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ARTICLE INFO ABSTRACT

Keywords: Resolving aerosol dynamical processes in the sub-10 nm range is crucial for our understanding of
P_artiqe S.ize".jmr_ib“ﬁo_“ the contribution of new particle formation to the global cloud condensation nuclei budget or air
size-distribution inversion pollution. Accurate measurements of the particle size distribution in this size-range are chal-

Invers,e ,pmt,)lems lenging due to high diffusional losses and low charging and/or detection efficiencies. Several
Combining instruments

New particle formation instruments have been developed in recent years in order to access the sub-10 nm particle size

Sub-10 nm distribution; however, no single instrument can provide high counting statistics, low systematic
uncertainties and high size-resolution at the same time. Here we compare several data inversion
approaches that allow combining data from different sizing instruments during the inversion and
provide python/Julia packages for free usage of the methods. We find that Tikhonov regulari-
zation using the L-curve method for optimal regularization parameter estimation gives very
reliable results over a wide range of tested data sets and clearly improves standard inversion
approaches. Kalman Filtering or regularization using a Poisson likelihood can be powerful tools,
especially for well-defined chamber experiments or data from mobility spectrometers only,
respectively. Nullspace optimization and non-linear iterative regression are clearly inferior
compared to the aforementioned methods. We show that with regularization we can reconstruct
the size-distribution measured by up to 4 different mobility particle size spectrometer systems and
several particle counters for datasets from Hyytiala and Helsinki, Finland, revealing the sub-10
nm aerosol dynamics in more detail compared to a single instrument assessment.

1. Introduction

The smallest aerosol particles below 10 nm are of crucial interest in climate science (Carslaw et al., 2013), nanotechnology
(Swihart, 2003) and they also can be related to air pollution (Guo et al., 2014; Kulmala et al., 2021) and possibly influence human
health (Pedata et al., 2015). Also in this size range — particularly in sub-3 nm - chemistry and physics of aerosol particles are tightly
interlinked. Aerosol measurements of this cluster-particle transition regime remain a challenge as classical optical detection is
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unfeasible at typical ambient concentrations (Bauer, Amenitsch, Baumgartner, Koberl, & Rentenberger, 2019; Vazquez-Pufleau &
Winkler, 2020). Aerosol size-distributions are often inferred using differential mobility analysers (DMAs), which require charged
aerosol particles (Flagan, 1998). However, low charging probabilities (Wiedensohler, 1988), high diffusional losses during sampling
and low detection efficiencies cause very low counting statistics in atmospheric measurements in the sub-10 nm range. Moreover,
detection of particles in this size range with condensation particle counters depends on the chemical composition of the sampled
aerosol (Kangasluoma et al., 2013; Wlasits et al., 2020), which is usually unknown.

Several recent developments have improved the instrumentation for sub-10 nm aerosol size distribution measurements. The
particle size magnifier (PSM) in scanning mode (Vanhanen et al., 2011) does not rely on particle charging, which improves the
signal-to-noise ratio, but as the sizing is based on particle activation, it is very sensitive to aerosol chemical composition and only
achieves a limited time-resolution. The neutral clusters and air ion spectrometer (NAIS; Manninen et al., 2009) also achieves a good
signal-to-noise ratio due to the application of unipolar charging and integration of the detecting electrometers into the DMA but cannot
reliably measure below 2.5 nm due to large charger ions disturbing the signal. Also new versions of classical mobility particle size
spectrometers have been developed to face the challenges of sub-10 nm measurements (e.g. Jiang et al., 2011a; Kangasluoma et al.,
2018). The DMA-train (D. Stolzenburg, Steiner, & Winkler, 2017) even uses six DMAs in parallel to gain higher counting statistics at the
six fixed measured sizes. However, no instrument alone is able to cover the dynamics of atmospheric relevant processes over the full
size-range with high sensitivity, size- and time-resolution. This still limits e.g. our understanding of the growth and nucleation
mechanisms during new particle formation (Kulmala et al., 2013). Different instruments offer different advantages and disadvantages
and the agreement between instruments in the sub-10 nm range remains a big challenge (Kangasluoma et al., 2020).

While the instrumental development has been progressing over the last few years, the commonly applied data analysis and
inversion techniques in the sub-10 nm range have mostly remained relatively simple. However, it is known that the simplifications
made within the often applied point-by-point inversion (M. R. Stolzenburg & McMurry, 2008) can lead to significant systematic errors
(Kangasluoma & Kontkanen, 2017). Moreover, it does neither allow for the combination of several instruments in the same inversion
procedure nor accounts for a certain correlation of neighbouring size channels due to typically rather smooth atmospheric aerosol
size-distributions. Kandlikar and Ramachandran (1999) gave a detailed overview of more sophisticated inversion techniques.
Recently, Sipkens et al. (2020) have presented inversion algorithms for 2-dimensional mass-mobility measurements, including iter-
ative approaches (Markowski, 1987; Twomey, 1975) and regularization methods (Tikhonov & Arsenin, 1977; Wolfenbarger &
Seinfeld, 1990). However, neither of the presented methods is widely applied in the sub-10 nm size range nor is any of them used to
combine several instruments for particle sizing. Moreover, none of the methods takes into account that subsequent size-distribution
measurements are also correlated, as measurement cycles are in many situations faster than the changes of the ambient aerosol
(besides fast changing urban settings, e.g. Mglgaard, Vanhatalo, Aalto, Prisle, and Hameri (2016)). Recently, Ozon, Seppanen, Kaipio,
and Lehtinen (2021) have developed a fixed interval Kalman smoother (FIKS) for recovering process rates of aerosol chamber ex-
periments. Kalman filtering has also been applied to aerosol size-distribution inversion (Viskari, Asmi, Kolmonen, et al., 2012; Vou-
tilainen & Kaipio, 2001) and even for a combination of different instruments (Viskari, Asmi, Virkkula, et al., 2012), but again
application for the critical sub-10 nm range is lacking. Finally, all above methods are based on Gaussian approximations of the un-
certainties, which is not valid for the low count rates often measured in the sub-10 nm range. Here, we compare six inversion ap-
proaches with respect to their ability to combine several instruments, including some well-established approaches (Fiebig, Stein,
Schroder, Feldpausch, & Petzold, 2005; Lloyd, Taylor, Lawson, & Shields, 1997; Markowski, 1987), a recently developed method
(Ozon, Seppanen, et al., 2021) and additionally we develop a Poisson formulation of the regularization approach. We test these
inversion procedures with simulated particle size distributions and show their applicability to ambient observations, demonstrating
that combining instruments into one inversion procedure can enhance our understanding of the sub-10 nm aerosol dynamics.

2. Inversion methods

The inversion of n aerosol measurement outcomes to an aerosol particle size distribution (PSD; f(d,)) can be described by the
inversion of so-called Fredholm integrals of the first kind:

yi= [K(d) 7(d) ddy + )

where K; are the kernel (or response, or transfer) functions, describing the response y; of the instrument channel i to a monodisperse
aerosol sample of size d,. ¢; is the error in channel i causing deviations from an ideal solution, which can include both a measurement
error and an error in the estimate of K;. Eq. (1) can be rewritten compactly in matrix notation by describing the measurement outcomes
in vector notation and discretizing the kernel and size-distribution:

Y=Kf+7F. ®))

The vector € can now additionally account for an error introduced by the discretization compared to the exact integral of Eq. (1).
The discretization of the Kernel and size-distribution can be done in different ways, either into a set of base functions with m pa-
rameters which can describe the shape of the size distribution and could reduce the number of unknowns to the number of mea-
surements (m < n, e.g. Hagen & Alofs, 1983) or into m sizes using numerical quadrature, usually logarithmically spaced with m > n.
The problem described by Eq. (2) is ill-posed and usually also underdetermined (for m > n). Therefore, it cannot be solved by direct
matrix inversion but additional constraints are needed. Certainly, Eq. (2) requires a non-negativity solution for the aerosol
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size-distribution, i.e. ? > 0.
The problem can also be formulated through statistical arguments, i.e. a Bayesian approach (Ramachandran and Kandlikar, 1996).

