Response to 2"! comments of reviewers

2nd review of “The optical, physical properties and direct radiative forcing of urban columnar

aerosols in Yangtze River Delta, China” by Zhuang et al.

The revised manuscript improves the quality to some extent. However it is still unnecessarily
lengthy, it is not well presented, and there are many unjustified or weakly justified
statements/conclusions; the language is poor and there are numerous grammatical errors. Further
revision is required before it is considered for publication.
Dear reviewer

Thanks again for reviewing our manuscript and providing us significant comments and
suggestions. In view of the above-mentioned issues, the manuscript has been further shortened (by
about 12%, ~1200 words) and re-edited in English by Wiley Editing Services (Certificate is
attached below). Additionally, the authors further confirm the statements and conclusions in the
manuscript to avoid imprecisely. We will response to your comments carefully point by point;
details of the revisions can be referred to the new version of the manuscript.

Relevant changes of the revised manuscript (marked with traces) are enclosed in the last

part of this document.

There are many places need to be revised for these issues, and in the following I just name a few
as examples.

1. Abstract. The abstract should be a condensed version of the conclusion. When | go through the
Abstract and the Conclusion, | find many inconsistencies in between. For example, with regarding
the aerosol DRF, when the abstract focuses fine aerosol DRF, the conclusion focuses the total
aerosol DRF; when the abstract deals with the coarse/fine fractions (15%, 51%), the abstract deals
with coarse/total quantities (14%, 34%).

R: Thank you for your reminding.

To make the Abstract and the Conclusions consistency in between, the Conclusions has been
rephrased accordingly in revised manuscript. Additionally, the corresponding descriptions in

Section 3 have also been changed to keep in consistency in full text.

2. Ls 213-214: “The table also implies that west YRD could suffer very serious particle
pollutions”. I don’t understand how this statement/conclusion can be made based solely on Table

1. Also, Ls 236-237, “the seasonal variations of its fine and coarse AEs are well agree with each



other”. This is not true for scattering aerosols and total aerosols.
R: Thank you for figuring out the confusing statements in the manuscript.

We agree with you that the statement in Ls213-214 is not rigorous based solely on Table 1,
although the maximal AOD in the table shows extremely large value. This sentence has been

deleted in revised manuscript.

The sentence in Ls236-237 was tried to describe a consistent or opposite variations between the
fine and coarse AEs’ seasonality for each aerosol type; because their linear correlation coefficient
is considerably large (0.84 for scattering aerosol and 0.97 for absorbing aerosol). To make it more

clearly, the sentence has been rephrased.

3. Seasonal variation of aerosol optical properties. The authors claim that the aerosol optical
properties have “substantial seasonal variations”. This is not true for AOD. Based on Figure 1(a)
and (b), there are not evident seasonal variations for total AOD and total SAOD. For AOD, one
standing-out result as shown in Fig 1 is that the AOD in August is “unusually” high (“unusually”
here means compared to the neighboring months, even throughout the entire year). This is an

interesting result, and the authors should examine why.

R: Thank you for your question. With respect to the total AOD and total SAOD, Ls224-226 (in
original version) has stated that AODs of the total aerosol and the total scattering aerosol had
weaker seasonality than those of the fine or coarse aerosols. And the possible explanations have
also been carried out accordingly. In revised manuscript, the statements on the aerosol variations
have been checked or rephrased throughout the whole text to make them more justified and

clearly.

AOD values in August have been checked before they are used and analyzed.

As mentioned in Methodologies, the data from May to Sep 2012 and from Aug to Dec 2013 were
invalid or missed due to the malfunctions of the instrument and the problems of data transmission.
Thus, the August AODs in 2012 and 2013 were not included in this study. Coincidentally, air
pollution has started to be controlled since 2012 in Nanjing due to hosting international events in
Aug 2013 (Asian Youth Games) and 2014 (Youth Olympic Games). And the aerosol loadings
were relatively lower in August 2012 and 2013, which could be reflected from MODIS retrievals.
The MODIS AOD in August in urNJ was 1.18 in 2011 while was 0.75 and 0.63 in 2012 and 2013,
respectively. MODIS products also show that the July AODs were all smaller than the August



ones in these three years. As a result, the AOD in August shown in Figure 1 is “unusually” high.

Corresponding statement has been included in the revised manuscript.

4. L259, “SSA is the smallest in spring”. This is not true either. Based on Fig 3, SSA is lowest in
July and September, and if the August data point is not considered, SSA is lowest in the summer.
Again, | strongly suggest the authors to examine the August data and results, which may have
important influences on some results and conclusions of this study, and it could be an important

finding too.

R: Thank you for figuring out the imprecise expression here.

As mentioned previously, data in August has been checked. Large SSA in August is mainly

derived from a higher scattering fraction of the aerosols.

And we agree with you that SSA is small in July and September, however, the seasonal mean
SSA of the total aerosols in spring (MAM) is a little smaller than in summer (JJA) no matter
including (Table 3) or excluding the August value. The mean SSA in spring is still 0.002 smaller
than in summer when excluding August SSA. The confusing statement in L259 has been

rephrased in revised manuscript.

5. Ls 318-319 and Fig 5, “AOD observed by CE-318 are in “reasonable agreement with those

from MODIS in seasonal variation and magnitude”. I don’t know what the “reasonable agreement”
means here. In fact, if ignoring the highest AOD data point, the MODIS AQOD is about twice of

the CE-318 AOD. I guess the highest AOD value is the AOD in August, and if so, the August data

plays a big role.

R: Thank you for your question and comment.

The sentence in Ls318-319 was tried to describe a relatively well relationship between the
MODIS and CE-318 AODs and AEs. This sentence has been rephrased to make it more clearly.

Indeed, the seasonal mean MODIS AODs are mostly larger than the CE-318 ones in urNJ, which
is similar to that in central China (Dong et al., 2013). However, I’m afraid we could not agree
with you that the MODIS AOD is almost twice of the CE-318 AOD. MODIS AOD is about 1.2
times of the CE-318 AOD during the study period, no matter including or excluding the August
AODs.



Some modifications have been made to this part, in which Fig. 5 has been redrawn in revised
manuscript. Because the seasonal mean values of MODIS products in Fig. 5 (original version)
include the results in the maintaining periods of CE-318. In update Fig. 5, the monthly mean
AODs and AEs were used to substitute their seasonal mean values to better present the
relationship between the MODIS and CE-318 aerosol optical properties. And the slope of the
linear fitting in new figure is 1.12 for AOD, similar to that in central China (1.16, Dong et al.,
2013).

Reference:

Dong, Z. P., Li, X. M., Du, C. L., and, Zhang, G. J.: Study on aerosol optical property in Xi’An
Region, Plateau Meteorology, 32(3), 856-864, doi:10.7522/j.issn.1000-0534.2012.00079,
2013.

6. DRF in Table 3. Why the total DRF is not the sum of the contributions from the fine and coarse

aerosols for all aerosol components (total, scattering, absorbing)? Explanations are needed.
R: Thank you for your question.

The coarse aerosol affection on the solar radiation is excluded when calculating the fine aerosol
DRF individually, and vice versa. Therefore, the total DRF in Table 3 is not exactly the sum of
the contributions from the fine and coarse aerosols. Similarly, the total aerosol RF is also not the
sum of the contributions from the aerosol direct and indirect RFs if the latter two DRFs were
investigated separately. As indicated in Wang et al. (2010), the simulated direct, indirect and total
effect RF of nitrate aerosol is about -0.88, -2.47 and -2.52 W/m?, respectively. Corresponding

explanations have been included in the revised manuscript.
Reference:

Wang, T., Li, S, Shen, Y., Deng, J., and Xie, M.: Investigations on direct and indirect effect of
nitrate on temperature and precipitation in China using a regional climate chemistry modeling
system, J. Geophys. Res., 115, DO0OK26, doi:10.1029/2009JD013264, 2010.

7. Sect 3.1.4, many redundancies as in the Introduction.

R: Thank you for pointing out the redundancies.



The revised manuscript has been shortened necessarily and significantly, by 12.3% (~1200 words)
for the whole text. The shortened parts are mainly in Section 3 (Results and discussions, by
15.8%, ~1029 words) and Section 1 (Introduction, by 10.8%, ~160 words). Details can be found

in the track version of the revised manuscript.

8. Etc,, etc.,...

R: Based on your comments, we have carefully addressed the issues concerned throughout the
whole manuscript, including shortening the unnecessary texts, identifying the statements and
conclusions and re-editing the languages, to make the revised manuscript being better presented

and suitable for publication.
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Abstract: The-fractionated-aeresel optical and physical properties_ef-fractionated-aerosels-as well as

their-asseeiatedits-the direct radiative forcings (DRF) of fractionated acrosols in the urban area of the

western Yangtze River Delta (YRD) are investigated_usingwith;based-en-the measurements from aef

Cimel sun_-photometer combined with a radiation transfer model. Ground--based observations ofed

aerosols have much higher temporal resolutions_than-these-of compared—with satellite retrievals. An

initial aAnalysis—firstly— reveals the characteristics of the optical properties of different types of

fractionated acrosols-eptical-properties—of-different-aeroseltypes in western YRD. The annual-mean

optical-depth-ef-the-total aerosols-is-0-65-=0-28, mostly composedwhich-is-deminated by the-scattering

aeresels-components (93.8%), that-have awith-a mean optical depth of 0.65 at 550nm and refractive
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index of 1.44+0.0084i at 440 nm. The fine aerosols are abeut-4approximately 4 times more abundant-te;

and—alse— and have very different compositions from—the coarse aerosolsenes. The absorbing

components ealy-account for only ~4.6% ofin fine aerosols andwhile 15.5% ofin coarse aerosols_and;

but-within-the-same-mede;they have smaller sizes than the scattering aerosols within the same mode.

