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Abstract 29 

  Due to the substantial warming effect of dust aerosols overlying clouds and its poor 30 

representation in climate models, it is imperative to accurately quantify the direct radiative 31 

forcing (DRF) of above-cloud dust aerosols. When absorbing aerosol layers are located above 32 

clouds, the warming effect of aerosols strongly depends on the cloud macro- and micro-physical 33 

properties underneath, such as cloud optical depth and cloud fraction at visible wavelength. A 34 

larger aerosol-cloud overlap is believed to cause a larger warming effect of absorbing aerosols, 35 

but the influence of overlapping cloud fraction and cloud optical depth remains to be explored. In 36 

this study, the impact of overlapping cloud properties on the shortwave all-sky DRF due to 37 

springtime above-cloud dust aerosols is quantified over northern Pacific Ocean based on 10-year 38 

satellite measurements. On average, the DRF is roughly 0.62 Wm−2. Furthermore, the warming 39 

effect of dust aerosols linearly increases with both overlapping cloud fraction and cloud optical 40 

depth. An increase of 1% in overlapping cloud fraction will amplify this warming effect by 1.11 41 

Wm−2
τ

-1. For the springtime northern Pacific Ocean, top-of-atmosphere cooling by dust aerosols 42 

turns into warming when overlapping cloud fraction is beyond 0.20. The variation of critical 43 

cloud optical depth beyond which dust aerosols switch from exerting a net cooling to a net 44 

warming effect depends on the concurrent overlapping cloud fraction. When overlapping cloud 45 

coverage range increases from 0.2-0.4 to 0.6-0.8, the corresponding critical cloud optical depth 46 

reduces from 6.92 to 1.16. Our results demonstrate the importance of overlapping cloud 47 

properties for determining the springtime warming effect of dust aerosols.  48 
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1 Introduction 49 

    Dust aerosols play an important role on regional and global energy budget directly by 50 

scattering and absorbing the shortwave solar radiation, while the magnitude remains uncertain 51 

(Sokolik et al., 2001; IPCC, 2007; Wang et al., 2010). The direct radiative forcing (DRF) of dust 52 

aerosols at top-of-atmosphere (TOA) is strongly dependent on both the albedo of the underlying 53 

surface and the optical and microphysical properties of dust aerosols (Shen and Wei, 2000; 54 

Wang et al., 2013). Over dark surfaces (e.g. Ocean), the scattering effect of dust aerosols in 55 

clear-sky is generally predominant, leading to a negative DRF (i.e., cooling) at TOA. However, 56 

when dust aerosols reside above cloud, the absorption of dust aerosol particles on solar radiation 57 

can be significantly enhanced by cloud reflection, which can offset or even mask the scattering 58 

effect of the aerosol. Thus, above-cloud dust aerosols (ACDA) produce a lessoned negative 59 

effect or even positive effect at TOA (Abel et al., 2005; Chand et al., 2009; Keil and Haywood, 60 

2003; Meyer et al., 2013; Zhang et al., 2014), and thus potentially affect the regional radiation 61 

budget, hydrological cycle and large-scale circulations (Wang et al., 2014; Wang et al., 2015; 62 

Guo et al., 2016a; Li et al., 2016; Guo et al., 2017a). During springtime, dust aerosols from arid 63 

and semi-arid regions of China and Mongolia can travels a long distance off the eastern coasts of 64 

China and sometimes reaches North America beyond the Pacific Ocean (Holzer et al. 2003; Dai 65 

et al., 2015). Due to the high cloud fraction over the Pacific Ocean throughout the year, there are 66 

frequent occurrences of dust aerosols residing above low-level clouds over this region 67 

(Murayama et al., 2001; Zhang et al., 2016). Thus, an accurate quantification of TOA DRF of 68 

springtime ACDA over northern Pacific Ocean is necessary to improve the assessment of their 69 

climate impacts. 70 

It is well known that the estimation of the TOA DRF of aerosols overlying clouds depends 71 

largely on the single scattering albedo (ω) of aerosols (Chand et al., 2009). As ω is less than 0.83, 72 

aerosols tend to lead to a warming effect at the top-of-atmosphere. In contrast, aerosols tend to 73 

lead to a cooling effect as ω exceeds 0.91 (at visible wavelengths) (Podgorny and Ramanathan, 74 

2001). Noh (2014) comprehensively documented the vertically-resolved and total layer-mean ω 75 

of the mixed-dust plumes using multiwavelength Raman lidar, and found that the ω value (532 76 

nm) of Asian dust plumes mixed with industrial/urban pollution particles range 0.71 to 0.95. 77 
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However, the impact of the uncertainty of ω on the estimation of the warming effect of dust 78 

aerosols overlying clouds remains unknown.  79 

To represent the global and regional DRF of above-cloud aerosols accurately, the large-scale 80 

measurements of aerosol and cloud properties, and aerosol-cloud overlap are needed (de Graaf et 81 

al., 2014; Devasthale and Thomas, 2011), which can only be obtained by satellite. However, 82 

passive satellite sensors only provide aerosol retrievals under cloud-free conditions (Kahn et al., 83 