We start from the probability of measuring the signal ¥ given the instrument kernel functions K and size-distribution ?, P(Y|K, ?) =
[T PUilK:, ?). The idea is to find the size-distribution ? which maximizes the probability of obtaining the measurement y given K
and ?, i.e. maximizing P(¥|K, ?). As in ill-posed problems this can lead to oscillatory solutions, it is useful to incorporate additional
prior knowledge, e.g. on the shape of 7 into the problem. This can be implemented by formulating an a priori probability of ?, ie.
P(?), which is higher for solutions which fulfil the a priori condition. Instead of maximizing the likelihood P(¥|K, ?) we can then

rather maximize the a posteriori likelihood:

r(51K.7)7(7)

P(ﬂK’ 7) - P(3) ®
Transforming the problem into a minimization of its negative logarithm to facilitate computation, we obtain:
argmin ?{ —log P(?’K, 7) } = argmin 7{ —log P(?‘K, ?) —log P(?) + log P(?)} = argmin ?{
710gP<7‘K, 7) 7logP<?)} @

—
where also the term log P(y’) was dropped as it is independent of f and as a constant offset does not influence the location of the
minimum. Again we refer to Kandlikar and Ramachandran (1999) for a detailed mathematical overview, while in this work, we will
focus on some selected approaches and their applicability to combine several instruments in the sub-10 nm range.

2.1. Point-by-point inversion for mobility spectrometers

For completeness, we will start with the description of the simple inversion often used for electrical mobility spectrometers using a
DMA for size-classification. In that case, it is assumed that the transfer function of the DMA is rather narrow (Jiang, Attoui, et al., 2011;
Jiang, Chen, Kuang, Attoui, & McMurry, 2011). This also holds for most applications in the sub-10 nm range, even if the transfer
function is significantly broadened by diffusion (M. R. Stolzenburg, 1988; M. R. Stolzenburg & McMurry, 2008). Altogether, the kernel
function of a mobility spectrometer is described by:

K; (dp) =fe (dp) *Nepe (d,,) *Nsamp (dﬁ) - Qpua (d;., dl’) )

where f.(d,) is the charged fraction of aerosol particles, #¢p:(d,) is the counting efficiency of the used condensation particle counter
(including detector flow rate and integration time of the measurement), #;,,(dp) is the penetration efficiency of the sampling lines of
the instrument and QDMA(d;], d,) is the transfer function of the DMA of the i-th channel with a centroid diameter d{,, inferred from the
applied voltage and geometry of the DMA (M. R. Stolzenburg & McMurry, 2008) or calibrations with mobility standards (Ude & de la
Mora, 2005). In the sub-10 nm regime, where multiple charging of aerosol particles is negligible, the transfer function of a single

channel i consists of one approximately lognormal shaped peak (Stolzenburg & McMurry, 2008). If we assume that, neither f.(d;,) nor
Nepc(dp)s Nsamp(dp) and f(dp) change significantly over the width of this peak, the integral of Eq. (1) is reduced to:

5= () ere (&) g (&) -7 (&) [ s () =12 () e () 1y () -1 () - ©

where f is the integrated transfer-function which corresponds to the ratio of aerosol to sheath flow for a balanced standard DMA. Eq.
Eqn 6 can be easily solved separately for the size distribution value f at dll, for all available n channels of the mobility spectrometer. This
justifies the name point-by-point inversion used in the following. For the case of larger particles, multiple charging becomes more
important and the kernel functions are not described by single sharp peaks in the size-space. In that case, a specific selection of the
analysed voltages set at the DMA can still provide an analytical solution to the problem (Reischl, 1991). However, most algorithms
which are widely applied in the community use some linear least-square regression (searching for min Iy —K?llz) to solve the
f>0
problem (Wiedensohler et al., 2012). However, this is known to produce some unwanted oscillations in the reconstructed
size-distributions (Sipkens, Olfert, & Rogak, 2020a) and it is very sensitive to noise, especially outliers which are not well described by
the underlying Gaussian error assumption.

2.2. Non-linear iterative regression

Twomey (1975) proposed a non-linear iterative algorithm to find a solution to the aerosol size distribution inversion problem. A
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)
good initial guess of the solution f , is refined repeatedly by the multiplication (not additive, therefore called non-linear) of correction
factors:

~p+1 P

F=0 K N dKo) e 1+ dK,] - F @)

where the correction terms a are simply the ratio of the actual instrument response to the calculate response of the trial solution:

n__ yi
“= <Z,-Kuﬁ' l> ®

The algorithm requires the problem to be scaled with |K;| < 1, which makes it challenging to include an error term into the
procedure which could account for different uncertainties in the different channels (Sipkens et al., 2020a). If the higher order terms are
neglected, we see that this routine corresponds to an expansion of the solution into the Kernel functions:

—ptl

i
f =1 +dK +dK ++adK,] - f . (©)

However, also this procedure can lead to artificial oscillations in the solution. Markowski (1987) improved Twomey’s algorithm by
introducing a smoothing loop after each iteration of Eq. (7). Smoothing was performed by applying a weighted average to neigh-
bouring points of the solution:

/(&) :f(dfl>+f(‘2if7> +f(dj4?’+l>j:2’.__,m,l (10)

And for the end points j = 1,m weigting factors of 3/4 and 1/4 are chosen forj = 1,2 or m,m — 1. This procedure continues until a
compromise between the agreement of the solution with the data and an arbitrary constraint on the smoothness of the solution is
found. Similar versions of this Twomey-Markwoski algorithm have been applied to CPC-battery (Williamson et al., 2018) or impactor
measurements (Saari, Arffman, Harra, Ronkko, & Keskinen, 2018) recently.

2.3. Nullspace optimization

A different approach is presented by Fiebig et al. (2005). It splits the possible solution of ¥ = K? into two parts 7 = )?, + )?s,
where F assures the fidelity of the solution with the measurement data and ]T; is an element of the null-space of the kernel matrix K,

which does not change the instrument response of ?, ie. KE = 0. First, the fidelity term is found by singular value decomposition
(SVD) of the kernel matrix K. SVD factorizes the kernel matrix into three component matrices K = ULV, where X is a diagonal matrix
with the singular values o; of the kernel matrix K as the non-zero entries. U and V are orthonormal matrices and the column vectors of U
corresponding to the non-zero values of X form a base of rank k and the column vectors of V corresponding to the zero values of X form
a base of the nullspace of k. The pseudo-inverse of k is easily calculated from the SVD:

ﬁ:Vdiag(i> Uy (11)

J

The nullspace base V, obtained from V is used to find z with )7; =V, d satisfying a smoothness criteria of the solution. This
smoothness criteria is formulated with the finite-difference representation of the second derivative in matrix notation J (see Donatelli
and Reichel (2014) for the used antireflective boundary conditions). Compared to the weighted average of the non-linear iterative
regression, this leads to a more global measure of smoothness to be minimized via:

min;\|](j?,+vo?>\\2, with f, +Vo@ > 0 (12)

