Response to Reviewer #1:
The authors of the present manuscript acknowledge the reviewer for carefully reading and
providing constructive comments that have led to an improved paper. Responses are written in
blue text.
1. Page 6, Line 23, “700 hPa and LTS is. . .. . .” should be “700 hPa and LTS are......”.
Response: Done.
2. Page 7, Line 13, “Figure 2 shows......” should be “Figure 2 shows. . .. . .”.
Response: Done.
3. What’s the meaning of “P” in Figure 6?
Response: P is the statistical probability. This information has been added to Figure 6’s caption.
4. Page 8, Line 4-5, “This indicates that strong surface wind speeds transported smaller aerosol
particles with no optical sensitivity from the continental interior to over the site”, how to get the
conclusion that the smaller aerosols are transported from the continental interior?
Response: We found that this statement is not fully supported by the current dataset and analysis.
We have thus removed the sentences “However, relatively large aerosol number concentrations
were measured. This indicates that strong surface wind speeds transported smaller aerosol
particles with no optical sensitivity from the continental interior to over the site.” from the
revised manuscript.
5. Why do the periods shown in red box in Figure 5 represent the periods of new particle
formation and growth?
Response: From an observational point of view, atmospheric new particle formation and
subsequent particle growth are seen as the emergence of new aerosol particles into the lower
end of the measured particle size spectrum (e.g., particle sizes below 50 nm), followed by the
growth of these particles into larger sizes (Kulmala et al., 2012). The periods outlined in red show
that aerosol particles start off small then grow larger.
[ Kulmala, M., et al., 2012. Measurement of the nucleation of atmospheric aerosol particles. Nat.
Protoc. 7, 1651–1667.]
6. Page 9, Line 15. Actually, as shown in Nakajima et al (2001) and Liu and Li (2014), aerosol index
is defined as the product of AOD and AE. However, in this study, aerosol index is defined as the
product of the surface-measured aerosol scattering coefficients and AE in this study?
Response: We have changed the term “aerosol index” to “scattering aerosol index”, which has
been used in related studies (e.g., Liu and Li, 2014; Sena et al., 2016). We have also deleted the
reference to Nakajima et al. (2001) because they define the scattering aerosol index differently.
[Liu, J., and Li, Z.: Estimation of cloud condensation nuclei concentration from aerosol optical
quantities: influential factors and uncertainties, Atmos. Chem. Phys., 14(1), 471–483,
https://doi.org/10.5194/acp-14-471-2014, 2014.

Sena, E. T., McComiskey, A., and Feingold, G.: A long-term study of aerosol-cloud interactions and
their radiative effect at the Southern Great Plains using ground-based measurements, Atmos.
Chem. Phys., 16, 11,301–11,318, doi:10.5194/acp-16- 11301-2016, 2016.]
7. The linear regression slopes need be given in Figure 7.
Response: The slopes have now been given in Figures 7 and 8.
8. Page 10, Line 30, “Figure 8c and 8d suggests ...” should be “Figure 8c and 8d suggest ...”
Response: Done.
9. Page 11, Line 6, “Figures 8 ...” should be “Figure 8 ...”
Response: Done.
10. Page 11, Line 10, “... suggests that ...” should be “... suggest that ...”
Response: Done.
11. What is the lack of samples for cluster II air-mass condition? Why cannot use the cluster II to
calculate FIE?
Response: As shown in Figure 10, combined cloud and aerosol data need to be separated into
narrow LWP bins to calculate the FIE. There were not enough cloud and aerosol samples in each
narrow LWP bin for the cluster II air mass to avoid large uncertainties in the FIE estimates.
Furthermore, only cases with sample numbers greater than 50 and with calculated values of FIE
that are statistically significant at the 95% confidence level (P = 0.05) are discussed in the study.
To make things clearer, we have changed the sentence “Due to the lack of samples …” to “Since
there were not enough samples under cluster II air-mass condition …”. We also added the
sentence “Only those cases with sample numbers greater than 50 per bin and where the
calculated values of FIE are statistically significant at the 95% confidence level (P = 0.05) are
analyzed here.” to the revised manuscript.
12. Page 13, Line 6, “... can is possibly because ...” should be “... can be possibly because ...”
Response: Done.
13. Page 14, Line 12-15, “... more inorganic compounds that when ...” should be “... more
inorganic compounds than that when ...”
Response: Sentence corrected.

Response to Reviewer #2
The authors of the present manuscript acknowledge the reviewer for carefully reading and
providing constructive comments that have led to an improved paper. Responses are written in
blue text.
Page 1. Line 26-29, please modify the sentence to correct the grammar.
Response: The sentence has been changed to “Under low aerosol loading conditions, the liquid
water path (LWP) and droplet effective radius (DER) significantly increased with increasing LTS,
but under high aerosol loading conditions, LWP and DER changed little, indicating that aerosols
significantly weakened the dependence of cloud development on LTS.”
Page 1, Line 30, either “a stable condition” or “stable conditions”
Response: Fixed.
Page 2. line 2, you may remove “with increasing LWP”
Response: We have removed “with increasing LWP”.
Page 2, Line 3-5, grammar error for “can significantly made”, also “narrowed”
Response: The sentence has been changed to “Under both continental and marine air-mass
conditions, high aerosol loading can significantly shift COD towards larger values and LWP and
DER towards smaller values, narrowing the distributions of LWP and DER.”
Page 2, Line 15-28, many references should be cited here. For example, the aerosol direct effect
(Yang et al. 2016, 2018; doi:10.1002/2016JD024938, doi: 10.1016/j.atmosres.2018.04.029), the
aerosol indirect effect (Feingold et al., 2003; Garrett et al., 2004; Zhao et al., 2018, 2019), lifetime
effect (Albrecht 1989), thermal emissivity effect (Zhao and Garrett, 2006; Garrett and Zhao, 2015);
semi- direct effect (Koren et al.). Feingold, et al., First measurements of the Twomey indi- rect
effect using ground-based remote sensors, Geophys. Res. Lett., 30(6), 1287,
doi:10.1029/2002GL016633, 2003. Garrett, et al., 2004: Effects of varying aerosol regimes on
low-level Arctic stratus. Geophys. Res. Lett., 31, L17105. Zhao, et al. (2018). Negative AerosolCloud re Relationship from Aircraft Observations over Hebei, China. Earth and Space Science, 5,
19-29. Zhao, et al. (2019), A case study of stratus cloud properties using in situ aircraft
observations over Huanghua, China, Atmosphere, 10, 19. Albrecht, B.A., 1989: Aerosols, cloud
microphysics, and fractional cloudiness, Science, 245(4923), 1227-1230. Garrett, T. J. and C. Zhao,
2006: In- creased Arctic cloud longwave emissivity associated with pollution from mid-latitudes.
Nature, 440, nature04636, 787-789. Zhao, C., and T. Garrett, 2015: Effects of Arctic haze on
surface cloud radiative forcing, Geophys. Res. Lett., 42, 557-564, doi:10.1002/2014GL062015.
Response: The suggested references have been added to the revised manuscript.
Page 2, Line 32, for surface remote sensing, Garrett et al. (2004) and Qiu et al. (2017, 8-Year
ground-based observational analysis about the seasonal variation of the aerosol-cloud droplet
effective radius relationship at SGP site) should be cited.
Response: They have now been cited.

