidity
(Wu et al., 2015).

The observed AOD showed an appreciable diurnal variability.
Difference between the maximum and minimum values varies
from 0.12 to 0.41 depending on the seasons. In summer and spring,
the diurnal values of AOD are higher between 0800 LT and 1000 LT
in the morning and 1600 LT in the afternoon. During spring, the
diurnal changes of AOD are small ranging from�8 to 16% on AOD as

shown in Fig. 2a. The daily averaged AOD value in spring is 0.49
with a maximum 0.57 and a minimum 0.45. During summer, the
diurnal changes of AOD are large ranging from �26 to 25% on AOD
(Fig. 2b). The daily averaged AOD value in summer is 0.81 with a
maximum 1.01 and a minimum 0.60. This result is similar to some
previous studies on the diurnal variation of AOD (Wang et al.,
2015a, b; Kuang et al., 2015). In autumn, the value of AOD is
higher between 1000 LT and 1400 LT at noon and at 1600 LT in the
evening. During autumn, the diurnal changes of AOD are moderate
ranging from �21 to 23% on AOD (Fig. 2c). The daily averaged AOD
value in autumn is 0.39 with a maximum 0.48 and a minimum 0.31.
In winter, AOD also exhibits moderate diurnal variation, which
ranges from�21 to 36% on AOD (Fig. 2d). The averaged AOD value is
0.33 with a maximum 0.45 and a minimum 0.26, and generally
reaches the peak at 0800 LTand 1600 LT.

3.2. Comparison between instantaneous DARFs estimated by

MODIS-derived and AERONET-observed AOD

To confirm the reliability of the DARF calculated by the MODIS-
derived AOD, the instantaneous DARF calculated by the AOD
derived from MODIS/Terra and MODIS/Aqua versus that observed

Fig. 4. The diurnal variations of hourly averaged AERONET-observed AOD values (in black curves) at Beijing site in (a) spring, (b) summer, (c) autumn, (d) winter, and (e) the whole
year of 2010. The red solid circles correspond to daily mean MODIS/Terra and MODIS/Aqua AOD. The purple curves represent diurnal variation of solar zenith angle. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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from AERONET are compared in Fig. 3. In general, the DARF at TOA
and SUR are negative, whereas the DARF in ATM (energy absorbed
in the aerosol layer) is positive. The correlation coefficients of DARF
estimates calculated by MODIS/Terra AOD and AERONET-observed
AOD are 0.93 in ATM, 0.94 at TOA and 0.97 at SUR, respectively as
shown in Fig. 3a. Similarly, the DARF calculated by the MODIS/Aqua
AOD compares well with that by AERONET-observed AOD as shown
in Fig. 3b. The correlation coefficients of these two DARFs can reach
to 0.93 in ATM, 0.94 at TOA, and 0.96 at SUR, respectively. These
results show that instantaneous DARF estimated by MODIS/terra
and MODIS/Aqua AOD are both in good agreement with that
calculated by AERONET observed AOD. This good relationship be-
tween MODIS and AERONET derived instantaneous DARF revealed
that the MODIS-derived AOD could be used to estimate the DARF.

It is interesting to note that the slopes of DARF estimates
calculated by MODIS/Terra AOD and AERONET-observed AOD are
only 0.82 in ATM, 0.89 at TOA, and 0.83 at SUR, which are less than
that of MODIS/Aqua AOD with the slopes are 0.93 in ATM, 1.06 at
TOA and 0.95 at SUR, respectively. This result is not consistent with

previous studies which demonstrate that there is no significant
difference between the uncertainties in MODIS/Terra and MODIS/
Aqua AOD (Remer et al., 2005; Levy et al., 2007). The reason may be
that MODIS/Terra AOD is decreasing, whereas MODIS/Aqua is
increasing over time (Levy et al., 2010).

3.3. Influence of AOD diurnal cycle on clear-sky DARF

The averaged MODIS-derived (including Terra and Aqua) AOD
values and diurnal variations of hourly averaged AOD values
observed by AERONET for spring, summer, autumn, winter and the
whole year of 2010 are superimposed in Fig. 4. The diurnal cycles of
solar zenith angle at the Beijing site on Jan. 15th, Apr. 15th, Jul. 15th,
Nov. 15th and Jun. 30th 2010 are plotted in Fig. 4 as well. The five
plots correspond to spring, summer, autumn, winter and year-
round averages, respectively.