In brief, this algorithm searches for a vector of the nullspace of K, which can be added to the pseudo-inverse under the condition
that the final solution is as smooth as possible. However, in the case of increasing available instrument information (increasing number
of size channels, broad coverage of all sizes by the available kernel functions and large differences in the order of magnitude of
different kernel functions K;), the nullspace might be vanishing and convergence of the algorithm is too slow. Therefore, we provide a
new version of the algorithm which achieves better results. We used a preconditioning of the problem to achieve a similar order of
magnitude for each line equation of Eq. (2), with 71 =Y./ iKi jand K; =K/ iKi j- Moreover, to avoid a nullspace with only very

=0 j=
small numerical values and thus very slow convergence, we compute jT; only from the ny largest singular values o; (typ-
ically ng ~ 5...20) and all column vectors of V corresponding to the smaller singular values are also used as base vectors for the
optimization space. This improved convergence speed and smoothness of the results compared to the initial approach from Fiebig et al.
(2005). However, the optimal number of used singular values is a priori not known (but is constraint to be smaller than the rank of the
matrix K) and needs to be guessed.



D. Stolzenburg et al. Journal of Aerosol Science 159 (2022) 105862

2.4. Tikhonov regularization using a Gaussian likelihood

A more general way to solve ill-posed, underdetermined problems is the method of regularization, which replaces the ill-posed

problem with a closely related well-posed problem. In a Bayesian sense, i.e. Eq. (3), this can be formulated in terms of incorpo-
rating additional a priori knowledge P(?). We know that typical aerosol size distributions are rather smooth in size, which we can

describe by the total second derivative:

P(F e A<Z° " (d)> . 13)

Note, that this formulation of the a priori term assumes a Gaussian distributed probability for the second derivative. If we now also

— —
assume a Gaussian distributed error with expected value K; f and variance o7 for the likelihood of a measurement of y; given K and f,
this can be expressed by:

P(y,“l(,-,?) :ai\l/zﬂe ( (14)

This simplifies the minimization problem, i.e. Eq. (4), to:

17 ; (b) ® Aoy 5.6:1072
15 05
- — o
= 13 5 4 5
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Fig. 1. (a) Shows the kernel function of a HM-DMPS system with the discretized diameters on the ordinate, the channel number on the abscissa and
the instrument transfer function represented by the color code. (b) Shows a typical L-curve for optimal regularization parameter estimation with the
Tikhonov regularization using Gaussian likelihood, which is also applied to the Poisson based approach. (c) Simple reconstruction of a characteristic
size-distribution in the sub-10 nm range. Blue solid line is the input distribution. The dark purple line represents the point-by-point inversion, the
turquoise dotted line the non-linear iterative regression, the blue dashed line the nullspace optimization and the green and yellow dashed dotted
lines the regularization using Gaussian and Poisson likelihood using the same optimal regularization estimate, respectively. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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arimin{ —log P(?’K, ?) —log P(?)} = argmin{ — 2”: log P(y[IKn 7) — log P(?) }

f o Fao b
n o [" 2 m_ 2 2
ST (S )
— agnin {[[£(5-&7) [+ 7]} as)
f>0

where the constant offset log#ﬂ can be dropped as it is independent of ? Eq. (15) is identical to the formulation of so-called

Tikhonov regularization (Tikhonov & Arsenin, 1977) which adds a second term in the minimization of the least-square regression.
This so-called regularization term includes a smoothness requirement on the solution similar to the nullspace optimization. In fact,
Hansen (2000) demonstrates that both regularization and nullspace optimization are indeed based on the same principle of the sin-
gular value decomposition of the kernel matrix. Compared to Tikhonov and Arsenin (1977), where the identity matrix is used in the
regularization term, we again apply the finite-difference representation of the second derivative with antireflective boundary con-
ditions. Transformations to the Tikhonov form is possible using the generalized singular value decomposition (GSVD; e.g. Hansen,
1998) of the matrix pair (EK,J). We refer to the recent work from Petters (2021) for a detailed programming package including such
possible transformations of the problem and only apply the regularization scheme of Eq. (15) for our purposes. After the problem is
regularized, the optimal regularization parameter A has to be found, as it is a priori not known. However, different to nullspace
optimization, several analytical methods for a good choice of 4 exist. The L-curve method (e.g. Hansen, 1992) tries to find a balance

between the fidelity term of the solution y? = ||E (7 — K?) |? including the error matrix E (see e.g. Wolfenbarger & Seinfeld, 1990)

and the smoothness term of the solution J; = H.I?Hz. The L-curve is a plot where log;, J2 is plotted versus log;, y? for a range of
different values of 4 often having a clear L-shape appearance (see Fig. 1b for an example). The smallest values of 1 yield solutions
located in the upper left of the L-curve, while the smoothest solutions with large values of 1 are found to the lower right of the L-curve.
The optimal solution is located at the corner of the L-curve where a good trade-off between fidelity and smoothness is found. Finding
the corner point of such an L-curve shaped curve is a geometrical problem that can be solved numerically and different algorithms for
the L-curve corner detection exist (Castellanos, Gomez, & Guerra, 2002; Cultrera & Callegaro, 2020; Hansen, Jensen, & Rodriguez,
2007; Viloche Bazan & Francisco, 2009). We use the simple triangular method proposed by Castellanos et al. (2002), however this
might yield overly smooth results or cause problems when several corner-like points exist (Hansen, 2000). Again, we refer to the
package by Petters (2021) for a more robust implementation of regularization in the Julia programming language also including other
optimal regularization parameter estimates such as generalized cross-validation (Golub, Heath, & Wahba, 1979). Tikhonov regula-
rization has attained already some attention in the inversion of aerosol size-distribution data (Crump & Seinfeld, 1981; Lloyd et al.,
1997; Talukdar & Swihart, 2003; Wolfenbarger & Seinfeld, 1990), but application to the combination of several instruments is still
lacking.

2.4.1. Tikhonov regularization using a Poisson likelihood
The underlying assumption in any least-squared minimization and hence also in the fidelity term of the regularized problem, is that

the error ¢ is normal distributed. However, counting statistics follow inherently a Poisson distribution, which can only be approxi-
mated by a Gaussian distribution at large count number. This assumption might not hold in the case of mobility spectrometers
measuring in the sub-10 nm range, where particle counts are often below 10 within one measurement cycle.

In order to develop a Poisson formulation of regularization, we express the likelihood P(¥|K, ?) by a Poisson term:

(K‘?)y’ei&?