Page 3, Line 2, for aircraft measurement-based studies, Yang et al. (2019, Toward understanding
the process-level impacts of aerosols on microphysical properties of shallow cumulus cloud using
aircraft observations) and Zhao et al. (2018, 2019) should be cited, which are for North China
region.
Response: They have now been cited.
Page 3. Line 17-20, The effect is also dependent on the availability of water vapor, or the amount
of water vapor, and meteorology (such as vertical velocity), as indicated by Qiu et al. (2017) and
Yang et al. (2019).
Response: Yes, we agree. The suggested references have now been cited.
Page 3, Line 22-23, Garrett et al. (2004) also examined the sensitivity of FIE to aerosol size and
number, which shows weak sensitivity of FIE to aerosol number concentration for those small
sizes, but good sensitivity for aerosols with relatively large size (such as CCN or accumulation
mode aerosol).
Response: We added the sentence “Garrett et al. (2004) indicated a weak sensitivity of FIE to
aerosols with small particle sizes but a stronger sensitivity to aerosols with relatively large sizes.”
to the revised manuscript.
Page 4. Line 13-14, What is the maximum size for Na? You might also give this information.
Response: We have added this information and changed the sentence to “with diameters larger
than 10 nm and smaller than 3 µm”.
Page 5 Line 10-21, The uncertainty information for cloud boundaries should be provided. As
indicated by Zhao et al. (2012, Toward Understanding of Differences in Current Cloud Retrievals
of ARM Ground-based Measurements) and Zhao et al. (2013, Ground-based remote sensing of
thin clouds in the Arctic), the uncertainties in cloud bases and tops measured by ARM are
generally 7.5 m and 45 m, respectively.
Response: We have added the sentence “The cloud-base and cloud-top height uncertainties are
~7.5 m and ~45 m, respectively (Zhao et al., 2012a; Garrett and Zhao, 2013).” to the revised
manuscript.
Page 5. Line 28, “density of liquid water”, and COD is cloud optical depth at visible wavelength.
Response: Done.
Page 8, Line 12-15, please check and correct the grammar here.
Response: The sentence has been changed to “When the continental air-mass influenced the site,
fine particles dominated aerosol scattering and were responsible for ~65% of the total particle
scattering, indicating that more anthropogenic aerosols with small particle sizes were
transported to the site from continental regions to the west.”
Page 10, Line 1-5, Other studies as mentioned earlier have also indicated this likely evaporation
and entrainment effect near cloud tops, which could be cited.
Response: Done.

Page 10, Line 7, “can possible” -> “can be possible”
Response: The sentence has been changed to “The changes in DER with LTS possibly reflect the
changes in LWP with LTS due to the high positive correlation between LWP and DER (Zhang et al.,
2011; Sporre et al., 2014).”
Page 10, Line 10-14, Yang et al. (2019), Zhao et al. (2018, 2019) have also made similar
descriptions.
Response: These references are now cited.
Page 12, Line 20-21, Zhao et al. (2012) have indicated that using different aerosol variables to
represent the aerosol loading amount, the quantified FIE values could vary, which is worthy to
be mentioned here.
Response: It has already been mentioned in section 3.3.2.
Page 13, Line 11, also Zhao et al. (2012); Lin 12-13, Yang et al. (2019) too.
Response: These references are now cited.
Page 13, Line 24, I would suggest “the question how sensitive the cloud properties are sensitive
to ...”
Response: The sentence has been changed to “Examined next is the sensitivity of cloud
properties to aerosol chemical composition represented by the mass fraction of organics.”
Page 13, Line 26, what is the size range for the aerosol concentration?
Response: The size range for the aerosol concentration is 10 nm to 3 µm in diameter. This is
mentioned in section 2.1.1.
Page 14, Line 13, “larger”?
Response: Done.