Therefore, the-fine particles have strongerare—mueh scattering than the-coarse ones, simultaneously

reflecting_the-thateach-eompeonent-has different size distributions_between the absorbing and scattering

aerosols. The rRelationships among the optical properties quantify the aerosol mixings andd-they imply

that abewttapproximately 15% and 27.5% of the total occurrences result inef dust and black carbon

dominatinged mixing aerosols, respectively, in the western YRD. Differingent-frem-Unlike the optical

properties, the size distributions of aerosols in the western YRD havethe-are similar velumesize

distributions—to those found ate—enes—in other sites over eastern China_on a climatological_scalely,

peaking at theradiias of 0.148 and 2.94 um. But-However, further analysis-further reveals that the fine-

er-coarse--dominated particles canewld individually-also lead to severe haze pollutions over theit YRD.

Observation--ed-based-ebased estimations indicate that both the-fine and coarse aerosols in the western

YRD exert a negative DRF, altheughand this is especially true for fine aerosols;—espeeialy—forthe

former—one (-11.17 W/m” at the top of atmosphere, TOA). A higher absorption fraction-direetly leads
directly to the negative DRF being further offset-+nere-substantially for coarse aerosols (-0.33 W/m?) at
the TOA. Similarly, the coarse mode DRF enly—contributes to_only ~4+413.3% of the totalwithin
scattering aerosols butwhile >3433.7%_to the total-witnin absorbing aerosols. Sensitivitye analysis
states that aerosol DRFs areis not highlyvery sensitive to #s-their profiles in clear--sky conditions. Beth
Most of the aerosol properties and DRFs have substantial seasonality in_the western YRB—ResultsD.

The results further reveal the contributions of each component of thein different size particlessegments
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to the total aerosol optical depths (AODs)AODs and DRFs. Alse;Additionally, these resultsy can be

used toare—advantageous—te improve aerosol the—modelling performances—en—the—aeresel and the

modelling of aerosolits effects in the eastern regions of China.

1 Introduction

Atmospheric aerosols have significant influences on air quality, human health, and regional/global

climate changes. 7—Scientists have

suggested that—the scattering aerosols could greatly offset the warming effects of greenhouse gases

(Kiehl and Briegleb, 1993) while—the absorbing aerosolseempenents might further exacerbate—the

global warming (Jacobson 2002). The global mean direct radiative forcings (DRFs) of scattering

aerosols, fossil fuel black carbon (BC)BE and-the alltetal aerosols wereas—was estimated to be

approximatelyabeunt -0.55, +0.2; and -1.04 W/m?, respectively (Forster et al., 2007; Reddy et al., 2005),

at the top of atmosphere (TOA), thus changing the-atmospheric circulations and the hydrological cycle

in different ways (=Menon et al., £2002; Wang et al., 2015)-suggested-that the-changesinthe trendsof

Althengh-mMany studies ofn the-aerosol radiative forcing and_its climate effects have been carried

out_over the past two decades atin both global and regional scales_and-usinsbased-enbased on model

simulations and observations-in-the-past-twe-deeades (e.g., Penner et al., 2001; Bellouin et al., 2003;

Liao and Seinfeld, 2005; Wu et al., 2012; Wang et al., 2015+ete-;; etc.);; however, large uncertainties

remainsti-exist. Forster et al. (2007) peinted-outnoted that the global mean DRF varied from +0.04 to
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-0.63 W/m” for the-total aerosols and from +0.1 to +0.3 W/m® for BC. The ranges were larger atin
regional scales, especially in high aerosol emissiontted regions (Zhuang et al., 2013a). The DRF

uncertainties-wetld subsequently result in large biases of the aerosol-related climate effects. There are

many factors that affecting the simulated radiative forcing, including the aerosol optical properties,

which are related to the-aerosol emissions, size distributions, profiles, compositions, and mixing states

(Holler et al., 2003; Ma et al., 2017), as well as the; surface albedo and clouds (Ma and Yu, 2012;

Forster et al., 2007). The_related uncertainties could be substantially reduced—substantially if the

observed aerosol optical properties were determined-fistared-eut and used (Forster et al., 2007).

With the rapid increase in population and-grewth-n economics_growth,-the air pollutant emissions

are much higher in East Asia than in-the other regions (Zhang et al., 2009). Additionally, dust aerosols

from desert regions are always transported to northern and eastern China or even further afield (Wang

et al.,, 2009; Sun et al., 2012; Li et al., 2015a). Consequently, aerosols in China-beeeme frequently

experience large-in loadings and complicated—r compositions and spatial distributions (Zhang et al.,

2012), especially in urban agglomerations or megacities (e-g=e.g..: the Yangtze River Delta,: YRD).

Therefore, it—is—neecessary—to—elarifi—the aerosol optical properties in the YRD_must be clarified

viathreugh observations, which is a premise for accurately estimating the-aeresel radiative effects_of

aerosols-and-alse— and for mfaveref-improving-the aerosol model performances en—aeresels—inover

the eastern region of China. Recently, numeroussubstantial observational-based studies have been

conducted on both the-surface (e.g., Bergin et al., 2001; Xu et al., 2002; Zhang et al., 2004; Xia et al.,

2007; Yan et al., 2008; He et al., 2009; Fan et al., 2010; Cai et al., 2011; Xu et al., 2012; Wu et al., 2012;

Zhang et al., 2015; Yu et al., 2016; Deng et al., 2016:ete-; Zhuang et al., 2017:; etc.) and columnar (e.g.,

Chiang et al., 2007; Pan et al., 2010; Yu et al., 2011; Zhao et al., 2013; Tao et al., 2014; Zhu et al., 2014;
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Che et al., 2011; 2013; 2014; 2015a, b, c; Xia et al., 2016; Zheng et al., 2016; Qi et al., 2016, etc.)

aerosol optical properties (and DRFs), especially these-in China. However, surface data canewld-not

completely represent the_total-whele conditions of-the aerosols in the atmosphere as these aerosolsand

they are highly affected by the variations ef-in boundary layers. The relatedis deficiency could be

solved usingmadewith-up-by—the measurements of the columnar aerosols. For the-studies of surface

aerosols, people mainly focus on the aerosol thewr—absorption coefficient (AAC) and scattering

cocfficient (——— - -SC). Breviows—ihestioationsstatedthatboth- A0 Ceand SCsnwrbanareasare

-- ].H ‘he “lef lefﬂ

YRD(Zhuang—et—-al-—201H—For columnar aerosol observations, the detailed aerosol optical and

physical properties canewld be obtained, including the aerosol optical depth (AOD), refractive index,
Angstrom exponents (AE), and-se—en;—etc. Che et al. (2015a) introduced a systematic long-term
measurement of the countrywide total aerese-AOD and AE in China from 2002 to 2013; and indicated
that the annual mean AODs were 0.14, 0.74 and 0.54 forat-the rural sites, urban sites, and—#n eastern

China, respectively. There are also some researches focusing on the aerosol optical properties ifn the

YRD; (Pan et al., £2010; -

wereas—about-Oapproximately0-74-and 127 respeetively—Yu et al., 2011; }and-Zhuang et al., 2014a;

Qi et al., 2016)indiea

existed. In addition to_the aerosol optical properties, the observationed-based-a-based aerosol DRFs are

have also been estimated around the world (such as_those found in: Markowicz et al., 2008; Khatri et
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al., 2009; Kuhlmann and Quaas, 2010; Alam et al., 2011, Zhuang et al., 2014a, and Xia et al., 2016).
However, almost allalt-ef theseir investigations focused on the total aerosol forcings. For example, Xia
et al. (2016) stated that the regional mean aerosol DRF in China was approximatelybeut -16~-37 W/m®
at the TOA and approximatelyabeut -66—~-111 W/m” at the surface when_the solar zenith angle was
approximatelybeut 60°:60°.

Although considerable studies ofs the observed columnar aerosol optical properties have been

carried out in China ander even within the YRD (one of the regions with the fastest—rapidest

urbanization—+egiens in China), gthere—stil-havegaps in theneedto—be—improvedfor—the current

observations remain, especially in the urban areas of thosee regions with intensivee human activities. In

the YRD or eastern China, most of the investigations ofs the aerosol optical properties were-have

focused on the coastal, lake and rural regions (Pan et al., 2010; Yu et al., 2011; Che et al., 2015a; Qi et

al., 2016) of the central-te—east— to eastern YRD—And-. Additionally, most of these studiesm enly

address only the total aerosol optical properties (independent of modes and compositions), except_for

the work of Qi et al; (2016).; whiehwhe-They also introduced these—made—an—introeduction—on—the

aerosol physical parameters and size fractional SSA of anin eastern coastal city (Hangzhou, hereinafter

written asshertfor urHZ) of the YRD, which is—Fhere-is abeut3approximately 300 km efuwrHZ-away

from_the western YRD. As implied in Zhang et al. (2012), aerosols are—have complicated

compositions and spatial distributions, especially in fast-rapidly developing regions (such as YRD).

Thus, considerablelarge differences might exist efin the aerosol optical and physical properties might

exist—to—degrees—among the sites within the YRD. Additionally, none of researchesstudiesresearch

mentioned above have-studied the aerosol DRFs. Some investigations ofst the columnar aerosols in the

western YRD (urNJ) werehave-been carried out in-by Zhuang et al. (2014a), but significant issues (not
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considered in their_works) still require further studyneed-to—be—further—addressed, such as the size

fractional optical parameters and the DRFs of different aerosol components, as well as the aerosol

physical-size—fractional-aerosolphysieal properties_of the different size fractions. Therefore, it’s—sti

neeessary-to-make-a more integrated investigation ofn the aerosol optical and physical properties, as

well as their DRFs in_the YRD., is still required. In this study, the unaddressed issues for thein western

ander whole YRD region mentioned above will be studiedal-ineluded based on the measurements of a

Cimel sun_-photometer in urNJ; combined with a radiation transfer model (TUV, Madronich, 1993).