The diurnal variations of DARF at TOA calculated using constant
MODIS-derived AOD (including Terra and Aqua) during the daytime
for each season and the year-round are shown in Fig. 5. The

Fig. 5. Diurnal variations of clear-sky DARFs at TOA in spring (a), summer (b), autumn (c), winter (d), and the whole year (e), which take the following three AODs as inputs into
radiative transfer models: 1. hourly averaged AERONET-observed AOD in Fig. 3 (green solid circles); 2. constant MODIS/Terra AOD (blue solid circles); 3. constant MODIS/Aqua AOD
(red solid circles). The vertical lines correspond to Terra and Aqua crossing times. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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seasonal and annual means of DARF at TOA are negative throughout
the year of 2010 in Beijing City. The reason to this may be that the
dominant aerosols in the metropolitan area are scattering aerosols
which typically exert a negative DARF (Gong et al., 2014). In order to
quantify the impact of AOD diurnal variation on the estimation of
daily averaged DARF at TOA using MODIS-derived AOD, the diurnal
variations of DARF at TOA calculated using hourly averaged
AERONET-observed AOD are shown in Fig. 5 as well. It can be seen
that the diurnal variation of the DARF at TOA calculated using
hourly AOD variability is dependent on both the variation of solar
zenith angle and the AOD diurnal cycle. Similar to the case of AOD
diurnal variations (see Fig. 2), largest diurnal variations were
observed in the DARF in ATM, at TOA and SUR, during summertime.
This means, if the constant MODIS-derived AOD value is used
instead of the true AOD variability, it might result in a large bias in
the estimation of daily average DARF at TOA and SUR when the
diurnal variation of AOD is significant. This result is consistent with
the research of Arola et al. (2013), which demonstrate that, for in-
dividual site; there can be significant biases in the estimates of

DARF due to the diurnal AOD variability. Using constant MODIS/
Terra or MODIS/Aqua AOD value generally leads to overestimating
of the negative daily averaged DARF at TOA, due to the over-
estimation of MODIS-derived AOD. Because the dominant aerosols
in Beijing are scattering aerosols, a larger AOD will cause more
scattering of incident solar radiation by atmospheric aerosol, more
light reflected into space, and thus a larger negative DARF at TOA.
Similar to DARF at TOA, daily averaged DARF at SUR is also over-
estimated by using constant MODIS-derived AOD value instead of
AOD variability (Fig. 6). The reason maybe that the overestimation
of scattering aerosols will therefore result in less light reaching the
surface, and thus a larger negative DARF at SUR. In contrast to the
case of DARF at TOA and SUR, due to the AOD cycle, daily averaged
DARF in ATM is always underestimated by using constant MODIS-
derived AOD value (Fig. 7).

The diurnal cycle of AOD cannot be captured by using MODIS/
Terra or MODIS/Aqua data alone, because only one AOD estimate is
available per day at most. Therefore, differences in daily averaged
DARF in ATM, at TOA and SUR for each season and the year-round

Fig. 6. Diurnal variations of clear-sky DARFs at SUR in spring (a), summer (b), autumn (c), winter (d), and the whole year (e), which take the following AODs as inputs into radiative
transfer models: 1. hourly averaged AERONET-observed AOD in Fig. 3 (green solid circles); 2. constant MODIS/Terra AOD (blue solid circles); 3. constant MODIS/Aqua AOD (red solid
circles). The vertical lines correspond to Terra and Aqua crossing times. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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are shown in Fig. 8, when the constant MODIS/Terra or MODIS/
Aqua AOD value is used instead of AERONET-observed AOD vari-
ability. If constant MODIS/Terra or MODIS/Aqua AOD is used, the
daily averaged DARF at TOA is absolutely overestimated by the
range of 0.2e3.9 Wm-2 (4.4e34.2% in relative ones) with 2.0 Wm-2

on average for each season and by around 1.2 Wm-2 for the year-
round (Fig. 8a). It is interesting to note that the AOD diurnal vari-
ation in spring is small than in autumn, but the difference in DARF
at TOA in spring is larger than that in autumn. The reason may be
that the maximum AOD occurred around Terra overpass time. This
results indicating that larger bias may exist in the estimation of
daily averaged even if the AOD diurnal variation is small. Similar
scientific findings have been offered in previous literature (e.g.,
Kassianov et al., 2013), which demonstrated that the bias in the 24-
h average DARF estimations due to a limited diurnal coverage of
AOD (only morning or evening observations available) could be as
large as 100%. Similarly, the diurnal AOD cycle induces a variation
between the DARF at SUR calculated by AERONET-observed AOD
variability and the constant MODIS-derived AOD from 4.9 to

