Response to anonymous referee #3
Main comments: The authors present 2 methods for calculating the k aerosol hygroscopicity
parameter: from 1) Mie calculations that use the aerosol dry size distribution, BC mass concentration
and the aerosol scattering hygroscopic growth (fRH) and 2) aerosol size-dependent hygroscopic
growth, gRH. The authors use an empirical relationship between the fRH fit parameter, the scattering
Angstrom exponent and the ratio fit values from fRH : method 1 kappa fit to create a look up table to
predict kappa values.

The paper needs revision to better organize the paper, clarify the different hygroscopic fit
calculations as well as discuss differences between the three kappa values.

In general: Break down run-on sentences into two or more sentences. Remove irrelevant
information and words. Try not to repeat information. Reduce use of expressions such as “although,
therefore, however, widely, especially and traditionally” as these terms usually don’t carry meaning
and make the paper more difficult to read. Try to use precise words rather than generalities.

Response: Thanks for your comment. We have revised the manuscript according to your suggestions.

Specific comments

Comment: Lines 38-42: rewrite as “...,water usually constitutes half of the aerosol mass at a relative
humidity of 80% with substantially higher water mass fractions existing at RH values above 90% for
most ambient aerosol (Bian et al.,2014). The water content of aerosol and cloud droplets depends on
both the ambient RH and hygroscopicity of the aerosol chemical constituents.”

Response: Thanks for your comment. We have revised the manuscript accordingly.

Comment: rewrite as ““ In order to account for the mixed organic and inorganic composition
of ambient aerosol Petters and Kriedweiss (207) proposed a modified version of Kohler
theory called x-Kohler theory to describe a single aerosol hygroscopic growth parameter,

k. The x-Kohler equation, expressed in terms of the diameter growth factor, g(RH), is

given in equation 1 below.”

Response: Thanks for your suggestion. We revised the manuscript accordingly.

Comment: Equation 1: Please change “S” to RH/100. “S” is associated with droplet activation and



[Pt

may confuse readers. Remove “g” from the equation as it doesn’t belong

Response: Thanks for your comment. We revised the manuscript accordingly.

Comment: Line 58: remove sentence “In recent ten years, this....” as it states the obvious and doesn’t
add to the paper.

Response: Thanks for your suggestion. We revised the manuscript accordingly.

Comment: Line 71: rewrite as “ The Humidified Tandem Differential Mobility Analyzer (HTDMA)
measures the aerosol diameter hygroscopic growth as a function of RH.

Response: Thanks for your suggestion. We revised the manuscript accordingly.

Comment: Page 3: Remove reference to CCN measurements as it adds confusion and detracts from
the discussion of diameter hygroscopic growth.

Response: Thanks for your comment. We revised the manuscript accordingly.

Comment: Line 84: Remove the Brock et al. reference as he uses a cavity ring down spectrometer
and not a nephelometer.

Response: Thanks for your comment. We revised the manuscript accordingly.

Comment: Line 87-89: Rewrite as “The scattering enhancement factor f(RH), defined as f(RH) =
osp(RH, 1) /05, (dry, 1), characterizes changes in the aerosol scattering coefficient with RH.

Response: Thanks for your comment. We revised the manuscript accordingly.

Comment: Line 92: Break into 2 sentences and rewrite as “Thus, k calculated from f(RH)
measurements represents an optically weighted aerosol hygroscopic growth.

Response: Thanks for your comment. We revised the manuscript accordingly.

Comment: Line 95-99: Don’t start a new paragraph. Rewrite as “Traditionally, derivation of k from
f(RH) measurements requires aerosol PNSD as well as black carbon (BC) measurements to determine

the imaginary part of the refractive index. As PNSD and BC measurements are expensive their



availability in field campaigns are limited.

Response: Thanks for your suggestion. We revised the manuscript accordingly.

Comment: Clearly identify the 3 methods you use to determine «k by identifying them as Method 1,
Method 2 and Method 3. Line 99: Start a new paragraph. “In this paper we use measurements from ....
to derive «k values using 3 methods. The first 2 methods derive k from aerosol diameter hygroscopic

growth and the third method derives an aerosol optical parameterization of k. Method 1, labeled as

Kr(rH)» derives k from aerosol PNSD, BC and nephelometer f(RH) measurements. Method 2, defined

as k250, derives k from aerosol diameter hygroscopic growth measurements, g(RH), using a High-
Humidity Differential Mobility Analyzer (HH-TDMA). Method 3, defined as k., is an empirical
determination of k using only nepehelometer measurements of the aerosol scattering coefficient as a
function of RH”.

Start a new paragraph to describe how you combine k values from Methods 1 and 3 to devise a method
to predict size-related k values using only f(RH) scattering measurements. You need to clearly identify
and separate these 3 methods in the paper. Using the terms “Method 1, Method 2 and Method 3” or
something similar will clarify and simplify much of the paper discussion.

Response: Thanks for your comment. We revised the manuscript accordingly.

Comment: You need to describe the nephelometer fRH measurements. What was the RH range and
did the instruments operated in parallel or in series? Describe the position of the RH sensors, the type
of RH sensor and its uncertainty. How was the RH inside the nephelometer determined? Did the
humidifier scan the hydration or dehydration branch of the aerosol RH growth? What range of RH
values were used in calculating the fits?

Response: Thanks for your comment. We have added these information in the Section 2 of the revised

manuscript.

Comment: Why are the HTDMA measurements done at such a high RH? At RH values >90%, most
RH sensors have an uncertainty +/- 3% or more. At high RH values the aerosol growth curve is

particularly steep such that even a small error in RH would lead to a very high error in g(RH). What



not measure g(RH) at a lower RH such as 80-85%? What is the uncertainty in g(RH) at 98% ?

Response: Thanks for your comment. The basic principle of HH-TDMA is similar to that of HTDMA,
however, its special feature is capable of operating stably under extremely high RH conditions (Hennig
etal., 2005). The reason that this system operates at RH of 98% is the scientific focus of this instrument
during this field campaign is hygroscopic properties of aerosol particles under extremely high RH

conditions. Details about the uncertainties of RH and g(RH) please refer to Hennig et al. (2005).

Comment: Line 172: Remove the first two sentences of section 3.2. Accurate measurement of f(RH)
depends on the uncertainty in aerosol scattering and RH. The empirical relationship of scattering to
RH isn’t difficult to measure or describe. What’s difficult is modeling the size-dependent chemical
composition of the aerosol, not the measurement itself. Page 7, line 187: Remove the sentence “ Here,
we give ...” As you haven’t described curvature effects and these effects aren’t apparent for equation
3, you should remove the sentence.

Response: Thanks for your comment. We have revise the manuscript accordingly.

Comment: Line 189-198: Simplify the wording.

Response: Thanks for your comment. We have revised the manuscript.

Comment: One assumption of the f(RH) kappa parameterization is that fRH=1 at RH=0. However,
f(RH) values are near constant for RH <40%, meaning f(RH)=1 at RH ~ 40. What this means is that
the fits can’t be forced through 1 at RH=0. The actual equation should be f(RH) =b + kK(RH/100-RH).
Equation 3 doesn’t account for aerosol losses in the humidifier and nephelometer. These losses won’t
affect the gamma fit parameter in equation 2 (provided losses are a percent of the scattering), but will
affect determination of k in equation 3. For example a 10% aerosol loss will change k by 10%, but
multiplying equation 2 by this same 10% loss correction or 1.1 won’t change gamma.

Response: Thanks for your comment. We agree with the referee that the humidified nephelometer
system have the problem of aerosol losses in the humidifier. During Gucheng campaign (introduced in
the revised manuscript), the control software of this system will let the humidifier do not humidify the
sample air every two days and the period last about two hours. The purpose of doing so is to check the

consistency of two nephelometers (Dry nephelometer and Wet Nephelometer). The results are shown
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Figure 1. x-axis represents gy, at 525 nm measured by the dry nephelometer, y-axis represents Ogp at

525 nm measured by the wet nephelometer, the red line is 1:1 line.

in Fig.1. The results demonstrate that o5, measured by the wet nephelometer is slightly higher than
that measured by the dry nephelometer, the average relative difference is 3%. The reason that the
higher o5, measured by the wet nephelometer might be attributed to the difference of RH in the dry
nephelometer (about 8%) and wet nephelometer (about 15%). In addition, the relative difference
between them is within the measurement uncertainty of nephelometer (MUler et al., 2011). This result
indicates that aerosol losses in the humidifier have negligible influence on the oy,,.

