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Abstract.

Ice nucleating particles (INPs) initiate primary ice formation in Arctic mixed-phase clouds (MPCs), altering cloud radiative
properties and modulating precipitation. For atmospheric INPs, the complexity of their spatiotemporal variations, heteroge-
neous sources and evolution via intricate atmospheric interactions challenge the understanding of their impact on microphysical
processes in Arctic MPCs and induce an uncertain representation in climate models. In this work, we performed a comprehen-
sive analysis of atmospheric aerosols at the Arctic coastal site in Ny-Alesund (Svalbard, Norway) from October to November
2019, including their ice nucleation ability, physicochemical properties and potential sources. Overall, INP concentrations
(Ninp) during the observation season were approximately up to three orders of magnitude lower compared to the global av-
erage, with several samples showing degradation of Nnp after heat treatment, implying the presence of proteinaceous INPs.
Particle fluorescence was substantially associated with INP concentrations at warmer ice nucleation temperatures, indicating
that in the far-reaching Arctic, aerosols of biogenic origin throughout the snow- and ice-free season may serve as important
INP sources. In addition, case studies revealed the links between elevated Nnp to heat-lability, fluorescence, high wind speeds
originating from the ocean, augmented concentration of coarse-mode particles and abundant organics. Backward trajectory
analysis demonstrated a potential connection between high-latitude dust sources and high INP concentrations, while prolonged
air mass history over the ice pack was identified for most scant INP cases. The combination of the above analyses demonstrates
the abundance, physicochemical properties and potential sources of INPs in the Arctic are highly variable despite its remote

location.
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1 Introduction

Arctic regions are extremely sensitive to climate change. Over the past few decades, it has been reported that the anthropogenic
warming in the Arctic is two to three times faster than the global average (Forster et al., 2021; Wendisch et al., 2019; Serreze
and Barry, 2011), a phenomenon commonly known as Arctic amplification. Satellite observations have revealed a consider-
able retreat of Arctic sea ice extent in all seasons (Stroeve et al., 2012; Serreze et al., 2007), which is identified as one of the
principal drivers of Arctic amplification given the positive surface-albedo feedback (Screen and Simmonds, 2010; Hall, 2004).
Modeling studies (Pithan and Mauritsen, 2014; Graversen and Wang, 2009; Hall, 2004) have also verified Arctic amplifica-
tion in the absence of surface-albedo feedback. Additionally, other feedbacks are also suggested as important contributors to
Arctic amplification, including atmospheric and oceanic heat transport from the mid-latitudes (Spielhagen et al., 2011), the
greenhouse effect of additional water vapor (Graversen and Wang, 2009), lapse-rate associated with the vertical structure of
warming (Bintanja et al., 2012) and cloud feedbacks (Korolev et al., 2017; Vavrus, 2004; Intrieri et al., 2002). Cloud feed-
backs are nontrivial to Arctic amplification given the ubiquity of clouds and their potential to affect the radiative balance at
both the surface and the top of the atmosphere. However, accurate quantification and prediction of cloud-induced feedbacks to
climate change remain challenging due to the rudimentary understanding of aerosol-cloud interactions and inadequate model
representations (Forster et al., 2021; Schmale et al., 2021; Murray et al., 2021), particularly in the remote Arctic.

Low-level mixed-phase clouds (MPCs), composed of a mixture of ice and supercooled liquid water, play a critical role in
the energy budget given their spatiotemporal prevalence in the Arctic (Forster et al., 2021; Korolev et al., 2017; Morrison
et al., 2012). The phase partitioning of hydrometeors within the MPCs is an essential microphysical process that intrinsically
drives the cloud feedback because more liquid water and fewer ice crystals (i.e., the trend in the warming future) are associated
with increased cloud albedo and diminished downwelling short-wave radiation, leading to a negative cloud-phase feedback
to climate change (Lohmann and Neubauer, 2018; Storelvmo, 2017). In MPCs, where the temperature is higher than the
onset of homogeneous freezing at approximately -38 °C for cloud droplet relevant sizes, primary ice formation can only be
triggered with the aid of a small subset of aerosol particles termed ice nucleating particles (INPs, e.g., Kanji et al., 2017;
Vali et al., 2015). Immersion freezing, a heterogeneous freezing process where INPs become immersed in a dilute aqueous
solution through the activation of cloud droplets followed by catalyzing freezing from within (Vali et al., 2015), is considered
the most important freezing mode in the MPCs (Kanji et al., 2017; Hande and Hoose, 2017; Westbrook and Illingworth, 2013)
and will be the focus of this study. Frequently, secondary ice production increases ice crystal concentrations to several orders
of magnitude higher than the INP concentration (Korolev et al., 2020), but also cases with ice crystal number concentrations
limited by the available INPs were observed in the Arctic (Pasquier et al., 2022b). Despite the extraordinary paucity of INPs in
the troposphere and that at -15 °C, approximately 1 in 10° to 10° aerosol particles can act as an INP (e.g., Kanji et al., 2017;
Petters and Wright, 2015), their type, abundance and variability can indirectly affect the climate by altering the microphysical
and radiative properties of MPCs (e.g., DeMott et al., 2010; Lohmann, 2002). For instance, cloud-resolving modeling studies
revealed that the liquid and ice water path (Eirund et al., 2019), atmospheric stability (Jiang et al., 2000; Harrington et al., 1999)