Additionally, the aerosol types and mixings in the region will be further identified and discussed based

on the relationships among the aerosol optical properties. Third, the observed aerosol profiles, which

have not previously been considered-befere in_the YRD, are discussed and farther-used-and-diseussed

here to calculate the aerosol DRFs. Th-believes—that-the results of this study willkere—would be

advantageous to further understanding the characteristics of aerosols over the eastern regions of China.

Adse;Additionally, this work willey-are helpfil-te improve aerosol the-model performances as well as

the modelled-en-the-aerosel-and-its climatice effects in the relevant regions. FirstlyBeeause;first-ofall,

the observed aerosol parameters canewld be used for data assimilation to obtain more accurate inputs

(including improved initial conditions and air pollutant emissions) for efthe model (Jiang et al., 2013

and Peng et al., 2017). Second,-a more precise aerosol refractive indexes and size distributions used in

these numerical models willewld yield-a2 more reasonable aerosol loadings and DRFs (Ma et al., 2017).

Third, both the aerosol optical properties and DRFs canesld be used to validate the simulations.

The methods areis described in Section 2. The rResults and discussions are presented in Section 3,

followed by the c€onclusions in Section 4.
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2 Methodologies

2.1 Sampling station and instruments

The observation site (Urban Environmental Monitoring Station of Nanjing University) is located

in the downtown area of Nanjing City (hereinafter shortened to—fer urNJ; located at; 32.05°-05° N,

118.78°-78° E); in the western YRD. The siteft—is—built is on the roof of a 79.3-—m-tall building,

surrounded byareund-which-there-almeost-have fewne higher obstacles and laekingnewith no industrial

pollution sources within a 30 km radius. However,—but there are several main roads with apparent
traffic pollutions. Detailed information aboutef the site is available in-from Zhu et al. (2012).

The columnar aerosol optical properties and physical characteristicss ofat the site were measured
byfremmeasurements—of athe Cimel sun photometer (CE-318, Holben et al., 1998) during the period
from Apr 2011 to Feb 2014. Routine maintainmaintenances and calibrations was performedere-made
during the observational period. Due to-the malfunctions of the instrument and-the problems withef
data transmission, the data from May to Sep 2012 and from Aug to Dec 2013 are invalid and were thus
excluded. The wavelength--dependent eptical-depth fAOD) and Angstrém-exponents{AE) of the total
aerosols were directly measured by CE-318, while the following variables, including the aerosol size
distributions;; fractionated (fine and coarse) aerosol effective radius (Rg);; mean radius (R,,,), volume
concentrations (Vol);; wavelength-—dependent size—fraetional—optical depths of the_various sizes of

scattering, absorbing and total aerosols;; aerosol SSAsingleseatteringalbedo(SSAY; and the;as-well-as

wavelength--dependent refractive indices, are derived from the DOBVIC algorithm Version 2 (Dubovik

et al., 2000; 2006). This algorithm has been widely used by the Aerosol Robotic Network (AERONET)

and the China Aerosol Remote Sensing Network (CARSNET), while-and the products have been used

globally, as introduced in_the Introduction, due to their high accuracies. The errors for the AOD,
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absorption AOD (AAOD)_and -SSA areis 0.01, 0.01 and 0.03, respectively (Yu et al., 2011; Li et al.,

2015c). The errors of the fine and coarse aerosol SSAs areis 0.037 and 0.085, respectively (Xu, 2015).

The errors of the refractive index areis 0.04 for the real part and 0.0025-0.0042 for_the imaginary part

(Yu et al., 2011)—And-. Additionally, the error of the volume size distribution is less than 10% in the

peak regions_but is-while abeut3approximately 35% in valley-region or interval regions for thebetween

fine and coarse modes (Yu et al., 2011). Detailed descriptions ofen CE-318 and the corresponding

observations fromin CARSNET are available in—from Li et al. (2015a) and Che et al. (2015a). For

comparison, the 550 nm AODs and SSAs are calculated based on the given AODs at other wavelengths

and AEs (Angstrom. 1929):

550
AOD = AOD x (——m —AE40/870nm |
550nm 440nm (440nm) ( )
AAODSSOnm = AAOD440nm X (%)’AAEMOWOW o
440, .
SS'ASSOnm = AODSSOHm — AAODSSOnm . L
AODSSOnm

A3)

ForFe-make a further comparison, the-concurrent observations of the surface total aeresel-abserption
eoefficient fAAC) and Ansstém-exponents(AAE) measured by a 7-channel Aethalometer (model
AE-31, Magee Scientific, USA, Hansen et al., 1984; Weingartner et al., 2003 and Arnott et al., 2005)
are used. The dPetailed calculations and corrections of the AAC at the site caneuld-be-foundin-were
presented by Zhuang et al. (2015). Additionallyladditien, the monthly mean eptical-depth{AOD} and

Anestrém-exponent(AE) of the total aerosols from the satellite-based-ef Moderate Resolution Imaging

Spectroradiometer (MODIS) were used te-assistin the analysis.

Based on the observed wavelength-—dependent aerosol optical properties, the-aeresel DRFdireet
9/59
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radiativeforeing(DRE) of the aerosols in urNJ is investigated using thea radiation transfer model TUV

(Madronich, 1993). Only clear-—sky DRFs are addressed here because almost allaH—ef the

measurements are carried out in free sky conditions. The solar component of the radiative transfer

scheme in_the TUV_model follows the d-Eddington approximation. In addition to the aerosol optical

properties, the surface alebdealbedo (Palancar and Toselli, 2004) and—the aerosol vertical profiles

(Forster et al., 2007) might also have significant influences on the DRF. Thus, the wavelength-

dependent surface albedo from MODIS, the annual and seasonal mean aerosol profiles from the

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) and the

Polarization-Raman Lidar (PRL) in Nanjing arewewld-be included when assessing the aerosol DRF.

The aerosol DRF in this study is defined as the difference in_the net shortwave radiative fluxes

whenbetween including orand excluding_the aerosol effects at the TOA and surface. The gGas

absorptions in the atmosphere were set to be constant. The scattering aerosol’s SSA was set to 0.9999

(similar to that of sulfatesulphatesulfate or nitrate, Li et al., 2015b) when calculating its DRF. The

DRF of the absorbing aerosols is derived from the differences between the total and—the scattering

aerosol DRFs.

3 Results and discussions

3.1 Optical properties of the aerosols

Unless otherwise specifiediathis—seetion, the 550-nmoptical- depthAODs, SSAssingleseattering

albedo and 440-nm-refractive indices of the aerosols hereinafter all representare the ones diseussed-as

aerosol-optical parametersat 550, 550 and 440 nm, respectively. In addition to the totalwhele-mede
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aerosols, the size-dependentfraetional (i.e., the fine and coarse fractionsenes) aerosol optical properties

of the different typeseempeonents (scattering and absorbing aerosols) are also discussed in this section.

Therefore, there are—altegether nine types of aerosols:; ineluding—the—total aerosols_(TA), total fine

aerosols_(FA), total coarse aerosols_(CA), scattering aerosols_(SA), fine scattering aerosols_(FSA),

coarse scattering aerosols_(CSA), absorbing aerosols_(AA), fine absorbing aerosols (FAA), and coarse

absorbing aerosols (CAA).

Table 1 summarizesy the statistics of the aerosol optical properties during the study period in urNJ.

The mean total aerosol 550-nm-optical-depth-fAOD) of the-total-aeresels-is 0.65, and the SA’sseattering

aeresels account for as much aslarse-as abeut-9approximately-93.84%_of this category. Fine mode

aeresel-AODs (FAOD), fine mode scattering AOD (FSAOD) and fine mode absorbing AOD (FAAOD)

accounts for 81.53%, 81.97% and 56.09% of the total AODs, scattering AODs (SAODs) and absorbing

AODs (AAODs)—atin—this—wavelength, respectively, implying that coarse aerosols—is—mere absorb

moreing than-the fine ones. The 440/870 nm AE of the total, scattering and absorbing aerosols are

abeuttapproximately 1.20, 1.19, and 1.32, respectively. Fine aerosols have much higherlarger AEs,

which can be; 0.4-0.5 greater}arger than_those of the total aerosols. Overall, the absorbing aerosols have

smaller sizes than the scattering ones in all modes, but—especially in the coarse mode, which is

consistent with the results fromef the surface aerosols at the site (Zhuang et al., 2017). The-aAnnual

to-Eeb20+t6-(Zhuangetal; 2047H-The mean 550-am-SSAs of TA, FA and CA isare 0.93, 0.95 and 0.82

forthe—total—fine—and-eceoarse—aeresels, respectively, further implying that the coarse aerosols have

different compositions
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shertwave—waveradiation—thanthan the fine aerosols. The c€omparisons also indicate that surface

aerosolst (SSA=0.9 in Zhuang et al., 2017) areisatittle-mere—_slightly more abserabsorptiveptien than

the columnar aerosols in urNJ—The-aAnnual-mean-surface-SSA-at-550-nmfor-the-total-aerosolsis tittle

shishtly-smaller (0-9)-than-the-eolumn-one. The mean 440 nm refractive index is abeuttapproximately

1.44+0.00841.

Table 1

3.1.1 Seasonal variations efin the aerosol optical properties

Figure 1 presents the monthly variations efin the 556-11-AOD (a), SAOD (b) and AAOD (c) as

well as the contributions of their fine and ercoarse modes to their corresponding totals. The tFemporal

variations ef-in the total aerosol AOD areis consistent with those of SAOD due to_the significantly

large ratio of SAOD/AOD. The AODs are all considerably high in_the winter due to thea more intense

emissions of the-trace gases and particles (Zhang et al., 2009). Additionally, they are also high in spring

and summer under the influences of dust, high efficiencies of moisture absorption growth and chemical

transformationHewev

Lemstsesatens—a—the e (L1 et all, 2015a)—=kee—tond e hihor 2O gn hoee oos sonone

Therefore, a—the seasonal

variations of the total AODs are not so obviouspurelyby-induecinged-by-the-emissions in urNJ; in the

western YRD. Tinstead;—these preeesses-influences are prominent in the AOD seasonality for theef

different aerosol types within thein different size segments. The largest AODs appear in_the spring for

the coarse seatteringand-abserbing-aerosols, butthelargest AODswhereas they appear—while in_the
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summer for the fine aerosolsesnes in urNJ. The figure also implies that the scattering aerosols might

have different size distributions thanfrem the absorbing aerosols. The fine mode fraction rate-is 0.83

(peaking at 0.97) for scattering aerosols and iswhie 0.56 (peaking at 0.83) for absorbing aerosols.