During processes of measuring f(RH), the sample RH in the dry nephelometer (RH,) is not zero.

We have modified the fitting formula of measured f(RH). According to equation (3) of the manuscript,

f(RH)
the measured f(RH)eqsure = FRED

should be fitted using the following formula:

RH RH,
f(RH)measure = (1 + Ksca M)/(l + Ksca F;Ho) (4)

And in the revised manuscript, this equation is used for calculating x.,.

Comment: The gamma and kappa fit parameters are sensitive to the RH range of the fit. What range
of RH was used in the fits? Note that RH values <40% and >90% will increase error in the fit as the
growth curves don’t conform to equations 2 or 3 in these RH regions.

Response: Thanks for your comment. We have added the information about RH range used in the

retrieval algorithm in the revised manuscript. About 50% to 90% for cycles without deliquescence,



about 70% to 90% for cycles with deliquescence.

Comment: Line 225-226: rewrite: During deliquescence f(RH) exhibits an abrupt increase between
RH values of 60-65%. As such, only f(RH) data points with RH >70% were used in determination of
Kk when deliquescence was apparent.

Response: Thanks for your comment. We revised the manuscript accordingly.

Comment: Lines 237-240. Be more specific and describe the hygroscopic growth behavior during
polluted times more quantitatively. What range of o5, values were categorized as polluted? Figure 1
shows that o5, was above 100 Mm-1 most of the measurement period. Can you show a plot of f(RH)
vs o,,? Can you account for changes in fRH with aerosol loading? How does aerosol size and

absorption change with loading?

Response: Thanks for your comment. Periods with o5,>100 Mm-1 are categorized as polluted.
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Figure 2. x-axis represents as, @ 550 nm, y-axis represents retrieved Kf(RH)-

During Wangdu campaign, the plot of kfgyy VS oy, is shown in Fig.2. The aerosol size and

absorption changes with aerosol loading is a good scientific topic. Studies of aerosol size changes with
aerosol loading can be found in previous studies, such as Shen et al. (2015). The absorption change

with aerosol loading is highly variable in polluted region due to complicated emissions and aging



processes. Issues about aerosol size and absorption changes with loading are beyond the scope of this

paper.

Comment: Line 271: Is kg gy Optically weighted or is it a size-dependent « that is integrated over

the entire size distribution? Method 1 varies the size-dependent k until the Mie calculations equal the
scattering f(RH). Change “optically weighted” to “size-integrated”.

Response: Thanks for your comment. We revised the manuscript accordingly.

Comment: Page 10,Lines 266-285: Can you simplify the wording to make this paragraph easier to
understand. It would help to distinguish the model k values from Model 1land Model 2 if you labeled

It Kchem

Response: Thanks for your comment. We have revised the manuscript.

Comment: Page 11, Line 299: A comparison of the kappa and gamma fits to the measured value at a
single RH of 85% isn’t a good indication of the goodness of fit. Note in Figure 4a that both the gamma
and kappa fits are higher than the measured value at 85%. A better indication of the goodness of fit
would be a chi-square fit value or the sum of the square of standard deviation of the measured values
from the fit line or variance. | suggest replacing Figure 4b with a plot of the probability distribution of
the fit variances.

Response: Thanks for tour comment. We agree with the referee. According to the suggestions of

another referee, we have deleted this part.

Comment: Lines 313-321: This paragraph is unclear. The co-variance of f(RH) fit parameters with
OMF, SMF and NMF varies with aerosol type; e.g. source and oxidation state or aging. The fit quality
depends on the measurement duration as well as the variability in the aerosol type. The chemical
information can give an indication of the aerosol hygroscopic growth in the absence of scattering f(RH)
measurements. Gamma and kappa fit values in your comparison are both derived from nephelometer
scattering measurements, so they should compare well. Remove the discussion of past comparisons of

kappa with aerosol chemical composition



Response: Thanks for your comment. We have revised the manuscript accordingly.

Comment: Line 338: The ratio R;, depends on the aerosol size-integrated scattering efficiency. This
ratio will vary substantially with the aerosol type and size distribution. The variability of Rk of this

study may not coincide with that of the Brock et al. paper as different aerosol types were sampled

under very different conditions. Rewrite sentence as “ ... the ratio kg.q/Krryy May share a similar

range of variability.”

Response: Thanks for your suggestion. We revised the manuscript accordingly.

Comment: Page 13, line 379: replace “PNSD at dry state” with “dry scattering Angstrom exponent”
Line 380: remove “nevertheless, aerosol hygroscopicty has non-negligible impacts”. The results
indicate a strong size-dependence to the hygroscopic growth. Size and hygroscopicty are not separable,
nor does one parameter dominate variation in R;.. Aerosol size would determine or dominate R, only
if the aerosol chemical composition had no size variation. As sulfate tends to be more prevalent in
smaller sizes then R, will be larger at higher Angstrom values.

Response: Thanks for your suggestion. We have revised the manuscript accordingly.

Comment: Lines 378-384: Rewrite this section in terms of variation in the size-dependent chemical
composition.
Response: Thanks for your comment. We agree with the referee that the size-dependent chemical

composition also exerts influence on R, . If PNSD is fixed, each size-resolved & distribution
corresponds to a certain ksgrpy, and krgpy Varies within certain range no matter how size-resolved
K distribution changes. Therefore, influences of size-dependent chemical compositions are already
included in simulated results of producing the look up table by varying the ksyy from0to 0.7 for a

fixed aerosol PNSD. This discussion is added in the revised manuscript.

Comment: Lines 407-413: Note that the look up table only applies to aerosol on the NCP during the
summer and can’t be applied to other sites. Aerosol size distributions, secondary processing, and size-

dependent composition vary widely with season and region. This method can be used as a tool for



other sites, however it requires measurements of nephelometer scattering, aerosol BC and particle
number size distributions.

Response: Thanks for your comment. We agree with the referee that aerosol size distributions,
secondary processing, and size-dependent composition vary widely with season and region. However,
in the simulating processes of producing the look up table, no information about size dependent
chemical composition is involved. The look up shown in Fig.6a of the manuscript is produced from
measurements of four field campaigns (datasets from a new campaign are added) which were
conducted at different seasons and sites. The small variation of R, under different Angstrom
exponent and k., conditions shown in Fig.6b demonstrate good consistency exists between R
produced from PNSD and BC measurements of these campaigns. In addition, in the revised manuscript,
we have verified this method with datasets obtained from two sites of the NCP in different seasons.
Please refer to Fig.7 and Fig.8 of the revised manuscript for more details. The results demonstrate that

the look up table is applicable in different sites and seasons.



Response to anonymous referee #2

General comment: If the focus of the manuscript, as stated in the title, is the presentation of a novel
method they need to pay more attention to the explanation of the method itself and the validation of
the method using additional data (ideally from different measurement sites) and quantify the
uncertainties of using the look-up-table to retrieve aerosol hygroscopicity. Otherwise, the authors are
just presenting relationships between variables but not actually a new (usable) method. There are many
redundancies in the paper that should be omitted as well as typos and grammar spelling errors. Split
sentences into two or more individual sentences to improve readability.

Response: Thanks for you comment. We agree with the reviewer. In the revised manuscript, the look
up table is produced based on PNSD and BC measurements from four different field campaigns.
Meanwhile, datasets about PNSD and BC during Wangdu campaign when measurements from the
humidified nephelometer system are available are not used in simulating the look up table. In addition,
datasets from a different field campaign which is conducted at another site on the NCP in autumn is
also used to validate the proposed method. That is, the produced look up table is verified with
measurements from two different sites in different seasons. Please refer to Fig.7 and Fig.8 of the
revised manuscript for more details. The results demonstrate that the look up table is applicable in
different sites and seasons. As to uncertainties of R; under different Angstrom exponent and .,
conditions, the standard deviations of R, within each grid of the look up table are shown in Fig.6b.
Specific comments

Comment: Line21: avoid redundancies like “newly proposed novel approach”

Response: Thanks for your suggestion. We revised the manuscript accordingly.