2005; Remer et al., 2005). Until recently, A-Train, a constellation of several satellites carrying a 84 

suite of active and passive sensors with enhanced capabilities emerged (Stephens et al., 2002), 85 

has been able to provide global-scale measurements of above-cloud aerosols. Active sensors 86 

such as the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) onboard the Cloud-87 

Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite can measure the 88 

properties of aerosols even on a cloudy day, as long as the aerosol layer is situated above the 89 

clouds (Winker et al., 2009; Guo et al., 2016b). Combining the CALIOP data with measurements 90 

of regional cloud cover from the Moderate Resolution Imaging Spectroradiometer (MODIS), 91 

Chand et al. (2009) showed that the regional mean DRF of aerosols is strongly dependent on 92 

underlying cloud fraction (CF). A larger CF will cause a larger warming effect of aerosols. They 93 

also defined the critical CF at which the TOA DRF of above-cloud aerosols changes sign from 94 

negative to positive. On global scale, the shortwave DRF due to above-cloud aerosols are also 95 

found modulated by the optical depth of cloud (COD) (Zhang et al., 2014). Apart from the 96 

underlying CF and COD, whether aerosols exert a net positive or negative direct radiative 97 

forcing, is shown to be influenced by spatial distribution of cloud with respect to the overlying 98 

aerosol layers (Chand et al., 2009). As the amount of overlap increases, the system is likely to 99 

exert a net warming effect in case of absorbing aerosols (Devasthale and Thomas, 2011, 2011). 100 

However, few efforts have been devoted to quantitatively explore how overlapping COD and CF 101 

impact the DRF of above–cloud aerosols.  102 

The objective of the present study is to assess the impact of overlapping CF and COD clouds 103 

on the springtime warming effect of dust aerosols. As such, we estimate 10-years (2007-2016) 104 

shortwave all-sky TOA DRF due to springtime ACDA over the northern Pacific Ocean based on 105 

long-term CALIOP data and simultaneous MODIS observations.  106 
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2 Study area 107 

During the spring season, the major sources of dust aerosols are the Taklimakan Desert in 108 

western China and the Gobi desert in Mongolia and northern China (Zhang et al., 1993; Sun et 109 

al., 2001). Dust aerosols lifted by the strong surface level westerly winds can travels a long 110 

distance off the eastern coasts of China to Japan (Ma et al., 2005), Korea (Mori et al., 2003; Kim 111 

et al., 2004), and even further to North America beyond the Pacific Ocean (Huang et al., 2010). 112 

During the same time period, large amounts of low level clouds are also present over northern 113 

Pacific Ocean (Devasthale and Thomas, 2011), resulting in high occurrence frequency of ACDA 114 

over this region (~10%) (Zhang et al., 2016). Figure 1 shows an example of dust aerosol features 115 

resided over cloud features during a daytime CALIPSO pass on 1st April 2007. Over Ocean, the 116 

RGB composite image of MODIS data shows the clouds in white and the dust aerosols in yellow. 117 

When dark yellow dust passes over the bright white cloud deck, it reduces the clouds’ ability to 118 

reflect solar radiation sunlight back to space and darkens the scenes. As also illustrated in Figure 119 

1, the dust aerosol particles are widely observed over the northeastern part of China, Korea and 120 

Japan, which further corroborated that the aerosols above clouds is dust aerosols. In this study, 121 

the northern Pacific Ocean within the region (20°N-60°N, 110°E-110°W) is chosen in attempt to 122 

analyze the impact of overlapping cloud properties on the springtime warming effect of dust 123 

aerosols. The time period refers to the springtime (March–May) for the period from 2007 to 2016.  124 

3 Data 125 

3.1 CALIOP aerosol and cloud layer products 126 

The space-borne lidar CALIOP, on board the CALIPSO satellite, was launched in April 2006 127 

(Winker et al., 2007). CALIOP are in a 705 km sun-synchronous polar orbit with an equator-128 

crossing time of about 1:30 PM, local solar time. The orbit is controlled to repeat the same 129 

ground track every 16 days with cross-track errors of less than ±10 km. The orbit inclination of 130 

98.2° provides global coverage between 82°N and 82°S. Using the two 532-nm receiver channels 131 

and a channel measuring the total 1064-nm return signal, CALIOP measures the detailed vertical 132 

distribution of aerosols and clouds along with their microphysical and optical properties (Winker 133 

et al., 2009). The CALIOP level 1B data products reports the profiles of attenuated backscatter 134 
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coefficients (Powell et al. 2009). Based on these level 1 profiles, aerosol and cloud layers are 135 

detected using “feature finder” algorithm and cloud-aerosol discrimination (CAD) algorithm. 136 

And their top and bottom heights and layer integrated properties are record in CALIOP level 2 137 

products (Vaughan et al. 2004; Vaughan et al., 2009). 138 

In this study, we use CALIOP level-2 Version 3 aerosol and cloud layer products of 139 

