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S1 Parameterization approach

The observed INP concentrations were obtained by two instruments, with measurements at T =−30 °C using HINC and from
T =−22 to −5 °C using DRINCZ. Consider a data set with n observations and p variables (i.e., different measured tem-
peratures). The relationship between Y ∈ Rn×p (i.e., INP concentrations in logarithmic scale) and X ∈ Rn×p (i.e., measured
temperatures) can be fit with a linear regression with slope vector β, including the errors of the observations ϵ:5

Y =Xβ+ ϵ, (S1)

The linear regression with ordinary least squares (OLS) assumes constant variance in the errors (i.e., homoscedasticity).
By applying OLS linear regression, however, as seen in Fig. S1 in the residual plot, heteroscedastic INP concentrations over
each measured temperature are observed, which motivates the use of weighted least squares (WLS, see e.g. Strutz (2010))
linear regression to scale the median log-normal fit of INP concentrations at different temperatures. In WLS, the error term ϵ10
is assumed to be normally distributed with the mean value of 0 and non-uniform variance-covariance matrix E:

E =


σ2
1 0 · · · 0
0 σ2

2 · · · 0
...

...
. . .

...
0 0 · · · σ2

n

 (S2)

We take the heteroscedasticity into account by dividing each observation by assigning extra non-negative weights wi. Let
the matrix W be a diagonal matrix containing these weights:15

W =


w1 0 · · · 0
0 w2 · · · 0
...

...
. . .

...
0 0 · · · wn

 (S3)

The weighted least squares estimate is then:

β̂WLS = argmin
β

n∑
i=1

ϵ2i = (XTWX)−1(XTWY ), (S4)

To minimize the effect of uneven distribution of the observed data set, the weight size in the weighing matrix W needs to20
be properly determined. In WLS, a typical weighing factor is to scale the standard deviation of the error ϵi (i.e., wi = 1/σi).
However, the strength and other factors depending on the intrinsic properties of the data could play a role when determining
weighing sizes. As a result, to develop a linear regression within our observed INP concentrations in the exponential area
and temperatures, we selected three different weighing matrices W , i.e., WLS_Wσ , WLS_Wobs and WLS_Wσ2 , representing
weighing factor of 1/σi, number of observations at each measured temperature, and 1/σ2

i , respectively. In Table S2, we25
compared the fitting parameters generated by applying different linear regression methods to the observation data set. The
highest r2 and the lowest RMSE and MAPE values were obtained for the WLS method when weighing the uneven distribution
by the number of observations at each measured temperature. Therefore, the number of observations at each temperature was
chosen as the weighing factor in WLS for developing the parameterization for INP concentrations. The authors suggest using
the weighted least square method for future field studies when intercomparing the measurements from diverse instruments and30
measuring conditions to reduce the systematic bias.
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S2 Time series for particle number concentration larger than 0.5 µm

Figure S2 shows the aerosol number concentration for particles with physical diameter larger than 0.5 µm as function of the
sample number. Each measurement lasted for three minutes for a total of 20828 and 18966 samples, from October 5–November
18, 2019, for the autumn campaign and from March 15–April 24, 2020, for the spring campaign, respectively. Observed median35
concentrations were 0.43 std cm−3 and 2.51 std cm−3 during the autumn and spring campaign, respectively.

S3 Overview of background and sample frozen fractions

Raw frozen fractions of all INP samples and background blanks from both seasons are presented in Figure S3. The determined
background will, however, not capture accumulating contamination in the water used during sampling. INP concentrations
were calculated as described in Section 2.1.1.40

S4 INP concentration related to other aerosol properties

Biological particles are found to be one of the more prominent contributors to INP concentrations at warmer temperatures (T >
−15°C) (Kanji et al., 2017 and references therein). During the campaign in autumn, the concentration of fluorescent particles
indicative of biological particles was measured in addition to the size of the ambient aerosol. Generally, a weak correlation was
observed between INP concentration and concentration of fluorescent particle concentration (see Spearman’s rank coefficients45
per temperature in Figure S5). Given the increased correlation to the size properties in spring (see Fig. S4), it is conceivable to
expect the relationship between the concentrations of INPs and fluorescent particles also to be stronger during spring.

S5 Log-normal distribution based INP parameterization

A QQ (quantile-quantile) plot provides a statistical solution to verify and visualize the hypothesized distribution (log-normal
distribution in this study) of given random variables. For the variable in this study, i.e., INP concentrations at every measured50
temperature, the integral percentile (1 %, 2 %,..., 100 %) of the observed distribution were computed. They were consequently
plotted against those from a theoretical log-normal distribution (see Fig S6). The closer the scatter points lie in a straight line,
the more identical the type of distribution to the theoretical distribution for selected variables. In Figure S6, the log-normal
distribution is more evident for cold nucleation temperatures, especially when T <−12 °C. Nevertheless, trimmed tails of
the distributions can be identified at higher temperatures (T ≥−12 °C), where INP concentrations are biased towards the55
minimum detectable concentration.
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Table S1. Spearman’s correlation coefficients between INP concentration at different nucleation temperatures to aerosol and ambient pa-
rameters: Total aerosol concentration (ntot), aerosol concentration of particles with diameter larger 0.5, 1.0, and 2.0 µm (n0.5, n1.0, n2.0),
aerosol surface area concentration (S), concentration of fluorescent particles (Fluorescent conc.), ambient ground temperature (Tamb.), virtual
ground temperature (Tv), potential ground temperature (θ), equivalent potential ground temperature (θE), ambient ground relative humidity
(RHamb.), ambient ground pressure (pamb.), ground wind direction (wd), ground wind speed (ws). Coefficients in bold represent a significant
relation (significance level p < 0.05).