Comment: Line22: Replace by “ . . . is that krgpy can be estimated without any additional

information...”

Response: Thanks for you suggestion. We revised the manuscript accordingly.

Comment: Line34: “ .. .most important factors affecting these . . .” Introduction: there are too much
methodological information in the introduction, that should be moved to the methodology section.

Response: Thanks for your suggestion. This sentence reflects the significance of aerosol



hygroscopicity, and this is the motivation of this research.

Comment: Linel04: “similar to”

Response: Thanks for you suggestion. We revised the manuscript accordingly.

Comment: Linel07: “based on”

Response: Thanks for your comment. We revised the manuscript accordingly.

Comment: Section2: This section is very bad organized. Include a table with information about
the campaigns (dates, sites, data used here from each campaign, etc). What is the time resolution of
the PM2.5 filter samples? 24 hours? How often is the sampling performed?

Response: Thanks for your suggestion. We revised this section according to your suggestions.

Comment: More information on HH-TDMA measurements and inversion routine should be presented.
Same applies for the nephelometers tandem. Include information on nephelometers correction and
calibration, humidogram schedule, RH range in the dry neph, where were the RH sensors located in
the system?, how often were the sensors calibrated?

Response: Thanks for your suggestion. We added information about the nephelometer system in
Section 2 of the revised manuscript. The instrument set-up of HH-TDMA and inversion routine of k

from measurements of HH-TDMA are introduced in detail in Liu et al. (2011).

Comment: Linel20: replace dot by comma

Response: Thanks for your suggestion. We have revised the manuscript.

Comment: Section 3.1: Further details on the methods used to derive the x parameter should be given

even though the methods were published before. At least the basic information to allow the reader to
understand the manuscript. Concerning the i gyy method, which chemical species have been

considered apart of BC? A table including the chemical species, refractive indices, densities and

contribution during the measurement period must be included.



Response: Thanks for your comment. The flow chart of retrieving ksgy) is provided in the

supporting information. A simplified aerosol model was applied to aerosol optical calculations. In the
model, aerosol components are divided into two classes in terms of their optical properties: the light
absorbing component (BC) and less absorbing components (comprising inorganic salts and acids such
as sulfates, nitrates, ammoniums, as well as most of the organic compounds). We have added this

statement in Section 3.1 of the revised manuscript.

Comment: In the Mie routine, is the chemistry considered as constant during the campaign? See

my previous comment on PM2.5 sampling schedule.

Response: Thanks for you comment. In this paper, a simplified aerosol model was applied to aerosol
optical calculations. In the model, aerosol components are divided into two classes in terms of their
optical properties: the light absorbing component (BC) and less absorbing components (comprising
inorganic salts and acids such as sulfates, nitrates, ammoniums, as well as most of the organic

compounds). We have added this statement in Section 3.1 of the revised manuscript.

Comment: Section 3.2: The reference of Quinn et al. (2005) is not appropriate here. The gamma
parameterization was first introduced in Kasten (1969) and Hanel (1980). Kasten,F., 1969. Visibility
forecast in the phase of pre-condensation. Tellus 21 (5), 631-635 Hanel, G., 1980. Technical Note: an
attempt to interpret the humidity dependencies of the aerosol extinction and scattering coefficients.
Atmos. Environ. 15, 403-406.

Response: Thanks for your comment. We have revised the reference accordingly.

Comment: Line 194: avoid redundancy, this sentence “more details . . .” could be omitted.

Response: Thanks for your comment. We have revised the manuscript accordingly.

Comment: Results: Line207-221: This paragraph could be omitted since basically is a repetition of
the results presented in Kuang et al., (2016) and does not provide any additional/useful information.

Response: Thanks for your comment. We have deleted these sentences.



Comment: Line 207: information about nephelometer correction should be moved to the instrument
section

Response: Thanks for your suggestion. We revised the manuscript accordingly.

Comment: Lines 212, 216 and somewhere else: “a lot” is not very scientific, be more quantitative
and avoid colloquial expressions.

Response: Thanks for your comment. We have revised the manuscript accordingly.

Comment: Line 257: This paragraph should be rewritten. What is the aim of including these two
additional campaigns?

Response: Thanks for your comment. The aim of including PNSD and BC information from different
campaigns is to simulate variations of R, under different conditions. We have added this sentence in

the revised manuscript.

Comment: Line 297: “The fitting performance . . . values” could be omitted. Again, avoid redundancy.
Response:

Comment: Line 300: The y-Method and x-Method are just different ways of fitting the experimental
f(RH)-RH relationship. Which method is better or worst depends on your specific data, and many other
equations have been previously proposed in the literature (Titos et al.,2016). The discussion in lines
300-306 and figure 4 about which fitting is best do not add much and could be omitted.

Response: Thanks for your comment. We have deleted these sentences.
Comment: Line 316: “pretty good linear relationship” does not sound very quantitative neither
scientific . . .. Try to be more specific ...

Response: Thanks for your comment. We have revised the manuscript accordingly.

Comment: Line 333: This is the first time that xchem and xext are introduced.

Response: Thanks for your comment. We revised the manuscript.

Comment: Line 347 and somewhere else: Avoid repetitions like “which is introduced in Section



2

Response: Thanks for your comment. We have revised the manuscript accordingly.

Comment: Line 359-360: “and then it turns out”, “much more complex” . . . this is not very appropriate
for a scientific paper...

Response: Thanks for your comment. This sentences is revised as the following: “A robust linear
relationship is  found between krgryy and ks, in Sect.4.2 , however, results of further analysis

suggest that R, varies a lot”

Comment: References of Titos et al., 2016 and Zieger et al., 2014 are not used appropriately here.
The Angstrom exponent was first introduced by Angstrom!

Response: Thanks for your comment. We have deleted the reference.

Comment: Line 377: Keep in mind that the Angstrom exponent is not a measure of the PNSD, it
provides information on mean predominant aerosol size so values close to 2 denote a

predominance of fine particles while values below 1 denote a predominance of coarse

particles.

Response: Thanks for your comment. We have revised the sentence as the following: “Based on results
shown on Fig.6a, the different impacts of aerosol hygroscopicity and dry scattering Angstrém

exponent on R, can be distinguished to some extent”.

Comment: Line 393 and Figure 7: This comparison exercise is interesting but it is not appropriately
done. The predicted Rk values using the look-up-table are compared with the measured R, values.
However, these measured Rk were used before to generate the look-up-table. Thus, it is clear that a
high correlation is expected. A different dataset, with additional R, values not used to generate the
look-up-table should be used for validation of the proposed model. Otherwise, the same data that is
used to generate the model is used to validate it, which is meaningless.

Response: Thanks for your comment. In the revised manuscript. The dataset about PNSDs and mass
concentrations of BC are not used in the processes of produing the look up table shown in Fig.6a. Thus,

the look up table is independent of measurements during periods when f(RH) measurements are



available. In addition, f(RH) measurements from another campaign is also used to verify the

manuscript.

Comment: If the authors really expect researchers to use their method, they should provide them
with an uncertainty range for R, as a function of the Angstrom exponent and k... Probably, higher
errors are expected at higher k.., values? This is certainly needed if they expect people to use the
look-up-table. In general, the manuscript lacks of an appropriate treatment of errors despite the large
expected errors for the hygroscopicity parameters.

