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Abstract. The current study investigates the diurnal cycle of dust loading across the global tropics, sub-tropics, and mid-10 

latitudes by analyzing aerosol extinction and typing profiles observed by the Cloud-Aerosol Transport System (CATS) lidar 

aboard the International Space Station. According to the comparison with ground-based and other satellite observations, 

CATS aerosol and dust loading observations exhibits reasonable quality and insignificant day-night inconsistency, thereby 

supporting the current analysis of dust diurnal cycle using CATS data. Based on an analysis of variance analytical 

framework, statistically significant diurnal variability in dust loading is identified over key dust sources, including the 15 

Bodélé depression, West African El Djouf, Rub-al Khali desert, and western and southern North America, confirming the 

previous observation-based findings regarding the diurnal cycle of dust emission and underlying meteorological processes in 

these regions. Insignificant annual mean dust diurnal variability is identified over the Iraqi, Thar, and Taklamakan deserts. 

The currently identified significant diurnal cycles in dust loading over the rainforests in Amazon and tropical southern 

Africa, and drylands in South America and the central Australia, are hypothesized to be driven by enhanced dust emission 20 

due to wildfires and enhanced katabatic and frontal winds, respectively. 

1 Introduction 

Dust mobilization and concentration exhibit substantial diurnal variability around the globe (Knippertz and Stuut, 2014), 

contributing to the radiative (DeMott et al., 2010; Tegen and Lacis, 1996), biogeochemical (Okin et al., 2004), and societal 

(Al-Hurban and Al-Ostad, 2010; Furman, 2003) impacts of mineral dust on the Earth system. For example, accurate 25 

representation of the diurnal variability in dust loading is the key for a realistic simulation of the dust radiative effect on the 

surface (Osipov et al., 2015; Yue et al., 2009). However, the current state-of-the-science models continue to struggle with the 

representation of dust diurnal cycle. Based on model simulations using different meteorological drivers and dust source 

parameterizations, Luo et al. (2004) concluded that ~35-70% variance of dust mobilization is associated with diurnal 

variability of dust mobilization in the world’s major dust sources regions. But the simulated diurnal variations in dust 30 

mobilization and concentration were highly sensitive to the choice of meteorological driver dataset and dust source 

parameterization, suggesting substantial uncertainty in the model-based assessment of dust diurnal variability. Coupled 
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climate or Earth System models are widely used to study the mobilization, transport, and radiative effects of dust aerosols. 

However, due to the coarse spatial and temporal resolution of these models, the capability of them at accurately capturing the 

diurnal cycle of near-surface winds or convective systems is largely limited, leading to often incorrect simulation of diurnal 35 

cycle in dust emission and concentration (Marsham et al., 2011; Todd et al., 2008). Given these uncertainties in the 

simulated global dust diurnal variability, observational characterization of the variations in dust mobilization and 

concentration will provide a valuable benchmark for evaluating and constraining such model simulations. 

In addition, an improved understanding of dust diurnal cycle is beneficial to biology and geology studies of desert 

surfaces as land surface observations are most valuable during low atmospheric aerosol activity. For example, The Earth 40 

Surface Mineral Dust Source Investigation, EMIT, is planned to operate from the International Space Station starting in 2021 

to determine the mineral composition of the arid land dust source regions of the Earth. EMIT space-borne mission will 

acquire, validate and deliver updates of surface mineralogy used to initialize Earth System Models through the use of 

imaging spectroscopy in the Visible to Short Wavelength Infrared (VSWIR) portion of the spectrum sensitive to presence of 

atmospheric aerosols. The mission will measure the arid land mineral dust source regions of the Earth, recording the distinct 45 

spectral features of the iron oxide, sulfate, clay, and carbonate minerals on the surface, however clear-sky conditions is an 

important requirement for the mission success. EMIT’s atmospheric correction team is working on an evaluation of dust 

temporal variability to optimize observational opportunities of unobstructed desert surfaces for EMIT target areas. EMIT 

requirements partially motivated our study. 

Observed diurnal cycle in dust mobilization has been documented for several major dust sources, associated with 50 

various meteorological processes. For example, over the Bodélé depression, the leading dust source in the globe 

(Engelstaedter et al., 2006; Koren et al., 2006; Washington and Todd, 2005), dust mobilization are predominantly driven by 

high surface wind speeds that peak in the morning with the breakdown of the nocturnal low-level jet (Wagner et al., 2016). 

Over the Western African El Djouf, the second largest dust source in North Africa (Yu et al., 2018), a great portion of dust 

storms are caused by strong downbursts associated with deep convection in the afternoon (Fiedler et al., 2013; Heinold et al., 55 

2013). Over the Iraqi desert in the Middle East, summertime dust activation is primarily driven by the strong, persistent 

Shamal wind, which peaks around local noon with intensified low-level temperature gradient (Yu et al., 2016). Beyond these 

studies that focused on a specific dust source region, there has been limited global analysis of the observed diurnal variability 

in dust mobilization and concentration. 

Satellite- and ground-based aerosol loading measurements and aerosol type classifications are useful for quantitative 60 

assessment of the observed global dust diurnal variability, but have to address several methodological challenges. Sun-

synchronous passive satellite instruments, such as the Multi-angle Imaging SpectroRadiometer (MISR) (Diner et al., 1998; 

Kalashnikova et al., 2005) on the Terra satellite and Moderater resolution Imaging Spectroradiometer (MODIS) on both 

Terra and Aqua satellites, provide observations of dust aerosol optical depth (DAOD), but only cover several snapshots 

during the daytime. Observations from lidar instruments, such as the Cloud-Aerosol Lidar with Orthogonal Polarization 65 

(CALIOP) on the polar-orbiting Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite 
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(Winker et al., 2009), provide both daytime and nighttime measurements of vertically resolved aerosol extinction and aerosol 

type information. However, CALIOP only samples two fixed temporal points at each pixel on the Earth, and is therefore 

insufficient for studying the full diurnal cycle. Geostationary sensors, such as the Advanced Himawari Imager on the 

Himawari-8 and -9 satellites (Bessho et al., 2016), Geostationary Ocean Color Imager the Communication, Ocean and 70 

Meteorological Satellite (Choi et al., 2018), Advanced baseline Imager on the GOES-16/17 satellites (Schmit et al., 2017), 

and the Spinning Enhanced Visible and Infrared Imager (SEVIRI) instrument aboard the Meteosat Second Generation 

satellite (Schepanski et al., 2007), only provide observations over a certain region during the daytime. AErosol RObotic 

NETwork (AERONET) (Holben et al., 1998) based sun and lunar photometers provide hourly or sub-hourly measurements 

of aerosol properties, but have limited spatial coverage only over the sites.  75 

The aforementioned challenges in the observational assessment of global dust diurnal variability are partly addressed by 

the Cloud-Aerosol Transport System (CATS) lidar aboard the International Space Station (ISS) (McGill et al., 2015). CATS 

is an elastic backscatter lidar that operated on the ISS for 33 months during February 2015 to October 2017. The ISS 51˚ 

inclination orbit enables CATS measurements to occur at different local time every overpass, with full diurnal coverage for a 

given location within a 60-day period (Yorks et al., 2016). By comparing CATS-derived AOD and aerosol vertical 80 

distributions with aerosol properties derived from other ground-base and satellite-based observations such as AERONET, 

MODIS, and CALIOP, Lee et al. (2018) found reasonable agreements between aerosol observations from CATS and other 

sensors, thereby verifying that CATS provides an encouraging opportunity for studying aerosol diurnal variability. By 

examining CATS aerosol observations, Lee et al. (2018) further identified strong diurnal cycle in total AOD over North 

Africa, India, and the Middle East, likely attributed to the diurnal variations in dust generation. Several limitations in this 85 

preliminary study were noted by Lee et al. (2018). First, although Lee et al. (2018) reported a substantially better agreement 

between CALIOP and CATS AODs during nighttime, likely due to enhanced solar contamination during daytime that affects 

the data quality of both instruments (Campbell et al., 2012), this day-night data inconsistency was not accounted for in the 

assessment of aerosol diurnal variability. Furthermore, Lee et al. (2018) did not formally perform a significance test of the 

aerosol diurnal cycle, leading to a potential overinterpretation over regions that have high mean aerosol loading. Therefore, 90 

this preliminary global assessment of aerosol diurnal variability using CATS observations motivates a more sophisticated 

investigation that accounts for potential day-night data inconsistency and explicitly quantifies the significance of dust diurnal 

variability. 