and precipitation (Harrington and Olsson, 2001) in the Arctic MPCs respond sensitively to INP perturbations in abundance and
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ef ciency, and the responses were dominant over altering the cloud condensation nuclei (CCN) concentrations (Solomon
et al., 2018). In addition, the slope of INP concentration versus ice nucleation temperature (i.e., INP ef ciency) can in uence
the development and radiative forcing of convective clouds (Hawker et al., 2021), and with relatively low abundance in the
Arctic, enhanced Arctic ampli cation was simulated given larger and fewer ice particles in MPCs (Tan and Storelvmo, 2019).
Moreover, modeling studies (Hines et al., 2021; Vignon et al., 2021; Vergara-Temprado et al., 2018) produced more realistic
cloud phase separations with an adjusted microphysics scheme that better represented heterogeneous nucleation process
Therefore, further constraints on the role of INPs and robust representations in the cloud microphysics parameterizations in
climate models are of vital importance to accurately capture the cloud feedback related to Arctic ampli cation.

A variety of aerosols of both terrestrial and marine origin in the Arctic can act as INPs in the MPC temperature regime.
Mineral dust particles can typically act as INPs at temperatures below approximately -15 °C (Kanji et al., 2017; Hoose and
Mohler, 2012; Murray et al., 2012). In the Arctic, mineral dust emitted from high latitudes, e.g., from the glacial outwash
plains in Svalbard (Tobo et al., 2019), from deserts in Iceland (Sanchez-Marroquin et al., 2020), or dust originating from
long-range transport (Vergara-Temprado et al., 2017) are signi cant terrestrial sources of INPs. In contrast, biological INPs
favor heterogeneous ice nucleation at relatively warmer temperatures above approximately -15 °C (Murray et al., 2012). Their
sources in the Arctic can stem from land, e.g., vegetation (Conen et al., 2016), runoff from watersheds (Tobo et al., 2019)
and thawing permafrost (Barry et al., 2023; Creamean et al., 2020) or from the ocean, e.g., sea spray aerosols (SSA) (Irish
et al., 2017; DeMott et al., 2016; Wilson et al., 2015), phytoplankton (Ickes et al., 2020; Hartmann et al., 2020; Creamean
et al., 2019) and bacterial productivity (Santl Temkiv et al., 2019). In addition to the INP sources originating from the vicinity
of the measurement sites in the local Arctic, the remote effect of INP emissions from mid- to low-latitudes and long-range
transport cannot be neglected (Schmale et al., 2021). In deterministic INP parameterizations, the magnitude of the cloud-
phase-related feedback relies on the ef ciencies of INPs due to their dependency on nucleation temperatures for different INP
species (Murray et al., 2021; Hawker et al., 2021).

In this study, we aim to improve our understanding of the abundance, variability, sources, physicochemical properties and
impacting factors of INPs in the Arctic based on eld measurement data. We introduce the campaign information, experimental
setup and different INP instrumentation in Section 2. An overview of ambient INP measurements and characterization is
presented and discussed in Sections 3.1 and 3.2, respectively, and several special case studies are demonstrated in Section :
Section 4 highlights the conclusions from this study and suggests potential implications for the changing climate.

2 Methods

2.1 Measurement location and experimental setup

The measurement campaign of ambient INP and aerosol properties was a part of the Ny-Alesund AeroSol Cloud ExperimeNT
(NASCENT) campaign (Pasquier et al., 2022a) from October to November 2019 at Ny-Alesund (78.9 °N, 11.9 °E). Ny-Alesund
is located on the western coast of the Svalbard Archipelago (Fig. 1 a). Ambient INP and aerosol measurements were conductec
at two locations; in an aerosol container (78.923 °N, 11.921 °E) and at Gruvebadet observatory station (GVB, 78.918 °N,