Response to Reviewer #3
The authors of the present manuscript acknowledge the reviewers for carefully reading and
providing constructive comments that have led to an improved paper. Responses are written in
blue text.
1. Page 4, Line 23. What is the temporal resolution of Na and aerosol optical properties used in
this study?
Response: The temporal resolution is one minute. This information has been added to section
2.1.1: “The time resolution of the Na, σs, and σa measurements is one minute.”
2. Page 6, Line 25. LTS is calculated at 1-min resolution?
Response: The temporal resolution is one hour. This information has been added to section 2.3:
“The European Centre for Medium-Range Weather Forecasts model runs for ARM analysis with
a one-hour resolution for a 0.56o x 0.56o box centered on the site provided values of ω and
potential temperature.”
3. Page 6, Line 29. Please specify how to collocate the datasets of different time resolutions (e.g.
ACSM, AOS, LTS, large-scale vertical velocity and cloud properties) for the comparisons later on
in the manuscript, particularly shown in Figure 10 & 11. And the final temporal resolution for
collocated data.
Response: Most of the datasets, i.e., aerosol properties (scattering coefficients and number
concentrations) from the AOS, cloud properties (COD, LWP, DER), and surface meteorology, have
a 1-min temporal resolution. These data were first matched according to the observation time,
and then matched with aerosol composition measurements and ECMWF simulations (LTS and
large-scale vertical velocity) and integrated over 1-min time intervals. This means that the
aerosol composition and LTS (vertical velocity) in the 1-min resolution datasets are assumed to
remain constant within 30-min and 1-hour time periods, respectively.
We have added the sentence “To investigate the influence of aerosols on cloud properties,
aerosol properties (Na, σs, composition), cloud properties (COD, LWP, DER, boundary-layer
height), surface meteorological parameters, and ECMWF simulations (LTS, large-scale vertical
velocity) were matched according to observation time and averaged and interpolated over 1-min
time intervals. “ to the revised manuscript.
4. Page 7, Line 23-25. For Spring season, AE values generally lower than other season, especially
for April and May as shown in Figure 3 and Table 1. Also, σ1/σ10 value is lowest in Spring. Which
indicates aerosol plumes more enriched by larger particles, relatively. Please provide more
evidences or paper citations to support the statement “due to the presence of a great number of
smaller particles. . .”.
Response: We found that this statement is not fully supported by the current dataset and analysis.
We have thus removed the sentence “The largest values of Na corresponding to moderate values
of σs are found in spring and are likely due to the presence of a greater number of smaller
particles with less optical sensitivity.”

5. Page 8, Line 2-6. Please specify the exact months in this argument, and how to conclude that
“This indicates that strong surface. . .”
Response: We have added the specific months to the sentence: “Months in summer and winter
with the strongest mean surface wind speeds (e.g., June and January/February, respectively) …”.
The next sentence is not fully supported by the current dataset and analysis, so we have removed
the “This indicates that strong surface …” sentence.
6. Page 8, Line 25. Why only data of July and August 2012 are shown? How about particle size
distribution in Spring and Autumn, since they are argued in section 3.1.1 as having discrepancies
between Na and σ due to particle size distributions.
Response: Here, we intended to examine the relationship between particle size and particle
chemical composition. However, data were not available in spring and autumn.
7. Page 9, Line 1. Please specify the bin sizes used for low and high AI condition. Is there any
reason for the mismatched bins between those two conditions, as shown in Figure 7?
Response: We have added the sentence “The cloud properties were averaged over each 6-K LTS
bin from 0 K to 30 K under low and high scattering AI conditions.”
The x-axis represents the mean values of LTS in each LTS bin. This is the reason for the
mismatched bins between the two conditions.
8. Page 10, Line 8. “positive correlation each other” should be “positive correlation between each
other”.
Response: The sentence has been changed to “The changes in DER with LTS possibly reflect the
changes in LWP with LTS due to the high positive correlation between LWP and DER (Zhang et al.,
2011; Sporre et al., 2014).”
9. Page 11, Line 30. “a narrower PDF a distinct peak” should be “a narrower PDF with distinct
peak”.
Response: The sentence has been changed to “The high aerosol loading cases, conversely, have
narrower PDFs with distinct peaks between 60 and 70 g m-2.”
10. Page 12, Line 23-24. How about FIE under cluster III which has occurrence of 21.6%, and how
to determine samples are not enough under cluster II.
Response: The air-mass clusters were determined for each day during the observation period.
Although 15.9% and 21.6% of the daily trajectories belong to the clusters II and III, the number
of combined cloud and aerosol samples passing the screening criteria (as described in section
2.2.2) are insufficient to do such an analysis. Furthermore, only cases with sample numbers
greater than 50 and with calculated values of FIE that are statistically significant at the 95%
confidence level (P = 0.05) are discussed in the study.
We have added the sentence “Only those cases with sample numbers greater than 50 per bin
and where the calculated values of FIE are statistically significant at the 95% confidence level (P
= 0.05) are analyzed here.” to the revised manuscript.
11. Page 13, Line 5-9. For ground-based assessments of FIE, Kim et al. (2008) and McComiskey et
al. (2009) found decrease of FIE with LWP due to enhanced collision coalescence, please provide

the information of cloud droplet number concentration to support the statement “more droplets
can get activated”.
Response: Conflicting findings regarding the dependence of the FIE on the LWP have been
reported, i.e., a positive correlation in some studies (Pandithurai et al., 2009; Harikishan et al.,
2016), a negative correlation in others (Kim et al. 2008; McComiskey et al., 2009; Liu et al., 2016),
and an independence of the FIE on the LWP (Lihavainen et al., 2010; Zhao et al., 2012). Different
mechanisms have been reported explaining the negative correlation (i.e., a decrease in cloud
droplets due to enhanced collision-coalescence) and the positive correlation (i.e., an increase in
cloud droplets due to enhanced aerosol activation). Thus, the dependence of the FIE on the LWP
likely depends on which mechanism dominates during the study period in question.
Unfortunately, cloud droplet number concentrations were not available during the field
campaign, but our results are consistent with some previous studies. The latter mechanism
mentioned above possibly plays a dominant role.

Aerosol Properties and Their Influences on Low Warm Clouds during
the Two-Column Aerosol Project
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Abstract. Twelve months of measurements collected during the Two-Column Aerosol Project
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field campaign at Cape Cod, Massachusetts, which started in the summer of 2012, were used to
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dependence of cloud development on thermodynamic (i.e., lower tropospheric stability, LTS)
conditions. Relationships between aerosol loading and cloud properties under different dominant
air-mass conditions and the magnitude of the first indirect effect (FIE), as well as the sensitivity
of the FIE to different aerosol compositions, are examined. The seasonal variation in aerosol
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(IPCC, 2013; Li et al., 2016, 2017). The aerosol direct effect is when aerosol particles change
Earth’s radiative balance by scattering and absorbing solar radiation (e.g., Liu et al., 2012; X. Yang
et al. 2016, 2018). The aerosol indirect effect is when aerosols change cloud microphysical,
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macrophysical, and precipitation properties through their role as cloud condensation nuclei (CCN)
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or ice nuclei (IN). Under constant liquid water path (LWP) conditions, an increase in aerosol
concentration will lead to an increase in CCN concentration. This results in an increase in cloud
droplet number concentration, a decrease in the cloud droplet effective radius (DER), and a more
reflective cloud. This is referred to as the first aerosol indirect effect (FIE) (Twomey, 1977;
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20