The current study investigates the observed diurnal variability in dust loading over the global tropics, sub-tropics, and 

mid-latitudes by examining aerosol extinction and aerosol type observations from CATS. The day-night data quality 95 

consistency is assessed through a comparison of daytime and nighttime CATS observations with AERONET sun and lunar 

data. The spatial variations in CATS-derived DAOD is assured with MISR non-spherical, dust AOD. A statistical approach 

is undertaken to systematically determine the statistical significance of the dust diurnal variability. The dust diurnal cycle 

over key regions are discussed along with the driving meteorological processes. The methods, results, and 

conclusions/discussion are provided in Sections 2, 3, and 4, respectively.  100 
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2 Data and Methods 

2.1 CATS 

CATS Level 2 (L2) Version 3-00 5 km Aerosol Profile products (L20_D-M7.2-V3-00_5kmPro, L20_N-M7.2-V3-

00_5kmPro) are used in the current study for the entire period of CATS operation on the ISS during February 2015 - October 

2017. CATS L2 profile data is provided with 5 km horizontal resolution along track, in 533 vertical levels at 60 m vertical 105 

resolution, and at a wavelength of 1064 nm (Pauly et al., 2019). Data at 532 nm is also provided by CATS but not 

recommended for use due to a laser-stabilization issue (Yorks et al., 2016). Thus, only 1064 nm products are used in the 

current study. The accuracy of the extinction coefficient has improved from Version 2, which was used in Lee et al. (2018), 

to Version 3 CATS products, as a result of several improvements in the retrieval algorithms, especially during the daytime. 

For aerosol typing, CATS uses layer-integrated 1064 nm depolarization ratio, layer base altitudes and thickness, surface 110 

type, and GEOS modeled aerosol species to discriminate dust, smoke, polluted continental, marine, and upper 

stratosphere/lower troposphere aerosols.  

CATS data are quality-assured (QA), mainly following (Lee et al., 2018) with minor modifications. QA thresholds 

include: 1) Extinction_QC_Flag_1064_Fore_FOV = 0, 2) Feature_Type_Fore_FOV = 3 (aerosol), 3) -10 <= 

Feature_Type_Score_FOV <= -2, and 4) Extinction_Coefficient_Uncertainty_1064_Fore_FOV <= 10 𝑘𝑚−1.  115 

In the current study, both total AOD, as reported in the CATS standard product, and DAOD, as computed from vertical 

profiles of extinction coefficient and feature/aerosol type, are analyzed. AOD from CATS is compared with AERONET to 

assess the data quality during both daytime and nighttime. DAOD is defined here as the vertical integral of aerosol extinction 

coefficient over “dust” (Aerosol Type = 3) or “dust mixture” (Aerosol Type = 4) pixels, thereby reflecting the total dust 

loading at each location. The spatial variations in DAOD is evaluated against MISR.  In light of the larger uncertainty 120 

associated with a reported AOD of zero (Toth et al., 2018), any AOD or DAOD that equal to zero is ignored in the current 

analysis, following Campbell et al. (2012). This approach results in ~1000 of DAOD retrievals in any three-hour local time 

window at each 2˚x2˚ grid cell over the dust source regions, such as North Africa, and fewer than 100 retrievals over remote 

oceans (Supplemental Figure 1). 

2.2 AERONET 125 

In order to assess the CATS data quality at both day and night, Version 3 AERONET AOD from both sun and lunar 

photometers are analyzed. The level 2 (cloud screened and quality assured) daytime (Giles et al., 2019) and level 1.5 (cloud 

screened) nighttime AOD observations (Barreto et al., 2019, 2016) at the 1020 nm spectrum band are compared with 

collocated CATS AOD at 1064 nm. Here a “collocated observation” is identified when the CATS orbit passed anywhere in 

the ± 0.5 latitude/longitude box of a specific AERONET site within ± 0.5 hour of the corresponding AERONET site 130 

observation. Previous observational studies have identified a threshold of 40 km and 3 hours beyond which the spatial and 

temporal autocorrelation drops below 80% (Anderson et al., 2003; Omar et al., 2013). In the current study, the relatively 
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broad criteria on spatial and temporal collocation is expected to maintain the spatial and temporal autocorrelation while 

provide reasonable number of collocated observations, especially for the nighttime comparison (Figure 1). Note that one 

AERONET measurement is often associated with multiple CATS retrievals in both space and time. In this case, CATS data 135 

is averaged spatially and temporally, resulting in only one pair of collocated and averaged CATS observations for a given 

collocated incident at each AERONET site. 

2.3 MISR 

In order to assess the validity of CATS DAOD, Version 23, Level 3 MISR nonspherical, dust AOD at 550 nm during 

the CATS operation period is analyzed here. The MISR nonspherical AOD fraction is often referred to as “fraction of total 140 

AOD due to dust,” as dust is the primary nonspherical aerosol particle in the atmosphere, especially over desert regions 

(Kalashnikova et al., 2005). In light of the narrow swath of MISR and the resulting limited number of collocated 

observations from CATS and MISR, here global maps of seasonal average DAOD from CATS and MISR are compared, 

thereby verifying the spatial variations in CATS DAOD. Given the Terra overpass time around 10:30 am local time, only 

morning data from CATS (8 am to local noon) are used for the seasonal average. In order to achieve sufficient sampling 145 

from CATS, DAOD from both CATS and MISR are aggregated into a 2˚latitude x 2˚ longitude grid. 

2.4 ANOVA-based significance test of dust diurnal variability 

In the current study, the dust diurnal variability at each location and its statistical significance is estimated and tested 

under an analysis of variance (ANOVA) framework (Fisher, 1992). At each pixel, the kth DAOD observation in local time 

window i and season j (𝐷$%&), is approximated as a sum of the global, annual mean DAOD (D), an annual mean diurnal term 150 

(𝑑$), a seasonal term (𝑠%), a diurnal term varying by season (𝑑𝑠$%), and an error term that reflects other factors (𝜀$%&), namely: 

𝐷$%& = 𝐷 + 𝑑$+ 𝑠%+ 𝑑𝑠$%+𝜀$%&      (1) 

In order to achieve sufficient sample size, CATS DAOD is aggregated into each 3-hour local time window (0-3, 3-6, 

etc), in each season [December-February (DJF), March-May (MAM), June-August (JJA), and September-November 

(SON)], in each 2˚ latitude  x 2˚ longitude pixel, so that within each combination of pixel, time window, and season, there 155 

are at least 50 DAOD observations during 2015-2017. 

