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168.5 nm, and this similarity and small bias may not cause alarm, however, we explore cases below where spurious trends can emerge. 

4.3. Spurious trends created by the two biases 

For the first case study, we assume the red inlet size distribution is static, and we compare the DMA2 CPC response for different 
DMA1 set points. Again, we assume the growth of ammonium sulfate aerosol after increasing the relative humidity to 90%. The peak of 
the DMA2 CPC response, which is very close to the actual inverted peak location, is compared to the ideal response calculated using the 
DMA1 centroid and the relationships from Tang and Munkelwitz (1994). The hygroscopicity for both the ideal response and the peak 
location are used to calculate the percent error. These results are shown in Fig. 5(a). 

Although the response is complicated, the net bias generates an apparent decrease in hygroscopicity as selected particle diameter 
increases. When the aerosol-to-sheath ratio of DMA1 is changed from 1:10 to 1:4, the percent error in hygroscopicity is amplified. The 
Slope bias is the primary cause of the amplified error. In general, the slope of the inlet size distribution moves from positive to negative 
as the diameter increases. Additionally, the width of the DMA1 transfer function increases with an increase in set point diameter, which 
as previously mentioned increases the Slope bias. When the aerosol-to-sheath ratio is 1:10, the DMA1 transfer function is narrow, and 
Slope bias is significantly reduced. However, this choice of aerosol-to-sheath ratio does create a more complicated response. At 50 nm, 
the total population is significantly multiply charged, and the net bias is negative. This negative bias decreases for 100 nm and then 
stabilizes once the initial size is greater than the peak of the inlet size distribution. When sampling on the right side of the inlet size 
distribution, the sampled total population is mostly singly charged, but the Slope bias is negative. 

Additionally, the data in Fig. 5(a) assumes a constant aerosol-to-sheath ratio, but this is likely not reality. For example, we assume 
an aerosol flow of 1.5 lpm. A sheath flow rate of 15 lpm (aerosol-to-sheath ratio of 1:10) can sample diameters up to 200 nm for the 
physical voltage and column length limitations of a TSI long DMA design. The sheath flow would need to be slowed to sample larger 
diameters; thus, a wider transfer function would need to be used. This wider transfer function would increase the Slope bias (like the 
1:4 example in panel (a)) and increase the negative net bias. This modeling experiment is similar to observing the changes in hy
groscopicity or growth as a function of dry diameter. In the Carrico et al. (2010) study, the growth factor was large and the 
aerosol-to-sheath ratio was 1:5 in the experiment. An overall loss in hygroscopicity with an increase in dry diameter was observed for 
all biomass fuels tested. In the Varutbangkul et al. (2006) study, the growth factor was low, and an overall loss in growth was 
sometimes observed with larger diameters. The results of this modeling study do not specifically alter these two chosen example 
studies, and the two examples have other factors specifically influencing growth factor; however, the published results could be 
confounded with these biases and trends resulting from the inversion routine assumptions. 

For the second case study (Fig. 5(b)), we assume an experimental chamber is used. We use a previously measured inlet size dis
tribution, created from the flaming combustion of 15 g grass, evolving in a 21 m3 experimental chamber over a 2-h time period. During 
this time period, the particles in the experimental chamber deposit on the walls and agglomerate with one another, and the emitted 
gases condense on the existing particles and walls (Nah, McVay, Pierce, Seinfeld, & Ng, 2017). DMA1 is assumed static at 150 nm, and 
we assume the growth of ammonium sulfate aerosol when relative humidity is elevated to 90%. The mean of the inlet size distribution 
begins at a diameter smaller than the centroid of the transfer function and quickly becomes larger. Although the Slope bias changes 
throughout the experiment, MCD bias is the major contributor to the changes in panel (b). The fraction of multiply charged particles 
increases over the course of the experiment, and this increase creates the apparent loss in hygroscopicity as a function of time. If the 
growth factor was much less (less than 1.1), then the Slope bias would dominate, and the hygroscopicity error would increase as a 
function of time. For large growth aerosols, the net bias in chamber experiments creates an apparent loss in hygroscopicity. For small 
growth aerosols, the net bias in chamber experiments creates an apparent increase in hygroscopicity. This example is like many 
chamber and oxidation experiments. In the Alroe et al. (2018) and Martin et al. (2013) studies, a high growth aerosol decreased in 
hygroscopicity as a function of time in the chamber. In Tritscher et al. (2011), a low growth aerosol increased in hygroscopicity as a 
function of time in the chamber. Again, the outcome of this modeling study does not alter the previously published results as there are 
other factors also influencing growth factor, for example the evolution of aerosol chemical composition. However, in all three cases, 
the results of the published studies could be confounded with the biases and trends resulting from the inversion routine assumptions. 

