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Abstract We use the GEOS‐Chem chemistry transport model to quantify the factors in the diel discrepancy
of Aerosol Optical Depth (AOD) retrieved from Cloud‐Aerosol Lidar with Orthogonal Polarization (CALIOP)
satellite observations over eastern China. The GEOS‐Chem simulation reveals that the AOD below 1 km is
58.5% larger at night than during the daytime, which is comparable to the counterpart of 41.3% from CALIOP
(v4.2). Model sensitivity simulations show that the diurnal variation in wind barely impacts the AOD difference
between daytime and nighttime, and the increase in AOD at nighttime is primarily caused by the lower
temperature at nighttime compared to daytime. Further simulations demonstrate that the low temperature at
night increases AOD primarily by increasing relative humidity, and hence particle hygroscopic growth, while
the effect of temperature on chemical rate barely influences AOD. CALIOP also observes that the absolute
difference in AOD above 1 km between nighttime and daytime is 0.105, while the counterpart in GEOS‐Chem
simulations is − 0.031. This contrast can be partly explained by the factor that the percentage of valid CALIOP
retrievals below 5 km is 15%–20% greater at nighttime than in the daytime due to the CALIOP detection limit.
Removing the detection limit impact decreases the difference in the CALIOP AOD above 1 km between
nighttime and daytime to 0.073.

Plain Language Summary Aerosols are small particulates suspended in the atmosphere, having
adverse impacts on human health, and modifying climate forcing. Satellite‐based Aerosol Optical Depth
(AOD), while often used as an observation‐based indicator of air pollution at global and regional scale, contains
not only information on aerosol dry mass concentrations but also information on aerosol optical properties that
link mass to optical extinction. We found that satellite‐based AOD at night is larger than that in the daytime over
eastern China. The disparities cannot be explained by the difference in aerosol dry mass loading alone, and
indeed, is primarily caused by larger relative humidity that in turn makes aerosol particle size larger and changes
aerosol extinction efficiency via greater hygroscopic growth at night. As the space‐borne lidar (CLAIOP) that is
designed to measure both daytime and nighttime AOD was decommissioned in August 2023, this study not only
reveals the diurnal variation in the relationship between AOD and aerosol dry mass concentrations but also
underscores the emergent need and critical importance of nighttime AOD measurements from space for
studying air quality and aerosol processes at regional to global scale.

1. Introduction
Aerosols exhibit diurnal variations (Balmes et al., 2021) due to differences in emissions (Crippa et al., 2020;
Wang et al., 2004), meteorological conditions (Wang et al., 2006; Xu et al., 2019), and chemistry processes
(Seinfeld & Pandis, 2016; Wang et al., 2020) between daytime and nighttime. Characterizing the spatial distri-
bution of aerosols in the daytime as well as nighttime is important for investigating their impacts on global
radiative forcing and human health. Aerosols alter the Earth's radiation budget directly by interacting with ra-
diation and indirectly by changing cloud lifetime and microphysical properties (Haywood & Boucher, 2000;
Myhre et al., 2013). These direct and indirect effects are not limited to solar shortwave radiation during the day
but also affect terrestrial longwave radiation throughout the day and night (Gasparini et al., 2020; Jackson
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et al., 2016). According to the Intergovernmental Panel on Climate Change (IPCC) Sixth Assessment Report
(AR6), aerosols contribute 1.3 ± 0.7 W m− 2 to global effective radiative forcing (Smith et al., 2021). Apart from
their impact on the radiation budget, aerosols near the Earth's surface also adversely affect human health. Aerosols
with an aerodynamic diameter less than 2.5 μm (PM2.5) can cause and exacerbate acute lower respiratory illness,
cerebrovascular disease, ischemic heart disease, chronic obstructive pulmonary disease, and lung cancer (Burnett
et al., 2014). It was estimated that PM2.5 pollution caused ∼3 million premature deaths in 2010 worldwide, with
∼1.3 million occurring in China (Lelieveld et al., 2015). Despite the large diurnal variations in PM2.5 concen-
trations (Fu et al., 2018), the PM2.5 concentration data used for estimating premature deaths are obtained from
model simulations or derived from daytime satellite‐based Aerosol Optical Depth (AOD) retrievals, lacking
observational information at nighttime (Lee et al., 2015; Lelieveld et al., 2015; Wei, Li, Lyapustin, et al., 2021).

Due to their wide spatial coverage, AOD data from satellite sensors such as Moderate Resolution Imaging
Spectroradiometer (MODIS), Multi‐angle Imaging Spectroradiometer (MISR), Visible Infrared Imaging Radi-
ometer Suite (VIIRS), and Advanced Himawari Imager (AHI) have been used for estimating emissions (Petrenko
et al., 2012; Xu et al., 2013; Ye et al., 2023), investigating radiative forcing (Ge et al., 2010; Jia et al., 2021; Ma
et al., 2014; Xu et al., 2022), and deriving surface PM2.5 concentrations (Wei et al., 2021a, 2021b; Wu et al., 2016;
Yao et al., 2018; You et al., 2016). However, all these passive satellite sensors, except for VIIRS, measure only
reflected sunlight radiance for retrieving AOD in the daytime. Although VIIRS measures reflected moonlight and
city nighttime light in addition to reflected sunlight, research on using VIIRS to retrieve nighttime AOD or study
urban air pollution is still in a preliminary stage (Meng et al., 2023; Wang et al., 2016; Zhang et al., 2023; Zhou
et al., 2021), and there is no operational VIIRS nighttime AOD product.