The statistical significance of the diurnal variability, namely variability in 𝑑$′𝑠 , is determined through an F-test, 

following the classical two-way ANOVA variance partitioning approach. An F-statistic is constructed as 

F = Variance of di’s / Variance of 𝜀$%&’s.      (2) 

Under the null hypothesis that there is no diurnal variability in DAOD at a specific pixel, F follows an F-distribution 160 

with degrees of freedom (df1, df2) determined by the number of diurnal time windows (8 in the current study), number of 

seasons (4), and total number of observations in each pixel (assuming equal to n), with  

df1 = 8-1                         (3) 
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df2 = n – 8 – 4 – 8x4      (4) 

Based on the value of the F-statistic and its degrees of freedom, a p-value can be determined, thereby determining the 165 

statistical significance of the diurnal variability. If the p-value is smaller than the pre-determined threshold (0.05 in the 

current study), it is very likely that the alternative hypothesis that there is diurnal variability is true. In the results and 

discussion sections, we mainly focus on regions with significant diurnal variability (p-value < 0.05). Note that in order to 

apply the F-test, the assessed variable is required to follow Gaussian distribution. Therefore, a log-transformation is 

performed on the observed DAOD, and the application of the ANOVA framework is based on the logarithm of DAOD. 170 

3 Results 

3.1 Comparison of CATS and AERONET AOD 

As an initial assessment of the potential quality inconsistency between daytime and nighttime CATS data, total AOD 

from CATS is evaluated against AERONET, and the agreement between CATS and AERONET AOD, in terms of temporal 

correlation, root-mean-square-error (RMSE), and mean bias, is compared among daytime and nighttime collocated 175 

observations at each AERONET site. According to the comparison (Figure 1), there is no significant difference between 

daytime and nighttime CATS AOD quality. Although nighttime CATS AOD observations exhibit apparently higher mean 

temporal correlation (0.69), lower RMSE (0.11), and lower absolute bias (+0.04) with respect to collocated AERONET 

AODs, than those of daytime observations (0.62, 0.13, and +0.07, respectively), these differences are not statistically 

significant according to the Student’s t-test, likely due to the wide spread of these three metrices among different AERONET 180 

sites in both daytime and nighttime comparisons. The currently identified insignificant difference between daytime and 

nighttime CATS data quality is hypothesized to be partly attributed to 1) small sample size of collocated AERONET-CATS 

AOD observations, and 2) the difference in quality check levels of the currently applied daytime (cloud-screened and 

quality-assured) and nighttime (cloud-screened only) AERONET data. In response to the latter hypothesis, future studies are 

encouraged to repeat this comparison but with quality-assured AERONET nighttime data when it is released. According to 185 

the comparison with AERONET daytime and nighttime data, we hypothesize that the potential day-night data quality 

inconsistency does not affect the assessment of the full diurnal cycle of dust loading. 

Although there is no significant difference between the daytime and nighttime CATS data quality, both daytime and 

nighttime CATS AOD retrievals appear to underestimate the ground truth from AERONET at high AOD (Figure 2). When 

the mean AOD exceeds 0.1, stations with higher mean AOD typically exhibits higher RMSE, lower temporal correlation, 190 

and larger magnitude of negative bias, indicating degraded CATS data quality in the presence of high aerosol loading. When 

the mean AOD exceeds 0.3, the negative mean bias between CATS and AERONET is about -0.15, or 50% of mean AOD 

with both daytime and nighttime retrievals.  
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3.2 Comparison of CATS and MISR DAOD 

According to the comparison with MISR, CATS generally well captures the spatial variations in DAOD, with highest 195 

agreement during the boreal winter (Figure 3). Consistent features captured by both MISR and CATS DAOD fields include 

(1) annually high dust loading over the tropical eastern Atlantic ocean and the seasonally-varying meridional distribution of 

the maximum dust loading drive by dust transport from North Africa (Yu et al. submitted), (2) seasonally enhanced dust 

activity over the Middle East, Arabian Peninsula, and Arabian Sea in MAM and JJA associated with active frontal passage 

(Yu et al., 2015b) and Shamal events (Yu et al., 2016), respectively, and (3) elevated level of dustiness over the northern 200 

Pacific ocean in boreal spring due to enhanced dust emission and transport from the Taklamakan and Gobi deserts (Yu et al., 

2019). The most pronounced inconsistency between MISR and CATS DAOD fields is the apparent underestimation of dust 

loading over land, especially over regions with high dust loading, such as North Africa. This apparent underestimation of 

high dust loadings by CATS is consistent with the underestimation of high aerosol loadings, as discussed in section 3.1. 

3.3 Global diurnal variability in DAOD 205 

As demonstrated in the global maps of CATS DAOD in each 3-hour local time window (Figure 4), the diurnal 

variability in dust loading is typically more pronounced over land than over ocean, likely due to the fact that dust over ocean 

is primarily transported from remote dust sources over land. Over the global terrestrial area, 28% of the 2˚x2˚ 

latitude/longitude pixels exhibit statistically significant diurnal variability in DAOD (p<0.05), according to the ANOVA-

based F-test, compared with 2% of the oceanic pixels. In sections 3.3.1-3.3.4, the diurnal cycle of DAOD over North Africa 210 

and Middle East, Asia, North America, and the Southern Hemisphere, as well as the underlying meteorological processes are 

discussed in detail. 

3.3.1 North Africa and Middle East 

Over North Africa and the Middle East, 42% of the terrestrial area exhibit significant diurnal variability in dust loading, 

mostly corresponding to previously identified dust sources including the Bodélé depression, West African El Djouf, Iraqi 215 

desert, and Rub-al Khali desert (Ginoux et al., 2001, 2010, 2012; Prospero et al., 2002; Yu et al., 2013, 2018) (Figure 5). 

Over the Bodélé depression, the world’s leading dust source region, the diurnally maximum dust loading occurs shortly after 

sunrise, consistent with previous analyses based on geostationary satellite instrument SEVIRI (Chaboureau et al., 2007; 

Schepanski et al., 2009) and visibility observations (N’Tchayi Mbourou et al., 1997). The Rub-al Khali desert in the central 

Arabian Peninsula displays a similar diurnal cycle of DAOD with the Bodélé depression, with a morning peak hypothetically 220 

also associated with the break of nocturnal low-level jet. Over El Djouf, the second largest dust source in North Africa (Yu 

et al., 2018), the diurnal cycle in DAOD exhibits a morning peak over the western sub-region, likely associated with the 

break of nocturnal low-level jet (Fiedler et al., 2013; Schepanski et al., 2009), and an afternoon peak over the eastern sub-

region, likely associated with the enhanced deep convection due to surface heating (Heinold et al., 2013). The diurnal 
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variability in DAOD is less significant over the Iraqi desert than over other key dust source regions in North Africa and the 225 

Middle East. Although the mean diurnal cycle in DAOD peaks around local noon, consistent with previous station-based 

analysis of wind speed and dust storm frequency (Yu et al., 2016), the diurnal variability in DAOD is only significant during 

the boreal summer with active Shamal (not shown), and thereby weakening the annual mean signal here. Over all the 

aforementioned key dust sources, the daily minimum DAOD typically occurs at night.  

3.3.2 Asia 230 

In contrast to the North African and Middle Eastern dust sources, the majority of the terrestrial area in Asia exhibit 

insignificant dust diurnal variability (Figure 6). Two of the major dust sources in Asia, namely the Thar desert in India and 

Taklamakan desert in China, both show spatially inhomogeneous and statistically insignificant dust diurnal variability. 