reduce the chances of precipitation forming, which prolongs the lifetime of a cloud and enhances
its LWP. This is known as the second aerosol indirect effect (e.g., Albrecht, 1989). Aerosols also
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climate system highly uncertain (McComiskey et al., 2008; IPCC, 2013).
The observed response of warm low cloud properties to aerosol properties has been observed
from satellite-based remote sensing (Bréon et al., 2002; Lebsock et al., 2008; Su et al., 2010; F.
Wang et al., 2014), surface-based remote sensing (Kim et al., 2003; Feingold et al., 2003; Garrett
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et al., 2004; Feingold et al., 2006; McComiskey et al., 2009; Liu et al., 2016; Qiu et al., 2017; Liu
et al., 2018a), combined surface measurements and satellite retrievals (Sporre et al., 2012, 2014),
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2002). Current estimates of FIE from all available observational platforms have a large range of
values because each set of measurements used has its own set of uncertainties, and so do their
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Large-scale thermodynamic conditions, such as lower tropospheric stability (LTS),
significantly influences cloud development. Changes in ACI due to different LTS have been
widely investigated using observations made from the surface and from satellite remote sensing
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(Matsui et al., 2004; Su et al., 2010; Liu et al., 2016). However, to what degree the dependence of
cloud development to aerosol perturbations are related to large-scale dynamic thermodynamic
conditions is not well known. Moreover, the mechanism behind the aerosol FIE is that aerosols
affect the cloud droplet number and the cloud DER through their role as CCN, which is determined
by the aerosol particle size, number concentration, chemical composition, amount of water vapor,
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with small particle sizes but a stronger sensitivity to aerosols with relatively large sizes. However,
the question of how sensitive cloud properties are to aerosol composition in addition to aerosol
loading is still under investigation (Hao et al., 2013; Portin et al., 2014).
The Department of Energy’s Atmospheric Radiation Measurement (ARM) mobile facility
was stationed at Cape Cod, Massachusetts from July 2012 to June 2013 for the Two-Column
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Aerosol Project (TCAP) field campaign (Berg et al., 2016). Measurements of aerosol, radiation,
and cloud characteristics were made at the site, which is subject to both clear and cloudy conditions
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Data and methods
Aerosol properties

2.1.1 Surface aerosol properties
The optical properties of surface aerosols were measured by a suite of instruments making up
the Aerosol Observation System (AOS), which is the primary ARM platform for in situ aerosol
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observations. The TSI-3010 condensation particle counter was used to obtain the total number
concentration of condensation particles (Na) with diameters larger than 10 nm and smaller than 3
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µm. A TSI-3653 nephelometer and a Radiance Research particle soot absorption photometer
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measurements have undergone calibration and quality control using the methods developed by
Anderson and Ogren (1998) and Anderson et al. (1999), respectively. Measurements of σa at 470
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nm were normalized to 450 nm to match σs measurements. The single-scattering albedo (SSA) of
surface aerosol particles is then calculated as σs/(σs+ σa) using σs and σa at 450 nm. The time
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resolution of the Na, σs, and σa measurements is one minute.
The aerosol size distribution ranging from 15 nm to 450 nm was measured by a scanning
mobility particle sizer (SMPS) with five-minute averaging. The SMPS contains a cylindrical
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differential mobility analyzer (TSI Inc., model 3081) and a condensation particle counter (TSI Inc.,
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refractory components of sub-micron (aerodynamic diameter ranging from ~40 to 1000 nm)
aerosol particles (organics, sulfate, nitrate, ammonium, and chloride). The ACSM is a thermal
vaporization electron impact ionization mass spectrometer built upon the same technology as the
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widely used aerosol mass spectrometer. Under ambient conditions, the detection limit of the mass
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concentration of particles is less than 0.2 µg m-3 for 30-minute signal averaging. The ACSM is
calibrated with ammonium nitrate following the method of Ng et al. (2011).
2.1.2
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the Aerosol Robotic Network (AERONET) database (Holben et al., 1998). AODs are retrieved
from direct Sun measurements with an uncertainty of 0.01–0.02 (Eck et al., 1999). This study uses
Level 2.0 quality-assured and cloud-screened data.
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Columnar aerosol optical depths (AODs) and Angstrom exponents (AEs) were obtained from
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Cloud properties

2.2.1 Cloud boundaries
Cloud-base and cloud-top heights were identified using a combination of observations from
15

the 95-GHz W-band ARM cloud radar (WACR), the micropulse lidar (MPL), and the ceilometer
(Kollias et al., 2007). The algorithm used in the cloud boundary retrieval is similar to the method
developed by Clothiaux et al. (2000) based on 35-GHz millimeter cloud radar observations. Cloud
and precipitation masks are determined from the WACR based on the signal-to-noise ratio
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thresholds determined for each time profile. An MPL cloud mask is combined with ceilometer
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cloud-base estimates to produce a best-estimate cloud base for each time point. The MPL and
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WACR cloud masks are then merged with an additional filter to remove insect returns in the lower
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troposphere. Insects are identified using a combination of WACR linear depolarization ratio and
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reflectivity measurements. The temporal and vertical resolutions of the cloud boundary product 50
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are 5 sec and 42.856 m, respectively. Cloud-base and cloud-top heights were temporally averaged
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to generate data at a 1-min time resolution. The cloud-base and cloud-top height uncertainties are
~7.5 m and ~45 m, respectively (Zhao et al., 2012a; Garrett and Zhao, 2013).
2.2.2 Cloud microphysical properties
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A two-channel narrow field-of-view (NFOV) radiometer and a microwave radiometer
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Cloud optical depths (COD) and liquid water paths
(LWP) were retrieved based on measurements from

profiler (MWRP) generated cloud optical depth (COD) and LWP retrievals. The cloud droplet 30
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effective radius (re) was calculated using the following equation:

t=
5

3LWP
2 r w re

where ρw is the density of liquid water, and ! is the COD in the visible. The NFOV radiometer with
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a 5.7° field of view measuring downwelling zenith radiances at 673 nm and 870 nm at a 1-s time
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resolution is used to retrieve COD using the method described by Chiu et al. (2010) and Liu et al.
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(2013). Simultaneous highly accurate AERONET sunphotometer-measured radiances (Holben et 35
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al., 1998) quantified the biases in the NFOV radiance measurements (Fig. 1). AERONET and
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NFOV radiances agree well at 673 and 870 nm (coefficient of correlation, r, equal to 0.99 in both
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cases). However, NFOV-measured zenith radiances at 673 nm are underestimated by ~15%.