Unlike passive satellite sensors, the active Cloud‐Aerosol Lidar with Orthogonal Polarization (CALIOP) sensor
on board the Cloud‐Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) satellite measures
the attenuated backscatter light beam, which is used to retrieve Extinction Coefficient (EC) profiles and
consequently columnar AOD in both the daytime and nighttime. CALIOP daytime and nighttime AOD data have
been compared at both global and regional scale. Previous research has shown that the global pattern of CALIOP
AOD in the daytime is similar to that at nighttime (Kittaka et al., 2011; Ma et al., 2013; Winker et al., 2013), but
the mean CALIOP AOD at nighttime is 17%–46% higher than that during the daytime over land (Ma et al., 2013;
Winker et al., 2013). The factors in these large differences have not been investigated with rigor. At regional scale,
the CALIOP data show that AOD at nighttime is larger than that in the daytime over eastern China (Gui
et al., 2022; Huang et al., 2013) and the North China Plain (Xu et al., 2019). The larger nighttime AOD is ascribed
to weaker convection and diffusion caused by lower temperature at night (Gui et al., 2022), greater hygroscopic
growth of aerosols at low levels at nighttime than during the day (Xu et al., 2019), and undetected daytime low
aerosol concentrations at high levels caused by solar radiation interference (Xu et al., 2019). In contrast, Su
et al. (2020) found that CALIOP AOD is larger during the daytime than at night over northeastern China and
hypothesized that this difference is caused by greater anthropogenic emissions during the day than at night.

Despite the previous research on the differences between daytime and nighttime CALIOP AOD, the primary
drivers regulating these variations have not been quantified. All these studies focus on analyzing AOD and EC
profile data from CALIOP or meteorological data from model simulations, but they lack the simulation of AOD
diurnal variations. AOD is affected by many factors, including emissions, chemistry processes, transport, and
hygroscopic growth; thus, it can be challenging to quantify the contributions without Chemistry Transport Model
(CTM) simulations. We use the GEOS‐Chem CTM to simulate the diurnal variations in AOD over China and
quantify the factors in the daytime‐and‐nighttime AOD differences through sensitivity experiments. Section 2
introduces the data sets, CTM, experimental design, and data processing. Section 3 describes the results ofCALIOP
observations and GEOS‐Chem simulations. Section 4 provides a discussion, while Section 5 presents conclusions.

2. Data and Method
2.1. CALIOP Data

In this study, we use CALIOP level‐2 and level‐3 aerosol EC profiles and AOD to investigate the differences in
aerosol loading between daytime and nighttime. The CALIOP lidar onboard the CALIPSO satellite, launched on
28 April 2006, flies across the equator at ∼13:30 and ∼01:30 local time in the daytime and nighttime, respec-
tively. CALIOP observes linear polarization backscatter at 532 nm and total backscatter at 1,064 nm, which can
be used to retrieve aerosol EC profiles. We use CALIOP level‐2 cloud‐free aerosol profile product (version 4.2),
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which includes aerosol EC profiles at 532 nm with a vertical resolution of
60 m ranging from − 0.5 to 20 km in the troposphere for model evaluation and
the comparison between daytime and nighttime aerosol characteristics. The
CALIOP level‐3 product is derived from the version 4.2 CALIOP level‐2
aerosol profile product through quality control and regridding (Tackett
et al., 2018). The level‐3 cloud‐free AOD has a horizontal resolution of
2° × 5° and a temporal resolution of 1 month. As the CALIOP level‐3 product
is monthly mean data, it cannot be properly collocated with CTM simulations;
level‐3 data during 2007–2019 are only used for long‐term analysis. It is
worth noting that the daytime CALIOP measurements exhibit a lower Signal‐
Noise Ratio (SNR) compared to nighttime, due in part to factors like sunlight
interference. As a result, some faint aerosol layers that may be detected during
nighttime conditions are undetected in the daytime and thus classified as
“clear air” (Kim et al., 2017). For these layers, aerosol extinction coefficient
retrievals are not conducted. In the evaluation of climatological AOD char-
acteristics setting EC values of “clear air” samples to zero lead to an under-

estimate. As there are more “clear air” samples in the daytime than at nighttime, this underestimation will be
larger in the daytime than at nighttime. The impact of how to deal with “clear air” samples on the daytime‐and‐
nighttime AOD difference is discussed in Section 4.1.

2.2. GEOS‐Chem Model

GEOS‐Chem is a global three‐dimensional Chemistry Transport Model (CTM) with aerosol external mixing and
hygroscopic growth implemented (Bey et al., 2001; Wang & Martin, 2007). In this study, we use GEOS‐Chem
version 13.3 driven by the Modern‐Era Retrospective Analysis for Research and Applications (MERRA‐2)
(Gelaro et al., 2017) from NASA's Global Modeling and Assimilation Office to simulate species concentrations,
EC, and AOD at an hourly temporal resolution, 2° × 2.5° horizonal resolution, and 47 vertical layers from surface
to 80 km for 2019 over China. The anthropogenic emission inventory used is the Community Emissions Data
System version 2 (CEDSv2) (McDuffie et al., 2020) with a temporal resolution of 1 month, and are evenly
allocated to every day. In GEOS‐Chem, the daily anthropogenic emissions of all species are evenly allocated to
every hour except for NO, whose hourly allocation is conducted according to the diurnal profile in Figure 1. Dust
emissions are calculated online through the mineral dust entrainment and deposition (Fairlie et al., 2007; Zender
et al., 2003) scheme at every 20‐min time step.