“CAL_LID_L2_05kmALay” and “CAL_LID_L2_05kmCLay” at a nominal 5 km horizontal 140 

resolution for above-cloud aerosol pixels identification, and for information on the properties of 141 

aerosol layers, including aerosol type, AOD, and layer top and bottom height. The detected 142 

aerosol layers are further classified into six sub-types, including polluted continental, biomass 143 

burning, desert dust, polluted dust, clean continental and marine (Omar et al., 2009). We only 144 

consider the dust aerosols in this paper. In addition to physical properties, the CALIOP layer 145 

products also provide various metrics and flags on data quality assurance. These include cloud-146 

aerosol discrimination (CAD) score (Liu et al., 2009), horizontal averaging scale, extinction 147 

quality control (QC) flag, and estimated uncertainty of the layer AOD. Here, we apply these 148 

metrics (see Table 1) suggested by the CALIPSO science team to screen for reliable retrievals 149 

(e.g., Winker et al., 2013). Prior to the calculation of DRF, all of the valid AOD data along the 150 

ground track of CALIOP are averaged over a 1º×1º grid. 151 

3.2 MODIS daily level-3 cloud property product 152 

The MODIS instrument is aboard the Earth Observing System (EOS) Terra and Aqua 153 

satellites, launched in 1999 and 2002, respectively. MODIS scans a swath width of 2330 km that 154 

is sufficiently wide to provide nearly complete global coverage every two days from a polar-155 

orbiting, sun-synchronous, platform at an altitude of 705 km (Salomonson et al., 1989; Remer et 156 

al., 2005). MODIS measures the TOA radiance with 36 spectral bands from 0.415 to 14.235 µm 157 

with spatial resolutions of 250 m (two bands), 500 m (five bands), and 1000 m (29 bands). 158 

Twenty-six bands are used to derive cloud physical and optical properties such as cloud optical 159 

thickness, cloud effective particle radius, cloud water path, as well as cloud fraction (Platnick et 160 

al., 2003). 161 

MODIS Level-3 MOD08 (Terra) and MYD08 (Aqua) datasets are summarized over a 1°×1° 162 

global grid for daily time scales (Levy et al., 2009). In this paper, we use the collection 051 163 
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MYD08 dataset for information on the physical and radiative properties of clouds collocated 164 

with dust aerosols atop, including the daily averaged COD at 860 nm, cloud phase, cloud 165 

effective radius and cloud fraction.   166 

3.3 Ancillary Aerosol Index information 167 

The Ozone Monitoring Instrument (OMI) is flown on NASA's EOS Aura spacecraft in July 15, 168 

2004. The Aura spacecraft circulates in a 98.2° inclination, sun-synchronous polar orbit at 705-169 

km altitude, with a local afternoon equator crossing time at 13:45 (ascending node), providing 14 170 

orbits a day. OMI measures the complete spectrum in the ultraviolet–visible (UV/VIS) 171 

wavelength range with a very high spatial resolution (13 km×24 km) and daily global coverage 172 

(Levelt et al., 2006). As is well known that there exist large uncertainties of MODIS AOD in 173 

spring over northeastern Asian countries due to the high terrestrial surface reflectivity, we have 174 

to use the Aerosol Index (AI) product derived from OMI. The AI is retrieved based on two UV 175 

channels, which shows high accuracy in charactering dust aerosol loading in spring (Herman et 176 

al., 1997; Torres et al., 2007). Therefore, AI dataset here has been utilized to investigate the 177 

spatial pattern of springtime dust aerosols and their trans-Pacific transport from arid and semi-178 

arid regions of China and Mongolia to North America (Guo et al., 2017b).  179 

3.4 Radiative transfer model RRTM_SW 180 

The calculation of the shortwave DRF of above-cloud dust aerosols requires an appropriate 181 

radiative transfer model. As such, here we use the RRTM_SW (shortwave rapid radiative 182 

transfer model), from which fluxes and heating rates can be derived for the shortwave spectral 183 

regime (from 820 to 50,000 cm-1). The model outputs can be generally applied to the studies 184 

associated with atmospheric radiative transfer and general circulation models (GCMs) (Clough et 185 

al., 2005).  186 

4 Methods 187 

First of all, occurrence frequency of ACDA is calculated for each 1° × 1° grid containing 188 

ACDA pixels based on the CALIOP aerosol and cloud profiling data (Section 4.1). Second, their 189 

corresponding TOA shortwave all-sky DRFs will be quantified, using the CALIOP and MODIS 190 
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observations, in combination with the RRTM_SW model simulations over northern Pacific 191 

Ocean (Section 4.2). 192 

4.1 Computation of occurrence frequency of above-cloud dust aerosols 193 

For each 1̊×1̊ grid box, the ACDA occurrence frequency (ƒ����) is defined as the ratio of 194 

ACDA columns to total cloudy columns sampled by CALIOP, following Zhang et al. (2016):  195 