According to simulations from a regional climate model, the dominant source of dust over the Thar desert varies by season 

(Banerjee et al., 2019). While local dust sources provide the majority of dust during the boreal summer monsoon season, the 235 

remote sources in the Middle East, Arabian Peninsula, and West Asia contribute comparable amount of dust than the local 

sources to the northern India during the rest of the year. Since the diurnal cycle of transported dust is less deterministic than 

locally emitted dust, the overall annual mean diurnal cycle over the Thar desert is less robust than that over the dust source 

regions in North Africa. Over the Taklamakan desert in China, although the mean range between the diurnally maximum and 

minimum DAOD reaches about 20% of the long-term average, quantitatively consistent with a previous AERONET-based 240 

assessment at a nearby site (Wang et al., 2004),  the diurnal cycle in DAOD is mostly insignificant because the regional dust 

emission is mainly driven by the frontal passage, which does not have a clear diurnal cycle (Luo et al., 2004).  

3.3.3 North America 

Over North America, about 23% of the terrestrial area exhibits statistically significant dust diurnal variability, although 

both the mean and diurnal range of DAOD are much smaller than those over North Africa, the Middle East, and Asia (Figure 245 

7). An afternoon to early-evening peak in DAOD spreads across the southern and western sub-region of the continent, 

consistent with previous visibility-based and meteorology-based observational analysis, which identified deep convection as 

the dominant process driving the dust emission across North America (Stout, 2015). 

3.3.4 Southern Hemisphere 

The Southern Hemisphere exhibits generally weak dust loading, especially in terms of diurnally minimum DAOD 250 

(Figures 8-10), with significant dust diurnal variability over the Amazon Rainforest, Patagonia in Chile and Argentina, 

tropical southwestern Africa, and central Australia. Since there have been limited exploration of the diurnal dust cycle over 

these regions, hypotheses are provided here regarding the underlying driving processes of these diurnal dust variations.  

Over the Amazon Rainforest, it has been believed that remote dust sources in North Africa provide key nutrients to 

fertilize the Amazon Rainforest through trans-Atlantic dust transport (Kaufman et al., 2005; Koren et al., 2006; Yu et al., 255 
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2015a). However, since the trans-Atlantic dust transport typically takes several days to weeks, it is unlikely that the amount 

of transported dust displays a clear diurnal cycle. On the other hand, field observations and model simulations have 

identified a potential contribution from local, post-fire dust emission over vegetated area (Mahowald et al., 2005; 

Wagenbrenner, 2017; Wagenbrenner et al., 2013). In particular, the observed burned fraction has substantially increased 

across the Amazonia and tropical southern Africa during the recent years (Andela et al., 2017), which might be responsible 260 

for the small-magnitude, yet statistically significant diurnal variability over the Amazonian and tropical southwestern 

African rainforests.  

Over the majority of Patagonia in South America, the highest dust loading typically occurs after sunset or before 

sunrise. Dust activation over the mountainous Patagonia is believed to be primarily driven by katabatic winds which 

are often caused by surface cooling at night (Bullard et al., 2016). Although a series of modeling studies and geochemical 265 

analyses have identified Patagonia as the main dust supplier to the Southern Ocean and Antarctica (Gaiero, 2007; Gili et al., 

2016; Tanaka and Chiba, 2006), this region is barely detected by passive satellite sensors, such as MODIS (Ginoux et al., 

2012). The absence of Patagonia in the MODIS DAOD-based dust source identification is potentially attributed to the 

currently identified, statistically significant nighttime peak in DAOD.  

Over the central Australia, DAOD generally peaks in the early evening. Dust emission in the central Australia is 270 

believed to be driven by frontal passage, similar with the Taklamakan desert in China (Knippertz and Stuut, 2014). However, 

over central Australia, low-level winds associated with cold fronts intensify with the deformation and convergence in the 

early evening, driven by the subsidence of the mixing layer (Thomsen et al., 2008), thereby leading to an enhanced dust 

emission at that time of the day. 

4 Conclusions and Discussion 275 

Based on the profiles of aerosol typing and extinction observed by Cloud-Aerosol Transport System (CATS) on the 

International Space Station (ISS), the diurnal cycle of dust loading over the global tropics, subtropics, and mid-latitudes is 

quantified, with the statistical significance of dust diurnal variability determined through the Analysis of Variance 

(ANOVA)-based F-test. Based on the comparison between Aerosol Optical Depth (AOD) derived from CATS and Aerosol 

Robotic Network (AERONET), daytime and nighttime CATS retrievals exhibit insignificant difference in the data quality, 280 

thereby supporting the analysis of full diurnal cycle using CATS data. The spatial variations in dust AOD (DAOD) are 

reasonably captured by CATS, according to the comparison with the nonspherical, dust AOD from the Multi-angle Imaging 

SpectroRadiometer (MISR). The analytical framework yields statistically robust findings about the dust diurnal cycle that 

confirms previous geostationary-based, and ground-based observational conclusions in key dust source regions, including (1) 

the Bodélé depression, Rub-al Khali desert, and western El Djouf, which exhibit a morning peak in DAOD driven by the 285 

break of nocturnal low-level jet, and (2) the eastern El Djouf, and the southern and western North America, which exhibit an 

afternoon peak in DAOD, driven by an enhanced deep convection. Insignificant diurnal cycle in DAOD are found over these 
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dust source regions: (1) the Iraqi desert, where the noon peak in DAOD associated with the enhanced pressure gradient 

driven by spatially differential heating is only robust in boreal summer, (2) the Thar desert, where the dominant source of 

dust varies by season, and (3) the Taklamakan desert, where dust emission is primarily driven by frontal passage which does 290 

not exhibit a clear seasonal cycle. Over the Southern Hemisphere, three hypotheses are raised regarding the currently 

identified dust diurnal cycle: (1) post-fire dust emission is likely responsible for the maximum dust loading over the 

rainforests in Amazon and tropical southwestern Africa, and (2) the early evening peak in DAOD over the central Australia 

is attributed to the enhanced dust emission by intensified low-level winds with the subsidence-induced convergence. 

By comparing the CATS AOD and DAOD with that from AERONET and MISR, respectively, underestimation by 295 

CATS in the presence of high aerosol or dust loading are identified here. Previous studies based on Cloud-Aerosol Lidar 

with Orthogonal Polarization (CALIOP) observations noted that the laser backscatter signal becomes totally attenuated at 

particulate column optical depths of about 3, so that there are occasions where lidars, such as CATS and CALIOP, cannot 

measure the full extent of the vertical column in the thick dust layer (Vaughan et al., 2009). Furthermore, the CATS feature 

detection algorithm creates a gap between the surface and near-surface aerosol base altitude, causing false regions of “clear-300 

air” between the surface and near-surface aerosol layers despite the possible presence of aerosols in this altitude region. 

CATS does not use an aerosol base extension algorithm, like CALIOP, that detects scenarios when aerosols are present in 

the bins just above the surface and extends the near-surface aerosol layer base down to the surface (Tackett et al., 2018; 

Yorks et al., 2019). The complete attenuation and feature detection problems likely lead to underestimation of the near 

surface dust extinction by CATS over dust source regions, such as the El Djouf,  Bodélé depression, and Middle East, 305 

underestimation of DAOD as compared with MISR (Figure 3), as well as underestimation of total AOD as compared with 

AERONET (Figure 2).  