Sulfate, nitrate, ammonium, fine mode sea salt, coarse mode sea salt, and parts of Black Carbon (BC) and Organic
Carbon (OC) species are hygroscopic and can absorb water as Relative Humidity (RH) increases, and their
scattering efficiency is enhanced accordingly (Wang et al., 2008). In GEOS‐Chem, the species used to calculate
AOD include sulfate, nitrate, ammonium, fine mode sea salt, coarse mode sea salt, BC, OC, and dust in four size
bins. When relative humidity exceeds 0%, hygroscopic growth occurs, changing the optical property and size of
aerosols and thus affecting AOD.

2.3. Meteorological Data

In addition to MERRA‐2, we use three‐dimensional temperature, specific humidity, and relative humidity data
from Atmospheric InfraRed Sounder (AIRS), and ERA5 in this study. These data are used to evaluate the
meteorological variables from MERRA‐2. AIRS is a hyperspectral infrared spectrometer (Aumann et al., 2003)
aboard the Aqua satellite, which passes over the equator at ∼13:30 and ∼01:30 local time in the daytime and
nighttime, respectively. We use version 7 level‐3 products (Tian et al., 2020) from AIRS, which have a 1°×1°
horizontal resolution and a temporal resolution of 1 month. The AIRS temperature data spans 24 levels ranging
from 1,000 to 1 hPa, while both relative humidity and specific humidity are available at 12 levels in the range of
1,000 to 100 hPa. ERA5 is the fifth‐generation atmospheric product provided by the European Center for
Medium‐Range Weather Forecasts (Hersbach et al., 2020). Compared with its predecessor ERA‐Interim, ERA5
employs a more advanced data assimilation scheme and a broader spectrum of data sources to calculate various
atmospheric variables (Hersbach et al., 2020). In this study, we use ERA5 hourly data on pressure levels with a
regular horizontal resolution of 0.25° × 0.25° and 37 pressure levels from 1,000 to 1 hPa.

Figure 1. The spatial mean of the diurnal profile used for allocating daily
anthropogenic NO emissions to every hour in the eastern China.
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2.4. AERONET Data

Daytime and nighttime AOD measurements from the ground‐based Aerosol Robotic Network (AERONET) are
used. 532 nm AOD data are derived from 500 nm AOD and 675 nm AOD through logarithmic interpolation.
Level 2.0 daytime AERONET AOD data are quality assured and are used in this study. Yet there is only level 1.5
rather than level 2.0 nighttime AERONET AOD data with provisional quality assurance, which means the level
1.5 data is not finalized and may change. There is a discussion of the result derived from AERNOET AOD
measurements in Section 4.1.

2.5. Data Processing

To compare GEOS‐Chem AOD with CALIOP level‐2 retrievals, it is essential to apply CALIOP data quality
control and sample GEOS‐Chem data accordingly. Due to low instrument sensitivity near the Earth's surface, the
CALIOP retrieving algorithm sometimes cannot detect the extinction coefficient profiles of the aerosol layers
attached to the Earth's surface. Additionally, when the attenuated aerosol backscatter signal is smaller than 2–
4 × 10− 4 km− 1sr− 1, CALIOP may lose its detection capability (Huang et al., 2013; Winker et al., 2009). We
follow Winker et al. (2013) and NASA (2023c) to conduct quality control for CALIOP Level‐2 data with these
consecutive steps.

1. The cloud aerosol discrimination score should be within − 100 to − 20.
2. Extinction coefficients with Extinction_QC flags other than 0 or 1 are excluded, along with all data points

below them.
3. Extinction coefficients with a profile uncertainty of 99.9 km− 1 are rejected, as well as all data below them.
4. Data that are within 60 m of the ground are rejected.
5. We remove all EC samples with cloud layer fraction larger than 97%, along with the samples below the

rejected ones (NASA, 2023c).
6. For samples that are classified as “clear air” and above 250 m of the ground, these values are assumed to be

0.0 km− 1.
7. Samples that are classified as “clear air” and within 250 m of the ground are rejected.

After CALIOP data quality control, GEOS‐Chem extinction coefficients data are sampled according to corre-
sponding CALIOP retrievals, and the CALIOP retrievals are averaged to the 2° × 2.5° GEOS‐Chem horizonal
grids. Hence GEOS‐Chem and CALIOP data are spatially and temporally collocated for comparison. Only
extinction coefficients below 12 km are vertically aggregated to calculate AOD.

2.6. Experimental Design

To quantify the contributions of various factors in the AOD difference between daytime and nighttime, we
conduct four GEOS‐Chem simulation experiments for 2019, which are summarized in Table 1. The first simu-
lation (CONTROL) serves as a base experiment and is used for comparison with others. The second experiment
(TEMPall) exams the impact of temperature on aqueous‐phase oxidation of SO2 by O3 and H2O2 in clouds to form
sulfate and relative humidity related to aerosol hygroscopic growth by replacing nighttime temperature with
daytime temperature. The MERRA‐2 temperature data has a 3‐hr temporal resolution starting from 02 hr every
day, so the temperature at nighttime (20 hr, 23 hr, 02 hr, and 05 hr local time) is replaced by that in the daytime
(08 hr, 11 hr, 14 hr, and 17 hr) in the simulation. To separate the impact of temperature on aerosol hygroscopic
growth, the third experiment (TEMPrh) only replaces the nighttime temperature used for calculating the relative
humidity for aerosol hygroscopic growth with the daytime temperature. The fourth experiment (WIND) is
designed to show how transport affects the daytime‐and‐nighttime AOD differences; we replace the nighttime
wind with the daytime wind.