72.7 Wm�2 in absolute values with 38.8 Wm-2 on average for each
season and by around 29.0 Wm-2 for annual (Fig. 8b). In ATM, the
bias caused by using constant MODIS-derived AOD varies from to
4.7 to 68.8Wm-2with 36.8Wm-2 on average for each season and by
around 28.0 Wm-2 for annual (Fig. 8c). These result indicating that
AOD diurnal variations play a significant role in the estimation of
DARFs. Consequently, the influence of diurnal AOD variability on
the estimates of daily average DARF at TOA using MODIS-derived
AOD cannot be ignored.

3.4. Sensitivity of MODIS-derived DARF to surface albedo and

aerosol types

Previous studies suggested that DARFs are sensitive to the al-
bedo of the underlying surface (Seinfeld, 2008; Chylek et al., 1974;
Ma and Yu, 2012). Brighter surfaces reflect more solar radiation to
the atmosphere and thus lead to more re-absorption and re-
scattering of solar radiation by aerosols (Zhuang et al., 2014). To
quantify the effects of surface albedo on the estimation of DARF

Fig. 7. Diurnal variations of clear-sky DARFs in ATM in spring (a), summer (b), autumn (c), winter (d), and the whole year (e), which take the following AODs as inputs into radiative
transfer models: 1. hourly averaged AERONET-observed AOD in Fig. 3 (green solid circles); 2. constant MODIS/Terra AOD (blue solid circles); 3. constant MODIS/Aqua AOD (red solid
circles). The vertical lines correspond to Terra and Aqua crossing times. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)
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using MODIS-derived AOD over Beijing, sensitivity tests were car-
ried out as described in Section 2.2.2. Using constant MODIS-
derived AOD during the daytime, the daily averaged DARFs in
ATM, at TOA and SUR during summertime under different surface
albedos are calculated as shown in Fig. 9. At TOA, estimated DARF
using constant MODIS/Terra or MODIS/Aqua AOD is negative over
dark surface (a < 0.2) and positive over bright surface (a > 0.2). The
reason for this may be due to that less radiation is scattered by
scattering aerosols in Earth-atmosphere system with brighter sur-
faces. A similar conclusion is reached from previous study (Zhuang
et al., 2014). Changes in DARF at SUR are different, as it becomes less
negative with increasing surface albedo. Finally, DARF in ATM

decreases with increasing surface albedo. These results indicate
that the MODIS-derived DARF is sensitive to surface albedo.

In order to study the impact of different albedos on the esti-
mation of DARF using MODIS-derived AOD, the daily averaged
DARFs in ATM, at TOA and SUR in summer under different surface
albedos, calculated by hourly averaged AERONETeobserved AODs
during the daytime, are shown in Fig. 9 as well. Fig. 9a shows that
the bias in the estimated DARF at TOA caused by using constant
MODIS-derived AOD is lowest for a relatively dark surface (surface
albedo of 0.2). When the surface albedo is lower (larger) than 0.2,
the bias decreases (increases) for a higher surface albedo. Due to
AOD variability, the bias in the estimated DARF at SUR (in ATM)

Fig. 9. Simulated daily averaged DARFs at TOA (a), at SUR (b), and in ATM (c) during the summertime based on the assumptions of various surface albedo, which take the following
AODs as inputs into radiative transfer models: 1. hourly averaged AERONET-observed AOD in Fig. 3 (green solid circles); 2. constant MODIS/Terra AOD (blue solid circles); 3. constant
MODIS/Aqua AOD (red solid circles). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 8. Histograms of seasonal and annual differences in daily averaged DARFs at TOA (a), at SUR (b), and in ATM (c). Blue (Red) bar is the difference in daily averaged DARFs between
hourly averaged AERONET and observed AOD throughout the daytime and constant MODIS/Terra (MODIS/Aqua) AOD. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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caused by using constant MODIS-derived AOD is lower over bright
surfaces than over dark surfaces, due to the less negative (positive)
DARF at SUR (in ATM).