Response: Thanks for your comment. We agree with the referee. The uncertainty range of R; based
on the simulative results is shown in Fig.6b. The results is consistent with the referee’s point that higher
errors are expected at higher k., values. The maximum k., of the look up table is 0.4, if R; is
0.8 (close to the simulated highest R, shown in Fig.5b), the corresponding f(80%) is 2.6. According
to the review of Titos et al. (2016), most of f(80%) for continental aerosols are lower than 2.6. This

look up table already covers most situations for continental aerosol types.
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Abstract

Aerosol hygroscopicity is crucial for understanding roles of aerosol particles in atmospheric chemistry
and aerosol climate effects. Light scattering enhancement factor f(RH,2) is one of the parameters
describing aerosol hygroscopicity which is defined as f(RH,A) = o5,(RH, 1)/ 05, (dry,4) where
0sp(RH, A1) or gy, (dry,A) represents o, at wavelength A under certain RH or dry conditions.
Traditionally, an overall hygroscopicity parameter k can be retrieved from measured f(RH,2),
hereinafter referred to as krrpy, by combining concurrently measured particle number size
distribution (PNSD) and mass concentration of black carbon. In this paper, a new method is proposed
to directly derive krrg based only on measurements from a three-wavelength humidified
nephelometer system. The advantage of this newly proposed nevel approach is that it—-alews
researchersto-estimate—rygy) Can be estimated without any additional information about PNSD and
black carbon. This method is verified with measurements from two different field campaigns. Values
of kpruy estimated from this new method agree very well with those retrieved by using the traditional

method, all points lie nearby 1:1 line,

re-the square of correlation coefficient between
them is 0.99. The verification results demonstrate that this newly proposed method of deriving s

is applicable in different sites and seasons.
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1. Introduction
Atmospheric aerosol particles play vital roles in visibility, energy balance and the hydrological

cycle of the Earth-atmosphere system and have attracted a lot of attention in recent decades. Aerosol
particles suspended in the atmosphere directly influence radiative transfer of solar radiation and
indirectly affect cloud properties, therefore, have large impacts on climate change. Especially,
uncertainties in direct aerosol radiative forcing due to anthropogenic aerosols and in aerosol indirect
forcing caused by aerosol interaction with clouds contribute most to the total uncertainty in climate
forcing (Boucher et al., 2013). One of the most important factors affect these uncertainties is the
interaction between aerosol particles and ambient atmospheric water vapour (Zhao et al., 2006;Kuang
et al., 2016b). Under supersaturated conditions, aerosol particles serve as cloud condensation nuclei
(CCN) and hence influence cloud properties. Under subsaturated conditions, with respect to typical

aerosol compositions, H

of the-total-aereselmass water usually constitutes about half of the aerosol mass at a relative humidity
(RH) of 80% with substantially higher water mass fractions existing at RH values above 90% for most
ambient aerosol (Bian et al., 2014).—Liguic—waterusuallhy-dominates-the-total-aerosol-mass—ir-mest

aeroseltypeswhen-RH-is-above 90%-(Bian-et-al—2014)-The amounts-of-condensed-water content
aerosolin-ambientaerosels and cloud droplets depend beth-on both the ambient RH and hygroscopicity

of the aerosol chemical constituentswa

Traditionally, the Kohler theory (Petters and Kreidenweis, 2007) is widely used to describe the

hygroscopic growth of aerosol particles and successfully used in laboratory studies for single

component and some multicomponent particles. However—itisfound-that-mest-atmesphericaeresol

A allv-con of-both-oraanic-and-inoraan on an Murohvet g 098) rather than

order to account for the mixed organic and inorganic composition of ambient aerosol, Petters and

Kreidenweis (2007) proposed a modified version of Kahler theory called k-Kahler theory to describe
a single aerosol hygroscopic growth parameter, k. The k-Kohler equation, expressed in terms of the

diameter growth factor, g(RH), is given in equation (1) below:

2
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ﬂ _ .993_19§§ . (4Us/a'Mwater) (1)
100 gP3=bg%(1-k) RTDpg-pw

where S-is-the-saturation-ratioD-is-the-diameterof-the-drepletg corresponds to g(RH), Dy is the dry
diameter, o/, is the surface tension of solution/air interface, T is the temperature, M,,q¢c, is the
molecular weight of water, R is the universal gas constant, p,, is the density of water, and k is the
hygroscopicity parameter. This theory is not only applicable to single-component aerosol particles, but
also to multicomponent aerosol particles. With regard to a multicomponent aerosol particle, the
Zdanovskii, Stokes, and Robinson assumption can be applied. The hygroscopicity parameter x of
multicomponent aerosol particle can be derived by using the following formula: « = Y; ¢; * k;, where
k; and ¢g; represent the hygroscopic parameter and volume fraction of each component. ta-+ecentten
years;-tThis hygroscopicity parameter k has received much attentions and turns out to be a very
effective parameter to study aerosol hygroscopicity. This hygroscopicity parameter x makes the
comparison of the aerosol hygroscopicity at different sites around the world and different time periods
more convenient. In addition, hygroscopicity parameter x also facilitates the intercomparison of
aerosol hygroscopicity derived from different techniques and measurements made at different RHs.
This hygroscopicity parameter x is widely used to account the influence of aerosol hygroscopic
growth on aerosol optical properties as well as aerosol liquid water contents (Tao et al., 2014;Kuang
et al., 2015;Brock et al., 2016;Bian et al., 2014;Zieger et al., 2013) and to examine the role of aerosol
hygroscopicty in CCN (Chen et al., 2014;Gunthe et al., 2009;Ervens et al., 2010). TFhereforethe
derived k values from field campaigns and laboratory studies will further our understanding in
aerosol hygroscopicity and help estimate the influences of aerosol hygroscopic growth on different

aspects of atmospheric processes.

hygroscepicity-through—different-aspects—ofaeroselproperties—The Humidity Tandem Differential

mobility Analyzer (HTDMA) measures the aerosol diameter hygroscopic growth as a function of RH

selected-particles-which-have-certain-diameters-at-specified-RH-peints. The aerosol hygroscopicity

parameter x can be directly derived from measurements of HTDMA by applying equation (1) (Liu et

al., 2011;Wu et al.,, 2016). Fhrough—relating—the—aeresel—hygroscopicty—to—CCN—properties:
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2010)-TFhese-two-methedsHTDMA systems can beth provide insights into the aerosol hygroscopicity

at different aerosol diameters, however, they can only be used to derive aerosol hygroscopicity

parameter x within certain size range (usually less than 300 nm). Fhus-HTDMA systemsthese-twe
methods are not capable of providing more details about aerosol hygroscopicity of aerosol particles
which contribute most to aerosol optical properties and aerosol liquid water contents (their diameters
usually ranging from 200 nm to 1um) (Ma et al., 2012;Bian et al., 2014). The effect of aerosol water
uptake on the aerosol particle light scattering (o) {semetimes-aeresel-extinction-coefficient{Brock
et-al;—2016)) is usually measured with a humidified nephelometer system. Measurements from a
humidified nephelometer system can also be used to calculate the aerosol hygroscopicty parameter
if the dry aerosol particle number size distribution (PNSD) is measured simultaneously (Chen et al.,
2014).

usually-used-as-an-indicator-of-how-much-the-RH-impacts-en—o The scattering enhancement factor
f(RH,A), defined as f(RH,A) = a5,(RH,A)/0s,(dry,A), characterizes changes in the aerosol

scattering coefficient with RH, a4, (RH,A) or og,(dry,A) represents oy, at wavelength A at a
certain RH or under dry conditions. In this research, f(RH) is referred to as f(RH, 550 nm)-and
F(80-9%)—represents-the—F(RH)—at-80-%RH. The nephelometer measures aerosol optical properties
of the entire aerosol size distribution..—thus; the-deduced——value—from-measurements—of £(RHA)
Thus, «k calculated from f(RH) measurements represents-can be understood as an everall—optically
weighted x and represents the overall hygroscopicty of ambient aerosol particles. This x is more
suitable tefor being used to account the influences of aerosol hygroscopic growth on aerosol optical
properties compared to aerosol hygroscopicity derived from HTDMA and CCN measurements.
Traditionally, derivation of k from f(RH) measurements requires aerosol PNSD as well as black carbon
(BC) measurements to determine the imaginary part of the refractive index. As PNSD and BC

measurements are expensive, their availability in field campaigns are limited.
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In this paper we use measurements from a field campaign on the North China Plain (NCP) to
derive k values using 3 methods. The first 2 methods derive k from aerosol diameter hygroscopic
growth and the third method derives an aerosol optical parameterization of k. Method 1, labeled as
K¢ r)» derives k from aerosol PNSD, BC and nephelometer f(RH) measurements. Method 2, defined
as Kysg, derives k from g(RH) measurements of aerosol particles with diameter of 250 nm, using a
High-Humidity Differential Mobility Analyzer (HH-TDMA). HH-TDMA is a system very similar to
HTDMA but is capable of operating at higher RH points (Liu et al., 2011). Method 3, defined as k.,
is an empirical determination of k using only nepehelometer measurements of the aerosol scattering

coefficient as a function of RH.