Deleted: R=

Consequently, NFOV measurements at 673 nm were adjusted using the following formula:
F#$%,'() = 1.1519 ∗ F#$%,012 + 0.0007
where F673,obs represents measured zenith radiances, and F673,adj represents adjusted radiances at
15

673 nm. The total uncertainty in COD retrievals using this method is ~17% (Chiu et al., 2010).
The COD retrievals were averaged to generate data at a 1-min resolution for matching the time
resolution of the LWP retrievals. The MWRP built by the Radiometrics Corporation measures
atmospheric brightness temperatures at 12 frequencies. LWPs were retrieved using brightness
temperatures measured at the five K-band channels (22.235, 23.035, 23.835, 26.235, and 30.0 GHz)
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with a 1-min time resolution based on the statistical retrieval algorithm developed by Liljegren et 40
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al. (2004). Typical uncertainties in LWP retrievals from microwave radiometers is ~20 g m for
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LWP < 200 g m-2 and ~10% for LWP > 200 g m-2 (Liljegren et al., 2004; Dong et al., 2008).
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This study considers only non-precipitating, low, warm clouds with cloud-top heights less
-2

-2

than 3 km. LWP observations less than 40 g m and greater than 300 g m were excluded to avoid
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very thin clouds, broken cloud cover, post-precipitation conditions (McComiskey et al., 2009), and
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potential precipitation contamination (Dong et al., 2008).
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2.3

Surface and large-scale meteorological parameters
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The ARM surface meteorological system measured surface meteorological parameters during
the campaign period at a 1-min resolution. The large-scale vertical motion (ω) at 700 hPa and LTS 30
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are used in this study to constrain large-scale dynamic and thermodynamic conditions (Su et al.,
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2010; Medeiros and Stevens, 2011; Liu et al., 2016). The difference between the potential
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temperature of the free troposphere (700 hPa) and the surface defines LTS.
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To investigate the influence of aerosols on cloud properties, aerosol properties (Na, σs,
composition), cloud properties (COD, LWP, DER, boundary-layer height), surface meteorological
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parameters, and ECMWF simulations (LTS, large-scale vertical velocity) were matched according
to observation time and averaged and interpolated over 1-min time intervals.
10

2.4

Air-mass trajectory classification
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Two-day air-mass back trajectories arriving at the site at 500 m at midnight were simulated
using the Hybrid Single Particle Lagrangian Integrated Trajectory model (Stein et al., 2015; Rolph, 40
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2016). All simulated trajectories are classified into three clusters. Cluster I represents continental
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air masses generally originating from the continental area located to the west of the site and moving
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over the site. Air masses originating from the ocean area to the east of the site and directly moving
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over the site are the marine air masses (cluster II). Cluster III represents an air mass that has passed 45
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over both continental regions and the ocean to the site, influenced by anthropogenic and marine
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aerosols. During the study period, the occurrence frequencies of cluster I, II, and III air masses
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were 62.5%, 15.9%, and 21.6%, respectively.
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Variations in aerosol properties
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3.1.1 Seasonal variations in aerosol optical properties and number concentration
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Figure 2 shows monthly statistics describing surface-measured σs for total (σ10) and finemode (σ1) aerosol particles and Na. Table 1 summarizes their seasonal and annual mean values.
25

Maxima in σ1 and σ10 are found in the summer months, and minima in σ1 and σ10 are found in the 60
winter months. Fine particles dominate aerosol scattering in the summertime and are responsible
for ~75% of the total particle scattering. The contribution of fine particle scattering to total particle
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scattering in other seasons ranges from ~46% to ~54%, indicating that particles with diameters ≤
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1 µm and ranging from 1 to 10 µm play a similar role in aerosol scattering extinction. Monthly

Deleted: -

7

and seasonal variations in Na show that maximum and minimum seasonally mean Na values occur
in spring and autumn, respectively, inconsistent with the variations in aerosol scattering coefficient.
This inconsistency is probably due to seasonal differences in aerosol particle size distribution and 85
chemical composition since aerosol extinction properties depend strongly on particle size and
5

chemical composition. The total particle SSA shows a slight seasonal variation, suggesting smaller 90
changes in aerosol particle absorption properties. Figure 3 shows monthly statistics describing
columnar AOD and AE. Table 1 summarizes their seasonal and annual mean values. The variations 95
in AOD and AE are consistent with the variations in surface-measured σs and the ratio σ1/σ10,
indicating that surface aerosol properties can represent columnar aerosol properties very well at

10

this site. Figure 4 shows monthly mean wind speeds and wind directions during the campaign
period. Monthly mean wind speeds ranged from ~3.8 m s-1 to 6.6 m s-1, and southwesterly winds
dominated throughout the whole year over the area. Months in summer and winter with the

100

105

strongest mean surface wind speeds (e.g., June and January/February, respectively) are generally
times when the contribution of fine particles to the total scattering extinction is small.
15

3.1.2 Aerosol optical properties under different air-mass conditions

110

Table 2 gives the discrepancies in aerosol properties when different air masses are in place
over the site. The mean value of σ1 is the largest/smallest under continental/marine air-mass
conditions. However, σ10 is the largest under cluster III conditions and has similar values under