																										ƒ����(�∗) = 	 ����
�������

																																																																																										(1) 196 

where t∗ denotes the CALIOP crossing time, ƒ���� denotes the fraction of cloudy columns with 197 

dust aerosols overlying clouds, Ncloudy is the total number of cloudy columns sampled by 198 

CALIOP within the grid, and NACDA is the number of ACDA columns that have been identified 199 

as the dust aerosol by CALIOP.  200 

4.2 Computation of all-sky TOA DRF due to ACDA 201 

4.2.1 Definitions of the all-sky TOA DRF due to ACDA 202 

   For each 1̊×1̊ grid box, diurnal average shortwave all-sky TOA DRF (��������������������� in units of 203 

Wm-2) containing ACDA is calculated following Min and Zhang (2014):  204 

��������������������� = 	 124! {#1 − ƒ%(�)&��%�'�(����#)*(t), -�(t)&
./�0/12

3/�045/1
 

											+ƒ%(t)��%�789:����#)*(t), -�(t), -%(t)&}dt 
                                                                                                                                     (2)                                                                                                          205 

where the upper bar “-” indicates the diurnal average, the normalization factor 1/24 is to obtain 206 

the diurnal average from hourly instantaneous computations, ƒ=(�) denotes the instantaneous 207 

cloud fraction, ��%�'�(����(�) and ��%�'�(����(t) represent the hourly instantaneous DRF over 208 

the clear-sky and cloudy-sky region of the grid, respectively, )*(�) is the instantaneous solar 209 

zenith angle,  -�(�) and -%(�) stands for the instantaneous AOD and COD, respectively. Because 210 

the orbit of CALIOP only provides a single snapshot of the diurnal cycle during daytime 211 

(another during night time), we omit the diurnal variation of τa, and only use the value during the 212 
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daytime CALIOP at time t* (roughly 1:30 p.m. local time). As such, we can rewrite the ��������������������� 213 

as follows: 214 

��������������������� ≈ #1 − ƒ%(�∗)& ×	 124! ��%�'�(����#)*(t), -�(�∗)&@�
./�0/12

3/�045/1
 

																																	+ƒ%(�∗) × A
BCD ��%�789:����#)*(t), -�(�∗), -%(�∗)&@�./�0/12

3/�045/1          (3) 215 

In Eq. (3), cloudy-sky DRF of dust aerosols includes the DRF of dust aerosols above-cloud, 216 

below-cloud and within cloud. Here we simply assume cloudy-sky aerosol DRF mainly 217 

contributed to ACDAs. This is a reasonable assumption for TOA DRF (Zhang et al., 2016). 218 

Based on this assumption, we can rewrite Eq. (3) as: 219 

��������������������� ≈ #1 − ƒ%(�∗)& ×	 124! ��%�'�(����#)*(t), -�(�∗)&@�
./�0/12

3/�045/1
 

																																	+ƒ%(�∗) × ƒ����(�∗) A
BCD ������#)*(t), -�(�∗), -%(�∗)&@�./�0/12

3/�045/1   (4) 220 

where ƒ���� (�∗) is the occurrence frequency of ACDA observed at the CALIOP crossing time 221 

defined in Eq. (1), and ������(�∗) is the hourly instantaneous DRF of ACDA. 222 

4.2.2 Computation of instantaneous all-sky TOA DRF due to ACDA 223 

As shown in Eq. (4), once the instantaneous ������(�∗)	and ��%�'�(����	(�∗) is known, we 224 

can easily obtain ���������������������  from the integral. In this section, we explain how the instantaneous 225 

������(�∗) and ��%�'�(����	(�∗) are computed. Generally speaking, the ������	is defined as the 226 

difference between the net flux with aerosol above cloud and that without aerosol above cloud, 227 

which can be expressed as:  228 

          ∆����� = �F'.,���� − �F'.,����G                                                                        (5) 229 

where �F'.,���� represents the net flux with aerosol above cloud, and �F'.,����G  represents the 230 

net flux without aerosol above cloud. 231 

�F'.,���� can be calculated as the difference between the downwelling flux with aerosol above 232 

cloud (�↓,����) and upwelling flux with aerosol above cloud (�↑,����), as given as below: 233 

          �F'.,���� = 	�↓,���� −	�↑,����                                                                         (6) 234 
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Similarly, �F'.,����G  denotes the difference between the downwelling flux without aerosol 235 

above cloud (�↓,����G ) and the upwelling flux without aerosol above cloud (�↑,����G ), which is 236 

formulated as: 237 

             �F'.,����G = 	�↓,����G −	�↑,����G                                                                       (7) 238 

Combining Eq. (5-7), we obtain the following expression: 239 

             ∆����� = (�↓,���� − �↑,����) − (�↓,����G − �↑,����G )                                   (8) 240 

Since the downward flux at the top-of-atmosphere is independent of the presence of aerosols 241 