3. Results
3.1. CALIOP Daytime‐And‐Nighttime AOD Differences

CALIOP level‐3 daytime and nighttime AOD over China during 2007–2019 is shown in Figure 2. Large CALIOP
AOD exists over eastern China and the southern part of Xinjiang Province during both the daytime (Figure 2a)
and nighttime (Figure 2b). The large AOD over eastern China is primarily due to anthropogenic emissions (Zheng
et al., 2018), while dust aerosol is the major contributor to the large AOD over the southern part of Xinjiang
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Province (Liu et al., 2021). In general, the CALIOP AOD at nighttime is comparable to in the daytime over the
southern part of Xinjiang Province, while it is larger than the daytime AOD over eastern China (Figures 2a and
2b). Considering that both the AOD and the daytime‐and‐nighttime difference are large over eastern China, we
select 102°E to 120°E and 22°N to 40°N (the boxes in Figure 2) as our study region. Although CALIOP AOD is
more than 100% larger at nighttime than in the daytime over Tibet, we exclude it from our study region as AOD is
relatively small there.

Figure 3 illustrates the yearly absolute and relative CALIOP level‐3 AOD differences between nighttime and
daytime over eastern China (the boxes in Figure 2) from 2007 to 2019. It is evident that CALIOP AOD at
nighttime is consistently larger than that during the daytime each year, with the smallest and largest absolute
differences of 0.079 and 0.168, respectively, in 2010 and 2012. Meanwhile, the largest relative difference of
37.8% is observed in 2019. We choose this year for the GEOS‐Chem simulations to investigate to why CALIOP
AOD is larger at nighttime than during the daytime.

3.2. GEOS‐Chem Simulation

3.2.1. Model Evaluation

To investigate whether GEOS‐Chem simulations can capture the AOD diurnal variation, we evaluate GEOS‐
Chem AOD and extinction coefficient profile simulations against the CALIOP level‐2 product. Figures 4a
and 4b show EC profiles in the vertical range of 0.2–5 km from CALIOP observations and the CONTROL
simulation over eastern China (the boxes in Figure 2) in 2019 at daytime and nighttime, respectively. CONTROL
captures well the characteristics that annual mean EC decreases with height at nighttime (Figure 4b). Regarding
daytime, CONTROL shows an EC peak at 1.2 km with declining EC from this point to both surface and high
layers while CALIOP observes that EC decreases with height. Although this modeled peak is a straightforward
consequence of thermodynamics within the mixed layer, whether it shows in CALIOP observation is spatially
and temporally dependent (Sect. S1 in Supporting Information S1). Figure 4c is a Taylor diagram (Taylor, 2001;
Sect. S2 in Supporting Information S1) that shows CONTROL performs better at nighttime than daytime in terms
of annual and seasonal EC profiles. Despite the performance difference between daytime and nighttime,
CONTROL still capture the characteristic that AOD at nighttime is larger than that at daytime.

3.2.2. Sensitivity Analysis

Figure 5 shows the daytime and nighttime AOD from the CALIOP level‐2 products, CONTROL, TEMPrh, and
WIND for 2019. In eastern China (the boxes in Figure 2), the CALIOP mean AOD at nighttime (Figure 5b) is
0.488, which is 51.9% larger than the mean AOD of 0.321 in the daytime (Table 2). Meanwhile, although the
relative difference in AOD between nighttime and daytime is only 8.9% in the CONTROL simulation (Figure 5h
and Table 2), it does capture the phenomenon that AOD is higher at nighttime than in the daytime. Moreover, for
aerosols below 1 km, the relative AOD difference between nighttime and daytime from CONTROL is 58.5%,
which is comparable to 41.3% from CALIOP (Figure S3 in Supporting Information S1). As only nighttime
meteorological data are replaced in TEMPrh and WIND, the differences in daytime AOD among all the simu-
lations (CONTROL, TEMPrh, and WIND) are relatively small (the first column of Figure 5 and Table 2). The
nighttime AOD from TEMPrh is 8.7% lower than that from CONTROL (Figures 5f and 5j and Table 2). Such a
decline in nighttime AOD leads the relative difference between nighttime and daytime changes from 8.9% in
CONTROL to − 4.5% in TEMPrh (Table 2). This indicates that the diel temperature variation plays a significant
role in the phenomenon that AOD is higher at nighttime than during the daytime through large aerosol hygro-
scopic growth due to the high relative humidity caused by low temperature. Meanwhile, the diel temperature
difference places a very small impact on the chemical processes (Section S4 in Supporting Information S1).
Regarding the impact of transport, the comparison between CONTROL and WIND shows that wind barely
contributes to the AOD difference between nighttime and daytime.