115

cluster I and II conditions. The inconsistent variations in σ1 and σ10 under different air-mass
20

conditions can be explained by dominant particle size as indicated by the ratio σ1/σ10. When the 120
continental air-mass influenced the site, fine particles dominated aerosol scattering and were
responsible for ~65% of the total particle scattering, indicating that more anthropogenic aerosols 125
with small particle sizes were transported to the site from continental regions to the west. The
values of σ1/σ10 under cluster II and III air-mass conditions show that both fine-mode and coarse-

25

mode particles played similar roles on the total particle scattering. The variation in Na is consistent
with that in σ1 with the largest and smallest values under cluster I and II conditions, respectively.
Smaller SSA values are found under continental air-mass conditions, suggesting that more
absorbing aerosols were present in this air mass than in other air masses due to the anthropogenic
influence. AOD values in each air mass are similar, and the variation in AE is consistent with the

30

variation in the ratio σ1/σ10.
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3.1.3 Aerosol chemical composition and size distribution
Figure 5 shows the size distribution and the corresponding mass fraction of organics, sulfate,
ammonium, and nitrate of surface aerosol particles sampled in July and August 2012. New particle
formation and growth periods were detected and are outlined by red rectangles in the figure. During
5
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the measurement period, fine particles containing more organics were dominant with a mean
particle radius of 91.4±20.6 nm and a mean organic mass fraction of 0.67±0.16. Mean mass
fractions of sulfate, ammonium, and nitrate are 0.18±0.11, 0.10±0.09, and 0.04±0.02, respectively.
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At the beginning of new particle formation and growth periods, organics contributed the most to
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small particle sizes. Their contribution decreased as the growth period progressed to be replaced
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by contributions from inorganics, in particular, sulfate. This is possible because sulfate ions are
formed during nucleation involving neutral gaseous species like ammonia and sulfuric acid
(Crilley et al., 2014). Small aerosol particles generally contribute more organics to the total aerosol
mass over the study site, which can also be seen in the relation between mean aerosol particle radii
and organic mass fraction (Fig. 6). The strong decrease in aerosol particle size with increasing
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organic mass fraction has also been reported by others (Broekhuizen et al., 2006; McFiggans et al.,
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2006).

3.2

Aerosol, cloud, and meteorological conditions

3.2.1 Aerosol effects on the dependence of cloud properties on meteorological conditions
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Low, warm cloud properties are sensitive to changes in thermodynamic conditions (Su et al.,
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2010; Medeiros and Stevens, 2011; Liu et al., 2016). Figure 7 shows cloud properties (LWP and
DER) as functions of LTS under low and high scattering aerosol index (AI) conditions for
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continental and marine air masses. The scattering AI here is used as a proxy for CCN (Liu and Li,
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2014; Sena et al., 2016) and is defined as the product of surface-measured aerosol scattering
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coefficients and surface-measured scattering Ångström exponents. Low and high scattering AIs 45
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are defined as the lowest and highest quarter of all scattering AI samples, respectively. The cloud

Deleted: (the same hereinafter). The
Deleted: the

properties were averaged over each 6-K LTS bin from 0 K to 30 K under low and high scattering
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AI conditions. The differences in meteorological parameters (e.g., temperature, wind speed, and
relative humidity) at the surface and at 850 hPa, and in large-scale dynamic (ω) and
thermodynamic parameters (LTS) are not significant under low and high scattering AI conditions
30
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(figure not shown). Table 2 summarizes the means and standard deviations of cloud properties
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under each air-mass condition. Clouds influenced by marine air mass conditions (cluster II) have
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the largest COD, LWP, and DER (33.0±18.3, 243±197 g m , and 10.9±6.6 µm, respectively), and
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clouds associated with the air mass from continental areas (cluster I) have the smallest cloud 35
properties (COD = 25.7±14.5, LWP = 127±99 g m , and DER = 7.9±4.8 µm). The top panels of
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Fig. 7 show that LWP significantly increases with increasing LTS under low aerosol conditions,
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consistent with results from studies using surface-based measurements (e.g., Liu et al., 2016),
satellite measurements (e.g., Su et al., 2010), aircraft measurements (e.g., Cecchini et al., 2016),
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that an increase in stability induces increases in the buoyancy of free-tropospheric air above the
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temperature inversion capping the boundary later, inhibiting the entrainment of dry air through the 45
cloud top and increasing LWP as a result. Under high aerosol conditions, LWP changes little as
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et al., 2005; Hill et al., 2009; Zhao and Garrett, 2015; Liu et al., 2016). There are similar variations 50
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in DER with increasing LTS under low and high aerosol conditions (bottom panels of Fig.7), i.e.,
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increasing DER as LTS increases under less polluted conditions and almost constant DER as LTS
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increases under more polluted conditions. The changes in DER with LTS possibly reflect the 55
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water needed for cloud droplet growth (Su et al. 2010; Zhang et al. 2011). The increase in LWP is
also commonly accompanied by an increase in droplet collision–coalescence, resulting in a
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McComiskey et al., 2009; Liu et al., 2016; Zhao et al., 2018, 2019; Y. Yang et al., 2019). 65
Differences in LWP and DER between low and high LTS conditions are larger under low pollution
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conditions than under high pollution conditions. This suggests that high aerosol concentrations can
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significantly weaken the thermodynamic influence on the increase in LWP and DER due to the
aerosol perturbation. These results imply that the development of clouds in a highly polluted
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decrease in cloud number concentration thus leading to an increase in DER (Kim et al., 2008;
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environment is inhibited even though the thermodynamic conditions may be the same as those in
a much less polluted environment. The chances of precipitation are thus reduced because the
30
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droplet size, enhancing evaporation and entrainment at the cloud top and reducing LWP (Kaufman

al., 2011; Sporre et al., 2014). The enhanced LWP under highly stable conditions can supply the

25

Deleted: .