—It’s noting that

AOD in August does not include the ones in 2012 and 2013. Coincidentally, air pollution has been

controlled since 2012 in Nanjing due to hosting international events in Aug 2013 and 2014. August

AOD in 2011 is 1.18, much higher than those in 2012 (0.75) and 2013 (0.63) as referred from the

MODIS retrievals. As a result, the AOD in August shown in Figure [ is “unusually” high.

Figure 1

The aerosol Angstrém-expenentsAEs also have substantially seasonal variations, especially for the
absorbing aerosols, as illustrated in Figure 2. The seasonal variation of the fine aerosol AE is highly

consistent with the coarse one for the absorbing aerosols while it is opposite for the scattering

aerosols.F

zero-tinein-the summer; Nevertheless, all AEs in the summer are the closest to 0 possibly due to the

effects of high RHrelative humidity (Zhuang et al., 2014a). The whole mode AE of each aerosol type is

determined by the both variations efin the AEs in each mode and_the fine mode fraction. Therefore, the

smallest AEs appears in_the summer (0.74 in July) for the total absorbing aerosols_but appear-while in

the spring (0.94 in Mar) for the total scattering aerosols. Similarly, the total aerosol AE is determined

by the-both the variations of each aerosol type’s AE and_the ratiofraction—rate of the scattering (or
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absorbing) aerosols to the totals. AndSinitar-te-the-AOD; the seasonalityy of the total aerosol AEs is

more consistent with that of the scattering aerosols. The figure also indicates that the scattering aerosols

have much larger sizes than the absorbing aerosols, especially those in the coarse mode. Further

comparisons indicates that the seasonal variations of the columnar SAE and AAE are consistent with

their surface ones-ef-thesurface SAE-and AAE (resultsnotshewn-hereZhuang et al., 2017) valaes-at

the site.

Figure 2

In addition to AOD and AE, the monthly variations efin the aerosol SSAssingleseatteringalbede

£SSAY and refractive indices are also investigated, as shown in Figure 3. SSA is affected by both

scattering and absorbing aerosols, as well as their relative contributions. The fine particles have much

strongerare-maeh-mere scatterings than the coarse aerosols. Hewever—the-ceoarse-aerosol SSAshaves

rere-significantseasonalityTheir SSAs have relatively weaker seasonality. Overall, both FSSA and

CSSA are relatively smallerer in summer-as-compared—than-into-these-ofthanin-the-otherthe warmer

seasons, although they wereare eensiderable-considerably large in August 2011;-+mplying-that-the-twe

total aerosol SSA is somewhere-in between the FSSA and CSSA_and dependsing on the ratios of the

FAOD to AOD. Thus, these-an SSAs havedithas different seasonal variations from the FSSA or CSSA.

SSA is also rather the-smallest in spring due to the largest contribution of coarse aerosols_occurring in

this season. The aerosol refractive indices also show considerablesubstantial seasonality. The real part

is large in_the spring but small in_the summer, which is similar to what was observed in Taihu Lake in
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the central YRD (Yu et al. 2011). The imaginary parts show relatively weaker seasonal variations than

these-efthe real parts.

Figure 3

To provide a more quantitative knowledge, Table 2 summarizes the abovementioned seasonal

means with the corresponding standard deviations for the—all the aerosol optical properties—H

figures—abeve. And it’s more obviously reflecting the different variations of the optical properties

among_different aerosol categoriesTh

fallto—0-050—in—the—spring;—respeetively. For example, CAOD, CSAOD, CAAOD account for the

majority of the AOD, SAOD and AAOD in_the spring, with the-ratios of 30.1%, 27.9%, and 58.1%,

respectively. FAOD, FSAOD, FAAOD account for the majority of the AOD, SAOD and AAOD in the

summer, with the-ratios of 90.5%, 91.2% and 70.2%, respectively. As-diseussed-abeve—theseasonal

s—Comparisons indicate that the

seasonal variations of the optical properties arets highly_spatially inhomogeneous-spatially within_the
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YRD. As indicated byir Che et al. (2015a) and Qi et al. (2016), the largest AOD was found in the

spring, while the lowest one appeared in the summer in urHZ, another city on thein eastern coast of the

YRD. In Taihu Lake, a rural site in the central YRD, the lowest AOD appeared in_the winter (Pan et al.,

2010; Yu et al., 2011). Additionally, the aerosols absorb the mostare-the-mest-abserbing in_the winter in

the central regions of the YRD (Taihu Lake and urHZ), and their SSAs are as small as 0.88 (Yu et al.,

2011 and Qi et al., 2016). The aAerosols in_the western YRD (urNJ) are more scattering than those of

the preceding areas:thet

periods. Nevertheless, AE variations are more consistentey with each other betweenameng these sites,

being sbeinrg-smallest in_the spring and largest in the fall.

Table 2

3.1.2 Frequencies of the aerosol optical properties

All AODs and SSAs follow a near lognormal pattern, and almost allal-ef the AEs and refractive

indices follow a unimodal pattern (Figure 4). The ranges around their means are dominantted,

accounting for at least 60% ofte their total data samples during the entire study period. Similar to the

temporal variations, the frequency distributions of the total aerosols (not shown) are also highly similar

to thosee-enes of the scattering aerosols in both_the fine and coarse modes.

The frequencies of the absorbing aerosol AEs differ from thoseare—different offrem the scattering

aerosol AEsen
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same-medes—Due to different absorbed fractions among coarse, fine and total aerosols, the curve of

CSSA (FSSA) has a leftward (rightward) shifting compared with that of SSA, peaking around 0.84

period: The fEine aerosol SSAs were concentrated in as more-i#+a narrow range (~0.1from-0-89-+6-0-99)

than_the CSSAs were (~0.3from—0-64—t6—0-96). For the refractive index, the frequencies peak

aroundbetween—1-39—and 1.42; and between—0-007—-and—0.0089 for the real and imaginary parts,

respectively, in urNJ during the study period._

The frequency patterns of the aerosol optical properties also have substantial seasonality (not shown

here). Overall, the curves—weuld shift left-ward in low value seasons and right-ward in high value

seasons. In the summer, the AOD curves might even have two peaks for the scattering or total aerosols,

which are similar to the observations in Taihu Lake (Yu et al., 2011). EorSAEthe pealeshifts leftward
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3.1.3 Comparisons with MODIS AOD, AE and surface aerosols

The AOD and AE observed by CE-318, to degrees, are well correlative inreasenable-agreement

with those from MODIS in_terms of their seasonal variations and magnitudes (Figure 5). The linear

correlation coefficients are 0.75-71 and 0.86-67 between_the monthly mean CE-318-A0D and MODIS

AODs and between the monthly mean CE-318-AE and MODIS AEs, respectively. The AOD-a+550-nm

from MODIS is greater (~1.2 times)larger than that from CE-318, with an average value of 0.82-80

during the study period. The slop of the linear fitting is 1.12 for AOD in urNJ, similarly to that in

central China (slope=1.16, Dong et al., 2013). The mean AE at 412/470 nm from MODIS is about

dapproximately 1.4342. The standard deviations of the AOD and AE values are much larger forrem

CE-318 than forremt MODIS, possibly due to thea higher temporal resolution of the CE-318

observations.

Figure 5

The columnar AAOD and AAE values from CE-318 are fairly-less related to the surface aerosol

absorption coefficient (AAC) and AAE from AE-31 (Figure 6). However-therelationship-between-the

of CE-318's—and MODIS' wvalues—Althoush—Because surface aerosols eowld—be—affectedby—their

transpert—they-areitis mainly_affected by-frem local and regional emissions, and theirits loadings are

highly related to the degrees of-the boundary layer development (—As—suggestedbyZhuang et al.,

(2014b and 2015)
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arelativelyworserelationship-between-the AAOD-and AAC. The surface AAE is_—mere-concentrated

in a narrower range and-i is larger (1.6) than that from CE-318;—mplyinethatthesurfaceabserbing

aerosols-are-finer-and-fresher. The linear correlation coefficients are-0-39-and-0-41+-between the AAOD

and AAC and between the columnar and surface AAEs are 0.39 and 0.41, respectively, which areis

slightly worse than those between FAAOD and AAC (0.46) and between_the columnar FAAE and

surface AAE (0.47).

Figure 6

3.1.4 Briefly discussions

allowing us to fer-a-better understanding—of the characteristics of the aerosols in the YRD-on-the-other

hand. AndAdditienallyy— theyse—propertiesy might be also useful for improving aerosolthe model

performances-en—the—aeresels and their radiative effects in_the YRD or eastern China_as referred in
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As—mentioned—in—theIntroduetion—mMost studies ofn the aerosol optical properties in China

mainly focus on the AOD and AE of the short-term total aerosols--shertterm (i.e., episodes, Che et al.,

2013; Zheng et al., 2016; Che et al., 2015b), although—Studies—on_the annual (Yu et al., 2011) and

decadal (Che et al., 2015a) scale_aerosols have been_also carried out in recent years usingbased-on

based on CE-318 measurements. Che-et-al{(20H5a)indicated-thatthe longternlongtermaveragesof

central-China—and-0-9-and-1-25-in-the-coastal-areas-of the YRD respectively—Results here show that

tFhe mean AOD at440-am-in urNJ is greaterlarger(6-84) than thoseat in northern China and the PRD

but is smaller than those of theatin coastal cities of the YRD. The AE is larger in urNJ than aAerosels

in northern and central China-havelargersizes{smaller AE)thanthese-inthe-western YRD. Che et al.