This study highlights that in certain experimental conditions spurious hygroscopic trends, with respect to diameter and experiment 
time, can occur when not considering the inlet size distribution. These theoretical trends are a function of DMA1 diameter, the shape of 
the inlet size distribution, the growth factor distribution, and the DMA1 aerosol-to-sheath ratio. When not including the inlet size 
distribution, these variables, and the interactions between these variables, create a complicated response that includes the interaction 
between the two biases defined above. This situation makes prediction of the trends difficult without the help of a theoretical model or 
proper inversion routine. 

5. Experimental measurement of MCD bias 

5.1. Experimental setup 

MCD bias occurs when the growth of the aerosol, in DMA2 mobility space, is unequal between the charges. This unequal growth has 
never been experimentally confirmed to our knowledge. To observe this phenomenon, a high growth aerosol must be chosen, and the 
CPC response must be attributed to each of the individual charges. If MCD bias is true, under these conditions, the CPC response for 
each charge should differentiate by DMA2 mobility as shown in Fig. 4(b). Measurement of this phenomenon is the goal of this methods 
section. 
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Each CPC response, for the three charges presented in Fig. 8(a), is inverted individually by Junior (Section 3.2) considering both the 
Slope and MCD biases. These inversion results are shown by the colored dotted lines in Fig. 8(b). Additionally, the inversion, assuming 
the inlet size distribution is flat and the selected size distribution is singly charged, is shown as the black dashed line. The overall 
penetration fraction of the first three charges ranges from 0.54 to 0.67. The overall penetration fraction for the flat and singly-charged 
assumption is 1.31. This physically impossible penetration fraction is due to the singly-charged assumption. The Pearson correlation 
between the cumulative growth factor distributions for the first three charges agree better with one another (0.992–0.998) than with 
the cumulative growth factor distribution that assumes that the inlet size distribution is flat and that the selected size distribution is 
singly charged (0.983–0.996). Thus, values and shapes of the growth factor distributions for the individual charges (Fig. 8(b)) are more 
similar to one another than they are with the flat and singly-charged inversion. 

Since the growth factor distributions for first three charges are quite similar, one may assume that a single growth factor distri
bution describes all three of the evaluated charges. This inversion is shown as the solid black line in Fig. 8(b). When comparing the 
cumulative growth factor distributions, the correlation between the measured charges and the single growth factor distribution 
assumption is 0.996–0.998, which is greater than the correlation with the flat and singly-charged assumption. Additionally, this single 
growth factor assumption does well in explaining the measured CPC responses as shown by the colored lines in Fig. 8(a). The measured 
CPC responses in Fig. 8(a) clearly display that the singly-charged assumption is valid only for the singly-charged CPC response (green 
circles). The overall CPC response requires the including charges greater than 1. 