Deleted: The

changes in LWP with LTS due to the high positive correlation between LWP and DER (Zhang et
20
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and model simulations (e.g., Johnson et al., 2004; West et al., 2014). Johnson et al. (2004) showed

LTS increases. A likely reason is inhibited cloud droplet sedimentation due to the reduced cloud

15

Deleted: of
Deleted: of

-2

rainfall frequency of warm, low clouds and LWP are highly correlated (Chen et al., 2011; Liu et 75
al., 2013).
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For all LTS bins, clouds under high aerosol conditions have lower values of LWP and DER 30
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than clouds under low aerosol conditions. The reduction in LWP and DER is greater in stable
environments than in unstable environments, suggesting that clouds in stable environments are
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more affected by the aerosol perturbation than those in more unstable regimes. Studies on marine,
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warm clouds based on surface measurements have also shown this (Liu et al., 2016).
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3.2.2 Aerosol effects on the relationships among cloud properties
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Figure 8 shows the dependence of COD and DER on LWP under low and high scattering AI
conditions for air-mass clusters I and II. Under high scattering AI conditions, COD increases 35
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sharply as LWP increases, while under low scattering AI conditions, COD changes little as LWP
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increases due to the decrease in DER influenced by the aerosol perturbation (Fig. 8a and 8b).
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Figures 8c and 8d suggest that the DER is sensitive to LWP. An increase in LWP leads to a
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significant increase in the size of cloud droplets (Zhang et al., 2011; Sporre et al., 2014). The
increase in DER with LWP is more rapid under low scattering AI conditions than under high
scattering AI conditions. This is because there is a limit to the size a cloud droplet can reach when
15

a given amount of water is shared among a large number of particles (Zhang et al., 2011). High
aerosol loading conditions weaken the increase in DER and strengthen the increase in COD as
LWP increases, indicating that aerosols have an impact on the COD-LWP and DER-LWP
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relationships.
Figure 8 also shows that across all LWP bins, COD is larger and DER is smaller under high 40
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scattering AI conditions than under low scattering AI conditions, consistent with the “Twomey”
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effect. The large differences between COD under low and high scattering AI conditions at high
LWP values (Fig. 8a and 8b) and between DER under low and high scattering AI conditions at
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high LWP values (Fig. 8c and 8d) suggest that when clouds have large LWPs, aerosols further
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inhibit the growth of cloud droplets. Under high aerosol loading conditions, more aerosol particles
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are activated into CCN, resulting in a rapid increase in cloud droplet concentration as LWP
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increases. However, under low aerosol loading conditions, cloud droplet concentrations increase
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slowly as LWP increases due to the lack of a CCN source, so the size of cloud droplets increases
rapidly as LWP increases (Zhang et al., 2011).

3.3

Aerosol effect on cloud properties
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3.3.1 Variations in cloud properties with aerosol loading under different air-mass
conditions
Figure 9 shows the probability distribution functions (PDFs) of COD, LWP, and DER under
low and high scattering AI conditions for air mass clusters I and II. Numbers written in each panel
5
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... [4]

are the mean percentage differences in each cloud property defined as(789 − 78; )/78; ∗ 100%,
where Mc represents the mean value of a cloud property and subscripts h and l represent high and
low scattering AI levels, respectively. The PDFs of COD, LWP, and COD under high and low 85
scattering AI conditions differ significantly for both air masses. Although the peak values of COD

10

under low and high aerosol loading conditions are similar, clouds under more polluted conditions 90
have more large values of COD than those under less polluted conditions. There are 24.2% and
21.9% increases in COD for cluster I and II respectively. For the low aerosol loading case, the

95

PDF of LWP shows a broad maximum with values from 50 to 180 g m-2 (Fig. 9c) and 80 to 230 g
m-2 (Fig. 9d) for cluster I and II air masses, respectively. The high aerosol loading cases, conversely,
have narrower PDFs with distinct peaks between 60 and 70 g m-2. Under high scattering AI
15

100

conditions, the LWP decreases on the order of 30% and 45% from their values under low scattering
AI conditions for the cluster I and II air masses, respectively. Under both air-mass conditions, there 105
is a sharp shift in DER towards smaller values when going from high aerosol loading conditions
to low aerosol loading conditions. Under low aerosol loading conditions, the DER values show a 110
broad range with generally higher values varying between 5 and 12 µm for the cluster I air mass

20

and peaking around 15 µm for the cluster II air mass. Under high aerosol loading conditions, the 115
PDF of DER for both air masses is significantly narrower with most of the values less than 10 µm
and with peak values around 5 µm. From low to high aerosol loading conditions, DER decreases
~40% (for cluster I) and ~55% (for cluster II). As mentioned before, whether low or high scattering

120

AI conditions are in place, meteorological parameters and large-scale dynamic and thermodynamic
25

parameters show little difference, suggesting that aerosols are responsible for the changes in cloud
properties. In general, clouds in a marine air mass have slightly larger decreases in LWP and DER
from low to high aerosol loading than those in a continental air mass.
3.3.2 Aerosol first indirect effect
The aerosol FIE is generally quantified as
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where α represents CCN or CCN proxies. The FIE represents the relative change in mean cloud
DER with respect to a relative change in aerosol loading for clouds having the same LWP
(Feingold et al., 2003). In some studies, the scattering AI is used as the CCN proxy (Liu and Li,
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2014). Cloud samples were categorized according to their LWP values. The LWP bins range from
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40 to 200 g m-2 in increments of 20 g m-2. The choice of a small increment ensures that the LWP 35
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constraint is met in each bin. Since there were not enough samples under cluster II air-mass
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conditions, only FIE for clouds and aerosols under cluster I air-mass conditions are calculated.
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Only those cases with sample numbers greater than 50 per bin where the calculated values of FIE
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are statistically significant at the 95% confidence level (P = 0.05) are analyzed here. Figure 10a 40
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shows DER as function of scattering AI for clouds with LWP ranging from 120 to 140 g m-2. It
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illustrates how the FIE is estimated. There is a significant decrease in DER as the scattering AI
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Table 1. Seasonally averaged aerosol properties during the campaign period.
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Spring

Summer

Autumn

Winter

Annual

σ1 (Mm )

14.2±14.1

33.7±28.0

14.4±13.6

12.8±11.7

18.1±19.3

-1

σ10 (Mm )