P(F|7) =, 16)
which has E(y;) = Var(y;) = Ki? . Inserting Eq. (16) into Eq. (4), we obtain:
argmin ?{ —log P(?’K, ?) } = argmin? { i(l(i? —y; log K,-?) — log P<?) }
= argmin7 { §<Ki7 —y; log Ki7> + H/l . J?HZ } a7

The Poisson distributed counting uncertainty is now inherently incorporated in the first term of Eq. (17). Note that the a priori term
still uses a Gaussian assumption similar to classical Tikhonov regularization, therefore we call this approach Tikhonov regularization
using a Poisson likelihood. We then use the algorithm proposed by Chambolle and Pock (2011) in order to solve the convex problem of
Eq. (17). However, the algorithm is slower than algorithms for the regularized problem using a Gaussian likelihood (Eq. (15)), which
can be transformed to a non-negative least square problem (Sipkens et al., 2020a), where fast conventional solvers are available.
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Solving the L-curve problem for each inversion would thus not be feasible as many solutions to Eq. (17) need to be computed. We
therefore test two different approaches, a single exemplary L-curve regression subsequently applied to all inversions of the same
dataset, and the usage of the optimal regularization parameter found by the regularization using a Gaussian likelihood for each in-
dividual inversion. Apart from the increasing computational requirement for the optimal regularization parameter estimate, the slower
algorithm also induces problems when uncertainty propagation is considered. For the nullspace optimization, Fiebig et al. (2005)
suggests a Monte-Carlo approach, which could also be a suitable tool for error propagation in the regularization using a Gaussian
likelihood. However, this is also computationally too intensive for our Poisson based approach, requiring faster but more sophisticated
methods (e.g. Lucor, Su, & Karniadakis, 2004).

2.5. Kalman smoothing with BAYROSOL

As the above presented methods invert the data for each time step independently, information on the evolution of the aerosol size
distribution over time is not incorporated. However, in typical ambient situations changes of the aerosol size distribution are rather
slow compared to the acquisition cycle time. One popular approach for solving a time evolution of a system state is the fixed interval
Kalman smoother (FIKS; e.g. Kaipio & Somersalo, 2005). In the FIKS framework, not only the observation model for each time step k, i.

—k -k k. . k1 2k ok N
e.y =Kf + 7V (similartoEq. (2)), but also evolution model f =F(f )+ W are treated as multivariate random processes. In

that sense, the errors ¥ and w are approximated as Gaussian distributed variables ./"(0,I'%) and .#'(0,I%) with the covariance

matrices ¥, TX. Our approach is based on the FIKS BAYROSOL (Ozon, Seppénen, et al., 2021), but the problem is simplified by

reducing the evolution model of the size-distribution to a random walk model by refraining from estimating the process parameters

—sk+1 —k
(nucleation, growth and loss rates of the aerosol system), which are effectively set to zero in the original code, i.e. f =f +w.

The missing non-negativity constraint on the size-distribution is now implemented using a change of variables using the softplus
function (Dugas, Bengio, Bélisle, Nadeau, & Garcia, 2001). That way, the Kalman smoother is also applicable to ambient data, where
the general dynamics equation (GDE) as underlying evolution model might not always been satisfied without the inclusion of addi-
tional source and sink terms accounting for air mass changes. For well-controlled chamber experiments, the GDE approach might
achieve more solid results and also provides additional information on the process rates (Ozon, Stolzenburg, Dada, Seppanen, &

Lehtinen, 2021). However, as the random walk model is quite far from a realistic evolution model, its uncertainty TART formally
computed as the difference between the GDE model with the unknown process parameters and the zero values used to create the
random walk model. As the strongest variations to the size-distribution are expected from growth, we approximate the error via:

W= Ar (gt — ) + o (ar) a8

where At is the discretization time step, f¥ the size-distribution estimated by the FIKS and gF is the unknown growth rate at each time

step k and size i which is treated as an independent random variable with the variance afw = 2(At fk 615)” with oy, fixed to a constant
value approximating the maximum uncertainty of the true growth rate. Further different to the original version, we incorporate the

Ay
correlation in size not only within the covariance of the evolution model by setting I'% (i.j) = OiwOjw €Xp ( - (%) ) , but also by using

an adjusted measurement operator H = [K aJ] which includes a regularization term with the above described finite difference
—
approximation of the second derivative J and with adjusted measurement values y = [y H]for the measurement update of the FIKS:

—sk —k
G

—k 7
y =Hf +v (19)
This is similar to the approach by Voutilainen and Kaipio (2001) and improves the results of the FIKS considerably compared to the

unregularized measurement update. The difficulty is to find good estimates for the covariance of the error term in the observation
—k
model, i.e. v , and for the regularization parameter @, which is similar to the problem faced in regularization or nullspace optimi-

zation. While formulations of Kalman Filters with underlying Poisson statistics exist, e.g. Ebeigbe, Berry, Schiff, and Sauer (2020), our
implementation of the FIKS approximates both the uncertainty in the measurement update and the evolution as Gaussian distributed
variables, different to the regularization approach using a Poisson likelihood. However, the FIKS incorporates more prior knowledge
on the measurement uncertainties compared to the other methods as it includes also error terms for the measurement model similar to
Ozon, Stolzenburg, Dada, Seppanen, & Lehtinen, 2021.

3. Results

The above described algorithms were implemented within the python package aeroinverter, which is openly available on GitLab
(https://version.helsinki.fi/atm-public/aeroinverter). The Kalman smoother relies on BAYROSOL, which is based on the programming
language Julia, but is also available from the same repository. Our implementations of the algorithms might differ from the referred
literature as the original code was not openly available. Here, we will present the application of these algorithms to three simulated test
cases and two ambient measurements. First, we validate their accuracy with a simple sub-10 nm size-distribution used as input for a
single instrument inversion. Then we test the performance upon inclusion of additional instruments with a data set resembling a
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nucleation chamber experiment. For a test of a highly complex data set spanning several orders of magnitude and including multiple
charging effects for electrical mobility analysers we choose a simulated ambient new particle formation event where we model four
DMPS systems and three CPCs. Ultimately, we apply the most robust algorithms to ambient data sets from the SMEAR II and III stations
in Hyytiala and Helsinki, Finland. Table 1 summarizes the included instrumentation and conditions for the different case studies.

3.1. Simple case

First, we tested a very simple case with an idealized size-distribution representative for an engine exhaust aerosol (Alanen et al.,
2015). Fig. 1 shows the used kernel, the input size-distribution and the inversion results for all methods except the FIKS, which would

require a time series of measurements to be applied. The instrument response y is modelled by assuming that an idealized
halfmini-DMPS (HM-DMPS; Kangasluoma et al., 2018) with the kernels from Fig. 1a is measuring the input size-distribution shown in
Fig. 1c by integrating according to Eq. (1). Note, that the simulated response was inferred from numerical integration with much
higher precision than the used discretization of the kernels for the inverse problem. The application of a different forward (calculation
of the instrument response) and inverse (reconstruction of the size-distribution) model is essential for avoiding unrealistic good
inversion results, the so called “inverse crime” (Colton & Kress, 2013). Additionally, the measured data were corrupted with mea-
surement noise following a Poisson distribution to simulate a classical counting error. Fig. lc demonstrates that the true
size-distribution can be reconstructed reasonably for all methods except for the non-linear iterative regression and point-by-point
inversion, which yield a more oscillatory solution below 3 nm. This demonstrates that all presented methods are working reliably
when the input number concentration and hence count rates in a single instrument (>20 for all channels of the HM-DMPS) are
reasonably high. Generally, the nullspace optimization and non-linear iterative regression are closer to the point-by-point inversion
result, while the regularization approaches seem to find a better balance towards the overall smoothness of the solution and are less
sensitive to small outliers due to the Poisson noise. An example of an L-curve plot is shown in Fig. 1b for that simple test case,
illustrating how the L-curve finds a balance between the fidelity and smoothness of the solution.