Based on detailed analysis about the relationship between iy and ke, a novel method to

directly derive iy based only on measurements from a humidified nephelometer system is

proposed. This newly proposed approach makes it more convenient and cheaper for researchers to

conduct aerosol hygroscopicity research with f(RH) measurements.
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Datasets from five field campaigns are used in this paper. The five campaigns are conducted at
four different measurements sites of the North China Plain (NCP) (Wangdu, Xianghe and Gucheng in
Hebei province and Wuging in Tianjin, and site locations are shown in Fig.S1). Time periods and used
datasets from these filed campaigns are listed in Table 1.

During these field campaigns, sampled aerosol particles have aerodynamic diameters less than 10
um (selected by passing through an impactor). Aerosol PNSDs with particle diameter ranging from
3nmto 10um were jointly measured by a Twin Differential Mobility Particle Sizer (TDMPS, Leibniz-
Institute for Tropospheric Research (IfT), Germany; Birmili et al. (1999)) or a scanning mobility
particle size spectrometer (SMPS) and an Aerodynamic Particle Sizer (APS, TSI Inc., Model 3321)
with a temporal resolution of 10 minutes. The mass concentrations of BC were measured using a Multi-
angle Absorption Photometer (MAAP Model 5012, Thermo, Inc., Waltham, MA USA) or an
aethalometer called AE33 (Drinovec et al., 2015). The aerosol light scattering coefficients (o,,) at
three wavelengths were measured using a TSI 3563 nephelometer (Anderson and Ogren, 1998) or an
Aurora 3000 nephelometer (MUler et al., 2011).

A humidified nephelometer system consists of two nephelometers and a humidifier was used in
Wangdu and Gucheng campaigns. For the humidified nephelometer systems that we have designed,
they only scan the hydration branch of the aerosol hygroscopic growth. The humidifier humidified the
sample air through a Gore-Tex tube. The water vapor penetrates through the Gore-Tex tube, which is
surrounded by a circulating water layer in a stainless steel tube. The temperature cycle of the
circulating water layer was specified and controlled by a water bath. During Wangdu campaign, only
one water bath was used, for each RH scanning cycle, the temperature cycle was fixed. Thus, the RH
range of each cycle will change. Since the room temperature of the container was relatively stable
during Wangdu campaign, the RH points of f(RH) cycles range from about 50% to about 90%, and
each cycle lasted about 45 minutes. However, one cycle cost about 90 minutes because after each cycle
was finished, the water bath needed about another 45 minutes to cool. During Gucheng campaign, this
problem is solved by using two water baths and they provided circulating water alternatively for the
humidifier. The corresponding temporal resolution of f(RH) cycles was about 45 minutes. In
addition, a control software system was developed and can make sure the RH scans within certain RH

range. During Gucheng campaign, the RH points of each f(RH) cycle range from 45% to 90%.
7
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During Wangdu campaign, the two nephelometers operated in series, used nephelometer was TSI 3563.
During Gucheng campaign, the two nephelometers operated in parallel, used nephelometer was Aurora
3000. In the following, we refer the nephelometer which measures oy, in dry state and the
nephelometer which measures o, at different RH points as dry Neph and wet Neph, respectively.
Two combined RH and temperature sensors (Vaisala HMP110; accuracy of +0.2 °C and +1.7 % for
RH ranges from 0 to 90 %, respectively, and accuracy of +2.5% for RH ranges from 90 % to
100 % according to the manufacturer) are placed at the inlet and outlet of the wet Neph, and the
measured RHs and temperatures are defined as RH,/T; and RH,/T,, respectively. The dew points at
the inlet and outlet of wet Neph were calculated using the measured RH,/T; and RH,I/T,, and the
average value was considered as the dew point of the sample air. The sample RH can be calculated
through the derived dew point and the sample temperature which is measured by the sensor inside the
sample cavity of the nephelometer. During Wangdu campaign, measurements from the humidified
nephelometer system were only available from 21 June, 2014, to 1 July , 2014. During the two
campaigns, the two nephelometers were calibrated every two weeks. The manufacturer of HMP110
suggests that the sensors should be calibrated yearly. We didn’t calibrate the used HMP110 sensors
during the two campaigns because they only have been used less than three months, and results of
cross checks showed that they agree well with each other. The sample RHs in the dry Neph were about
20% and about 8% during Wangdu and Gucheng campaigns, respectively.

Dataset includes aerosol PNSDs at dry state, mass concentrations of BC and o, values of
different wavelengths from the following four campaigns which are listed in Table 1 are referred to as
dataset D1: two campaigns conducted in Wuging, Xianghe campaign, Wangdu campaign before 21
June, 2014. Note that gy, values of dataset D1 are not corrected. However, for g, values shown in
Fig.1, the truncation errors are corrected using Mie theory with measured PNSD and mass
concentrations of BC.

During Wangdu campaign, the growth factors of aerosol particles at six selected particle diameters
(30 nm, 50 nm, 100 nm, 150nm, 200 nm and 250 nm) at 98% RH condition were obtained from the
measurements of the HH-TDMA (Leibniz-Institute for Tropospheric Research (IfT), Germany; Hennig
et al. (2005)). Detailed information about HH-TDMA measurements please refer to Liu et al. (2011)
3. Methodology

3.1 Calculations of hygroscopicity parameter k from f(RH) measurements ef £{RH)—and
8
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HH-TDMA

Research of Chen et al. (2014) demonstrated that if the PNSD at dry state is measured, then
measurements of f(RH) can be used to derive the aerosol hygroscopicity parameter k by
conducting an iterative calculation with the Mie theory and the k-Kdghler theory. To reduce the
influence of random errors of observed f(RH) at a certain RH, all valid f(RH) measurements in a

complete humidifying cycle is used in the derivation algorithm. The retrieved x isthe k value which
can be used to best fit the observed f(RH) curve, labelled as icq (g, and this method of deriving x

is Method 1. Details about this retrieval algorithm is described in Chen et al. (2014). Of particular note
is that in this research the mass concentration of BC is also considered in the retrieval algorithm to
account for the influence of BC on refractive indices of aerosol particles at different sizes. During the
simulating process, aerosol components are divided into two classes in terms of their optical properties:
the light absorbing component (i.e. BC) and less absorbing components (comprising inorganic salts
and acids such as sulfates, nitrates, ammoniums, as well as most of the organic compounds). The BC
is considered to be homogeneously mixed with other aerosol components, and the mass size
distribution of BC used in Ma et al. (2012) which is observed on the NCP is used in this research to
account the mass distributions of BC at different particle sizes. The used refractive index and density
of BC are 1.80 — 0.54i and 1.5g cm™3 (Kuang et al., 2015). Used refractive indices of non light-
absorbing aerosol components (other than BC) and liquid water are 1.53 — 1077i (Wex et al., 2002)
and 1.33 —1077; (Seinfeld and Pandis, 2006), respectively. The flow chart about this retrieval
algorithm is also introduced in the supporting information, please refer to Fig.S2 for more details.

The HH-TDMA measures hygroscopic growth factors of particles at different sizes at 98% RH
condition. The measured hygroscopic factors can be directly related to x with equation (1). For a
specified size of selected aerosol particles, a distribution of growth factors can be measured, and thus
can be used to derive a probability distribution of k and finally come to the calculation of average k
value corresponding to this size of aerosol particles. The method on how to derive average k value
of certain size of aerosol particles from HH-TDMA measurements is elaborately described in Liu et al.
(2011). Inthisresearch x values derived from g(RH) measurements of aerosol particles with diameter
of 250 nm are used, defined as k,s,. This method of deriving x is Method 2.