above cloud (i.e., �↓,����=�↓,����G ), we can rewrite Eq. (8) as: 242 

               ΔF���� = F↑,LMNLG − F↑,LMNL	                                                                           (9) 243 

Similar to ΔF����, the ��%�'�(����	is formulated as:  244 

               ΔF%�'�(���� = F↑,=OPQR�ST:G − F↑,=OPQR�ST:	                                                       (10) 245 

where F↑,=OPQR�ST:G  and F↑,=OPQR�ST:	 represent the upwelling flux with and without aerosol in clear 246 

sky, respectively. 247 

4.2.3 Radiative transfer simulations 248 

For the simulations of upward flux reaching the top-of-atmosphere over the region where dust 249 

aerosols overlie clouds (F↑,LMNLG  and F↑,LMNL	 ), we derive the AOD (τa) from the CALIOP level-2 250 

aerosol layer product and COD (τc) and cloud effective radius from MODIS daily level-3 product, 251 

all of which serve as key input parameters of the RRTM_SW model. In addition to AOD and 252 

COD, the scattering properties of dust aerosols including single scattering albedo (ω) and phase 253 

function (g) are also necessary for these simulations. However, the MODIS and CALIOP 254 

products could not provide the ω and g. Therefore, here we use ω and g as described in Omar et 255 

al. (2009) for dust aerosols in order to be consistent with the CALIOP operational retrieval 256 

algorithm. Figure 2 shows the spectrally dependent single scattering albedo and phase function 257 

of dust aerosols calculated using Mie code (Wiscombe, 1980) for the RRTM-SW bands. It 258 

should be noted that a bimodal lognormal size distribution and a single refractive index of 259 

1.414+0.004i are assumed for all wavelengths (Omar et al., 2009). In order to obtain the 260 

simulations of upward flux reaching the top-of-atmosphere over the clear-sky region (F↑,=OPQR�ST:G  261 
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and	F↑,=OPQR�ST:	 ), only the τa, ω and g of dust aerosols have been taken for RRTM_SW model. In 262 

addition, a U.S. standard atmosphere model is chosen to set atmospheric vertical profiles of 263 

pressure and temperature.  264 

Estimation of DRF strongly depends on the single scattering albedo of aerosols, so sensitivity 265 

study is performed by running RRTM_SW for different single scattering albedo values (0.8 ≤ ω 266 

≤ 0.98) to get the diurnal average all-sky DRF due to above-cloud dust aerosols. 267 

5 Results and discussions 268 

5.1 Occurrence frequency of ACDA 269 

    The springtime spatial distribution of ACDA occurrence frequency (OF) over the northern 270 

Pacific Ocean is examined in Figure 3a. The maximum OF is observed off the coastal areas of 271 

East Asia with values as high as 12%, exhibiting a pronounced decreasing pattern along west-272 

east direction. The spatial distributions of satellite-derived aerosol index (AI) over the dust 273 

source region indicate that dust aerosols can be seen across the whole nothern China in spring. 274 

Overall, the episodes of ACDA frequent the northern Pacific Ocean due to the high OF detected 275 

over there, which is consistent with Devasthale and Thomas (2011). However, much higher OF 276 

of 0.1 was revealed by Zhang et al. (2016), which was limited to northwestern Pacific Ocean.  277 

The OF vertical profiles of overlapping dust aerosols and clouds during springtime over the 278 

northern Pacific Ocean are shown in Figure 3b. It indicates that the bases of dust aerosols layers 279 

are 2-3 km high in most cases while the bulk of cloud layers have their tops within 0.5-1.5 km. 280 

Note that the climatological vertical profiles in Figure 3b are averaged over different scenarios 281 

during 10 years, so the large overlap between dust and cloud layers near 2 km altitude does not 282 

necessarily mean the physical contact between dust particles and clouds. For about 60% of 283 

overlapping events, dust aerosol layers are lofted within 1km above underlying cloud layers. In 284 

contrast, the cloud layer tops are within 3km below the dust aerosol layer bases for more than 90% 285 

of overlapping events (Figure 4).  286 
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5.2 Correlational analyses between all-sky TOA DRF due to ACDA and overlapping cloud 287 

properties 288 

    Since the direct radiative forcing due to aerosols overlying clouds is, apart from the cloud 289 

properties beneath the aerosol layers, shown to be influenced by the amount of aerosol-cloud 290 

overlap, it is necessary to investigate the impact of the overlapping cloud properties on the direct 291 

radiative effect due to above-cloud dust aerosols. To better demonstrate the correlation between 292 

the overlapping cloud properties and the direct radiative effect due to above-cloud dust aerosols, 293 

here we applied direct radiative forcing efficiency (RFE, defined as the change in DRF per unit 294 

AOD change) instead of DRF.  295 

    Figure 5a shows the geographical distribution of the correlation coefficients (R) between 296 

springtime all-sky TOA RFE due to above-cloud dust aerosols and its occurrence frequency for 297 

the period 2007 to 2016. Most of the R value is larger than zero, indicating dust aerosols 298 

overlying clouds generally has a warming effect over this region. The reason seems to be that 299 

clouds can increase of the absorption of absorbing aerosols of the incident radiation by reflecting 300 

a large amount of solar radiation to the atmosphere and above-cloud aerosol layers, leading the 301 

above-cloud aerosols has a warming effect on the top-of-atmosphere. As shown in Figure 5b, 302 