(2015a) further suggested that thosee aerosols in urban areas likely had larger AODs and AEs than

those in mountain and desert areas. It’s;se-did the same in urNJ. Qi et al. (2016) showedpresents that

the aerosol SSAssingleseatteringalbede at 440 nm in urHZ areis abeut-Oapproximately 0.90, 0.92 and

0.70 for the total, fine and coarse aerosols, respectively, also implying that the coarse aerosols are-mere

absorb_moreinrg than the fine ones. Our measurements show similar results—te—thetrs. However, the
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aerosols in urNJ scatter moreare-mere-seattering than_those in urHZ in both_the fine and coarse modes,

also revealing the inhomogeneous distributions of the aerosol compositions in the YRD. Although

20458 Qietal2046)-Tthis study-here further augments filkthesaps-efthe current observations_of the

aerosol optical properties in the YRD compared with previous studies. Based—onon—the—authors>

3.2 Physical properties of the aerosols

In addition to the optical properties, the aerosol physical properties, including_the volume size

distributions, mode--dependent sizes (radius) and volume concentrations, wereare also retrieved. Figure

7 shows the volume size distributions of the aerosols in different seasons (Figure 7a) and atin different

AOD (or polluted) levels (Figure 7b) in urNJ. Fhe—figurelt shows that the aerosols in urNJ have a

typical bimodal structure in their volume size distributions in all seasons, presenting—a two-mode

lognormal distributions in both the: fine (radius < 0.6 um) and coarse modes (radius > 0.6 pm). Their

annual peaks appear at-the radiias of 0.148 pum for theis fine mode and 2.94 pum for thein coarse mode.

Similar-to-the-aerosel-optical properties;tThe aerosol volume size distributions also haves substantial

seasonality. Dust episodes lead to_the-the peak values in the spring being much smaller in_the fine mode

than those in_the coarse mode, which is_the opposite_trend than thesefortethatinin the other seasons

(especially in_the summer). Therefore, the mean radius of the aerosols increases significantly in_the
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spring due to_the-a high proportion of coarse particles, leading to a smaller AE, as discussed in_the

preveious sections. In the summer, the curve has a right-ward shift, showing a larger aerosol size in

both_the fine and coarse modes due teto the high hygroscopic growth efficiency. The fine particles are

dominantte in_the summer and result in large AE_values, opposite to_the patterns-what-is in_the spring.

The aerosol volume size distribution varies with different AOD values (Figure 7b) in urNJ. Overall, the

peak value has a substantial right-ward shift with increasing AOD for fine aerosols while a slightly

leftward-ward shift for coarse aerosols, implying that the growth of the fine aerosols is advantageous to

enhance the aerosol radiative effect. In urNJ, both fine and coarse particles basieall—have

approximately the same levels when AOD is below ~0.8—A#nd-. In addition, the fine aerosols begin to

dominate more when AOD-exeeeds—>0.8. The results here are rather-mostly consistent with the ones i

from Yu et al. (2011), Qi et al. (2016), and Zheng et al. (2016). However, the figure here further refleets

indicates that both fine and coarse particles themselves eesld-might cause very serious haze pollutions

in YRD, leadingto-showing considerably high peaking values in both fine and coarse modes, which

beingfound—This-has not been observed in previous publications. The aerosol size distributions here

are also very useful for optimizing numerical models. A-mereprecise-aeroselsize-distribution—weonld

Figure 7

To further investigate the physical features, the seasonal variations ef-in the aerosol effective and

mean radius; as—weH-as-and the volume concentrations in urNJ are fartherpresented in Figure 8. The
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mean effective radius, which is generally smaller than the mean one in all modes, is abeut

Bapproximately 0.34, 0.16, and 2.18 um for the total, fine and coarse aerosols, respectively, during the

study period.

the-fineparticlesas-diseussed previously—The seasonal variations efin the radiiases have a stronggeed

anti-correlation to the-ene-that of the AEs (Figure 2). Both the fine and coarse aerosol radiiss are larger

in_the summer than in the other seasons-due

while the total aerosol radius is much larger in the spring—due—to—thea—larger—ecoarse—fraction.

DifferingrentUnlike from—the radius, the seasonal variations ef—in the volume concentrations of

thebetween fine and coarse aerosols are different, peaking in the spring for coarse aerosols; and

peakinewhile-in_the summer for fine aerosols. Although both the fine and coarse aerosols have thee

same_annual volume levels in urNJ-ansually, their contributions to the total aerosol volumes vary

significantly with seasons. The coarse aerosols-direetly leads directly to the largest total aerosol volume

peaking in the spring-forthe-total aerosels.

Figure 8

3.3 Aerosol classification based on-its optical properties

The aerosol clusters, to a certain degree, canewld be identified based on the relationships between

SSAs at 491 nm and AEs at 491/870 nm.;; between_the real refractive index (RRI) at 670 nm and the

AE at 491/870 nm.;; as-wel-asand between_the SSA differences (dSSA=SSAg70nm-SSA491nm) and AE at

491/870 nm, as presented in—Run-by Russell et al. (2014).; whiekhe-They proposed a Mahalanobis

Classification based on “a priori” information for each type_of aerosol source (e-g-e.g..: dust, urban,
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biomass aerosols). Different aerosols-ther would_then be mostly concentrated within the corresponding

ellipses of a two-dimensional scatter plot of SSA versus AE (or RRI versus AE, or dSSA versus AE).

Based on their classifications, acrosols from the-pure dust, polluted dust, biomass_-burning, industrial

urban, developing urban, and marine aeresels-sources (Figure 8 in Russell et al., 2014) canall-cenld be

identified. For example:=—-, Fhe-the polluted dust aerosols weuld-beare mostly within the ellipses with

smaller AE (near 1.0)_values, relatively smaller SSA levels (0.85 to 0.95), but-and much larger real

refractive indicesex (1.45 to 1.55) and SSA differences (0 to 0.05) than those present foreempared-with

other aerosols. 2-The aerosols from the-a developing urban_area generally have smaller sizes than the

polluted dust (AE ranging from 1 to 1.6), but they have larger SSA (0.9 to 1.0)_values, as—well-as

smaller real refractive indicesex (1.4 to 1.5) and smaller SSA differences (areund-Oapproximately 0).

More classifications can be found in (Russell et al., 2014).3- The—aerosols—from—the—urban—areas

from-biomassburning-derived-aeresols—Based on their classification standards, the aerosols in urNJ

could_be basically-be identified as-the clusters of polluted dust, developing urban and industrial urban

kinds during the sampling period, as shown in Figure 9, which further supports the analysis #-previeuns

seetonin -~ - — = - Scction 3-. —thesprine—dustsenitedtrom—thedesertrestons—in
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Although urNJ is only abeut3approximately 300-400 km far-away from the East China Sea, fewits

aerosols—arefewcompeosed-by marine or sea salt aerosol components_are observed, as illustrated in

Figure 9. Unfortunately.}t-is—apitythat the observations missed a biomass burning event in Jun 2012

(Zhuang et al., 2014b, 2015) becausewhes the instrument was having maintenance performedained.

Otherwise, the figure wil-would be more comprehensive. Fhis-event-wasl's—a—veryserious—biomass

annaal-means;Zhuanget-al52044by—Analysis here might fartherhelp us te—understand the aerosol

sources, transformations, transports and—ts radiative effects in the YRD—And—. In addition, this

informationit also indicates that the Mahalanobis Classification is a very useful approach for

classifying the-aerosol into types, especially in the-cases of data shortages ef-data—or insufficient of

methods. However, the-this method still has a limitation. The classified ellipses have some overlaps

among different aerosols clusters. In overlap regions,—ts—hard—to—further identifyyclassifying the

aerosols into types_is a challenge. For example, it _is’s not easy to distinguish between the-polluted dust

aerosols with large AE values fromthe-and urban aerosols with smaller AE. Therefore, if there were-are

two kinds of aerosols withhaving nearly identical coordinates, further information is needed, or a more

effective approaches should be taken into account.

Figure 9

In addition to the types, the aerosol mixtures/compositions canewld also be identified based on

SSA and AAOD. Generally, dust aerosols haves strong absorptions in_the ultraviolet (UV) band; but

become non-absorbing in the visible band, leading to—its SSAs increasing monotonically with the
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wavelength-menetenieally. For biomass burning aerosols, theits SSAs wewld-decrease monotonically

with wavelength—menetonieally. Non-monotonically variations in SSA with changes efthein

wavelength might be due to aerosol mixtures dominated by the—ether—type-another type of aerosol

dominated—mixtures, as indicated by Li et al. (2015c).; whe—They thea—proposed two curvature

parameters_to provide additional information on the aerosol compositions:; definred—as—the second

derivative of the second-order polynomial fit of the SSA and wavelength and the fit of the AAOD and

wavelength, as shown in Eq. 4 and Eq. 5:—te—previde—additionalinformation—on—the—aerosel

In(SSA,) = 3, In(1)* + B, In(2) + B3, @)
In(AAOD,) = a, In(1)* + ¢, In(1) + «, (3)
Where;—

where —ﬂz and «, are the SSA cCurvature and AADO cCurvature, respectively. Detailed

descriptionsstatements eanould—be—found—inwere presented by Li et al. (2015c). Based on these

parameters, the aerosols canewld basieally—be identified as the—dust dominated, BChlack—earben