3.2 Parameterization schemes for f(RH)

(BRBEEYK
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funetion-of RH-The most frequently used f(RH) parameterization scheme is a power-law function
which is known as “gamma” parameterization {Quinn-et-al2005:H&rel-1981) (H&nel, 1981) and the

formula of this single-parameter representation is written as the following:

100—-RH,)]"
fam =[S @
where RH, is the RH of dry condition, and y is a parameter fitted to the observed f(RH). In this

study, we estimated y values with observed f(RH) curves and for the first time to our knowledge,

we further examined the relationship between y and iy gy —w—retrieved—from—F(RH)
AT SSERRARE,

Recently, a new physically based single-parameter representation was proposed by Brock et al.
(2016) to describe f(RH). Their results demonstrated that this proposed parameterization scheme can
better describe f(RH) than the widely used gamma power-law approximation (Brock et al., 2016).

The formula of this new scheme is written as:
RH
fRH) =1+ Kscatooy @)

where k., isa parameter fitsted-to-observed f(RH) best. Herewe-giveabrief-introduction-about
the-physical-understanding-of-this-alternative-parameterization-scheme—Regardless of the curvature

effects for particle diameters larger than 100 nm, the hygroscopic growth factor for —aerosol particles

can be approximately expressed as the following (Brock et al., 2016): gfjiam = (1 + K%)W.

Moreover, oy, is usually approximately proportional to total aerosol volume (Pinnick et al., 1980)
which means that the relative change in o5, due to aerosol water uptake is roughly proportional to
relative change in aerosol volume. The enhancement factor in volume can be expressed as the cube of

9faiam, thus lead to the formula form of f(RH) expressed in equation (3).-Mere-detailsabeut-the
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During processes of measuring f(RH), the sample RH in the dry Neph (RH,) is not zero.*

According to equation (3), the measured f(RH)easure = ff((;:)) should be fitted using the following
0
formula:
RH RH
f(RH)measure = (1 + Ksca m)/(l + Ksca m) (4)

The method of calculating k.., by curve fitting using equation (4) is called Method 3. These
two parameterization schemes which are introduced here are referred to as y-Method and kg, -
Method respectively in the following paragraphs.

4. Results and discussions
4.1 Derived k values from f(RH) and HH-TDMA measurements

During this field campaign, the aerosol physical, chemical and optical properties are
synergistically observed with different types of instruments. They provide valuable datasets to perform
an insightful analysis about aerosol hygroscopicity and its relationship with other aerosol properties.
The time series of o, at 550 nm at dry state are shown in Fig.1a —and-values-ofe5—at-550-nm

. The results show that

this observation period has experienced varying degrees of pollution levels, with o, at 550 nm

ranging from 15 to 1150 Mm™~1.-The-aerosel-chemical-compesitions-also-change-a-lot-during-the
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are-used-to-retrieve—--During deliquescence f(RH) exhibits an abrupt increase between RH values of

60-65%. As such, only f(RH) data points with RH >70% were used in determination of gy When
deliquescence was apparent. For f(RH) cycles without deliquescence, all f(RH) points are used in the
retrieval algorithm with RH ranges of about 50% to 90%. The results demonstrate that x—derivedfrom
FRH)—measurements—(hereinafterreferred-to-as—erppy)—cy(rip) lies between 0.06 and 0.5143, with
an average of 0.32. The lowest krgy) Values are found when the air quality is relatively clean (o,
at 550 nm is lower than 100 Mm™1) on 27 and 28 June. —During these two days, organic matter
dominates the mass concentration of PM2.5 which results in the low hygroscopicity of aerosol particles
(Kuang et al., 2016a). On the contrary, the largest krry) values are found during periods when
deliquescent phenomena occur and inorganic chemical compositions dominate the mass
concentrations of PM2.5, especially, sulfate is highly abundant during these periods. Of particular note
is that during relatively polluted periods (o5, at 550 nm larger than 100 Mm™1) aerosol particles are
generally very hygroscopic which imply that aerosol water uptake can exert significant impacts on

regional direct aerosol radiative effect and ambient visibility during this observation period. ©n-the

On the basis of the average size-resolved x distribution from Haze in China (HaChi) campaign
(Liu et al., 2014), k values change a lot for aerosol particles whose diameters are less than 250 nm,
however, k values vary relatively smaller for aerosol particles whose diameter range from 250 nm to
1 pm. In addition, the results from HaChi campaign also demonstrate that aerosol particles whose
diameter range from 200 nm to 1 um usually contribute more than 80% to o, at 550 nm during

summer on the NCP (Ma et al., 2012). That is, gy may share similar magnitude with ;5. To

compare k values derived from Method 1 and Method 2measurements-of-humidified-nephelometer
, | . | el | .
are-derived-from-HH-TBMA-measurements-values of i,5, are also shown in Fig.1b. trthe-foHewing;

of 250-nm-isreferred-to-as—eg—During this observation period, values of k,5, range from 0.11 to

0.56, with an average of 0.34 which is very close to average k,s, observed during HaChi campaign

12
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(Liu etal., 2011). The results shown in Fig.1b suggest that, in general, gy Values agree well with
K.50 Values, however, are usually lower than kg, values. To quantitatively compare these two types
of k values, they are plotted against each other and shown in Fig.2. It can be seen that they are highly
correlated but overall, the x5, values are systematicaly-higher than sy Vvalues, and the average
difference between r,so and xpgrpy) is 0.026. The statistical relationship between ;5o and rprp)
is also shown in Fig.2.This relationship may be useful for researchers if they want to estimate the
influences of aerosol water uptake on aerosol optical properties and aerosol liquid water contents when
only HH-TDMA or HTDMA measurements are available.

Amodel experiment is conducted to better understand the relationship between ;5o and kg gy
During HaChi campaign, size-resolved « distributions are derived from measured size-segregated
chemical compositions (Liu et al., 2014) and their average is used in this experiment to account the
size dependence of aerosol hygroscopicity which is shown in Fig. 3a. With this fixed average size-

resolved k distribution, all observed PNSDs at dry state along with mass concentrations of BC whicik

Fig.3b shewindicate that large varying types of PNSDs are considered in the simulative experiment.

As to the simulating process, with given PNSD, mass concentration of BC and size-resolved k
distribution. The first step is simulating f(RH) points using Mie theory and k-Kahler theory with
RH range of 50% to 90% and the RH interval is 10%. The second step is retrieving corresponding
Krruy Using the procedure of Method 1. The k value at particle diameter of 250 nm of the used size-
resolved e distribution is the corresponding ;5. The probability distribution of simulated s g
is also shown in Fig.3a. The standard deviation of retrieved gy, is about 0.01 which suggests that
if the size-resolved x distribution is fixed, then krgy) varies little. Due to kpgy) represents an
overall, optically-weightedsize-integrated «, it is clearly shown in Fig.3a that in most cases gp)
values are located between k values of aerosol particles ranging from 200 nm to 1um. Moreover,
about 70% of simulated gy Values are less than i,5, which to some extent explains the observed

difference between x5, and krryy mentioned before. However, the simulated average difference

13
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between k5o and average kpryy iS about 0.01 which is far less than the observed averaged
difference between k,so and kprpy which is 0.026. Especially, when icqryyy values are relatively
lower (< 0.25), the 5, Is systematically higher than i gy . Except that uncertainties from
measurements of instruments, for example, the uncertainty of RH in measurements of HH-TDMA and
uncertainties of measuring f(RH) (details about the uncertainty sources of f(RH) measurements
can be found in the paper published by Titos et al. (2016)), there are other two reasons may be
associated with theis discrepancy between rc,5, and iy ryy. The first one is that configurations of
size-resolved x distributions and PNSDs during this field campaign are far different from the model
experiment. The second one is that in the real atmosphere, x values at different RH conditions may
be different (You et al., 2014) and most of f(RH) measurements are conducted when RH is lower
than 90%, however, the measurements of HH-TDMA are conducted when RH is equal to 98% . Overall,
the observed general consistency between x values derived from measurements of f(RH) and HH-
TDMA confirms the reliability of x values derived from f(RH) measurements.
4.2 Relationships between k derived from f(RH) measurements and f(RH) fitting
parameters

In the previous section,-the-overaH-properties-of ambient-aerosol-particles-are-introduced; derived
Keryyy Values are characterized and compared with k,s, Vvalues. These results demonstrated that
derived krryy values can commendably represent variations of aerosol hygroscopicty of ambient
aerosol populations. In this section, the relationship between derived krry) values and f(RH)
fitting parameters are further examined to investigate their relationships.