3.2. Instrument combination for sub-10 nm inversion: simulated chamber experiment

In order to test the robustness of the inversion algorithms with respect to combining several instruments in the sub-10 nm range into
one inversion routine, we use simulated data and modelled instrument responses representative for an aerosol chamber experiment.
The aerosol size distribution evolution was modelled similar to Ozon, Seppanen, et al. (2021) using a simple discrete aerosol size
distribution model with wall losses and nucleation rates simulating experiments performed in the CERN CLOUD chamber (Kirkby
etal., 2011; Stolzenburg et al., 2020) and is shown in Fig. 2a. The modelled instrument responses from the simulated size-distributions
are subject to a random counting error with Poisson statistics. We model three different types of instruments for the sub-10 nm range: a
HM-DMPS, a DEG-based SMPS (e.g. Jiang et al., 2011a) similar to the PSMPS from Grimm Aerosol GmbH and a CPC-battery (CPCb;

Table 1

Overview over the tested data sets and instruments used for the combining instrument inversion in this study. For all CPCs, the number denotes the
50% detection efficiency cutoff. Systematic offsets for the simulated dataset are applied to the inverse model by shifting the entire kernel function by
the denoted value, which was derived by a random assignment once for each test data set.

Case Instruments Size-Range Channels Syst. Offset
Simple unimodal HM-DMPS 1.4-17 nm 18 None
Sim. chamber nucleation HM-DMPS 1.4-9.6 nm 14 + 9.0%
PSMPS Grimm Aerosol GmbH 1.4-9.8 nm 55 - 4.7%
CPC Airmodus A20 >6.7 nm 1 + 9.8%
CPC TSI 3772 >9.0 nm 1 - 3.8%
CPC TSI 3776 >2.8 nm 1 — 5.6%
Sim. ambient NPF/Hyytiéla HM-DMPS (neg.) 2-15 nm 14 — 3.1%/unknown
HM-DMPS (pos.) 2-15 nm 14 + 1.7%/unknown
Twin-DMPS (nano) 3-40 nm 15 — 4.5%/unknown
Twin-DMPS (long) 10-998 nm 32 — 3.7%/unknown
CPC TSI 3775 >7.5 nm 1 — 5.0%/unknown
CPC TSI 3776 >2.8 nm 1 + 5.1%/unknown
PSM-fixed >1.8 nm 1 + 0.9%/unknown
Helsinki HM-DMPS 2.1-14 nm 15 unknown
PSMPS 2.1-55 nm 92
Twin-DMPS (nano) 3.0-40 nm 15
Twin-DMPS (long) 15-820 nm 30
PSM-scanning >1.2,>1.4,>1.75,>2.4 nm 4
CPC Airmodus A20 >5nm 1
CPC Airmodus A20 >10 nm 1
CPC Airmodus A23 >23 nm 1
CPC TSI 3025A >2.8 nm 1
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Fig. 2. The chamber nucleation experiment input size distribution used to model the instrument responses is shown in (a). The combined in-
strument kernel for the inversion of the chamber nucleation data using three different instruments is shown in (b). The discretization diameter is
shown on the ordinate, and the different instrument channels are illustrated along the abscissa (different CPCs, stepping voltages and scan dis-
cretization for the CPCb, HM-DMPS and PSMPS, respectively). The color code represents the instrument transfer function including the measure-
ment time and analysed aerosol flow rate such that registered counts in the detectors during the measurement interval of the channel can be used as
the instrument response vector y’, which is shown in (c) and used as the input for the inversion algorithms. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)

Kangasluoma et al., 2014; Kulmala et al., 2007; Williamson et al., 2018). The PSMPS has a lower size resolution and less integration
time at each size compared to the HM-DMPS, but provides significantly more size channels between 1.5 and 20 nm. The CPCb consists
of three CPCs with different size cutoffs, a TSI Inc. Model 3776 ultrafine CPC (cutoff 2.5 nm), an Airmodus Ltd. A20 CPC (cutoff 6.5
nm), and a TSI Inc. Model 3772 CPC (cutoff 10 nm). Counting efficiencies of the counters were taken from measurements by Wlasits
et al. (2020). These three instruments are combined as shown in Fig. 2b and Fig. 2c, which illustrates the differences between the
HM-DMPS and PSMPS. The kernels used for simulating the instrument response and the kernels used for the inversion were altered by
systematic multiplicative offsets (Kiny.; = €syst.,i - Kforw.,;)- We used normal distributed offsets with mean 1 and 10% standard deviation
for each instrument (see Table 1). This simulates imperfect calibrations and other uncertainties often present when estimating the
kernel functions. In fact, any inversion combining instruments should be able to find solutions which stabilize these systematic un-
certainties in order to provide a reliable result representing the total available information.

Fig. 3 shows the inversion results including all above listed instruments for six different tested inversion routines, the non-linear
iterative regression (a), nullspace optimization (b), Tikhonov regularization using Gaussian likelihood (c), and using Poisson
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Fig. 3. Inversion results for simulated chamber nucleation experiment (Fig. 2a) combining three different instruments. A HM-DMPS (fewer size
channels, higher counting statistics at each channel), a DEG-SMPS (more size channels, lower counting statistics at each channel) and a CPC-battery
including three different CPCs measuring the total concentration but with different lower size cutoffs (Fig. 2b). (a) Non-linear iterative regression,
(b) nullspace optimization, (c) regularization using a Gaussian likelihood, (d) regularization using a Poisson likihood, (e) FIKS with random walk
evolution model, (f) FIKS with general dynamics equation as evolution model.
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likelihood (d), and the Kalman smoother with both the random walk (e), and the GDE (f) evolution model. Overall, the agreement of
the reconstructed and the input size distribution seems reasonable for most methods considering the underlying noise and the inherent
differences and systematic offsets between the instruments. However, there are some remarkable differences in the reconstructed size-
distribution.

Apparently, the non-linear iterative regression shows the most oscillatory solutions. This is due to the fact, that the smoothness
criteria in this algorithm does not rely on a globally summed measure of smoothness (the operator J), but is achieved by iteratively
applying weighted averages. The nullspace optimization and regularization approaches yield better balanced results which provide
some degree of smoothness, but still follow fluctuations from the measurement noise. Here, the advantage of the regularization using a
Gaussian likelihood is that it does not depend on any unknown a priori assumptions, but finds a good balance between smoothness and
fidelity due to the optimal regularization parameter choice via the L-curve method. The regularization using a Poisson likelihood also
achieves satisfactory results with less weight to measurement noise at the very small sizes which are mostly affected by Poisson
statistics in the two mobility spectrometers (Fig. 2¢). Compared to the regularization using a Gaussian likelihood, nullspace optimi-
zation and regularization using a Poisson likelihood do not provide an analytical approach for obtaining the optimal number of
considered singular values or optimal regularization parameter, respectively. However, also the regularization using the Gaussian
likelihood only yields a variation of the optimal regularization parameter within one order of magnitude, which should be even less
when the assumed likelihood (i.e. Poisson) is closer to the true likelihood of the measurement. Therefore, we used a single inversion as
example case for the Poisson based approach, where we performed the computationally heavy L-curve estimate (see Section 2.4.) and
applied the found optimal regularization parameter to all inversions of the dataset. In contrast to this, the number of considered
singular values for the nullspace optimization varied significantly between the number of included instruments. But even with a good
choice of the unknown parameter, the nullspace optimization reveals difficulties in reconstructing the zero size-distribution at larger
sizes, where all measurements yield zero. This might be due to the fact, that true non-negativity is not required within our imple-
mentation of the algorithm. However, the slightly relaxed non-negativity constraint, which was necessary to achieve convergence with
the chosen solvers, results in oscillations around zero, where there should be a zero reconstruction. Overall, the smoothest solutions are
provided by the Kalman smoother due to its inherent additional time correlation in the evolution model. However, the regularization
methods and nullspace optimization can better reconstruct the sharp edge of the growing mode and the beginning of the nucleation

where the FIKS with the simple random walk evolution model yields an overly smooth result. For the Kalman smoother, we followed
—k
the approach of Voutilainen and Kaipio (2001) and tested several choices for v and «, finding an acceptable solution for « = 1 and

ko . - . . L .
1"5, = (0" 0 ) . Here .7 is the identity matrix and I'X is the error of the measurement as defined in Ozon, Seppinen, et al. (2021),