(including biomass burning and urban/industrial aerosols) dominated and other mixed (peak) type

aerosols; because the curvature probability (or frequency) distributions are different amene—for the

different aerosol mixtures. As indicated in Li et al. (2015c¢), the SSA or AAOD c€urvature is mostly

concentrated at-er areund-Oapproximately 0 for the BC--dominated aerosol mixture, which is much

smaller than that of the dust--dominated aerosol mixtures (0.1 for SSA c€urvature and 0.5-1 for AAOD

cCurvature) over East Asia. Based on their method, the curvatures of SSA and AAOD are calculated

and then divided into three categories according to the monotonicity of the SSA-—ResultsA. The results

show that there are abeut—tapproximately 15.0%, 27.5% and 42.3% occurrences of monotonically
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increasing, decreasing and 670 nm peaking SSA speetrumspectra, respectively, in urNJ—Asd-. In

addition, their probability (or frequency) distributions are plotted in Figure 10. Beth—the SSA—and

shewn-here)-The figure indicates that the SSA and AAOD curvature patterns are highly consistent with

those in Li et al. (2015c) for the monotonic categories, which impliesying that the there-might be-abeut

tappreximately— 1 5%-(mostly-appearinginspring) and ~27%(mesthy-being-infall-and-winter) samples

with monotonically increasing and decreasing SSA spectra eceurrences-ofare the dust-d-dominated and

BC--dominated mixing aerosols, respectively, in urNJ during the observed period. For example, a very

strong dust storm from northwest China and Mongolia on Ist May 2011 (Li et al., 2015a) directly

yielded mean SSA and AAOD cCurvatures of 0.12 and 1.11, respectively, en—tstMay20H—These

eurvatureswhieh-which are close to the values (0.11 and 1.24, respectively) of the pure dust aerosols

(Li et al., 2015c). For the rest_of the categoriesy with non-monotonic SSA spectrawvm, the SSA

curvatures are mostly concentrated from 0.3 to 0.8, implying that the dust component might not exceed

10%, while the scattering species (organic carbon not included) atteast-accounteding for_at least 30%

within-of the mixing particles in western YRD according to the sensitivitye results #—from Li et al.

(2015c¢). Subsidiary-Additional data are needed to derive furtherif-mere information-were-goingto-be

fartheridentified—Results. However, these results-here might help us gain ate better understanding of

the mixings of-the aerosols in the urban areas of the YRD. Similar to the-wetkefRussell et al. (2014),

Li et al. (2015c) alse-provideds an effective approach te-for classifying the aerosol compositions based

on a single data set (such as the CE-318 retrievals).

Figure 10
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3.4 The direct radiative forcing of the aerosols

Baseding on_the abovementioned wavelength--dependent optical properties and-combineding with

the observed surface albedo and aerosol profiles, the clear-—sky size-dependent—fraetional aerosol

DRFdireetradiativeforeing(DRE) of the fine and course-different components at both the TOAtep-of

atmesphere(FOA) and_the surface in urNJ are investigated using thea radiation transfer model TUV

(Madronich, 1993). Due to_a lack_oftrg SSA observations of each aerosol component, the scattering

aerosol DRF is estimated based on a given SSA value (0.9999, equalingequallingequal to-te that of

sulfate or nitrate aerosol) in a reference seuree-(Li et al., 2015b). As indicated in_the last section, the

absorbing aerosols in urNJ are always in a mixed state. Therefore, the absorbing aerosol DRF is

cannotinapprepriate-te be estimated directly using the BC SSA. Here, this value isits derived from the

difference between the total and scattering aerosol DRFs, which might be more representativeress. Fe

rrake-cemparisenFor comparison, the aerosol DREF is also calculated based on_the AAODs, AAEs and

BCblack earbon (BC) SSA (Li et al., 2015b).

ObservationalObserved aerosol profiles, which have not have been used in previous investigations

(e-g=.g.z, Zhuang et al., 2014a), might be important to the DRFs estimationsag. Figure 11 shows the

mean vertical aerosol profiles observed by CALIPSO (annual scale data) and the PelarizatienRaman

Eidar(PRL; (seasonal scale data) in Nanjing. For furtherFe-make-a comparisons, all the profiles in the

figure have-beenwere standardized to-athe percentages (%).Stmiarte-the AODs-and-AEs; tThe figure

suggests that the ground and satellite—based—a-based aerosol profiles alse—areexist substantially

differentees. The CALIPSO profile is more homogeneous than the PRL one, accounting for abeut

6approximately 61% and 88%, respectively, below 4 km. Due to_thea lack_of theing long-term
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measurement of PRL and the different products of theameng different observational platforms, both the

CALIPSO and PRL profiles are used here. Additionally, a combined profile (graygrey line) of the

stmply-averaged-between CALIPSO and PRL values is included_and—¥+ indicates that aerosols account

for abeutFapproximately 75% of the totals below 4 km and abeut-6approximately 60% in the boundary

layer for the combined profile, which-te-seme-extent is_somewhat similar to the default profile of TUV

(Palancar and Toselli, 2004). All these four profiles were used when estimating the aerosol DRFsFhe

Figure 11

3.4.1 The aerosol direct radiative forcing in clear--sky conditions

Hereinafter, DRFs, unless otherwise specified, hereinafteralbrepresent the averaged values ameng

from CALIPSO, PRL and a combined profile-basedf-based forcing in clear--sky conditions. Figure 12

shows the seasonal variations efin the size-dependent-fraetional daytime TOA and surface DRFs of the

total, scattering and absorbing aerosols in urNJ. The aerosol DRFs are highly dependentded on the

aerosol optical properties and compositions. Overall, the fine aerosols—have—mueh—mere contribute

considerably moreiess to the total aerosol DRFs, especially for scattering aerosols. The coarse aerosol

DREF is-accounts for only ~4513.3% efthefine—aeresel DREfor the scattering aerosols, while_this

fraction aceeuntsfor-is >5+33.7% effor thefor absorbing aerosols at both the TOA and surface in urNJ.

Negative scattering aerosol DRFs could be significantly offset at the TOA_and could be-while further

strengthened at the surface by absorbing aerosols. Therefore, the total coarse aerosol DRF at the TOA

is very weak due to a much smaller CSSA; and: subsequently; accounts for aithas—=a much smaller

29/59



640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

contribution to the total aerosol DRF than the fine aerosols_do. Both the scattering and absorbing

aerosol DRFs have similar seasonality to their AODs—peaking—inthesummerfor-thetotal seattering

aerosol DRFs have the same seasonality as the absorbing ones within the same mode. In addition to

AODs, the surface albedo and-the solar zenith angle also have a strong influence on the variations efin

the aerosol DRFs. As implied #-by Zhuang et al. (2014a), a brighter surface would yield a weaker

negative DRF while-and a stronger positive DRF, assuming a-in-the-ecendition—with fixed AOD. The

seasonal mean surface albedo averaged from four wavelengths (440, 670, 870 and 1020 nm) is abeut

Bapproximately 0.145, 0.170, 0.129, and 0.137 in the spring, summer, fall, and winter, respectively.

surface—albedo—in-this—seasen—As a result, the scattering and fine absorbing aerosol DRFs are also

strong in the winter and spring, respectively.

Unlike those of the single aerosol types, the variations of the total aerosol DRFs are co-affected by

those of both the scattering and absorbing aerosols;-eaningthattheseasonalvariations-ofinthe TOA

DRE are-alseis-additionallyrelated-to-the SSAs” seasenality. Thus, the strongest TOA DRF of the total

fine aerosols appears in the winter instead of the summer, and the total coarse aerosol DRFs are
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positive at the TOA in the summer. For all modes, the seasonal variations of the total aerosol DRFs at

the TOA are more consistent with thoseat of the fine mode. Compared—withDifferent from the TOA

DRFs of the total aerosols, the variations-efthe-surface DRFs are much more consistent with those of

the corresponding AODs-a

Figure 12

For furtherFo-make comparisons (Figure 13), the absorbing aerosol DRFs based on the observed

AAOD, AAE and fresh BC SSA (Li et al., 2015b) are also usedaceessed(named-as-the-second—wvay).

Although the absorbing aerosol DRFs are estimated in different ways, they are highly correlated at both

the TOA and surface, as shown in the figure. Apparently, the DRFs from the second method are much

weaker than thoseat from the first calculation.-ene possibly due to the absorbing aerosols in urNJ being

always in_a constantly mixed state, as shown by the analysis in-previeus-—seetionin the previous section

or-and as indicated #-by Zhuang et al. (2015). Jacobson (2000) suggesteds that the aged (mixed)
absorbing aerosols have a much stronger abilitiesy-ability to absorb solar radiation, withby a factor of
two. Zhuang et al. (2013a and 2013b) stated that the simulated regional mean TOA DRF of the mixed
BC (+1.56 W/rnz) over East Asia is abewttapproximately 1.9 times—te that of the seneun-mixed BC-
And-. Additienally=+tThe ratio is abeuttapproximately 1.73 in this study, implying that the absorbing
aerosol DRF from the first methodway is reasonable. The c€omparison here further proves the

importance of the mixing states inte estimatinge the absorbing aerosol radiative effects.
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Figure 13

Table 3 lists the annual mean size-dependent-fractional DRFs of the total, scattering and absorbing
aerosols at both the TOA and_the surface in urNJ. The DRFs at the surface are all stronger than those at
the TOA. The mean DRFs are -10.69, -16.45, 5.76 W/m* at_the TOA and -25.54, -21.37 and -8.38
W/m? at the surface for the totalTA, seattering—SA and abserbingaereselsAA, respectively. The fine
mode TOA DRFs-in+fine-mede are nearly an order of magnitude stronger than those of thein coarse
mode for the total and scattering aerosols. The DRFs of the fine absorbing aerosols have the same

orders of magnitude-as; but are stronger than those of the coarse absorbing aerosols. It’s noting that the

total DRFs in the table are not exactly the sum of the contributions from the fine and coarse ones,

because the coarse aerosol affection on the solar radiation is excluded when calculating the fine aerosol

DRF separately, and vice versa.