Two parameterization schemes of f(RH) are discussed in this paper, including the eurrenthy
widely—used y-Method and the newly proposed kg, -Method-by—Breck—et-ak—(2016). and-beth

Method—corresponding—vatues—ofy—and——are-also-deduced—\alues of y and k.., are fitted

from observed f(RH) cycles. For cycles during deliquescent periods, only f(RH) points with RH
higher than 70% are used to perform fitting processes. Fhe-fitting-performance-of these-two-methods
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be-used-to-betterfity—tn-view-of this—tThe relationship between gy and y is investigated and
shown in Fig.4a€. It is found that a-pretty-geed an approximately linear relationship exists (square of

correlation coefficient is 0.905) between iy and v, especially when gy is larger than 0.245.

can-be-used-to-parameterize —With—ery—is-alse-shewn-in-Fig-4C-During this field campaign, fitted
y ranges from 0.135 to 0.5663 with an average of 0.416.

Furthermeore,-Dduring this field campaign, fitted k., ranges from 0.05 to 0.36 with an average
of 0.22. The relationship between krgryy and kg, is also investigated and shown in Fig.4b.and-lit

is found a strong linear relationship also exists (square of correlation coefficient is 0.978) between

Keriy and Keq.
and——Netenhythat-Tthe statistically fitted line almost passes though zero point which implies that
a proportional relationship may exist between krgyy and xgcq. This strong correlation should be
intrinsic due to the idea of x.,-Method is from the linkage between total aerosol volume and oy, as
introduced in Sect.3.2 and the increase of total aerosol volume due to aerosol water uptake is directly
linked to the overall aerosol hygroscopicity parameter k. It seems that this promising linear

relationship can help bridge the gap between f(RH) and k. However, results from Brock et al. (2016)
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implydemenstrated that the relationship between k¢ryy and e, is much more sophisticated and it
is affected by both aerosol hygroscopicity and PNSD at dry state. In the paper published by Brock et
al. (2016), k., (a parameter determined from measurements of the aerosol extinction coefficient as
a function of RH using formula form of equation (2)) and ke, (a constant x determined from
chemical constituents of entire aerosol population) are used and correspond t0 ks, and kegy) in
this research, the difference between k.., and k., isthat k... isused to fit the light enhancement
factor of aerosol extinction coefficient, Kcpem and ey actually means the same because both
them are overall and size independent hygroscopicity parameters. Results from Brock et al. (2016)
concluded that the ratio ey:/Kkchem generally lies between 0.6 to 1 which implies that the ratio
Ksca/Xrrmy (in the following, this ratio is referred to as R,) also should have large variations and
may share a similar range of variabilityshares-the-simiar-variationrange. By revisiting the relationship
between krryy and kg, found in this research, it can be found that R, during this field campaign
ranges from 0.586 to 0.77 with an average of 0.697. This result suggests that if we directly establish a
linkage between krgryy and kg, with an average R, can result in a non-negligible bias (relative
difference can reach about 15%). Besides, this range of R, only represents the relationship between
Keriy and kg, during a short time period and at only one site.

To better understand the relationship between krryy and kcq, all PNSDs at dry state (shown

in Fig.3a) along with mass concentrations of BC ebserved—from—three—differentrepresentative

a GrotRea R I e e Raee s AtroadceaHi-ect frOmdataSetDlareUSedto

simulate the relationship between gy and kg, With Mie and k-Kéhler theories. The aim of
including PNSD and BC information from different campaigns is to simulate variations of R; under
different conditions. During simulating processes, for each PNSD, we change gy from 0.01 to

0.76 with an interval of 0.01 to examine the influence of aerosol hygroscopicity on R,.-Fhe-way-of

-Foreach PNSD and gy,
the simulating processes include two steps. The first step is simulating f(RH) points using Mie theory
and k-Kahler theory with RH range of 50% to 90% and the RH interval is 10%. The way of treating
BC is same with the retrieval procedure of gy introduced in Sect.3.1. The second step is retrieving
the corresponding krryy Using the procedure of Method 1 and calculating k., with Method 3.
Simulated results of R, are shown in Fig.5a and the probability distribution of simulated R, values

is shown in Fig.5b. The results show that R, primarily ranges from 0.55 to 0.842 with an average of
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0.69 which is same withweryelose-to the average R, measured during Wangdu campaign-the-field
campaign-of-this-research. These results also indicate that the relationship between sy and Ko
is much more complex than a simple linear relationship and more information about aerosol properties
are necessary to gain insights into the variation of R,.

4.3 A novel method to directly derive k from measurements of a humidified nephelometer

system

A robust linear relationship is first found between krryy and kg, in Sect.4.2 and-thepitturas

however, results of further analysis suggest that R, varies a lot. The complexity comes from-targe
variations-ofR—and that both PNSD at dry state and aerosol hygroscopicity have impacts on R,.

Generally, used nephelometer of a humidified nephelometer system have three wavelengths (Titos et
al., 2016) and the spectral dependence of o, is usually described by the following Angstrém
formula: oy, (1) = pA~%w, where B is the particle number concentration dependent coefficient, A is

the wavelength of light and «y, represents the Angstrom exponent of o5, —(Ziegeret-al—2014).

Fhus; Angstrom exponent can be directly inferred from the measurements of o5, at different
wavelengths. Of particular note is that Angstrém exponent ean not only can be used to account the
spectral course of gy, it also reveals information about PNSD. In general, larger value of Angstrém

exponent corresponds to smaller aerosol particles. That is, Angstrém exponent can be a proxy of
PNSD at dry state and be used in the processes of estimating the impacts of PNSD on R,.. On the other
hand, with regard to aerosol hygroscopicity, although R, varies within certain range, value of k.,
can still be used to represent the overall hygroscopicity of aerosol particles. Given this, simulated R,
values introduced in the last paragraph of Sect.4.2 are spread into a two dimensional gridded plot. The
first dimension is Angstrém exponent with an interval of 0.02 and the second dimension is k.,
with an interval of 0.01, average R, value within each grid is represented by color and shown in
Fig.6a. Values of Angstrém exponent corresponding different PNSDs are calculated from
concurrently measured o, values at 450 nm and 550 nm from TSI 3563 nephelometer. Baseding on
results shown on Fig.6a, the different impacts of aerosol hygroscopicity and PNSB-at-dry-state-dry

scattering Angstrom exponent on R, can be clearhy—distinguished to some extent. The results
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demonstrate that PNSD at dry state demirates-play a more important role in the variations of R, than
overall aerosol hygroscopicty.;—nevertheless—aerosol-hygroscopicty—has—non-negligible—impaets.
Overall, larger value of Angstrom exponent corresponds to higher R, . However—aAerosol
hygroscopicty exhibits different influences on R, when Angstrom exponent values are different.
On averageGenerally—speaking, higher k., corresponds to lower R, if Angstrém exponent is
smaller than about 0.8 and higher k., corresponds to higher R, if Angstrém exponent is larger
than about 1.6.—

In-additientThe percentile value of standard deviation of R, values within each grid of Fig.6a
divided by their average is shown in Fig.6b. The Angstrém exponent only represents an overall size
property of aerosol particles, the same Angstrém exponent corresponds to different aerosol PNSDs.
Within each grid of Fig.6a, the same k., corresponds to different combinations of aerosol PNSD
and kprpy, and R, values also change. Note that the size-dependent chemical composition also

exerts influence on Rj. However, if PNSD is fixed, each size-resolved  distribution corresponds to
a certain kpgpy, and kp(gyy varies with certain range no matter how size-resolved « distribution
changes. Therefore, influences of size-dependent chemical compositions on R, are already included
in the simulated results of producing the look up table by varying the gy from 0 to 0.7 for a fixed

aerosol PNSD.