31.2±25.3

45.0±32.9

26.5±20.4

26.3±23.6

31.7±26.7

σ1 / σ10

0.455

0.749

0.543

0.487

0.568

Na (m-3)

2868±2367

2498±1536

2280±1854

2611±2108

2559±2014

SSA

0.95±0.04

0.96±0.03

0.95±0.04

0.94±0.04

0.95±0.04

AOD440

0.11±0.08

0.19±0.14

0.11±0.11

0.08±0.05

0.13±0.1

AE

1.27±0.40

1.65±0.31

1.51±0.36

1.35±0.45

1.44±0.40

-1

σ1: scattering coefficient, fine-mode particles; σ10: scattering coefficient, total; Na: aerosol number
concentration; SSA: single-scattering albedo; AOD440: aerosol optical depth at 440 nm; AE:
Ångström exponent
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Table 2. Means and standard deviations of aerosol and cloud properties for each air-mass cluster.
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COD

LWP

DER
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(μm)

Mass

(Mm )

(Mm )

I

19.8±21.4

30.6±26.8

0.65

2969±2183

0.94±0.04

0.13±0.12

1.6±0.4

25.7±14.5
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7.9±4.8

II
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30.8±25.6
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III
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1.3±0.4

26.4±16.5
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9.8±4.9

-1

-1

(m-3)

σ1: scattering coefficient, fine-mode particles; σ10: scattering coefficient, total; Na: aerosol number concentration; SSA: singlescattering albedo;
AOD440: aerosol optical depth at 440 nm; AE: Ångström exponent;
COD: cloud optical depth; LWP: liquid water path; DER: cloud droplet effective radius
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Figure 1. CIMEL sunphotometer-measured radiance as a function of narrow-field-of-view
(NFOV) radiometer-measured radiance at 673 nm (black dots) and 870 nm (gray dots). The
diagonal line represents the 1:1 line. Units are W sr−1 m−2. The legend gives the coefficient of
correlation (r) and the slope of the best-fit linear regression line through each dataset.

29

Figure 2. Monthly variations in (a) aerosol scattering coefficient at 450 nm (σ450) for total (in blue,
particle diameter, Dp, less than 10 µm) and fine-mode (in red, Dp less than 1 µm) aerosol particles
and (b) aerosol particle number concentration (Na). Box and whisker plots include median values
(horizontal lines inside boxes), 25th and 75th percentiles (ends of boxes), 5th and 95th percentiles
(ends of whiskers), and mean values (black dots). Months from left to right start at July 2012 and
end at June 2013.
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Figure 3. Monthly variations in columnar (a) aerosol optical depth at 440 nm (AOD440) and (b)
Ångström exponent (AE). Box and whisker plots include median values (horizontal lines inside
boxes), 25th and 75th percentiles (ends of boxes), 5th and 95th percentiles (ends of whiskers), and
mean values (black dots). Months from left to right start at July 2012 and end at June 2013.
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Figure 4. Monthly mean (a) wind speed (Wspd) and (b) wind direction (Wdir) during the campaign
period. Months from left to right start at July 2012 and end at June 2013.
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Figure 5. Time series of (a) particle size distribution and (b) mass fractions of organics (org, dark
%
blue), sulfate (SO$%
# , cyan), ammonium (NH# , yellow), and nitrate (NO2 , red) in aerosols sampled
during July and August of 2012. Dashed red rectangles outline periods of new particle formation
and growth.
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Figure 6. Mean aerosol particle radius (Dp) as a function of organic mass fraction (FO). The black
line is the linear regression line through all FO bins. The gray line is the linear regression line for
FO bins ranging from 0.4 to 0.9, which have the most samples. Data are from July and August of
2012. The legend gives the coefficient of correlation (r) and the statistical probability (P).
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Figure 7. Liquid water path (LWP) and cloud droplet effective radius (DER) as functions of lower
tropospheric stability (LTS) at low (in blue) and high (in red) scattering aerosol index (AI) levels
under cluster I air-mass (a, c) and cluster II air-mass (b, d) conditions. Low and high scattering AI
are defined as the lowest and highest quarter of all scattering AI samples, respectively.
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Figure 8. Cloud optical depth (COD) and cloud droplet effective radius (DER) as a function of
liquid water path (LWP) at low (in blue) and high (in red) scattering aerosol index (AI) levels
under cluster I air-mass (a, c) and cluster II air-mass (b, d) conditions. Low and high scattering AI
are defined as the lowest and highest quarter of all scattering AI samples, respectively.
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Figure 9. From top to bottom, probability distribution functions (PDFs) of cloud optical depth
(COD), liquid water path (LWP), and cloud droplet effective radius (DER) at low (L, in blue) and
high (H, in red) scattering aerosol index (AI) levels for the cluster I air mass (a, c, e) and the cluster
II air mass (b, d, f). The mean percentage difference in COD, LWP and DER between high and
low scattering AI levels {calculated as [(H – L / L)]*100%} is given in each panel.
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Figure 10. (a) Cloud droplet effective radius (DER) as a function of scattering aerosol index (AI)
for a sample bin with a constant liquid water path (LWP) range of 120 to 140 g m-2, and (b) the
quantified aerosol first indirect effect (FIE) for each LWP bin. Numbers above each bar in (b) are
the number of samples that went into the calculation of the FIE.
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Figure 11. Cloud droplet effective radius (DER) as a function of aerosol number concentration
(Na) at low (in blue) and high (in red) levels of mass fraction of organics in three liquid water path
(LWP) bins: (a) 40–60 g m-2, (b) 60–80 g m-2, and (c) 80–100 g m-2. Linear regression lines through
each set of data are drawn. Fo,l and Fo,h are defined as the means of values less than and greater
than, respectively, the mean value of the mass fraction of organics from all samples in each LWP
bin. The legend gives the mean values of Fo,l and Fo,h with their standard deviations and the
magnitudes of the FIE with their uncertainties. Mean values of vertical velocity (ω) and lower
tropospheric stability (LTS) corresponding to Fo,l and Fo,h levels in each LWP bin are also given.
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