Table 3

Various studies ofi-the aerosol DRFs have been carried out based on observations or numerical
models. Over-all, the DRFs of urban aerosols are much stronger than those on-the regional or global
scales. Forster et al. (2007) summarized the global mean clear--sky DRFs of the total_observational
aerosols from—ebservations—beingas -5.4 W/m’. Zhuang et al. (2013a and 2013b) indicated—a that
simulated clear--sky DRFs being-are -4.97 W/m? for the-total aerosols and beingwhile-+1.2 W/m? for
BC over East Asia. On a-sub-_subregional or urban scale, the observationed-based—a-based analysis

showed that the total aecrosol DRFs always exceeded-atleast 10" W/m? (Markowicz et al., 2008; Khatri
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et al., 2009; Wang et al., 2009; Kuhlmann and Quaas, 2010; Alam et al., 2011; Che et al., 2015¢c, and so

on). For example, the total aerosol DRF could be as strong as -25 W/m’over the Qinghai-Tibet Plateau

(Kuhlmann and Quaas, 2010) and -30 W/m® in the north China Plain (Che et al.,, 2014 and

es. Our results show

that_the aerosols in the urban area of the western YRD could also exert very strong DRFs, reaching as
high as—as—tarse—as -25.5 W/m® at the surface. Apparently, the DRFs here weuld—have smaller

uncertainties than thoseat from simulations because of the use of observations. Cempared—with—the

results—infromZhuang et-al{(2014a)the PREs here-And they might be also more precise_compared

with previous estimation in

v-Zhuang et

al. (2014a). This study further investigateds the size fractional{fine—and-eoarse} DRFs of different

aerosol components in urban areas of the western YRD, which—is—n faver—allows aef better

understanding of the effectsthe-aets of aerosols affeeting-on solar shortwave—wawve radiation—And-. In

addition, these issues have not been addressed in previous researehesstudies. The results here caneuld

also be used to validate—the numerical simulations andte to evaluate—the model performances

concerningen-the aerosol radiative effects.

3.4.2 Sensitivity of the aerosol direct radiative forcing to aerosol profiles

Different aerosol profiles might result in different DRFs. Figure 14 presents the TOA and surface
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DRFs of-the different aerosol types, including the seattering—andSA, abserbingaerosolsAA and the

totalsTA, based on four kinds of aerosol profiles from CALIPSO, PRL, the c€ombined CALIPSO and

PRL shown in Figure 11 andas—wel-as the default one fromin TUV (Palancar and Toselli, 2004) in

clear--sky conditions. The figure shows that the aerosol DRFs in clear--sky_conditions is-are not very

sensitive to the aerosol profiles, although the absorbing aerosol TOA_-DRFs are more sensitive than

those of the scattering aerosols. Overall, both the scattering and absorbing aerosol DRFs at the TOA

wenld become weaker to some extent whenif more aerosols arewere concentrated in the lower layers of

the atmosphere—er—within—the-beundarylayer, especially for the lattereaseeneAA’s. Here, a profile

impact factor: (PIF) is defined as the ratio of the standard deviations among the four types of DRFs in

Figure 14 to the averaged values ofameng these four DRFs. The PIF is abeut4approximately 4.97% for

the absorbing aerosol TOA_-DRF and iswhile below 2% for the rest_of the types of DRFs—further

Es. In contrast, the aerosol

profiles might have much strongermere influences on the DRFs in cloudy sky conditions because the

absorbing aerosols over brighter cloud willewld absorb more short-wave radiation (Podgorny and

Ramanathan, 2001). This issue is-will alse-seingto-be addressed in the futurerther.

Figure 14

3.4.3 Briefly discussions

Although the observation-based-D-based DRFs of the total, scattering and absorbing aerosols; as

well as their sensitivities to the aerosol profiles are anralyzed-analysed in this study,; uncertainties still

exist due to the measurement errors of the optical properties mentioned in Section 2. Additional
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estimations of the aecrosol DRFs are carried out based on the errors of AOD, AAOD and SSAs-—Resultss.

The results indicate that the greaterlarger uncertainties of the aerosol DRFs are mainly derived from the

errors of SSA or AAOD. The ubncertainty of the total aerosol AODs (0.01)-enly yield_only abeut

dapproximately 1% relative biases for the total aerosol DRFs at both the TOA and surface. The total or

fine aerosol SSA errors (0.03 or 0.037. respectively) may result in abeut2approximately 24% of the

uncertainties at the TOA (<15% at the surface) forte the corresponding DRFs. A larger coarse aerosol

SSA error (0.085) leads to-a— an ~24% uncertaintyies of its surface DRFs. AAOD errors (0.01) cause

abeut2approximately 20% of the uncertainties forte the absorbing DRFs at both the TOA and surface;

while-enly accounting for only 1.2% ofte the scattering DRFs_uncertainties. Overall, these uncertainties

are—relatively smaller than those presented in the 5th IPCC report (IPCC, 2013) and—they could be

further decreased if the measurements or the algorithms were fairlyfarther improved. In-additionto-the

For example, the

absorbing aerosol DRFs would become more accurate if corresponding SSAs shewld-could be-further

obtained by measurementsd-in-mere-detail-to-better estimate-the corresponding DREs. Second;the DRE

wonld-be-atittle-mere—slightlhy mere preetse-if the-aAlso, the aerosol DRFs would be better estimated

to a degree if its profiles with higher temporal resolutions could be were-used-instead-of-theirannual

means_in future.

consideration—AdditionallyEmally, extremely high aerosol loadings are frequently observed duringin

serious pollution episodes, including dust storms, biomass burning, and regional transport (Zhuang et

al., 2014a, b and 2015). The aerosol optical and physical properties as well as the radiative forcing

arewould-berather different duringin these extreme episodes, which also deserves further studyies.

35/59



772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

4 Conclusions

In this study, the size-dependent—dependentfractional aerosol optical and physical properties

observed by_a Cimel sun photometer (CE-318), as well as the corresponding DRFsdireetradiative

foreinrg(DRE) calculated by thea radiation transfer model TUV based on observations from thei urban

area of Nanjing (urNJ), western YRD, are investigated.

In_the urban area of the western YRD, the annual mean total aecrosol AOD-at+550-1m is 0.65;-and

is— and is mostly eentributed-by—thedue to the contribution of the scattering components (0.61). The

absorption fraction is as small as—abeut—_ ~06.7%;—changing—with—the seasons. AThere—are—about

pproximately 80% of the aerosols_in urNJ during the sampling period aredistributing—n fine mode

aerosols-arNJ-during-the-sampling perieds. The absorption fraction is abewt-4approximately 4.6% in

the fine mode andwhile 15.5% in_the coarse mode, showing thea very different compositions and

absorption characteristics of these two kinds of aerosols. Compared with the satellite retrievals, the

observations show aerosol optical properties here—have-with much higher temporal resolutions and

more products. Further analysis ofs the aerosol optical properties indicates that there might be abeut

dapproximately 15% and 27% occurrences of dust-——dominated and BC--dominated mixing aerosols,

respectively, in the western YRD during the studyebserved period.

The aerosols in the western YRD have a two-mode lognormal pattern in their volume size

distribution, peaking at the radiias of 0.148 and 2.94 um_on an-in annual scale. The fine particles have

the same contribution as the coarse ones when AOD<0.8, and they become predominate when

0.8<A0OD<1.4B
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Resultse. Different from observations in other regions, tFhe results here further revealindicate that the

fine-er—coarse aerosols might alsoeeuld individually-induce a-very serious pollutioned episodes in the

wrbanregion—of the-western-YRD. Both the-fine and coarse aerosols have the same levels of volume

concentrations, although their radiiases differ by an order of magnitude.

The meanDRE of the total aerosolsis—10-69 W’ at the TOA-and—25-54-Whn'-at-the surface—in

elear—skereonditionsSimilar to AODs.- tFhe total fine aerosol DRF also have a much contribution to

the totals, especially at TOA (>aceeuntsfor-more-than-97%)-efthe-tetalsatthe TOA, with a value of

-11.17 W/m* However, differences exist. For each aerosol type, lniaarala e pes dacndang

at-the coarse aerosol DRF accountsis

for only ~13.35% for the scattering aerosols while at least 33.7% for the absorbing aerosolsefthe-fine

at both the TOA and the

surface in urNJ. The DRFs estimated for urNJ in this study are much stronger than their regional or

global means.

Most of tFhe size-dependent-dependentfractional aerosol optical _and; physical properties as well

as theirnd DRFs have significant seasonality in_the western YRD. The DRF variations ef-for each

aerosol type within the same mode are mostly consistent with the variations efefin the corresponding

AODs, all-peaking in the summer for the fine aerosols andwhile in the spring for the coarse ones.

However, the variations ef-in the total aerosol DRFs at the TOA are different from_the corresponding

AODs within-the-same-size-segment-because_the negative DRFs of the scattering aerosols are always

offset by_the absorbing aerosols. Both the fine and coarse aerosols have the largest sizes-and-are-the

mest-abserbing in_the summer, which-are differsent from the totalwhele-mede aerosol_modes (which

peaks in_the spring).
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The sensitivities of clear--sky aerosol DRFs to the aerosol profiles are not significant and are; all

smaller than 5%. Overall, both_the scattering and absorbing aerosol DRFs at the TOA would become a

somewhat little-weaker to-seme-extentif more aerosols arewerewere concentrated in the lower layers of

the atmosphere, especially for the absorbed DRF. Further investigation suggests that another

uncertainty of the DRFs is from the measuring errors of the aerosol optical properties. The lEarger

biases are mainly _derived from the errors of the SSA and AAOD.
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Figure captions:

Figure 1. Monthly variations of the total (a), scattering (b), and absorbing (c) aerosol optical depths
(AOD) at 550 nm, including the ratio of the AOD in fine or coarse mode to the AOD in all mode (line
with triangle markers in green) in urban area of Nanjing. The 10th, 25th, median, 75th, 90th percentile
values of the all mode AOD are presented as box plots. The monthly means of the all mode AODs are
presented as cycle markers in gray.

Figure 2. Monthly variations of the total (a), scattering (b), and absorbing aerosol (c) Angstrém
exponents (AE) at 440/870 nm for the all, fine and coarse modes in urban area of Nanjing.