TOA RFE also has a positive association with underlying cloud fraction, reinforcing further the 303 

possible warming effect of dust aerosols.  304 

Similar to the underlying cloud fraction and occurrence frequency of above-cloud dust 305 

aerosols, overlapping cloud fraction that only includes the cloud features with overlying aerosol 306 

layers is still positively associated with the springtime warming effect of dust aerosols (Figure 307 

5c). This finding is well consistent with previous studies, which demonstrate that both the cloud 308 

fractional coverage and its spatial distribution with respect to the overlying aerosol layers exert 309 

non-negligible influences on the direct radiative effect of aerosols (Chand et al., 2009). Thus, 310 

resolving uncertainties in the estimation of direct radiative effect due to dust aerosols overlying 311 

clouds requires sufficient knowledge of how closely dust aerosols and clouds are overlapped 312 

(Devasthale and Thomas, 2011). 313 

In addition, the cloud optical depth for the overlapping cloud seems to exhibit ubiquitous 314 

positive association with RFE (Figure 5d). Meanwhile, the seasonal mean overlapping cloud 315 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 13 

cover and cloud optical depth associated with the below-aerosol clouds over the northern Pacific 316 

are as high as 0.74 and 11.35, respectively. It is, therefore, indicative of the potentially large 317 

impact of the overlapping cloud fraction and cloud optical depth of below-aerosol cloud layer on 318 

the direct radiative effect due to above-cloud dust aerosols.  319 

5.3 Impact of overlapping cloud fraction on all-sky TOA DRF due to ACDA  320 

 To further demonstrate the close relationship between the overlapping cloud fraction and 321 

springtime warming of dust aerosols, we examine the all-sky TOA RFE due to above-cloud dust 322 

aerosols. As inferred from Figure 6, the RFE at TOA for clear-sky conditions is −22.48 W m−2
τ

−1, 323 

whereas the mean value for cloudy sky 88.54 W m−2τ−1. The possible explanation is that, in 324 

clear-sky conditions, the presence of dust aerosols over the dark ocean surface enhances the 325 

reflection of solar radiation in the Earth system, resulting in a negative forcing. In contrast, the 326 

presence of dust aerosols over the bright clouds increases the amount of net TOA radiation by 327 

absorbing more radiation in the atmosphere but decreases the amount of solar radiation reflected 328 

back to space. In this case, dust aerosols have a positive forcing. And this disparity further 329 

reinforces the possibility of the positive radiative effect due to above-cloud dust aerosols. 330 

Interestingly, a high linear correlation is found between TOA RFE and overlapping cloud 331 

fraction (R = 0.71), implying that overlapping cloud fraction can serve as a good predictor of 332 

springtime warming of dust aerosols at TOA over the northern Pacific Ocean on the daily 333 

timescale. There is about 1.11 W m−2 per unit τa increase in TOA RFE in response to 1% 334 

increase in overlapping cloud cover. The critical overlapping cloud fraction, for which RFE at 335 

TOA changes sign from negative to positive, is 0.20. Assuming absorbing aerosol (ω = 0.85 at 336 

500 nm), Chand et al (2009) found a similar strong dependence on cloud cover fraction for the 337 

DRF of smoke aerosols over the partly cloudy boundary layer of the southeastern Atlantic Ocean, 338 

with a much slower critical cloud fraction (0.4). Differences in the definition of CF are likely to 339 

in part account for this discrepancy. Unlike underlying CF, overlapping CF only include the 340 

cloud features with overlying aerosol layers. On the basis of the Aqua data used herein, the mean 341 

overlapping cloud fraction over this region is 0.28, leading to a positive estimate for DRF 342 

(0.62Wm-2) as a whole. In addition, the value of DRF due to above-cloud dust aerosols is 343 

sensitive to uncertainties in ω of dust aerosols (Figure 7). An increase in ω (from 0.80 to 0.98) 344 
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leads to a decrease of 1.95 Wm-2 in DRF (from 1.62 to -0.33 Wm-2). In other words, a change of 345 

ω by 0.02 roughly makes DRF to vary by almost 0.2 Wm-2 in each case.  346 

5.4 Impact of underlying COD on all-sky TOA DRF due to ACDA 347 

    Previous studies suggested that the DRF variability of above-cloud aerosols is largely 348 

modulated by the cloud optical depth underneath (Zhang et al., 2014). Chand et al (2009) implied 349 

that aerosols overlying optically thick clouds would cause a much stronger warming effect, but 350 

they did not provide a quantitative relationship between cloud optical depth and DRF.  351 