As shown in Fig.6b, +in most cases, these percentile values are less than 6% (about 890%) which
demonstrates that R, varies little within each grid shown in Fig.6a. This implies that results of Fig.6a
can be used as a look up table to estimate R,. As what’s introduced before, currently widehyused
nephelometer of a humidified nephelometer system usually have three wavelengths (Titos et al., 2016),
thus can provide information about Angstrom exponent, and k., can be directly fitted from
observed f(RH) curve. Even only one f(RH) point is measured, k., can still be calculated from
equation (43). FhereferetUsing results shown in Fig.6a as a look up table, R, values can be directly
predicted from measurements of a humidified nephelometer system. With this method, R, values
during this Wangdu field campaign are predicted (values of Angstrém exponent are calculated from
measured oy, values at 450 nm and 550 nm under dry conditions) and compared with measured R,
values, the results are shown in Fig.7a. The Angstrém exponent during this field campaign ranges

from 0.63 to 1.96 with an average of 1.4. It can be seen from Fig.7a that majority of points lie nearby
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1:1 line and 8292% points have relative differences less than 6% which is consistent with results shown
in Fig.6b. This result is quite promising and can be further used to derive gy Values by combining

fitted x5, and predicted R,. This method of deriving gy is called Method 4 and include two
steps. The first step is calculating Angstrém exponent based on measured g, Values at 450 nm and

550 nm by the dry nephelometer and calculating k., based on measured f(RH) curve by the
humidified nephelometer system. The second step is predicting R, using the look up table shown in
Fig.6a, and then calculate rcqry) based on predicted R, and fitted i.,. The results of predicted
Krruy Values are shown in Fig.7b and a robust correlation between predieted—rcrryyy Values predicted
from Method 4 and K¢y Values derived from Method 1retrieved-by-using-the-traditional-method
introdueced-n-Seet-3-1-is achieved (the square of correlation coefficient between them is 0.99). All

points shown in Fig.7b lie nearby 1:1 line, average difference between sy derived from-pewdy

proposed-method-and-traditional-methedMethod 4 and Method 1 is -0.0095. Fhis+esult-demonstrates

Datasets from Gucheng campaign are further used to verify Method 4. In this campaign, Aurora
3000 nephelometer is used for the humidified nephelometer system, it has three wavelengths: 450 nm,
525 nm and 635 nm. Values of f(RH,2) points correspond to wavelength of 525 nm are used to derive
Krriy Using Method 1 and Method 4, used RH range is 45% to 90%. The look up table shown in
Fig.6a is simulated corresponding to scattering wavelength of 550 nm, and is not suitable for being
used in Method 4 if the nephelometer is Aurora 3000. A new look up table is simulated corresponding
to scattering wavelength of 525 nm, used datasets of PNSD and BC are same with those for producing
the look up table shown in Fig.6a. During Gucheng campaign, the variations of rKrgy) and
corresponding R, with oy, at 525 nm are shown in Fig.8a. Values of gy range from 0.01 to
0.27, with an average of 0.14. During this campaign, rgpy is relatively lower when o, is high.
Values of R; range from 0.60 to 0.84, with an average of 0.7. Results of the comparison between
Kkrryy derived from Method 1 and Method 4 are shown in Fig.8b. The results demonstrate that good
consistency is achieved between rryy derived from Method 1 and Method 4, the square of
correlation coefficient between them is 0.99.

The verification results of Method 4 using measurements from Wangdu and Gucheng campaigns
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demonstrate that a quite good estimation of gy Ccan be achieved by using only measurements from
a humidified nephelometer system, and Method 4 is applicable at different sites and in different seasons.
It should be noted that the look up table shown in Fig.6a already covers large variation ranges of
Angstrém exponent and ... Which means that this look up table can be used under different
conditions. However, it should be pointed out that the look up table shown in Fig.6a is from simulations
of measured continental aerosols without influences of desert dust, and it might not be suitable for
being used to estimate gy When sea salt or dust particles prevail. In summary, this approach allows
researchers to directly derive aerosol hygroscopicity from measurements of f(RH) without any
additional information about PNSD and BC which is quite convenient for researchers to conduct

aerosol hygroscopicity researches with measurements from a humidified nephelometer system.

5. Conclusions

roles-of-aerosolparticles-in-air-pollution-and-aerosol-climateeffeets—In this paper, values of aerosol

hygroscopicity parameter k during Wangdu campaign are first derived from measurements of f(RH)

by combining measurements of PNSD at dry state and BC. The results show that during this field

campaign, aerosol hygroscopicity varies a lot, and gy ranges from 0.06 to 0.5143 with an average

of 0.3428. Retrieved k) Vvalues are further compared with r,5o which is derived from

measurements of HH-TDMA and good consistency is achieved. Resuts—show—that—c i

Relationships between ¢y and f(RH) fitting parameters y and g, are further
investigated in Sect.4.2 which is for the first time to our knowledge. Good linear relationship is found

exists between krryy and .3 during Wangdu campaign..—and-the-correlation-between—e ey
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proportional-to——However, threugh-Results of detailed analysis about the relationship between
Keruy and kg, —H-turas—eut-demonstrate that their—relationship relationship between rr gy and

Kseq 1S COMplicatedn and, and the ratio

Ksca/Krrm) (Ry) varies alot (0.5 to 0.84, with an average of 0.69). Resuhs-shew-that-both-PNSD-at

a look up table
based on Angstrom exponent and k., is developed to estiamate R,. With this look up table, R,

aswell as rpryyy can be directly estimated from measurements of a humidified nephelometer system.

This method is further verified with measurements of-this—field-campatgn two different campaigns.

correlation—coefficient-between-them-is-08:99-—The verification results demonstrate that a quite good

estimation of kfryy) can be achieved by using only measurements from a humidified nephelometer
system, and this method is applicable at different sites and in different seasons. This newly proposed
novel approach allow researchers to estimate gy Without any additional information about PNSD
and BC. This new finding directly links x and f(RH) and will make the humidified nephelometer
system more convenient when it comes to aerosol hygroscopicity research. Finally, findings in this
research may facilitate the intercomparison of aerosol hygroscopicity derived from different

techniques, help for parameterizing f(RH) and predicting CCN properties with optical measurements.
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Table 1. Locations, time periods and used datasets of five field campaigns

Location Wuging Wuging Xianghe Wangdu Gucheng
Time 7 march to 4 April, 12 July to 14 August, 9 July to 8 August, 4 June to 14 July, 15 October to 25
period 2009 2009 2013 2014 November, 2016
PNSD TSMPS+APS TSMPS+APS TSMPS+APS TSMPS+APS SMPS+APS

BC MAAP MAAP MAAP MAAP AE33
Osp TSI 3563 TSI 3563 TSI 3563 TSI 3563 Aurora 3000
f(RH) Humidified Humidified
nephelometer system | nephelometer system
g(RH) HH-TDMA
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Figure 1. (a) The time series of oy, at 550 nm;

particles at 250 nm (k,50) which is calculated from measurements of HH-TDMA.
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(b) The time series of x values derived from f(RH)
measurements (Kr(rp)) by combining information of PNSD and BC, and time series of average « values of aerosol
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Figure 2. The comparison between x values derived from f(RH) measurements (Krrp)) and average k values
for aerosol particles with a diameter of 250 nm (k,50) which are derived from measurements of HH-TDMA. R? is
the square of correlation coefficient, m is the slope and b is the intercept.
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Figure 3. (a) The thick black line represents the average size-resolved x distribution from HaChi campaign. The
solid gray line represents the probability distribution of retrieved x values with this size-resolve x distribution by
using all PNSDs shown in figure (b), and the horizontal dashed line represents their average. The vertical dashed red
line represents the position of 250 nm. (b) All PNSDs which are observed from three different representative
background sites of the NCP during summer, they are used to model relationship between size-resolved xand
retrieved x values from f(RH) measurements, and the gray color represents the frequency of PNSD, darker point
corresponds to higher frequency, red and green line represent mean of median values of all observed PNSDs.
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is the intercept; (bB) The linear relationship between values of gy and fitted ke,
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Figure 5. (a) Simulated relationships between kygp) and kg, under different PNSD conditions (all PNSDs shown
in Fig.3a are used as inputs to conduct the simulation experiment), gray color represents the frequency and darker
point corresponds to higher frequency, the slope of two dashed lines are 0.55 and 0.81; (b) The probability distribution
of R, (Ksca/Kf(RH))-
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