Figure 3. Monthly variations of the all, fine, and coarse mode aerosol single scattering albedo (SSA) at
550 nm (a) and the aerosol refractive indices at 440 nm (b) in urban area of Nanjing.

Figure 4. Frequency distributions of the size dependent AODs at 550 nm (a), AEs at 440/870 nm (b),
SSAs at 550 nm (c) as well as the real and imaginary parts at 440 nm (c) in urban area of Nanjing.
Figure 5. Comparisons between CE-318 and MODIS based AOD at 550 nm and between AE at

440/870 nm for CE-318 and at 412/470 nm for MODIS in Nanjing.
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Figure 6. Comparisons between the absorbing aerosol optical depth (AAOD) at 550 nm from CE-318
and surface absorption coefficient (AAC) at 520 nm from AE-31 (a) and between the column AAE at
440/870 nm from CE-318 and surface AAE at 470/880 nm from AE-31 (b) in urban Nanjing.

Figure 7. The averaged aerosol volume size (um’/um?) distributions in different seasons (a) and in
different AOD levels in urban Nanjing.

Figure 8. Seasonal variations of the effective (a, pm) and mean (b, um) radius of aerosols as well as the
aerosol volume concentrations (c, pm’/cm’) in the all, fine and coarse modes in urban Nanjing.

Figure 9. Relationships between the monthly mean values of 491 nm SSA and total Angstrém exponent
(AE) at 491/870 nm (a), between the monthly mean values of the real refractive index at 670 nm and
AE at 491/870 nm (b), and between the monthly mean values of the SSA difference (870—491 nm) and
AE at 491/870 nm (c).

Figure 10. Distribution of the SSA and AAOD Curvatures in urban area of Nanjing under different
spectral SSA conditions, including monotonically decreasing, increasing SSA spectra and peaked SSA
spectra.

Figure 11. The aerosol vertical proportions (%) from CALIPSO, Polarization-Raman Lidar and their
average in Nanjing.

Figure 12. Seasonal variations of the clear sky aerosol direct radiative forcing (DRF, W/m?®) at both
TOA (a~c) and the surface (d~f). The DRFs of the total (a, d), scattering (b, e) and absorbing (c, f)
aerosols in the all, fine and coarse modes are all investigated in urban Nanjing.

Figure 13. Comparisons in the absorbing aerosol DRFs (W/m?) between from BC SSA and from the
total aerosol DRF minus the scattering one.

Figure 14. Sensitivities of the TOA and the surface aerosol DRFs (day time, W/m?) to the different
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aerosol profiles in clear conditions, for the total, scattering and absorbing aerosols.

Tables:

Table 1 Statistical summary of the columnar aerosol optical properties in urban area of Nanjing
Factors Max Min Mean+SD Meadian
550 nm AOD 2.3208 0.2723  0.6494+0.2852 0.5912
550 nm FAOD 2.2216 0.1468  0.5257+0.2806 0.4479
550 nm CAOD 0.9891 0.0139  0.1237+0.1076 0.0858
550 nm SAOD 2.2744 0.2443  0.6059+0.2747 0.5492
550 nm FSAOD 2.1459 0.1435  0.5014+0.2713 0.4263
550 nm CSAOD 0.8842 0.0113  0.1045+0.0957 0.0705
550 nm AAOD 0.2304 0.0020  0.0435+0.0240 0.0421
550 nm FAAOD 0.1424 0.0005  0.0244+0.0175 0.0208
550 nm CAAOD 0.1163 0.0009  0.0192+0.0145 0.0156
440/870 nm AE 1.9100 0.3085  1.2045+0.2856 1.2436
440/870 nm FAE 2.3625 0.3565  1.7083+0.2979 1.7364
440/870 nm CAE -0.0789 -0.3805 -0.1876+0.0430 -0.1898
440/870 nm SAE 1.9916 0.2958  1.1976+0.3085 1.2386
440/870 nm FSAE 2.3653 0.3463  1.7102+0.2980 1.7368
440/870 nm CSAE -0.1048 -0.7111  _0.3838+0.1017 -0.3864
440/870 nm AAE 3.4619 0.1483  1.3237+0.4820 1.2587
440/870 nm FAAE 4.5118 02912 1.7521+0.6470 1.6516
440/870 nm CAAE 3.1264 -0.0844  0.8748+0.4589 0.8209
550 nm SSA 0.9959 0.8053  0.9297+0.0335 0.9305
550 nm FSSA 0.9974 0.8388  0.9524+0.0261 0.9549
550 nm CSSA 0.9835 0.5898  0.8208+0.0754 0.8225
440 nm Real part 1.6000 1.3300  1.4423+0.0638 1.4374
440 nm Imaginary part 0.0301 0.0005  0.0084+0.0047 0.0078

AOD: Aerosol optical depth

FAOD: Fine aerosol optical depth
CAOD: Coarse aerosol optical depth

SAOD: Scattering aerosol optical depth
FSAOD: Scattering aerosol optical depth in fine mode
CSAOD: Scattering aerosol optical depth in coarse mode
AAOD: Absorbing aerosol optical depth
FAAOD: Absorbing aerosol optical depth in fine mode
CAAOD: Absorbing aerosol optical depth in coarse mode

AE: Angstrém exponent of total aerosols

FAE: Angstrom exponent of fine aerosols

CAE: Angstrom exponent of coarse aerosols

SAE: Angstrém exponent of scattering aerosols

FSAE: Angstrom exponent of scattering aerosols in fine mode
CSAE: Angstrom exponent of scattering aerosols in coarse mode
AAE: Angstrém exponent of absorbing aerosols

FAAE: Angstrom exponent of absorbing aerosols in fine mode
CAAE: Angstrém exponent of absorbing aerosols in coarse mode
SSA: Single scattering albedo of total aerosols

FSSA: Single scattering albedo of fine aerosols

CSSA: Single scattering albedo of coarse aerosols
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1127

1128 Table 2 Seasonal mean+SD of the columnar aerosol optical properties in urban area of Nanjing

Factors MAM JJIA SON DIJF

550 nm AOD 0.6788+0.2919 0.7508+0.3749 0.5866+0.2447 0.6560+0.2976
550 nm FAOD 0.4739+0.2613 0.6798+0.3793 0.5149+0.2462 0.5687+0.2978
550 nm CAOD 0.2048+0.1356 0.0710+0.0599 0.0717+0.0346 0.0873+0.0685
550 nm SAOD 0.6284+0.2835 0.7031+0.3728 0.5495+0.2342 0.6157+0.2829
550 nm FSAOD 0.4529+0.2552 0.6463+0.3760 0.4901+0.2366 0.5428+0.2846
550 nm CSAOD 0.1756+0.1225 0.0568+0.0497 0.0593+0.0315 0.0728+0.0601
550 nm AAOD 0.0503+0.0208 0.0477+0.0307 0.0372+0.0200 0.0403+0.0271
550 nm FAAOD 0.0211+0.0125 0.0335+0.0212 0.0248+0.0157 0.0259+0.0211
550 nm CAAOD 0.0292+0.0165 0.0142+0.0137 0.0124+0.0066 0.0144+0.0111
440/870 nm AE 0.9915+0.2385 1.2174+0.2639 1.374440.1907 1.3134+0.2461
440/870 nm FAE 1.7474+0.2896 1.4701+0.3075 1.7408+0.2582 1.6935+0.3019
440/870 nm CAE -0.1998+0.0352 -0.1699+0.0471 -0.1862+0.0424 -0.1807+0.0464
440/870 nm SAE 0.9812+0.2687 1.2733+0.2950 1.3824+0.2043 1.2956+0.2697
440/870 nm SFAE 1.7555+0.2862 1.5218+0.3397 1.7492+0.2545 1.6809+0.3039
440/870 nm SCAE -0.3752+0.0743 -0.2815+0.0678 -0.3797+0.0991 -0.4016+0.1162
440/870 nm AAE 1.1885+0.4500 0.7971+0.2657 1.3290+0.4533 1.5007+0.4520
440/870 nm FAAE 1.735240.6059 0.9943+0.2672 1.6715+0.5970 1.8947+0.6545
440/870 nm CAAE 0.8542+0.4665 0.3771+0.2753 0.8312+0.4479 0.9798+0.4235
550 nm SSA 0.9204+0.0313 0.9241+0.0422 0.9348+0.0331 0.9378+0.0331
550 nm FSSA 0.9527+0.0237 0.9405+0.0356 0.9518+0.0253 0.9555+0.0265
550 nm CSSA 0.8340+0.0628 0.7868+0.0953 0.8115+0.0752 0.8211+0.0810
440 nm Real part 1.4647+0.0628 1.4075+0.0609 1.4252+0.0602 1.4404+0.0582
440 nm Imaginary part  (.0084+0.0040 0.0083+0.0052 0.0080+0.0044 0.0083+0.0053

1129

1130  Table 3. The annual mean aerosol direct radiative forcing (W/m?) in urban area of Nanjing

1131
1132
1133
1134
1135

) Clear sky
Species
TOA Surface

TA -10.69+3.37 -25.54+2.83
FA -11.17+£3.09 -21.37+£2.78
CA -0.33+0.60 -6.15+2.90
SA -16.45+2.81 -17.17+2.96
FSA -15.08+3.18 -15.74+3.35
CSA -2.31£1.18 -2.42+1.24
AA 5.76+1.27 -8.38+1.56
FAA 3.91+0.95 -5.63%1.16
CAA 1.99+1.07 -3.73%1.71

TA: Total aerosols

FA: Fine aerosols

CA: Coarse aerosols

SA: All scattering aerosols

FSA: Scattering aerosols in fine mode
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1136
1137
1138
1139

1140

1141

1142

1143
1144

1147
1148

1149
1150

1151
1152
1153

CSA: Scattering aerosols in coarse mode
AA: All absorbing aerosols' forcing
FAA: Fine absorbing aerosols' forcing

CAA: Coarse absorbing aerosols' forcing
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