The diurnal cycle of dust emission and dust loading over the Southern Hemisphere requires further investigation. The 

dust sources in the Southern Hemisphere provide key nutrients to the oceans in the Southern Hemisphere, and thereby 

playing an important role in the global biogeochemical cycle (Mahowald et al., 2011). However, the Southern Hemispheric 310 

dust sources received much less research efforts than the Northern Hemispheric dust sources in the past. Beyond the 

hypotheses regarding the dust diurnal variability and the underlying driving processes raised in Section 3.3.4, influence from 

potential uncertainty in the CATS aerosol loading and typing retrievals, such as misclassification between dust, smoke, and 

biological particles (Graham et al., 2003) and presence of aerosols under optically thick cloud layers, needs to be 

investigated from other sources of observation to validate the currently assessed diurnal cycle in dust loading over the 315 

Southern Hemisphere. 

https://doi.org/10.5194/acp-2019-975
Preprint. Discussion started: 21 November 2019
c© Author(s) 2019. CC BY 4.0 License.



11 
 

Author Contribution  

YY led the study with inputs from all coauthors. OVK, MJG, JEY, and JRC provided guidance on the satellite data 

processing. HL and MC contributed to the statistical analysis. GSO helped with the results interpretation. YY prepared the 

manuscript with contributions from all coauthors.  320 

Acknowledgements 

CATS L2 aerosol profile data and MISR L3 aerosol data were obtained from the NASA Langley Research Center 

Atmospheric Science Data Center. AERONET V3 AOD data was obtained from the AERONET website 

(https://aeronet.gsfc.nasa.gov/). This work was partially performed at the Jet Propulsion Laboratory, California Institute of 

Technology, under a contract with the National Aeronautics and Space Administration. The authors thank the MISR team for 325 

providing facilities and useful discussions. 

 

Data availability 

The research data used are available at the sources specified in the acknowledgement section.  

 330 

Competing interests 

The authors declare that they have no conflict of interest. 

References 

Al-Hurban, A. E. and Al-Ostad, A. N.: Textural characteristics of dust fallout and potential effect on public health in Kuwait 
City and suburbs, Environ. Earth Sci., 60(1), 169–181, doi:10.1007/s12665-009-0177-3, 2010. 335 

Andela, N., Morton, D. C., Giglio, L., Chen, Y., Van Der Werf, G. R., Kasibhatla, P. S., DeFries, R. S., Collatz, G. J., 
Hantson, S., Kloster, S., Bachelet, D., Forrest, M., Lasslop, G., Li, F., Mangeon, S., Melton, J. R., Yue, C. and 
Randerson, J. T.: A human-driven decline in global burned area, Science (80-. )., 356(6345), 1356–1362, 
doi:10.1126/science.aal4108, 2017. 

Anderson, T. L., Charlson, R. J., Winker, D. M., Ogren, J. A. and Holmén, K.: Mesoscale variations of tropospheric 340 
aerosols, J. Atmos. Sci., 60(1), 119–136, doi:10.1175/1520-0469(2003)060<0119:MVOTA>2.0.CO;2, 2003. 

Banerjee, P., Satheesh, S. K., Moorthy, K. K., Nanjundiah, R. S. and Nair, V. S.: Long-range transport of mineral dust to the 
northeast Indian Ocean: Regional versus remote sources and the implications, J. Clim., 32(5), 1525–1549, 
doi:10.1175/JCLI-D-18-0403.1, 2019. 

Barreto, A., Román, R., Cuevas, E., Pérez-Ramírez, D., Berjón, A. J., Kouremeti, N., Kazadzis, S., Gröbner, J., Mazzola, M., 345 
Toledano, C., Benavent-Oltra, J. A., Doppler, L., Juryšek, J., Almansa, A. F., Victori, S., Maupin, F., Guirado-Fuentes, 
C., González, R., Vitale, V., Goloub, P., Blarel, L., Alados-Arboledas, L., Woolliams, E., Taylor, S., Antuña, J. C. and 
Yela, M.: Evaluation of night-time aerosols measurements and lunar irradiance models in the frame of the first multi-
instrument nocturnal intercomparison campaign, Atmos. Environ., 202(June 2018), 190–211, 
doi:10.1016/j.atmosenv.2019.01.006, 2019. 350 

Barreto, Á., Cuevas, E., Granados-Muñoz, M. J., Alados-Arboledas, L., Romero, P. M., Gröbner, J., Kouremeti, N., 
Almansa, A. F., Stone, T., Toledano, C., Román, R., Sorokin, M., Holben, B., Canini, M. and Yela, M.: The new sun-

https://doi.org/10.5194/acp-2019-975
Preprint. Discussion started: 21 November 2019
c© Author(s) 2019. CC BY 4.0 License.



12 
 

sky-lunar Cimel CE318-T multiband photometer &ndash; A comprehensive performance evaluation, Atmos. Meas. 
Tech., 9(2), 631–654, doi:10.5194/amt-9-631-2016, 2016. 

Bessho, K., Date, K., Masahiro, H., Ikeda, A., Imai, T., Inoue, H., Kumagai, Y., Miyakawa, T., Murata, H., Ohno, T., 355 
Okuyama, A., Oyama, R., Sasaki, Y., Shimazu, Y., Shimoji, K., Sumida, Y., Suzuki, M., Taniguchi, H., Tsuchiyama, H., 
Uesawa, D., Yokota, H. and Yoshida, R.: An Introduction to Himawari-8/9 - Japan’s New-Generation Geostationary 
Meteorological Satellites, J. Meteorol. Soc. Japan, 94(2), 151–183, doi:10.2151/jmsj.2016-009, 2016. 

Bullard, J. E., Matthew, B., Tom, B., John, C., Eleanor, D., Diego, G., Santiago, G., Gudrun, G., Richard, H., Robert, M., 
Cheryl, M.-N., Tom, M., Helena, S. and Thorsteinsson, T.: High latitude dust in the Earth system Reviews of 360 
Geophysics, Rev. Geophys., 54, 447–485, doi:10.1002/2016RG000518.Received, 2016. 

Campbell, J. R., Tackett, J. L., Reid, J. S., Zhang, J., Curtis, C. A., Hyer, E. J., Sessions, W. R., Westphal, D. L., Prospero, J. 
M., Welton, E. J., Omar, A. H., Vaughan, M. A. and Winker, D. M.: Evaluating nighttime CALIOP 0.532 μm aerosol 
optical depth and extinction coefficient retrievals, Atmos. Meas. Tech., 5(9), 2143–2160, doi:10.5194/amt-5-2143-2012, 
2012. 365 

Chaboureau, J. P., Tulet, P. and Mari, C.: Diurnal cycle of dust and cirrus over West Africa as seen from Meteosat Second 
Generation satellite and a regional forecast model, Geophys. Res. Lett., 34(2), 2–6, doi:10.1029/2006GL027771, 2007. 

Choi, M., Kim, J., Lee, J., Kim, M., Park, Y. J., Holben, B., Eck, T. F., Li, Z. and Song, C. H.: GOCI Yonsei aerosol 
retrieval version 2 products: An improved algorithm and error analysis with uncertainty estimation from 5-year 
validation over East Asia, Atmos. Meas. Tech., 11(1), 385–408, doi:10.5194/amt-11-385-2018, 2018. 370 

DeMott, P. J., Prenni, A. J., Liu, X., Kreidenweis, S. M., Petters, M. D., Twohy, C. H., Richardson, M. S., Eidhammer, T. 
and Rogers, D. C.: Predicting global atmospheric ice nuclei distributions and their impacts on climate, Proc. Natl. Acad. 
Sci., 107(25), 11217–11222, doi:10.1073/pnas.0910818107, 2010. 

Diner, D. J., Beckert, J. C., Reilly, T. H., Bruegge, C. J., Conel, J. E., Kahn, R. A., Martonchik, J. V, Ackerman, T. P., 
Davies, R., Gerstl, S. A. W., Gordon, H. R., Muller, J. P., Myneni, R. B., Sellers, P. J., Pinty, B. and Verstraete, M. M.: 375 
Multi-angle Imaging SpectroRadiometer (MISR) instrument description and experiment overview, in IEEE Transactions 
on Geoscience and Remote Sensing, vol. 36, pp. 1072–1087., 1998. 