The single growth factor distribution assumption contrasts previously published results showing growth factor distributions 
changes as a function of DMA1 diameter (Martin et al., 2013). Carrico et al. (2010) investigated many biomass fuels, including grass, 
during the FLAME experiments. Three diameters were selected by DMA1: 50 nm, 100 nm, and 250 nm. In general, high growth 
aerosols displayed bimodal growth factors at 50 nm with the upper mode growth factor sometimes approaching 1.9. The growth was 
attributed to the presence of inorganic material, specifically potassium and chloride. At 100 nm and especially 250 nm, the upper mode 
growth factor decreased. These observations suggest that growth factor is a function of diameter. Since the diameters investigated in 
the FLAME studies detected differences between 50 nm, 100 nm, and 250 nm, the change in growth factor could be significant enough 
to cause problems for the single growth factor assumption proposed above, which technically investigated DMA1 diameters from 120 
nm (singly charged) through 241 nm (triply charged). 

It is possible that the emitted aerosol in this study is significantly different (by composition, growth factor shape, and growth factor 
magnitude, etc.) than the aerosols measured in the FLAME experiments, but our results are very similar to many of the FLAME 
measurements. Like the FLAME experiments (Levin et al., 2010), we detected high amounts of potassium in the emitted aerosol 
(Supplemental Fig. S16), and the measured growth factors are in excess of 1.9. These growth factors are of the same order as potassium 
containing species (KCl, KNO3) (Carrico et al., 2010; Kelly, Wexler, Chan, & Chan, 2008). We also, as shown in Fig. 8(b), detected a 
bimodal growth factor distribution. Thus, the aerosol emitted in this study is quite similar to the Carrico et al. (2010) study. Addi
tionally, the diameters measured in Fig. 8(a) are similar in size to the measurements made in Carrico et al. (2010). However, we did not 
detect a decrease in hygroscopicity as a function of size. The growth factor distribution in this study appears to be independent of size 
over the range of 120 nm–241 nm. The experimental measurements of the two aerosols are quite similar, but the experimental in
versions, and thus the interpretation, are quite different. 

If the aerosol in our study is comparable to the aerosol in the Carrico et al. (2010) study, then the difference between the two 
outcomes could be the assumptions made when inverting the data. The aerosol in our study appears to adhere to a single growth factor 
distribution assumption, and this growth factor distribution causes MCD bias when assuming the response is singly charged. If we were 
to sample the aerosol at 120 nm and 241 nm, assuming that the peak of the inlet size distribution is smaller than both sampled di
ameters and all particles adhere to the single growth factor distribution, then the theoretical response from the above system, when 
assuming the particles are singly charged, would display a loss in hygroscopicity with increasing DMA1 diameter (see Fig. 5(a)). Then, 
the growth observations from this experiment would match the observations in the FLAME studies. Thus, making the single charge 
assumption without correcting for Slope bias generates a false diameter dependency which can lead to an incorrect experimental 
interpretation. In this experiment, the single growth factor distribution is correct. Unfortunately, there is not enough experimental 
information in either study to confirm this root cause creates the diameter dependence found by Carrico et al. (2010). 

6. Conclusions 

This work suggests that the two traditional H-TDMA inversion assumptions can create false experimental interpretations under 
specific conditions. Traditional inversion routines assume the inlet size distribution is flat over the width of the DMA1 transfer 
function, and the particles exiting DMA1 are singly charged. The combination of these two assumptions conveniently allows H-TDMA 
data inversion without input of the inlet size distribution. When inverting hygroscopicity data derived from aerosol emitted from the 
flaming combustion of grass, for example, the traditional inversion routines calculate an apparent decrease in hygroscopicity with an 
increase in DMA1 diameter. In contrast, when measuring the CPC responses for each charge and inverting them using a new inversion 
routine named Junior, the different diameters exhibit similar hygroscopic growth factor distributions. Junior uses no single charge 
assumption and makes no flat inlet size distribution assumption. Each charge’s CPC responses and the inlet size distribution are 
measured quantities. Junior’s inversion results contradict the traditional inversion results, and thus, the traditional inversion as
sumptions may lead to a false diameter dependency on observed particle hygroscopicity. 