Ozon, Stolzenburg, et al. (2021), which contains a term corresponding to a discretization error of the measurement operator and a
systematic uncertainty in the measurement operator, which is assumed to be AH = 0.1H, i.e. a 10% offset of the device. Ultimately, the
most accurate reconstruction of the input size-distribution is achieved by the Kalman smoother using the GDE as evolution model. Note
that, it also provides a higher time-resolution in the reconstruction as the time between measurements can be filled by the precise
evolution model. This is promising for future applications of this approach including more instruments than shown in Ozon,
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Fig. 4. Effect of instrument combination on the performance of different inversion methods. The normalized (by number of discretization points and
inverted measurements) Euclidean Distance of the reconstruction compared to the input size-distribution is shown in (a) versus the different tested
instrument combinations. The light bar for the regularization using a Poisson likelihood shows the results obtained when using the same optimal
regularization parameter as found for the Gaussian based approach, while the solid yellow bar shows the result from a single exemplary L-curve
estimate applied across the dataset. (b) Shows the computation time needed for the different inversions for the entire simulated chamber experiment
dataset (2 h 15 min) relative to the fastest algorithm (L-curve for HM-DMPS only case). These values are also close to the absolute computational
time in seconds on a standard 4core 1.6 GHz, 16 GB RAM computer, where the regularization using a Gaussian likelihood together with the HM-
DMPS data and 128 discretization bins takes roughly 1 s and is subsequently used to normalize all other computational times. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Stolzenburg, et al. (2021). However, this method is not applicable to data sets from ambient measurements, where too many unknown
parameters such as sources and sink terms due to air mass changes might be present.

Besides these reconstructed features of the size-distribution we also tested the performance of the algorithms with respect to speed
and the overall fidelity of the reconstruction to the input size distribution. In Fig. 4a we show the normalized Euclidean distance
between the reconstructed solution of each algorithm and the input size-distribution for some possible combinations of the three
instrument types. Even if upon more available instrument information the systematic uncertainties are increasing, all inversion ap-
proaches except for the non-linear iterative regression start to yield decreasing normalized Euclidean distances from the true solution.
This demonstrates that such a combined inversion can indeed provide a significant advantage compared to a single instrument
approach. This is supported by the fact that all inversion methods achieve a better reconstruction than the point by point inversion in at
least some configuration (the non-linear iterative regression only for the single instrument case). The best overall reconstructions with
respect to the normalized Euclidean distance to the true solution are achieved by the regularization approaches and FIKS for the
multiple instrument cases. For the regularization approaches the one using the Gaussian likelihood achieves slightly better results. The
Poisson based method is improved when the optimal regularization parameter is estimated via an exemplary L-curve (the case shown
in Fig. 3d) compared to the usage of the Gaussian based regularization parameter retrieval and hence the former approach is used in
the following. In terms of algorithm speed, which is shown in Fig. 4b, the regularization using the Gaussian likelihood, nullspace
optimization and the FIKS are outperforming the other two algorithms by at least one order of magnitude for the multiple instrument
cases. The fast speed of the FIKS could be partly due to its implementation in the faster programming language Julia within BAYROSOL
(Bezanson, Edelman, Karpinski, & Shah, 2017). The non-linear iterative regression and the regularization using a Poisson likelihood
start to consume significantly more and more time the more instrument information is added. However, considering the fact that the
inversion algorithms take less time than the length of the dataset the speed for all algorithms is still acceptable.

3.3. Algorithm test with a highly complex dataset: simulated ambient NPF

Ambient datasets are much more complex than the well-controlled chamber experiments where only one size-distribution mode is
constantly growing. We therefore test our algorithms also with a simulated ambient new particle formation event, similar to Ozon,
Seppdnen, et al. (2021), where more than one aerosol mode is present after the onset of new particle formation. Our modelled in-
struments are equal to the ones used in the measurements at the SMEAR 1I station in Hyytiala, Finland. This includes a HM-DMPS
measuring both positively and negatively charged particles. The usage of both could reduce systematic uncertainties due to bipolar
diffusion charging (Chen, McMurry, & Jiang, 2018). The CPCb consists of an Airmodus PSM operated a fixed saturator flow rate (cutoff
1.8 nm), a TSI Inc. Model 3776 (cutoff 2.8 nm) and a TSI Inc. Model 3775 (cutoff 7.5 nm). The size range larger than 10 nm is now
covered by differential mobility spectrometers with longer classification range and lower resolution. We thus modelled a twin-DMPS
similar to Aalto et al. (2001) measuring down to 3 nm, which consist of two DMPS systems one covering the 3-40 nm range and the
other the 10-1000 nm range. These devices further need to account for multiple charging of the sampled aerosol, which increases
significantly above 10-20 nm (Wiedensohler, 1988) and complicates the inversion (Petters, 2018; Reischl, 1991). The used input
size-distribution and combined instrument kernel are shown in Fig. 5. With number concentrations and kernels similar to the chamber
nucleation dataset, the mobility spectrometers measuring the smallest sizes are dominated by count rates where the Gaussian
approximation of the Poisson error is significant. We show the relative uncertainty which assumed during the inversion and resulting
from a pure counting error (6,4 = v/n/N) in Fig. 5S¢, which is significantly increasing for the sub-10 nm mobility spectrometers and
dramatically lower for total particle concentration instruments, i.e. the CPCb.
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Fig. 5. The simulated ambient new particle formation event input size distribution used to model the instrument responses is shown in (a). The
combined instrument kernel for the inversion of the simulated ambient new particle formation data using five different instruments is shown in (b).
The discretization diameter is shown on the ordinate, and the different instrument channels are illustrated along the abscissa (different CPCs,
stepping voltages and scan discretization for the CPCb, twin-DMPSs and HM-DMPSs, respectively). The color code represents the instrument transfer
function including the measurement time and analysed aerosol flow rate such that registered counts in the detectors during the measurement in-
terval of the channel can be used as the instrument response vector y’. The in the inversion procedures assumed relative uncertainty in percent
resulting from a pure counting error ¢ = v/N/N is shown in (c). (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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The reconstructions for the simulated ambient NPF event are presented in Fig. 6. They show that the L-curve regularization, the
Poisson algorithm and also the FIKS are able to cope with the above mentioned challenges of a complex data set. For the nullspace
optimization it is impossible to find a good number of singular values used in the fidelity estimate to provide reasonable results over the
entire size-range of the dataset. Focusing on the sub-10 nm range, the regularization approaches reasonably reconstruct the onset of
new particle formation above the lowest instrument detection threshold at 1.8 nm (see Table 1). However, there appears a slight gap in
the regularization using a Gaussian likelihood in the sub-3 nm range where the counting statistics of the HM-DMPS are very low (<5
counts) and other information is only available from the fixed-PSM. This is apparently better reconstructed in the regularization using a
Poisson likelihood by using the correct uncertainty statistics. The FIKS generally tends to reconstruct lower values in the sub-3 nm
range and has difficulties in reproducing the exact onset of new particle formation. However, above 3 nm the results are very close to
the input size distribution, indicating that the FIKS with the simple random walk evolution model can be used for complex datasets
spanning several orders of magnitudes. This was achieved by a formulation of the covariance of the measurement operator, which
requires more smoothness whenever less instrument information is available through the definition of an information indicator I(d;) =