Factor −6 °C −8 °C −10 °C −12 °C −14 °C −16 °C −18 °C −20 °C −30 °C

ntot (std cm−3) 0.043 0.113 0.121 0.087 0.101 0.117 0.161 0.124 0.215
n0.5 (std cm−3) 0.049 0.117 0.126 0.093 0.109 0.126 0.167 0.127 0.202
n1.0 (std cm−3) 0.082 0.154 0.168 0.138 0.155 0.167 0.194 0.121 0.213
n2.0 (std cm−3) 0.171 0.265 0.282 0.259 0.272 0.276 0.277 0.173 0.266
S (m2 std cm−3) 0.04 0.128 0.148 0.122 0.13 0.148 0.198 0.175 0.307
Fluorescent conc. (cm−3)∗ 0.355 0.311 0.328 0.321 0.338 0.273 0.28 0.102 0.22
Tamb. (°C) −0.021 −0.059 −0.065 −0.031 −0.05 −0.093 −0.168 −0.289 0.063
Tv (K) −0.025 −0.067 −0.071 −0.047 −0.057 −0.096 −0.179 −0.282 0.063
θ (K) −0.031 −0.057 −0.066 −0.034 −0.049 −0.091 −0.164 −0.292 0.055
θE (K) −0.031 −0.065 −0.071 −0.042 −0.054 −0.095 −0.172 −0.294 0.053
RHamb. (%) 0.005 −0.031 −0.03 −0.057 −0.017 −0.024 −0.091 −0.096 −0.137
pamb. (hPa) 0.121 0.061 0.091 0.105 0.061 0.062 0.007 0.042 0.172
wd (°) 0.044 0.014 0.016 −0.028 −0.031 0.012 −0.043 −0.005 0.094
ws (m/s) 0.245 0.367 0.37 0.366 0.413 0.433 0.353 0.204 0.118

∗ Note that the fluorescent particle concentration was only available for the autumn data and hence the presented correlation coefficients are restricted to autumn.
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Table S2. List of parameters used for linear model fit evaluation. WLS_Wσ , WLS_Wobs and WLS_Wσ2 represent different weighing factors
of the WLS linear regression model, i.e., standard deviation, number of observations at each measured temperature, and variance at each
measured temperature, respectively. RMSE and MAPE symbolize the lowest root-mean-square error and mean absolute percentage error,
respectively. The highlighted WLS method was selected to develop the INP parameterization in this study.

Fitting method r2 RMSE MAPE (%)

OLS 0.9774 6.5708 2.2249
WLS_Wσ 0.9743 6.5791 2.3112
WLS_Wobs 0.9778 6.5408 2.0302
WLS_Wσ2 0.9721 6.5899 2.4352
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Figure S1. Left: residual distribution along the predicted values (logarithmically transformed INP concentrations). The predicted values are
the power of base e. Right: residual distribution according to the index of observations.
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Figure S2. Time series of particle larger than 0.5 µm physical diameter number concentration for the autumn (violet, upper panel) and spring
(green, lower panel) campaign. Median concentrations for each season are indicated by the dashed horizontal lines.

7



25 20 15 10 5 0
Temperature / °C

0.0

0.2

0.4

0.6

0.8

1.0

Fr
oz

en
 fr

ac
tio

n

Background autumn
Background fit autumn
Background spring
Background fit spring
Aerosol samples

Figure S3. Overview of frozen fractions as a function of temperature obtained with DRINCZ (David et al., 2019) of background samples
(blue [autumn] and green [spring]) and INP samples (orange).
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N
N

Figure S4. Observed INP concentration at selected temperatures as a function of the particle surface concentration S during sampling in
the autumn (violet) and spring (green) campaign. The Spearman’s rank coefficient (ρ) and p value are given for each plot. Predicted INP
concentration by Niemand et al. (2012) (N12) and McCluskey et al. (2018) (M18) are presented solid black and gray, respectively. Predictions
of the N12 parameterization outside of the applicable temperature range (T = -10 °C) are indicated in dashed lines.
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N
N

Figure S5. Observed INP concentration at selected temperatures as a function of the fluorescent particle concentration present during sam-
pling for the autumn (violet) campaign. The Spearman’s rank coefficient (ρ) and p value are given for each plot. Predicted INP concentration
by Tobo et al. (2013) (T13) is presented with the solid black line.
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Figure S6. QQ plot (quantile-quantile plot) for INP concentrations measured at different temperatures. The value on both axes represents the
exponential power to the base of e. The red solid lines are theoretical references according to the log-normal distribution.

11



N

N

Figure S7. Predicted INP concentrations from the proposed fit (Equation 3) compared to observations from previous Arctic field campaigns
per measuring platform (i.e., ground-based, ship-borne and air-borne). The values in the parenthesis represent the percentages of predicted
data falling within the 95 % confidence intervals.
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