The inlet size distribution can cause false hygroscopic trends when the inlet size distribution shifts the CPC response with no change 
in relative humidity. Using a model named TAO, we showed that two biases, generated by the inlet size distribution, work together to 
shift the CPC response. Slope bias occurs when the slope of the inlet size distribution, in the area of the DMA1 transfer function, is non- 
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zero. MCD bias occurs when each charge’s size distribution appears to grow unequally, according to DMA2. These two interacting 
biases reinforce or cancel out shifts in the CPC response depending on instrument settings and aerosol properties. When TAO calculated 
the CPC responses for ammonium sulfate at different DMA1 diameters, the CPC responses shifted to smaller DMA2 diameters with 
respect to increases in DMA1 diameter, although no change in relative humidity occurred. When TAO calculated the CPC responses 
from an ammonium sulfate size distribution evolving in a chamber, the CPC responses shifted to smaller diameters over time, although 
no change in relative humidity occurred. Thus, the inlet size distribution shifted the CPC responses as a function of both DMA1 
diameter and experimental time. When the inlet size distribution is neglected during inversion, false dependencies in both experi
mental time and diameter can occur. 

H-TDMA inversions should be crafted to correct for the inlet size distribution biases. To remove Slope bias, the population as a 
function of diameter in the area of the DMA1 transfer function, must be included in the calculations. To remove MCD bias, a multi- 
charge inversion must quantify the number of multi-charge particles present and must assume a hygroscopic transformation 
describing the growth of all charges present. In the grass combustion experiment, an estimate of the multi-charge particle population 
was made when including the inlet size distribution population during Junior’s inversion, and all charges could be described by the 
same growth factor distribution. 

Including the inlet size distribution during inversion, which reduces Slope and MCD bias, will enable more accurate H-TDMA 
inversions regardless of specific experimental conditions. Such inversions would provide proper hygroscopic dependencies with 
respect to diameter and experimental time, and these dependencies would enable more accurate estimates of cloud droplet numbers, 
which are a primary parameter influencing the Earth’s climate system. 
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Nomenclature and units 

CPC condensation particle counter. Subscript used to denote at CPC 
Dw wet particle diameter 
Dd dry particle diameter 
D particle diameter 
dist. variables The set of variables required to define a certain statistical distribution. These variables are used to define the 

experimental size distribution entering DMA2 
DMA1 first differential mobility analyzer in the Tandem Differential Mobility Analyzer 
DMA2 second differential mobility analyzer in the Tandem Differential Mobility Analyzer 
EXP experimental size distribution. Subscript used to denote after growth experiment 
F penetration fraction. The ration of the total number of wet particles divided by the total number of dry particles 
F dist. variables The set of variables defining required to define a certain statistical distribution. These variables are used to define the 

growth factor distribution that transforms the selected size distributions into the experimental size distribution 
dF/dGf (Gf) growth factor distribution as a function of growth factor 
Gf growth factor 
guess estimate of the selected total population exiting DMA1 
ISD inlet size distribution. Subscript used to denote neutralized size distribution entering DMA1 
i each dry diameter bin 
j each growth factor 
k each wet diameter or wet diameter bin 
M mass of the particles 
m number of charges on the particles 
n each DMA2 voltage 
N number of inlet size distribution particles 
Nw number of wet particles 
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Nd number of dry particles 
Q1 DMA1 flowrates which includes aerosol and sheath flow rates 
Q2 DMA2 flowrates which includes aerosol and sheath flow rates 
Qa aerosol flowrate 
Qs sheath flowrate 
q integration limits for bin k 
RCPC measured CPC response 
RHexit relative humidity at the exit of the unit 
SSD selected size distribution. Subscript used to denote size distribution exiting DMA1 
V1 DMA1 voltage 
Z DMA2 mobility 
γ regularization multiplier 
κ measured hygroscopicity 
κT theoretical hygroscopicity based on Tang and Munkelwitz (1994). 
μ mean of the log-normal inlet size distribution 
σ standard deviation of the log-normal inlet size distribution 
Ω1 DMA1 transfer function 
Ω2 DMA2 transfer function 
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