    To demonstrate the impact of cloud optical depth on the springtime warming of dust aerosols, 352 

we analyze the relationship between the TOA RFE due to above-cloud dust aerosols and cloud 353 

optical depth under different ranges of overlapping cloud fraction (Figure 8). The positive trends 354 

indicate that dust aerosols over optically thick clouds would cause positive forcing. The reason is 355 

that dust aerosols above optically thick clouds tend to enhance the incident radiation reflected by 356 

clouds back to space and the absorption of dust aerosols of solar radiation, resulting in positive 357 

TOA forcing. On the other hand, dust aerosols above optically thin clouds cause negative TOA 358 

forcing, which is probably due to the cloud optical depth being so small to be able to be thought 359 

as clear skies. Over ocean, the scattering effect of dust aerosols in clear-sky is larger than the 360 

absorption of dust aerosols, leading to a negative DRF (i.e., cooling) at TOA. A closer 361 

examination reveals that the influence of cloud optical depth on the warming effect of dust 362 

aerosols depends on overlapping cloud fraction.  363 

When overlapping cloud fraction falls below 0.2, dust aerosols over optically thick clouds 364 

even cause a negative DRF. Consistent with our previous discussions, if the overlapping cloud 365 

fraction is small, dust aerosols would intercept less solar radiation reflected by clouds. Therefore, 366 

even though dust aerosols are located above optically thick clouds, their DRF can still be 367 

negative. In contrast, in some nearly overcast cases when cloud fraction is above 0.8, the critical 368 

cloud optical depth doesn’t even exist and dust forcing would be all warming effect. It can be 369 

easily understood that as the cloud fraction is large, dust aerosols would intercept large amount 370 

of solar radiation reflected by underlying clouds. Thus, even the cloud optical depth is small, the 371 

TOA DRF will still be positive. 372 
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When overlapping cloud fraction falls within the ranges from 0.2 to 0.8, the DRF would 373 

linearly increases with the cloud optical depth from negative to positive (R ≥ 0.69), making it 374 

possible to define a critical cloud optical depth beyond which dust aerosols switch from exerting 375 

a net cooling to a net warming effect at top-of-atmosphere. Figure 8 (b), (c) and (d) show that the 376 

critical cloud optical depth decreases with the increases in overlapping cloud fraction. When 377 

overlapping cloud fraction ranges increases from 0.2 -0.4 to 0.6-0.8, the corresponding critical 378 

cloud optical depth reduces from 6.92 to 1.16.  379 

6 Conclusions 380 

    In this study, the shortwave all-sky TOA DRF due to above-cloud dust aerosols over northern 381 

Pacific Ocean is quantitatively assessed using ten years (2007-2016) collocated CALIOP 5 km 382 

Aerosol and Cloud Layer products and MODIS L3 atmosphere product. The impact of 383 

overlapping cloud optical depth and cloud fraction on the warming effect of dust aerosols are 384 

also assessed by combining the satellite measurements and a radiation transfer model. 385 

    We find that the presence of underlying clouds boosts the absorption of solar radiation by dust 386 

aerosols. Thus dust aerosols have a significantly warming effect on the regional radiation budget. 387 

Geographically, the mean DRF due to above-cloud dust aerosols over the northern Pacific is 388 

about 0.62 Wm−2. The RFE of dust aerosols, which is independent of AOD, has a linear 389 

relationship with the overlapping fraction. Starting from a clear-sky condition, a larger 390 

overlapping fraction between dust and clouds below will reduce the cooling effect of dust 391 

aerosols. As overlapping fraction beyond a critical value, the RFE due to above-cloud dust 392 

aerosols changes its sign from negative to positive. The impact of the cloud optical depth on the 393 

warming effect of dust aerosols is less effective than that of overlapping fraction, but it still 394 

modulates the magnitude of DRF, especially when overlapping fraction falls in the ranges of 0.2-395 

0.8.  396 

    Theoretically, dust aerosols above optically thick clouds tend to enhance the incident radiation 397 

reflected by clouds back to space. Hence when cloud optical depth underneath increased, the 398 

absorption of dust aerosols of solar radiation will be enlarged accordingly. Similarly, if dust 399 

aerosols above optically thin clouds, the elevated dust aerosols would generally intercept more 400 

solar radiation, thus, they will absorb more solar radiation in the atmosphere and decrease the net 401 
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incoming radiation fluxes at TOA, causing a warming effect at TOA. We summarize our current 402 

understanding of the role of overlapping cloud properties on the warming effect of dust aerosols 403 

in the schematic diagram of Figure 9, which indicates the way how overlapping cloud properties 404 

impact the TOA radiative forcing caused by dust aerosols in the presence of clouds. As a bright 405 

surface, cloud can reflect large amount of solar radiation back to the dust aerosol layer and 406 

enhance aerosol absorption of solar radiation. The larger the overlapping cloud fraction and 407 

cloud optical depth, the more likely the multiple scattering and absorbing between aerosol and 408 

cloud layers will occur. During the processes of the multiple scattering and absorbing, more 409 

incident solar irradiance is absorbed by the absorbing aerosol layer in the atmosphere, resulting 410 

in less solar energy back to space and an increase in the TOA radiative forcing. Hence, the 411 

strength of the warming effect from absorbing aerosol is highly sensitive to the cloud optical 412 

depth and coverage of overlapping clouds. Based on the analyses above, we demonstrate that the 413 

accurate knowledge of the overlapping fraction and cloud optical depth are critical to estimate 414 

the shortwave DRF due to above-cloud dust aerosols. Our results stress the importance of cloud 415 

properties for determining the springtime warming of dust aerosols. 416 

     As an initial effort toward systematical understanding above-cloud dust aerosols, this paper 417 

only discusses the impact of cloud properties on the springtime warming effect of dust aerosols. 418 