. ry o : . . o
> Ki(dj) with I“"f, = v 3 2. |- This accounts for the increased complexity of such a data set, but similar to other
i 0 alf ! (d)I(d))s
approaches the scaling constant a and the regularization parameter a remain a priori unknown. However, we find reasonable results
for =1 and a = 10000 by trial-and-error and as this dataset includes the same instrument configuration than deployed in Hyytiala,
we assume that the found parameters for the FIKS can be used on field data too. This is similar to Voutilainen and Kaipio (2001), who
found that for similar datasets the optimal estimates of the adjustable parameters in the FIKS remain similar.

In Fig. 7 we show the spread of the reconstructed results compared to the input size-distribution, which confirms the above
qualitative observations. The nullspace optimization shows the largest deviations between reconstruction and input, with many off-
diagonal reconstructed values for high and low number concentrations. The best correlation is achieved by the regularization using
a Gaussian likelihood. The regularization using a Poisson likelihood and the FIKS show slightly more off-diagonal values but still
acceptable correlation coefficients, especially at large number concentrations. The off-diagonal entries from the FIKS with significantly
larger reconstruction than the input originate from the initialization of the FIKS and thus the first couple of deviating results. Generally,
the instrument information below 2 nm is really sparse, which leads to some zero reconstructions for actual non-zero input values for
all of the three methods, however, the least for the Poisson case, where low counting statistics are treated more precisely. For the
reconstructions above 3 nm we generally find satisfactory results, however when comparing quantities of interest as the particle
formation (J3) and growth rate (GR) as presented in Table 2, we find an overall underestimation of all reconstruction methods
compared to the values retrieved from the input size-distribution. The reconstruction via the regularization using a Gaussian likelihood
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Fig. 6. Inversion results for the more complex simulated dataset representing ambient new particle formation. In total, 4 mobility spectrometers and
3 CPCs were combined for the inversion. (a) Shows the results from the nullpsace optimization with 30 singular values used for the solution space.
(b) Shows the standard regularization with the L-curve method for optimal regularization parameter estimation. (c) Shows the Poisson formulation
of regularization including a weighting for the systematic uncertainties of the different instruments. (d) Shows the FIKS result including the in-
formation indicator for the estimate of the regularization part of the measurement model covariance.
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Fig. 7. Binned scatter plot of the reconstructed size-distribution compared to the input size-distribution for the data of Fig. 6. (a) Shows the
nullspace optimization, (b) the Tikhonov regularization using a Gaussian likelihood, and using a Poisson likelihood (c¢) and (d) the FIKS. The
Pearson’s correlation coefficient for each data set is given in the lower right corner of each panel.

Table 2

Retrieved particle growth rate (GR) and maximum formation rate of 3-nm particles (J3) using the different reconstructions of the size-distribution as
well as the value retrieved from the input-size distribution for the simulated ambient NPF event. Growth rates are calculated using the maximum
concentration method and formation rates are evaluated on the interval between 3 and 7 nm, both calculations following the procedure described in
Kulmala et al. (2012).

Input size-dist. Nullsp. Opt. Regul. Gauss Regul. Poisson FIKS (RW)
GR3_7 [nm h-1] 19.0 9.9 16.5 13.0 11.2
J3 [em-3 5-1] 0.54 0.32 0.39 0.40 0.29

again finds the best agreement for these parameters within 30% to the values retrieved from the input size-distribution.

3.4. Ambient data inversion

We test our algorithms on two different datasets including multiple particle sizing instruments from two complimentary sites. The
first dataset was recorded on the 11™ of April 2020 at the SMEAR 1I station in Hyytiala, Finland, which is representative for a rural
background site in the boreal forest (Hari & Kulmala, 2005). The deployed instrumentation is identical to the one used in the simulated
ambient new particle formation case (see Table 1 and Fig. 5b). In order to join the instruments into one inversion routine, the mea-
surement data was averaged into 10 min intervals, typically containing two scans of the HM-DMPS (pos. and neg.) and one scan of the
twin-DMPS. We observed much larger fluctuations in the CPCb 1 Hz data during the averaging interval than expected from pure
Poisson statistics and thus we modified the assumed error to represent these variations for both the FIKS and regularization using a
Gaussian likelihood. Aerosol concentration measurements might be generally influenced by more diverse sources of error than the
simple counting error, e.g. fluctuations in flow rates, electronic noise, etc. and more sophisticated error assumptions (e.g. Wilson,
Rocke, Durbin, & Kahn, 2004) could be tested in future work. Further, we adjusted the FIKS assumptions and included an error for a
possible size-shift in the kernel functions, which is for example expected for the CPCs due to an unknown chemical composition of the
sampled particles (Wlasits et al., 2020). However, we found reasonable results for a scaling constant a = 10000 and the regularization
parameter a = 1, i.e. identical than what we identified with the simulated data set in Fig. 4.

In Fig. 8 we compare the inversion results for both regularization approaches, and FIKS (random walk) to the inversion procedure
applied to the twin-DMPS data only, which is used to routinely monitor the size-distribution (non-negative least square inversion as in
Wiedensohler et al. (2012)). All inversions show that this is a typical new particle formation event day, where a growing nucleation
mode appears around noon reaching sizes of up to 20 nm. Compared to the standard approach including only two instruments, the
combining instrument algorithms resolve the dynamics of the new particle formation event down to 1-2 nm. In the crucial size range
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Fig. 8. Inversion results for a data set from the SMEAR II station in Hyytiéla, Finland (April 11th’ 2020). (a) Shows the non-negative least-square
inversion results which is routinely used for monitoring the size-distribution at SMEAR II. (b) Shows the inversion results using standard regula-
rization with the L-curve for optimal regularization parameter estimation. (c) Shows the results from the regularization using a Poisson likelihood
and (d) shows the result from Kalman smoothing using BAYROSOL with the random walk evolution model. (e) and (f) show the median size density
over two period of time (9:00-11:00 and 11:00-14:00) for the different methods.

below 10 nm, we can see from the median size-distributions (Fig. 8e and f) that the combining instrument inversions give estimates
balancing all available information (also the not individually shown particle counters), whereas the single instrument approaches can
have significant offsets from each other. For that reason, the combining approaches can reveal that cluster formation and early growth
mainly happens before 11 a.m. (Fig. 8b-d compared to Fig. 8a). After a slight disruption of the air masses and hence the
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Fig. 9. Inversion results for a data set from the SMEAR III station in Helsinki, Finland (June 12th’ 2019). (a) Shows the non-negative least-square
inversion results which is routinely used for monitoring the size-distribution at SMEAR III. (b) Shows the inversion results using Tikhonov regu-
larization using a Gaussian likelihood, which was identified to be the most reliable combining instrument inversion procedure for datasets including
both mobility spectrometers and total concentration measurements.
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size-distribution at around 11 a.m., the afternoon shows a growing nucleation mode without further particle formation. Apart from
these common features, there are some distinct differences in the resolved sub-10 nm dynamics. The regularization using a Poisson
likelihood indicates a strong presence of sub-3 nm clusters in the morning and evening time and generally slightly higher sub-10 nm
concentrations. This is a direct result of the larger error assigned to the particle counters in regularization using a Gaussian likelihood
and the FIKS. The Poisson error model might put too much emphasis on the high counted numbers in CPCs, where the actual variations
might be higher. Compared to that, the FIKS clearly yields the smoothest results and might be better in removing noise from the data
due to its inherent time correlation by the random walk evolution model. However, as can be seen from the median size-distributions,
the FIKS result can deviate significantly from the simpler point-by-point and non-negative least-square inversions of the mobility
spectrometers, showing some features in the size-distribution which are also not present in the regularization approaches. Moreover,
the FIKS is sensitive to a good estimate for the covariance F’;, , which is very challenging and might vary from case to case.