The daytime and nighttime EC profiles from CALIOP, CONTROL, TEMPrh, and WIND over eastern China (the
boxes in Figure 2) in 2019 are shown in Figure 6. Evidently, all the simulations generally capture the observed
decrease trends in ECs with altitude at both daytime and nighttime (Figure 6) although a peak at daytime
appearing at 1.2 ∼ 1.6 km in all the simulations is not shown in the CALIOP observation. CALIOP observes
higher ECs at night compared to daytime below ∼5 km, with negligible differences above this altitude
(Figure 6a). The EC profiles from the CONTROL simulation show the transitional height is at 1 km and ECs areTa
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even a little higher at daytime than that at nighttime from 1.2 to 3 km (Figure 6b). Compared with CONTROL and
CALIOP, the difference in EC between nighttime and daytime from TEMPrh is smaller below∼0.8 km, and EC in
the nighttime is even a little smaller than that in the daytime above it. The extinction coefficient profiles
throughout daytime and nighttime from TEMPall and TEMPrh are similar (Figure S5 in Supporting Informa-
tion S1). This suggests that the nighttime AOD enhancement, attributed to hygroscopic growth due to low
temperature at nighttime predominantly exists below 1 km. Furthermore, in the CONTROL run, if hygroscopic
growth is not included in the post‐processing computation of extinction coefficients, the AOD at nighttime drops
to 0.242, which is smaller than the daytime AOD of 0.247. This also supports that the hygroscopic growth is
essential in the larger nighttime AOD. The difference in ECs between CONTROL and WIND throughout daytime
and nighttime is inconsequential, which means the diurnal variation in horizontal transport barely contribute to the
AOD difference between nighttime and daytime. The disparities in AOD above 1 km between CALIOP and
GEOS‐Chem is discussed in Section 4.

3.2.3. Relative Humidity Diurnal Variations

As the GEOS‐Chem simulations show that large hygroscopic growth is the
primary factor in the large nighttime AOD, we further validate and analyze
the parameters related to relative humidity. Figure 7 shows the mean tem-
perature, specific humidity, and relative humidity profiles at both daytime and
nighttime over eastern China (the boxes in Figure 2) in 2019 from AIRS,
MERRA‐2 (GEOS‐Chem), and ERA5. All three data sets show a decrease in
temperature with altitude in both daytime and nighttime. AIRS observes that
the temperature below ∼2 km is lower at nighttime than in the daytime
(Figure 7a), and the temperature difference decreases with altitude, with the
daytime and nighttime temperature profiles almost coinciding above ∼2 km.
Both ERA5 (Figure 7b) and MERRA‐2 (Figure 7c) capture these character-
istics observed by AIRS (Figure 7a). Below 1.5 km, the specific humidity
relative differences between nighttime and daytime are − 1.10%, 0.12%, and

Figure 2. Daytime (a) and nighttime (b) CALIOP level‐3 mean AOD distribution from 2007 to 2019. (c) and (d) are the
absolute and relative differences between nighttime and daytime, respectively. The boxes (102°E to 120°E and 22°N to 40°
N) in the panels are the study region (eastern China) of the research.

Figure 3. The yearly relative (orange line) and absolute (blue line) CALIOP
level‐3 AOD differences between nighttime and daytime over eastern China
(boxes in Figure 2) during 2007–2019.
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− 0.95% from AIRS, ERA5, and MERRA‐2, respectively (Figures 7d–7f). The relative humidity profiles from the
three data sets show that the relative humidity at nighttime is greater than that during the daytime below ∼1.5 km
and the difference is larger at lower altitude (Figures 7g–7i). AIRS observes that relative humidity generally
decreases with altitude at nighttime (Figure 7g). However, during the daytime the relative humidity increases with
altitude, reaching a peak before decreasing again (Figure 7g). Both AIRS (Figure 7g) and MERRA‐2 (Figure 7i)
exhibit their highest relative humidity levels at approximately 1.5 km above sea level, while ERA5 (Figure 7h)
peaks at ∼2 km. Above 2 km, both MERRA‐2 (Figure 7i) and ERA5 (Figure 7h) show a minimal difference in
relative humidity between daytime and nighttime, with the profiles nearly overlapping. In contrast, AIRS data
(Figure 7g) show that daytime relative humidity is slightly greater than nighttime relative humidity between 2 and
4 km. Therefore, we conclude that the increased nighttime relative humidity can be attributed to a lower tem-
perature, resulting in lower saturation water vapor pressure.

3.2.4. Species Diurnal and Vertical Variations

Figure 8 shows the diurnal variations in speciated AOD and dry mass in eastern China (the boxes in Figure 2)
during 2019 from the CONTROL simulation. We use 2 a.m. and 2 p.m. to represent nighttime and daytime,
respectively. The total AOD increases from 00 to 05 hr, decreases until reaching a low point at 15 hr, and then
increases again. At 02 hr, the total AOD is 7.2% larger than that at 14 hr, whereas the total dry mass at 02 hr is only
2.6% larger than that at 14 hr. This indicates that hygroscopic growth is the primary factor responsible for the high
nighttime AOD, and the impact of the diurnal variation of dust emissions is negligible (Figure 8). The sulfate‐
nitrate‐ammonium (SNA) optical depth accounts for 62.2% of the total AOD. The SNA Optical Depth (OD) at
02 hr is 8.9% larger than that at 14 hr although the SNA mass is only 2.5% larger. Since the SNA has the largest
contribution to total AOD and shows the largest diurnal variation, we further investigate the vertical profiles of
SNA EC, dry mass concentration, radius growth factor (ratio of the wet aerosol effective radius to the dry aerosol
effective radius), and extinction efficiency scale factor (ratio of the wet aerosol extinction efficiency to the dry
aerosol extinction efficiency), which are the variables determining AOD (Sect. S5 in Supporting Information S1).
Figure 9a shows that SNA EC from CONTROL is larger at nighttime than that at daytime below 1.5 km, but is a
little smaller at nighttime than that at daytime at from 1.5 to 3 km. Although the pattern of dry mass profile
(Figure 9b) is similar as that of EC (Figure 9b), the relative difference in EC below 1.5 km between nighttime and
daytime is 61.7%, which is much larger than the relative difference in dry mass (25.4%). The patterns of SNA
extinction efficiency scale factor profiles (Figure 9c) and the square of SNA radius growth factor profiles resonate
the pattern of MERRA‐2 relative humidity profile (Figure 7i) with increasingly larger values at nighttime than in
the daytime toward lower altitude below ∼1.5 km. Although the larger SNA dry mass concentration at nighttime
than that at daytime (Figures 8 and 9b) partly contributes to the diel SNA AOD difference (Figure 9b), SNA