Except surface albedo, aerosol type is also important for the
estimation of DARF, especially at the top of the atmosphere.
Whether aerosols exert a net cooling or a warming effect will
depend on the aerosol type and the albedo (Chand et al., 2009; Keil
and Haywood et al., 2003). In order to quantify the impact of
different aerosol types on the estimation of DARF, sensitivity tests
are carried out as described in Section 2.2.2. Table 1 show the daily
averaged DARFs at TOA, as well as the influence of AOD diurnal
cycle on DARF in summer for different aerosol types such as dust,
continental, and biomass burning aerosols under different surface
albedos (a ¼ 0.1, 0.2 and 0.3). For dust aerosols, the surface albedo
at which DARFs at TOA change from negative to positive is larger
than 0.3. As for continental aerosols, it is a totally different story.
The reason may be related to the difference in the scattering
properties of these two aerosol types. In general, DARFs at TOA are
negative over dark surface (a ¼ 0.1) for dust, continental and
biomass burning aerosols, indicating these aerosols have a cooling
effect on Earth system. This result is consistent with previous study
(Yu et al., 2006). The diurnal AOD cycle cannot be captured by
means of MODIS AOD data, which makes us choose AERONET AOD
to estimate DARF and thus assess their differences. It can be clearly
seen that, for negative DARFs, the higher the surface albedo, the
stronger impact on estimates of DARFs at TOA. For dust aerosols, the
impact on estimates of DARFs using constant MODIS/Terra (MODIS/
Aqua) data estimates can reach up to 117.6% (233.4%). The magni-
tude of influence becomes 37.8% (67.6%) for biomass burning
aerosols. However, for continental aerosols, the impact on esti-
mates of DARFs using constant MODIS/Terra (MODIS/Aqua) data
estimates is less than 20.2% (36.0%). Interestingly, the biases in the
calculation of DARF at TOA caused by using MODIS/Aqua AOD
seems systematically to be larger compared with using MODIS/
Terra AOD. The underlying factors leading to this differencewarrant
a further investigation in the future.

4. Summary

In this study the influence of the diurnal variation in AOD on the
MODIS (aboard Terra and Aqua) - derived DARFs at the top of the
atmosphere, surface and in the atmosphere has been investigated
at the AERONET Beijing site, China, during the year of 2010. To
perform such an investigation, we calculated seasonal and annual
mean of the hourly averaged AERONET observed AOD data as input
for the radiative transfer code 6S, and compared them to the daily
averaged DARF calculated using single MODIS Terra and Aqua AOD
values as inputs.

Assuming constant MODIS/Terra (MODIS/Aqua) AOD
throughout the daytime instead of the observed diurnal variation of

AOD in determining daily averaged DARF, we found that the daily
averaged DARF estimates is on average underestimated by around
2.0 Wm�2 at TOA and around 38.8 Wm�2 at SUR. By contrast, it is
overestimated by around 36.8 Wm�2 in terms of DARF in ATM. The
impact on DARF estimates using MODIS-derived AOD data not only
depend on the diurnal variation of AOD during the daytime but also
depend on whether the maximum AOD occurred around the Terra
or Aqua overpass time.

The impact of using MODIS-derived AOD for estimation of DARF
at TOA is sensitive to surface albedo and aerosol type. For negative
DARFs, the impact on estimates of DARFs at TOA using constant
MODIS AOD data grows with the increase in surface albedo. For
different aerosol types, DARF estimates at TOA changes from
negative to positive, depending on the surface albedo. For dust
aerosols, the impact on estimates of DARFs using constant MODIS/
Terra (MODIS/Aqua) data estimates can reach up to as large as
117.6% (233.4%). Therefore, special care must be takenwhen aiming
to obtain accurate DARF calculations at TOA for dust and biomass
burning aerosols over dark surface (a ¼ 0.2) based on MODIS data
alone.
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