Engelstaedter, S., Tegen, I. and Washington, R.: North African dust emissions and transport, Earth-Science Rev., 79, 73–
100, doi:10.1016/j.earscirev.2006.06.004, 2006. 

Fiedler, S., Schepanski, K., Heinold, B., Knippertz, P. and Tegen, I.: Climatology of nocturnal low-level jets over North 380 
Africa and implications for modeling mineral dust emission, J. Geophys. Res. Atmos., 118, 6100–6121, 
doi:10.1002/jgrd.50394, 2013. 

Fisher, R. A.: Statistical Methods for Research Workers, in Breakthroughs in Statistics: Methodology and Distribution, 
edited by S. Kotz and N. L. Johnson, pp. 66–70, Springer New York, New York, NY., 1992. 

Furman, H. K. H.: Dust Storms in the Middle East: Sources of Origin and Their Temporal Characteristics, Indoor Built 385 
Environ., 12(6), 419–426, doi:10.1177/1420326x03037110, 2003. 

Gaiero, D. M.: Dust provenance in Antarctic ice during glacial periods: From where in southern South America?, Geophys. 
Res. Lett., 34(17), 1–6, doi:10.1029/2007GL030520, 2007. 

Giles, D. M., Sinyuk, A., Sorokin, M. G., Schafer, J. S., Smirnov, A., Slutsker, I., Eck, T. F., Holben, B. N., Lewis, J. R., 
Campbell, J. R., Welton, E. J., Korkin, S. V. and Lyapustin, A. I.: Advancements in the Aerosol Robotic Network 390 
(AERONET) Version 3 database - Automated near-real-time quality control algorithm with improved cloud screening for 
Sun photometer aerosol optical depth (AOD) measurements, Atmos. Meas. Tech., 12(1), 169–209, doi:10.5194/amt-12-
169-2019, 2019. 

Gili, S., Gaiero, D. M., Goldstein, S. L., Chemale, F., Koester, E., Jweda, J., Vallelonga, P. and Kaplan, M. R.: Provenance 
of dust to Antarctica: A lead isotopic perspective, Geophys. Res. Lett., 43(5), 2291–2298, doi:10.1002/2016GL068244, 395 
2016. 

Ginoux, P., Chin, M., Tegen, I., Prospero, J. M., Holben, B., Dubovik, O. and Lin, S.-J.: Sources and distributions of dust 
aerosols simulated with the GOCART model, J. Geophys. Res., 106, 20255–20273, 2001. 

Ginoux, P., Garbuzov, D. and Hsu, N. C.: Identification of anthropogenic and natural dust sources using moderate resolution 
imaging spectroradiometer (MODIS) deep blue level 2 data, J. Geophys. Res., 115(D05204), 1–10, 400 
doi:10.1029/2009JD012398, 2010. 

Ginoux, P., Prospero, J. M., Gill, T. E., Hsu, N. C. and Zhao, M.: Global-scale attribution of anthropogenic and natural dust 

https://doi.org/10.5194/acp-2019-975
Preprint. Discussion started: 21 November 2019
c© Author(s) 2019. CC BY 4.0 License.



13 
 

sources and their emission rates based on MODIS Deep Blue aerosol products, Rev. Geophys., 50, RG3005, 
doi:10.1029/2012RG000388, 2012. 

Graham, B., Guyon, P., Maenhaut, W., Taylor, P. E., Ebert, M., Matthias-Maser, S., Mayol-Bracero, O. L., Godoi, R. H. M., 405 
Artaxo, P., Meixner, F. X., Moura, M. A. L., Rocha, C. H. E. D., Grieken, R. Van, Glovsky, M. M., Flagan, R. C. and 
Andreae, M. O.: Composition and diurnal variability of the natural Amazonian aerosol, J. Geophys. Res., 108(D24), 
4765, doi:10.1029/2003jd004049, 2003. 

Heinold, B., Knippertz, P., Marsham, J. H., Fiedler, S., Dixon, N. S., Schepanski, K., Laurent, B. and Tegen, I.: The role of 
deep convection and nocturnal low-level jets for dust emission in summertime West Africa: Estimates from convection-410 
permitting simulations, J. Geophys. Res. Atmos., 118, 4385–4400, doi:10.1002/jgrd.50402, 2013. 

Holben, B. N., Eck, T. F., Slutsker, I., Tanre, D., Buis, J. P., Setzer, A., Vermote, E., Reagan, J. A., Kaufman, Y. J., 
Nakajima, T., Lavenu, F., Jankowiak, I. and Smirnov, A.: AERONET‚A Federated Instrument Network and Data 
Archive for Aerosol Characterization, Remote Sens. Environ., 66(1), 1–16, doi:http://dx.doi.org/10.1016/S0034-
4257(98)00031-5, 1998. 415 

Kalashnikova, O. V., Kahn, R., Sokolik, I. N. and Li, W.-H.: Ability of multiangle remote sensing observations to identify 
and distinguish mineral dust types: Optical models and retrievals of optically thick plumes, J. Geophys. Res., 110, 
D18S14, doi:10.1029/2004jd004550, 2005. 

Kaufman, Y. J., Koren, I., Remer, L. A., Tanré, D., Ginoux, P. and Fan, S.: Dust transport and deposition observed from the 
Terra-Moderate Resolution Imaging Spectroradiometer (MODIS) spacecraft over the Atlantic Ocean, J. Geophys. Res., 420 
110, D10S12, doi:10.1029/2003JD004436, 2005. 

Knippertz, P. and Stuut, J.-B. W.: Mineral Dust, Springer Dordrecht Heidelberg New York London., 2014. 
Koren, I., Kaufman, Y. J., Washington, R., Todd, M. C., Rudich, Y., Martins, J. V. and Rosenfeld, D.: The Bodélé 

depression: A single spot in the Sahara that provides most of the mineral dust to the Amazon forest, Environ. Res. Lett., 
1, 014005, doi:10.1088/1748-9326/1/1/014005, 2006. 425 

Lee, L., Zhang, J., Reid, J. S. and Yorks, J. E.: Investigation of CATS aerosol products and application toward global diurnal 
variation of aerosols, Atmos. Chem. Phys. Discuss., December, 1–47, doi:10.5194/acp-2018-1298, 2018. 

Luo, C., Mahowald, N. and Jones, C.: Temporal variability of dust mobilization and concentration in source regions, J. 
Geophys. Res., 109, D20202, doi:10.1029/2004JD004861, 2004. 

Mahowald, N., Ward, D. S., Kloster, S., Flanner, M. G., Heald, C. L., Heavens, N. G., Hess, P. G., Lamarque, J.-F. and 430 
Chuang, P. Y.: Aerosol Impacts on Climate and Biogeochemistry, Annu. Rev. Environ. Resour., 36(1), 45–74, 
doi:10.1146/annurev-environ-042009-094507, 2011. 

Mahowald, N. M., Artaxo, P., Baker, A. R., Jickells, T. D., Okin, G. S., Randerson, J. T. and Townsend, A. R.: Impacts of 
biomass burning emissions and land use change on Amazonian atmospheric phosphorus cycling and deposition, Global 
Biogeochem. Cycles, 19(4), doi:10.1029/2005GB002541, 2005. 435 

Marsham, J. H., Knippertz, P., Dixon, N. S., Parker, D. J. and Lister, G. M. S.: The importance of the representation of deep 
convection for modeled dust-generating winds over West Africa during summer, Geophys. Res. Lett., 38(16), 2–7, 
doi:10.1029/2011GL048368, 2011. 