Figure 4. Extinction Coefficient (EC) profiles at 532 nm over eastern China (boxes in Figure 2) in daytime (a) and nighttime
(b) in 2019. (c) is a Taylor diagram for evaluating the GEOS‐Chem simulations with the CALIOP observations for daytime
and nighttime.
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extinction efficiency scale factor and SNA radius growth factor are much larger and therefore a greater factor at
nighttime than that at daytime play a more important role (Figures 9c and 9d).

4. Discussion
This study has quantified the factors in the difference in CALIOP AOD between nighttime and daytime through
sensitivity analysis based on GEOS‐Chem simulations. However, the impacts of CALIOP retrieval uncertainty,
and diurnal variations in emissions on our findings should be discussed.

4.1. CALIOP Detection Limit and Uncertainty

In the CALIOP EC product, EC retrieval is not conducted for any layer that is
classified as “clear air”. Figure 10a shows that the extinction coefficient
retrieval ability starts to diminish from 0.3 km upwards at both daytime and
nighttime. Additionally, the percentage of valid retrievals at nighttime is
15%–20% more than that in the daytime from 0.3 to 5 km, and the difference
decreases above 5 km. Thus, the impact of the variation in CALIOP SNR on
the daytime‐and‐nighttime AOD difference exists at both low levels (below
1 km) and high levels (1–5 km).

On the one hand, as there are more samples classified as “clear air” in the
daytime than at nighttime, setting the EC of these samples to 0 in this study
can introduce a larger artificial underestimate of AOD in the daytime than at
nighttime. This artificial difference in underestimation could partly explain
that AOD is larger at nighttime than in the daytime. Meanwhile, the GEOS‐

Figure 5. The daytime (first column) and nighttime (second column) AOD, and the absolute (third column) and relative (fourth column) AOD differences between
nighttime and daytime in 2019 from CALIOP (first row), CONTROL (second row), TEMPrh (3rd row), and WIND (fourth row).

Table 2
The Mean AOD Over Eastern China (Boxes in Figure 2) and the AOD
Differences Between Nighttime and Daytime From CALIOP Observations
and GEOS‐Chem Simulations in 2019

Name Daytime Nighttime
Absolute
difference

Relative
difference

CALIOP 0.321 0.488 0.167 51.9%

CONTROL 0.382 0.416 0.034 8.9%

TEMPall 0.404 0.389 − 0.015 − 3.7%

TEMPrh 0.398 0.380 − 0.018 − 4.5%

WIND 0.387 0.421 0.034 8.8%
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Chem simulations that are paired with CALIOP “clear air” samples have positive EC values, which could partly
explain why the diel difference is smaller in the GEOS‐Chem CONTROL run than in the CALIOP data. On the
other hand, Campbell et al. (2012) and Su et al. (2020) showed that AOD in the nighttime is smaller than that in
the daytime, which can be partly explained by the fact that “clear air” samples are not included in their calculation
of mean AOD. Excluding the “clear air” samples in the calculation of mean AOD means small values are not
included, hence will lead to a positive bias. As there are more “clear” samples at daytime than that at nighttime
(Figure 10a), excluding the “clear air” samples in the calculation of mean AOD (Campbell et al., 2012; Su
et al., 2020) result in a larger artificial overestimation in the daytime than that in the nighttime.

We use three approaches to analyze the impact of the difference in CALIOP “clear air” detection between daytime
and nighttime on our results. The first is to set the EC to 0 (“clear air”) for all nighttime retrievals whose values are
smaller than the minimum daytime aerosol detection threshold of 0.067 km− 1 (Rogers et al., 2014; Toth
et al., 2018), which means degrade the detection limit in the nighttime to that in the daytime (0.067 km− 1). The
degraded nighttime CALIOP retrieval ability and EC profiles are shown in Figures 10a and 10b, respectively.
After degrading the detection limit in the nighttime to that in the daytime, the percentages of valid CALIOP EC
retrievals in the daytime and nighttime are similar to each other (Figure 10a). Compared with that AOD above
1 km in the nighttime is 0.105 larger than that at the daytime in Figure 5a, the difference decreases to 0.073 in
Figures 10b and 10c. In the second method, we use AERONET AOD measurement to correct CALIPO AOD bias
in the daytime. A previous global validation revealed that mean CALIOP AOD is ∼80% of AERONET AOD in
the daytime (Omar et al., 2013). After applying this correction factor of 0.8, the adjusted CALIOP daytime AOD
comes out to 0.401 (derived from the 0.321 in Table 2 divided by 0.8). This value remains below the CALIOP
nighttime AOD of 0.488, as indicated in Table 2. With the caveat that both the threshold of 0.067 km− 1 and the
correction factor of 0.8 are not specifically derived for eastern China, the inferences drawn from these results are
estimates rather than the most accurate determination of the CALIOP day‐night AOD bias in eastern China. In the
third method, we use the estimation of Undetected Layer AOD (ULA) from Kim et al. (2017) to bound the bias of
diel AOD difference caused by the diurnal variation in ULA. Kim et al. (2017) estimated that ULA is
0.036 ± 0.066 and 0.025 ± 0.021 at daytime and nighttime, respectively. As a back‐of‐the‐envelope calculation,
we add the daytime ULA upper limit (0.036 + 0.066 = 0.102) and nighttime ULA lower limit (0.025–
0.021 = 0.004) to CALIOP AODs at daytime (0.321) and nighttime (0.488), respectively. With this estimation,
the CALIOP AOD at nighttime becomes 0.492, which is still 16.3% larger than 0.423 at daytime.