The second dataset was recorded on the 12 of June 2019 at the SMEAR III station in Helsinki, Finland, representative for an urban
setting with faster changing conditions (Mglgaard et al., 2016). The sizing instrumentation included in the inversion consists of a
twin-DMPS similar to the one used in Hyytidla, a HM-DMPS measuring negatively charged particles only with an PSM as detector, a
PSMPS from Grimm Aerosol GmbH and a CPC battery from Airmodus Ltd., including a PSM in scanning mode (where we used four
different saturator flows and their corresponding count rates and calibrations) and three Airmodus Ltd. CPCs tuned to have nominal
cutoffs of 5, 10 and 23 nm, together with the routinely operated TSI Inc. CPC Model 3025A. Different to Hyytiala, no clear new particle
formation event with a growing mode is recorded during the day when looking at the standard non-negative least-square recon-
struction (Fig. 9a), even if some elevated sub-10 nm concentrations are measured. However, using the most robust combining in-
strument inversion, classical Tikhonov regularization, we can reveals some dynamics in the sub-10 nm range during the entire day and
especially clearly identify a sub-10 nm burst between 9 a.m. and noon (Fig. 9b). Compared to the routinely used non-negative
least-square inversion, where no signal is reconstructed at the smallest sizes between 9 and 12 a.m., the regularization using a
Gaussian likelihood clearly identifies this as new particle formation, evolving from the very smallest sizes. This demonstrates that
combining instruments in the same inversion can actually improve our understanding of NPF and its occurrence.

4. Conclusions

We implemented and tested six different inversion algorithms, which can be used to combine the information of several instruments
during the inversion procedure. The popular non-linear iterative regression developed by Twomey (1975) and Markowski (1987)
resulted in very oscillatory solutions the more instruments were added to the inversion. The nullspace optimization from Fiebig et al.
(2005), was intentionally designed to combine the information of several instruments, but was found to achieve only acceptable results
for sub-10 nm aerosol data within a new, modified version, when instrument information overlaps significantly. Moreover, it could not
achieve satisfactory results for more complex datasets spanning several orders of magnitude in particle size. Tikhonov regularization is
a widely used approach for solving ill-posed inverse problems. It has already been used for solving aerosol size-distribution inversion
problems (Crump & Seinfeld, 1981; Lloyd et al., 1997; Wolfenbarger & Seinfeld, 1990). We demonstrated that it is a well-suited
approach for inverting chamber and ambient aerosol data from multiple instruments. However, the underlying error assumption is
purely Gaussian, which might not hold for the small expected number of counts from mobility spectrometers in the sub-10 nm range.
We therefore developed a version of Tikhonov regularization using a Poisson likelihood, which could resolve in full detail a typical new
particle formation event in Hyytiala, which was recorded by four mobility spectrometers and three CPCs simultaneously. Last, we also
deployed a recently developed Kalman smoothing algorithm (Ozon, Seppanen, et al., 2021, Ozon, Stolzenburg, et al., 2021), which was
adjusted for the inversion of aerosol size-distribution data from ambient measurements. It also achieved remarkably good results for
the simulated data sets, while giving very smooth solutions for the real ambient data when compared to the regularization approaches.

Overall, we demonstrated that combining instruments during the inversion can resolve sub-10 nm aerosol dynamics on a level
which is not possible with single instruments only. With a dataset from Helsinki, Finland, we could even show that new particle
formation events can be identified more clearly if several instruments are combined into one inversion. The regularization approaches
and the Kalman smoothing are promising approaches to increase our understanding of aerosol dynamics by using multiple in-
struments. We recommend the usage of Tikhonov regularization using a Gaussian likelihood (Section 2.4) for datasets including
particle counters and mobility spectrometers. The regularization using a Poisson likelihood (Section 2.4.1) might be powerful in the-
sub 10 nm range when only mobility spectrometer data are available, where the low count rates are better treated within the Poisson
framework. However, other sources of uncertainty in the measurement are neglected in this approach and our test datasets but could
be much more important when inverting real data. We found for example that the variations of total concentration measurements
during the necessary averaging interval can be much higher than expected from Poisson statistics, leading to an overestimation of their
information within a pure Poisson approach. Compared to the regularization methods, Kalman smoothing (Section 2.5) can provide
less noisy results, and incorporates more complex measurement model uncertainties but is at the same time more sensitive to these
underlying assumptions and could be misleading if used without great care. However, this can also turn into an advantage, as a more
sophisticated error treatment could reduce systematic biases from individual (e.g. mis-calibrated) instruments, as it is easy to
implement a measurement operator uncertainty.

Further improvement is foreseen: The Poisson algorithm could be speeded up by using a different solver or a faster programming
language. The regularization approaches could also be improved using 2-dimensional inversion enabling correlation of the size dis-
tribution in time (Buckley, Kimoto, Lee, Fukushima, & Hogan, 2017; Sipkens, Olfert, & Rogak, 2020b), but possibly increasing the
computational costs heavily. That way, both the regularization and FIKS provide a mathematically constrained measure of smoothness
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in time and size, which should be superior to the proposed post-processing smoothing as suggested by Kulmala et al. (2012). The
Kalman smoothing could be updated in order to include the different measurement times of scanning instruments, which then should
yield better estimates for fast changing aerosols, as demonstrated in Voutilainen and Kaipio (2001). Last, it would be beneficial if also
other instruments could be included in the inversions. For example the neutral cluster and air ion spectrometer (NAIS; Manninen et al.,
2009) is frequently used to monitor new particle formation. Due to large uncertainties in the kernel functions of the particle mode we
refrained from including it into the inversions, but future work could resolve this. In general, good calibrations and uncertainty es-
timates of these are essential prerequisites for combining instrument inversions and the systematic error treatment of the Poisson and
Gaussian approaches should be further developed in the future.

Ultimately, the demonstrated improvement in inversion of sub-10 nm particle size distributions could then lead to the wide
application of more sophisticated analysis tools (e.g. Pichelstorfer et al., 2018). This will resolve the dynamics in the sub-10 nm range
on an unprecedented level, increasing our understanding of new aerosol survival during atmospheric new particle formation. An
important prerequisite for this would be the wide deployment of comprehensive instrument arrays in the sub-10 nm range in ambient
studies, which besides the standard DMPS systems, also includes at least one mobility spectrometer optimized for sub-10 nm detection
and supporting CPCs, especially PSMs or others for sub-3 nm detection. Our results clearly show that denser instrument information
always benefits the inversion results and hence the deployment of more well-characterized instruments in this crucial size-range is
generally recommended.
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