McGill, M. J., Yorks, J. E., Scott, V. S., Kupchock, A. W. and Selmer, P. A.: The Cloud-Aerosol Transport System (CATS): 
a technology demonstration on the International Space Station, Lidar Remote Sens. Environ. Monit. XV, 440 
9612(September 2015), 96120A, doi:10.1117/12.2190841, 2015. 

N’Tchayi Mbourou, G., Bertrand, J. J. and Nicholson, S. E.: The Diurnal and Seasonal Cycles of Wind-Borne Dust over 
Africa North of the Equator, J. Appl. Meteorol., 36(7), 868–882, doi:10.1175/1520-
0450(1997)036<0868:TDASCO>2.0.CO;2, 1997. 

Okin, G. S., Mahowald, N., Chadwick, O. A. and Artaxo, P.: Impact of desert dust on the biogeochemistry of phosphorus in 445 
terrestrial ecosystems, Global Biogeochem. Cycles, 18, GB2005, doi:10.1029/2003GB002145, 2004. 

Omar, A. H., Winker, D. M., Tackett, J. L., Giles, D. M., Kar, J., Liu, Z., Vaughan, M. A., Powell, K. A. and Trepte, C. R.: 
CALIOP and AERONET aerosol optical depth comparisons: One size fits none, J. Geophys. Res. Atmos., 118(10), 
4748–4766, doi:10.1002/jgrd.50330, 2013. 

Osipov, S., Stenchikov, G., Brindley, H. and Banks, J.: Diurnal cycle of the dust instantaneous direct radiative forcing over 450 
the Arabian Peninsula, Atmos. Chem. Phys., 15(16), 9537–9553, doi:10.5194/acp-15-9537-2015, 2015. 

Pauly, R. M., Yorks, J. E., Hlavka, D. L., McGill, M. J., Amiridis, V., Palm, S. P., Rodier, S. D., Vaughan, M. A., Selmer, P. 

https://doi.org/10.5194/acp-2019-975
Preprint. Discussion started: 21 November 2019
c© Author(s) 2019. CC BY 4.0 License.



14 
 

A., Kupchock, A. W., Baars, H. and Gialitaki, A.: Cloud Aerosol Transport System (CATS) 1064&amp;thinsp;nm 
Calibration and Validation, Atmos. Meas. Tech. Discuss., (June), 1–22, doi:10.5194/amt-2019-172, 2019. 

Prospero, J. M., Ginoux, P., Torres, O., Nicholson, S. E. and Gill, T. E.: ENVIRONMENTAL CHARACTERIZATION OF 455 
GLOBAL SOURCES OF ATMOSPHERIC SOIL DUST IDENTIFIED WITH THE NIMBUS 7 TOTAL OZONE 
MAPPING SPECTROMETER (TOMS) ABSORBING AEROSOL PRODUCT, Rev. Geophys., 40(1), 1002, 
doi:10.1029/2000rg000095, 2002. 

Schepanski, K., Tegen, I., Laurent, B., Heinold, B. and Macke, A.: A new Saharan dust source activation frequency map 
derived from MSG-SEVIRI IR-channels, Geophys. Res. Lett., 34, L18803, doi:10.1029/2007GL030168, 2007. 460 

Schepanski, K., Tegen, I., Todd, M. C., Heinold, B., Bönisch, G., Laurent, B. and Macke, A.: Meteorological processes 
forcing Saharan dust emission inferred from MSG-SEVIRI observations of subdaily dust source activation and numerical 
models, J. Geophys. Res., 114, D10201, doi:10.1029/2008JD010325, 2009. 

Schmit, T. J., Griffith, P., Gunshor, M. M., Daniels, J. M., Goodman, S. J. and Lebair, W. J.: A closer look at the ABI on the 
GOES-R series, Bull. Am. Meteorol. Soc., 98(4), 681–698, doi:10.1175/BAMS-D-15-00230.1, 2017. 465 

Stout, J. E.: Diurnal patterns of blowing dust on the Llano Estacado, J. Arid Environ., 122, 85–92, 
doi:10.1016/j.jaridenv.2015.06.013, 2015. 

Tackett, J. L., Winker, D. M., Getzewich, B. J., Vaughan, M. A., Young, S. A. and Kar, J.: CALIPSO lidar level 3 aerosol 
profile product: Version 3 algorithm design, Atmos. Meas. Tech., 11(7), 4129–4152, doi:10.5194/amt-11-4129-2018, 
2018. 470 

Tanaka, T. Y. and Chiba, M.: A numerical study of the contributions of dust source regions to the global dust budget, Glob. 
Planet. Change, 52(1–4), 88–104, doi:10.1016/j.gloplacha.2006.02.002, 2006. 

Tegen, I. and Lacis, A. A.: Modeling of particle size distribution and its influence on the radiative properties of mineral dust 
aerosol, J. Geophys. Res., 101(D14), 19237–19244, doi:10.1029/95jd03610, 1996. 

Thomsen, G. L., Reeder, M. J. and Smith, R. K.: The diurnal evolution of cold fronts in the Australian subtropics, Q. J. R. 475 
Meteorol. Soc., 00, 1–16, doi:10.1002/qj.000, 2008. 

Todd, M. C., Bou Karam, D., Cavazos, C., Bouet, C., Heinold, B., Baldasano, J. M., Cautenet, G., Koren, I., Perez, C., 
Solmon, F., Tegen, I., Tulet, P., Washington, R. and Zakey, A.: Quantifying uncertainty in estimates of mineral dust flux: 
An intercomparison of model performance over the Bodélé depression, northern Chad, J. Geophys. Res., 113, D24107, 
doi:10.1029/2008JD010476, 2008. 480 

Toth, T. D., Campbell, J. R., Reid, J. S., Tackett, J. L., Vaughan, M. A., Zhang, J. and Marquis, J. W.: Minimum aerosol 
layer detection sensitivities and their subsequent impacts on aerosol optical thickness retrievals in CALIPSO level 2 data 
products, Atmos. Meas. Tech., 11(1), 499–514, doi:10.5194/amt-11-499-2018, 2018. 

Vaughan, M. A., Powell, K. A., Kuehn, R. E., Young, S. A., Winker, D. M., Hostetler, C. A., Hunt, W. H., Liu, Z., Mcgill, 
M. J. and Getzewich, B. J.: Fully automated detection of cloud and aerosol layers in the CALIPSO lidar measurements, J. 485 
Atmos. Ocean. Technol., 26(10), 2034–2050, doi:10.1175/2009JTECHA1228.1, 2009. 

Wagenbrenner, N. S.: A large source of dust missing in Particulate Matter emission inventories? Wind erosion of post-fire 
landscapes, Elem Sci Anth, 5(0), doi:10.1525/elementa.185, 2017. 

Wagenbrenner, N. S., Germino, M. J., Lamb, B. K., Robichaud, P. R. and Foltz, R. B.: Wind erosion from a sagebrush 
steppe burned by wildfire: Measurements of PM10 and total horizontal sediment flux, Aeolian Res., 10(February 2019), 490 
25–36, doi:10.1016/j.aeolia.2012.10.003, 2013. 

Wagner, R., Schepanski, K., Heinold, B. and Tegen, I.: Interannual variability in the Saharan dust source activation - 
Towards understanding the differences between 2007 and 2008, J. Geophys. Res. Atmos., 121, 1–25, 
doi:10.1002/2015JD024302, 2016. 