In the CALIOP EC retrieval algorithm, each aerosol type has a lidar ratio, and the uncertainties associated with the
selection of lidar ratio (aerosol type) cannot be omitted. For one thing, under the same condition, the diurnal
depolarization due to solar background contamination could lead to a difference in aerosol type (lidar ratio)
classification between daytime and nighttime. For another thing, lidar ratio grows with relative humidity in-
creases, which can lead to an underestimate of EC or AOD under the high relative humidity condition (Zhao
et al., 2017). As relative humidity is higher in the nighttime than that in the daytime, the uncertainty of lidar ratio
may lead to more underestimate of AOD in the nighttime than daytime. This artifact does not contribute to that
CALIOP AOD in the nighttime is larger than that in daytime, but attenuates it. In inclusion, it is important to

Figure 6. The daytime (blue line) and nighttime (orange line) Extinction Coefficient (EC) profiles at 532 nm over eastern
China (boxes in Figure 2) in 2019 from CALIOP (a), CONTROL (b), TEMPrh (c) and WIND (d).
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recognize the EC profile difference between daytime and nighttime is a combination of natural diurnal variability
and artifact (Huang et al., 2013). Therefore, this study uses GEOS‐Chem model simulation to estimate the natural
diurnal variability and compare it with diel difference reported by CALIOP.

We further corroborate the enhancement of AOD at nighttime over eastern China through ground observations.
There is one AERONET site (Beijing_CAMS) over eastern China that observed AOD at both daytime and

Figure 7. The temperature (first row), specific humidity (second row), and relative humidity (third row) profiles in daytime
(blue line) and nighttime (orange line) over eastern China in 2019 from AIRS (first column), ERA5 (second column), and
MERRA‐2 (third column).
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nighttime in 2019 (The location is shown in Figure S6 in Supporting Infor-
mation S1). For the observations from the site, we select only the data on the
days when both daytime and nighttime AOD measurements are available.
Under this criterion, there are 111 matched days. The average nighttime AOD
is 0.33, which is 7.5% larger than the corresponding average daytime AOD.
The difference is statistically significant with p< 0.01. The relative difference
is much smaller than that derived from CALIOP data but is comparable to the
GEOS‐Chem CONTROL simulation. The daytime and nighttime AERONET
AOD uncertainties are 0.01–0.02 (Giles et al., 2019) and 0.012–0.022 (Bar-
reto et al., 2019), respectively. To decrease the impact of observational un-
certainty on the analysis, only the days with the absolute value of the
difference between daytime and nighttime AOD larger than 0.042 (0.02 for
daytime plus 0.022 for nighttime) are counted, and there are 78 days meeting
this criterion. Under these conditions, the average nighttime AOD is 0.468,
which is 25.8% larger than 0.372 of the daytime AOD. The difference is also
statistically significant with p < 0.05. Hence, AERONET data suggests that
the large diel AOD difference derived from CALIOP data can be in part
attributed to the particle hygroscopic growth (as counted in GEOS‐Chem
simulation), although its portion caused by CALIOP artifacts can also be

significant and should be further investigated together with the representativeness of one AERONET site for the
whole study region and year.

4.2. Emissions

In the GEOS‐Chem simulations, daily anthropogenic NO emissions are allocated to every hour according to the
diurnal profile (Figure 1), and other daily anthropogenic emissions are allocated evenly. This configuration is in
part a result of consideration that gas‐to‐particle conversion from NO to nitrate is the largest contributor to aerosol
mass throughout the day and night (Figure S7a in Supporting Information S1). Although the emission strength at
nighttime is smaller than that in the daytime in CONTROL (Figure 1), the simulation result shows that nighttime
AOD is 8.9% larger than that in the daytime. If aerosol hygroscopic grow is not included in the CONTROL run,
AOD at nighttime is 2.0% smaller than that in the daytime. Furthermore, we conducted another GEOS‐Chem
simulation (named as EMI_NO) in which anthropogenic NO emissions are allocated evenly. The relative
AOD difference between nighttime and daytime changes from 8.9% to 10.3%. If hygroscopic growth is not
considered, the relative difference is only 2.0%. Thus, if we want to obtain a simulation result in which AOD at
nighttime is larger than that in the daytime without aerosol hygroscopic growth, nighttime emissions will have to
be increased significantly to rival the daytime emissions, which is not realistic. Assuming all other factors are
equal, the lower emissions at night alone cannot explain the higher nighttime AOD.

Figure 8. Diurnal variations in total, Sulfate‐Nitrate‐Ammonium (SNA),
Total Carbon (TC), and dust columnar dry mass concentrations (dashed line)
and optical depths (solid line) from the CONTROL simulation over eastern
China in 2019.