Many other parameters, such as the vertical locations of aerosols relative to the clouds, could 419 

also affect the DRF due to above-cloud dust aerosols. In future, we will explore the potential 420 

influence of vertical locations of aerosols relative to the clouds on the springtime warming effect 421 

of dust aerosols. 422 
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Tables 656 
 657 
Table 1. Quality control metrics used for screening the CALIOP aerosol layer product. 658 
  659 

CALIOP product parameter Criterion 

CAD -20 to -100 
Extinction_QC_532 0 or 1 
Feature_optical_depth_uncertainty_532 <99.9 
 660 
 661 
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Figures 

 

 
Figure 1. A composite map showing the typical episode of above-cloud dust aerosol occurring 

on 1st April 2007. (a) Curtain plot of aerosol subtypes and cloud from CALIOP/CALIPSO along 

the segment of a CALIPSO daytime ground track (in ascending mode) shown in (b). Dust 

aerosols and clouds are denoted with red and dark grey color, respectively. (b) MODIS/AQUA 

RGB composite (created using visible bands 1/4/3), overlaid are dust phenomena (marked in 

purple points) simultaneously observed at the surface weather stations. The green segment 

marked with A-B in both panel (a) and (b) refers to one typical example representing dust 

aerosol over cloud. 
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Figure 2.  Single scattering albedo (ω) and phase function (g) of dust aerosol for each band of 
RRTM_SW (Omar et al., 2009). 
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Figure 3. (a) Spatial distribution of occurrence frequency (OF) of ACDA, and (b) OF vertical 

profiles of dust aerosols and clouds over the northern Pacific Ocean in spring as calculated from 

10-year (2007-2016) daytime CALIOP observations. Note that in (a) the magenta-shaded area 

indicates the major source region of dust in both western and northern China, and the blue 

contour lines (intervals of 0.2) indicate the OMI absorbing aerosol index (AI). In (b) the red 

(blue) shadow area represents one standard deviation of the mean OF of dust aerosol (cloud). 

  

(a)     

(b)    

(a)  
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Figure 4. Histogram of the distance from the bottom of dust aerosol layer to underlying cloud 

layer top (at intervals of 1km) for all the overlapping cases in springs of the period 2007-2016.  
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Figure 5. Spatial distributions of the correlation coefficients (R) between TOA RFE and 

occurrence frequency of ACDA (a), and underlying CF (b), overlapping CF of ACDA (c), and 

COD (d), respectively, in springs for the period 2007 to 2016.   
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Figure 6. Scatter plot of TOA direct radiative forcing efficiency (RFE) due to ACDA as a 

function of overlapping cloud fraction (CF) in springs for the period 2007 to 2016. Critical CF is 

defined as the overlapping cloud fraction at which the sign of TOA RFE changes. The texts on 

top left corner of the figure show the slopes (a), intercepts (b), and correlation coefficient (R) of 

the regression lines. The RRTM_SW model is run using spectrally dependent single scattering 

albedo (ω) and phase function (g) of dust aerosols shown in Figure 2. 
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Figure 7. Scatter plot of TOA direct radiative forcing efficiency (RFE) due to ACDA with 

respect to its corresponding single scattering albedo (ω). 
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Figure 8. Correlation between the TOA direct RFE due to ACDA and overlapping cloud optical 

depth (COD) under the condition of overlapping CF falling in the range [0.0,0.2] (a), [0.2,0.4] 

(b), [0.4,0.6] (c), [0.6,0.8] (d) and [0.8,1.0] (e) in springs for the period 2007 to 2016. The critical 

COD in (b), (c) and (d) is the cloud optical depth at which the sign of TOA direct RFE changes 

under the condition of overlapping CF falling in the range [0.2,0.4], [0.4,0.6] and [0.6,0.8], 

respectively. The RRTM_SW model is run using spectrally dependent single scattering albedo 

(ω) and phase function (g) of dust aerosols shown in Figure 2.   
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Figure 9. Schematic diagram of the factors affecting TOA radiative forcing of ACDA, which is 

initiated by increased cloud optical depth, overlapping cloud fraction, and multiple scattering and 

absorbing. 
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� In spring, frequency of above-cloud dust aerosols over northern Pacific Ocean is 

high up to 0.12. 

� The springtime warming effect of above-cloud dust aerosols increases with 

overlapping cloud fraction and cloud optical depth. 

� The critical cloud optical depth for dust effect depends on the concurrent 

overlapping cloud fraction. 