Wang, J., Xia, X., Wang, P. and Christopher, S. A.: Diurnal variability of dust aerosol optical thickness and Angström 495 
exponent over dust source regions in China, Geophys. Res. Lett., 31(8), 2–5, doi:10.1029/2004GL019580, 2004. 

Washington, R. and Todd, M. C.: Atmospheric controls on mineral dust emission from the Bodélé Depression, Chad: The 
role of the low level jet, Geophys. Res. Lett., 32(17), 1–5, doi:10.1029/2005GL023597, 2005. 

Winker, D. M., Vaughan, M. A., Omar, A., Hu, Y., Powell, K. A., Liu, Z., Hunt, W. H. and Young, S. A.: Overview of the 
CALIPSO mission and CALIOP data processing algorithms, J. Atmos. Ocean. Technol., 26(11), 2310–2323, 500 
doi:10.1175/2009JTECHA1281.1, 2009. 

Yorks, J. E., Mcgill, M. J., Palm, S. P., Hlavka, D. L., Selmer, P. A., Nowottnick, E. P., Vaughan, M. A. and Rodier, S. D.: 

https://doi.org/10.5194/acp-2019-975
Preprint. Discussion started: 21 November 2019
c© Author(s) 2019. CC BY 4.0 License.



15 
 

An Overview of the CATS level 1 Processing Algorithms and Data Products, Geophys. Res. Lett., 43, 4632–4639, 
doi:10.1002/2016GL068006., 2016. 

Yorks, J. E., Selmer, P. A., Nowottnick, E. P., Rodier, S. D., Vaughan, M. A., Dacic, N., Mcgill, M. J. and Palm, S. P.: 505 
CATS Level 2 Vertical Feature Mask Algorithms and Data Products: An Overview and Initial Assessment, Atmos. 
Meas. Tech. Discuss., in prepara, 2019. 

Yu, H., Chin, M., Yuan, T., Bian, H., Remer, L. a., Prospero, J. M., Omar, A., Winker, D., Yang, Y., Zhang, Y., Zhang, Z. 
and Zhao, C.: The fertilizing role of African dust in the Amazon rainforest: A first multiyear assessment based on data 
from Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations, Geophys. Res. Lett., 42, 1984–1991, 510 
doi:10.1002/2015GL063040, 2015a. 

Yu, Y., Notaro, M., Liu, Z., Kalashnikova, O., Alkolibi, F., Fadda, E. and Bakhrjy, F.: Assessing temporal and spatial 
variations in atmospheric dust over Saudi Arabia through satellite, radiometric, and station data, J. Geophys. Res. 
Atmos., 118(23), 13253–13264, doi:10.1002/2013JD020677, 2013. 

Yu, Y., Notaro, M., Liu, Z., Wang, F., Alkolibi, F., Fadda, E. and Bakhrjy, F.: Climatic controls on the interannual to 515 
decadal variability in Saudi Arabian dust activity: Toward the development of a seasonal dust prediction model, J. 
Geophys. Res.  Ocean., 120, 1739–1758, doi:10.1002/2015JC010768., 2015b. 

Yu, Y., Notaro, M., Kalashnikova, O. V. and Garay, M. J.: Climatology of summer Shamal wind in the Middle East, J. 
Geophys. Res. Atmos., 121, 1–17, doi:10.1002/2015JD024063, 2016. 

Yu, Y., Kalashnikova, O. V., Garay, M. J., Lee, H. and Notaro, M.: Identification and Characterization of Dust Source 520 
Regions Across North Africa and the Middle East Using MISR Satellite Observations, Geophys. Res. Lett., 45, 6690–
6701, doi:10.1029/2018GL078324, 2018. 

Yu, Y., Kalashnikova, O. V., Garay, M. J. and Notaro, M.: Climatology of Asian dust activation and transport potential 
based on MISR satellite observations and trajectory analysis, Atmos. Chem. Phys., 19(1), 363–378, doi:10.5194/acp-19-
363-2019, 2019. 525 

Yue, X., Wang, H., Wang, Z. and Fan, K.: Simulation of dust aerosol radiative feedback using the Global Transport Model 
of Dust: 1. Dust cycle and validation, J. Geophys. Res., 114, D10202, doi:10.1029/2008JD010995, 2009. 

 

 

 530 

 

 

 

https://doi.org/10.5194/acp-2019-975
Preprint. Discussion started: 21 November 2019
c© Author(s) 2019. CC BY 4.0 License.



16 
 

 
Figure 1: Comparison of total AOD from CATS (1064 nm) and AERONET (1020 nm) during the local day and night. (a, b) 535 
number of collocated observations between CATS and AERONET during (a) daytime and (b) nighttime. (c-e) Probability 
distribution function (%) of the (c) temporal correlation, (d) root-mean-square-error (RMSE), and (e) mean bias (CATS-
AERONET) between collocated AOD observations from CATS and AERONET among all AERONET sites at local day (red 
curves, n= 243 sites) and night (blue curves, n = 35 sites). 
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 540 
Figure 2 CATS-AERONET comparison metrics as a function of mean AOD across AERONET sites at local (a) day and (b) night. 
RMSE, temporal correlation, and mean bias at each AERONET site is presented by a dot in red, yellow, and black, referring to 
the left, first right, and second right Y-axis, respectively. Mean AOD is obtained from the corresponding AERONET site by 
averaging all available observations during 2015-2017. 
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 545 
Figure 3 Comparison of seasonal average, standardized DAOD from (a-d) CATS (1064 nm) and (e-h) MISR (558 nm) in (a, e) 
December-February (DJF), (b, f) March-May (MAM), (c, g) June-August (JJA), and (d, h) September-November (SON). For a 
direct comparison, DAOD from each instrument in each season is standardized, namely divided by the 95th percentile of all DAOD 
observations between 51˚N-51˚S from that instrument in that season and multiplied by 100. The spatial rank correlation between 
the seasonal DAOD maps from CATS and MISR are indicated in the corresponding CATS panel. 550 
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Figure 4 Annual-average DAOD from CATS in each 3-hour local time window: (a) 00-03, (b) 03-06, (c) 06-09, (d) 09-12, (e) 12-15, 
(f) 15-18, (g) 18-21, (g) 21-24. 
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Figure 5 Diurnally (a) maximum and (b) minimum DAOD across North Africa and Middle East. Direction of the vectors indicates 555 
the local time when mean DAOD reaches the (a) maximum and (b) minimum value, with the legend located in the bottom-right 
corner of the figure. Color of the vectors indicates the (a) maximum and (b) minimum DAOD value. Thick vectors indicate 
statistically significant diurnal variability (p<0.05) according to the ANOVA-based F-test. The boxes show the location of the 
Western African El Djouf, Bodélé depression, Iraqi desert, and Rub-al Khali desert from west to east.  
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Figure 6 Diurnally maximum and minimum DAOD across Asia. Figure elements are the same as in Figure 5. Boxes indicate the 565 
location of the Thar and Taklamakan deserts from west to east.  
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 570 
Figure 7 Diurnally maximum and minimum DAOD across North America. Figure elements are the same as in Figure 5. Boxes 
indicate the dust source regions in the western and southern United States. 
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Figure 8 Diurnally maximum and minimum DAOD across South America. Figure elements are the same as in Figure 5. Boxes 
indicate the Amazon and Patagonia regions from north to south.                      575 
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Figure 9 Diurnally maximum and minimum DAOD across South Africa. Figure elements are the same as in Figure 5. The box 
indicates the tropical southern Africa. 
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Figure 10 Diurnally maximum and minimum DAOD across Australia. Figure elements are the same as in Figure 5. The box 580 
indicates central Australia. 
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