Figure 9. Daytime (blue line) and nighttime (orange line) SNA Extinction Coefficient (EC) profile at 532 nm (a), dry mass
profile (b), extinction efficiency scale factor profile (c) and the square of SNA radius growth factor profile (d) over eastern
China (boxes in Figure 2) in 2019 from CONTROL.
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To further evaluate the impact of diurnal variation of other emissions on AOD diurnal variation, we conduct the
EMI_SBO simulation in which NO, SO2, BC, and OC emissions (e.g., major contributor to aerosol mass and
AOD, as shown in Figure S7 in Supporting Information S1) are allocated to every hour according to the profiles in
Figure 1 and Figure S8 in Supporting Information S1 and all other settings are the same as CONTROL. In
EMI_SBO, nighttime AOD is 0.407, which is still 6.0% larger than the daytime AOD. This difference is sta-
tistically significant with p < 0.01. Compared with the relative difference of − 4.5% in TEMPrh, this also
demonstrate the importance of hydroscopic growth in the nighttime.

5. Conclusions and Future Studies
The CALIOP product observes that the yearly AOD over eastern China at nighttime is larger than that in the
daytime from 2007 to 2019. To quantify the factors in the larger nighttime AOD, we use the GEOS‐Chem
chemistry transport model to simulate AOD and Extinction Coefficient (EC) over eastern China in 2019,
when the largest daytime‐and‐nighttime relative difference in AOD exists. We also conduct uncertainty analysis
regarding CALIOP extinction coefficient data quality and sampling difference between daytime and nighttime.

The CALIOP AOD over eastern China at nighttime is 51.9% larger than that in the daytime in 2019. The GEOS‐
Chem CONTROL simulation captures this phenomenon, although the relative difference between nighttime and
daytime is only 8.9%. CALIOP shows a larger relative difference than GEOS‐Chem partly because more aerosols
layers are detected at nighttime than during the daytime in the CALIOP EC retrieving algorithm, which is
especially evident below 5 km. When we focus solely on aerosols below 1 km, the GEOS‐Chem AOD in the
nighttime time is 58.5% larger than that in the daytime, which is comparable to 41.3% from CALIOP.

After counting the difference in CALIOP detection limit between daytime and nighttime, CALIOP AOD is still
larger at night than in the daytime by 41.4%. This result in combination with the analysis of AERONET data
showing significantly larger AOD at night than in the daytime suggest there are physical reasons and processes
contributing to the larger AOD at night. Subsequently, three GEOS‐Chem sensitivity simulations are conducted to
quantify the impacts of transport, temperature, and hygroscopic growth on the larger nighttime AOD. In the
WIND simulation, nighttime wind is replaced with daytime wind, but AOD is still 8.8% larger than daytime,
which is comparable to the 8.9% in the CONTROL simulation. In the TEMPall simulation, nighttime temperature
is replaced with daytime temperature, and nighttime AOD is 3.7% smaller than that in the daytime. Therefore, the
lower nighttime temperature has important contributions to the larger nighttime AOD. To further sperate the
impact of chemistry and hygroscopic growth, the TEMPrh simulation is conducted, in which only the nighttime

Figure 10. (a) Percentage of pixels valid for aerosol Extinction Coefficient (EC) to the total from the CALIOP level‐2 product
over eastern China in 2019 in the daytime and nighttime. For nighttime, orange solid line is plotted with all valid retrievals,
while orange dashed line shows the results after assuming any EC values smaller than 0.067 km− 1 are “clear air” (denoted as
Nighttime_DDL, or degradation of detection limit). (b) EC profiles at 532 nm over eastern China in 2019 from CALIOP in
the daytime and nighttime. For nighttime, orange solid line indicates the EC profiles with consideration of all valid retrievals,
while orange dashed line shows the results after setting any EC values smaller than 0.067 km− 1 to zero in the spatiotemporal
averaging. (c) AOD that is calculated through (b) and above various altitudes.
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temperature used for calculating the relative humidity related to aerosol hygroscopic growth is replaced with
daytime temperature. The simulated nighttime AOD difference between TEMPall and TEMPrh is only 0.009,
indicating that the low nighttime temperature enhances nighttime AOD mainly through hygroscopic growth.
Furthermore, an analysis of the hourly species and AOD also supports the importance of hygroscopic growth in
contributing to the large nighttime AOD. Overall, we found that the aerosol hygroscopic growth leads to an
increase in AOD by 0.174 at night, which in turn change the difference in AOD between nighttime and daytime
from − 0.05 (without hygroscopic growth) to 0.034.

This study reveals that the larger AOD at nighttime over eastern China than that in the daytime is primarily due to
greater hygroscopic growth at night. This result suggests the importance of nighttime observations of aerosol
optical depth and vertical profile of extinctions for constraining the fidelity in our model simulations of aerosol
life cycle that affect aerosol radiative effects and air quality at both daytime and nighttime. Future studies, likely
with synergistic use of satellite, model, and field observation data, are needed to understand composition‐
dependent hygroscopic growth for aerosols by aerosol species at different seasonal, diurnal, and regional
scale. Until then, as CALIOP, the chief senor used for studying nighttime aerosols globally from space in the last
∼17 years, was decommissioned in August 2023, an equally emergent need is the routine measurements of
nighttime aerosols from space (Wang et al., 2016; Yorks et al., 2023; Zhou et al., 2021) for understanding aerosol
transport, aerosol optical properties, and surface PM2.5 at night.

Data Availability Statement
The CALIOP data were from NASA (2023b). The AIRS data were from NASA (2023a). The ERA5 data were
from ECMWF (2023). The GEOS‐Chemmodel was fromGEOS‐Chem Support Team (2023). Figures were made
with Matplotlib version 3.2.1 (Caswell et al., 2020; Hunter, 2007).
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