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ABSTRACT

INVESTIGATING THE POTENTIAL OF MELTWATER AS A LOCAL SOURCE OF

ICE NUCLEATING PARTICLES IN THE CENTRAL ARCTIC SUMMER

Due to climate change, the Arctic has crossed a threshold into positive feedbacks between

sea-ice loss and increased absorption of solar radiation, causing warming up to four times

the global average. Parameterizing the Arctic radiation budget to predict the new steady-

state is paramount for guiding policies impacting future global socioeconomics and Arctic

livelihoods. Arctic mixed-phase clouds (AMPCs) are a pillar in the feedback systems by

modulating the surface energy budget, depending on the partitioning of cloudwater between

ice and liquid phases that is sensitive to the concentration of ice nucleating particles (INPs)

in the atmosphere. However, current observational gaps of central Arctic INP concentrations

and sources may contribute to current challenges in resolving the controls on Arctic cloud

ice content. The year-long expedition aboard the RV Polarstern from 2019 - 2020, entitled

The Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAiC), was

a highly coordinated interdisciplinary effort that provided a unique opportunity to observe

INPs in the central Arctic. The Arctic summer is a unique period characterized by pristine

aerosol conditions, in which emissions from local sources have an increased influence, poten-

tially impacting the ubiquitous low-lying AMPCs. Thus, the summer is an ideal season for

exploration of the potential importance of INPs from local sources, such as melt ponds.

In this study, we used the Colorado State University (CSU) Ice Spectrometer and chemical

treatments to determine the INP concentration and inferred composition in source samples

of bulk sea water and meltwater from ponds and leads over the month of July. In addition,

ambient aerosol filters were deployed both on the ship and on the ice, downwind of these

meltwater features. We found that the concentration of INPs in meltwater was 10 times
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higher than in the mixed layer of the ocean, a surprising result since previous studies did not

see a difference in the two source samples. The INPs in meltwater were capable of freezing at

temperatures (T) ≥ −10 °C and were predominantly biological, based on our heating assay.

Biological INPs capable of freezing at T ≥ −10 °C were present in 80 % of the on-ice aerosol

samples. The alignment of slopes of the cumulative INP spectra between the meltwater and

aerosol filter samples at T ≥ −15 °C suggested an influence from meltwater on the aerosol

INPs at those temperatures. Similarities between aerosol INP sampled on the ice and on-

board Polarstern suggested that the on-ice INP concentrations were likely influenced by a

regional meltwater source signature, rather than being measurably impacted by a singular

upwind pond. A relationship was observed between wind speed, supermicron particle counts,

and on-ice aerosol INP populations active at warm (−15 °C) and cold (−25 °C) tempera-

tures. A distinct on-ice aerosol sample containing no INPs active at T ≥ −15 °C was found

to be influenced by southerly air over the ice-free ocean, emphasizing the potential impact

meltwater may have as a unique source of warm temperature INPs in the central Arctic.

These findings suggest that summertime central Arctic biological INP concentrations may

increase if, as predicted, a spatio-temporal expansion of the melt season occurs in the near

future. This increased INP concentration from local sources could impact central Arctic

cloud microphysics, and thus their impact on the surface energy budget.
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Chapter 1

Introduction

1.1 Climate change and INPs in the Arctic

1.1.1 Arctic amplification

The Arctic has entered a phase of rapid transformation1 due to climate change, with the

region warming up to four times faster than the global average.2 This accelerated warm-

ing, driven by positive feedback loops between sea-ice and glacier loss and increased solar

absorption,3,4,5 underscores the importance of resolving its radiation budget for realistic

projections of regional and global climate. Currently, the largest source of uncertainty in

projections of global temperature change stems from aerosol-cloud interactions,6 processes

which are particularly complex in the Arctic. Arctic mixed-phase clouds (AMPCs), which

contain both liquid and ice phases, are especially influential on the surface radiation bud-

get.7,8,9,10 The partitioning of liquid and ice in these clouds modulates the radiation reaching

the surface,7,8,9,10,11 impacts cloud lifetime,12,13,14 and is highly sensitive to the atmospheric

concentration of ice nucleating particles (INPs),12,13,14,15,16 which initiate freezing in super-

cooled droplets. Filling gaps in observations of INPs in the central Arctic17 is needed for

achieving greater certainty in determining cloud ice content for modeling the amount of ra-

diation that reaches the surface,18 values which can ultimately impact the extent of sea ice

melt, melt onset, and seasonal sea ice minima.19,20,21,22

1.1.2 Possible climate-driven changes to terrestrial and marine

INPs in the high-latitudes

As the Arctic undergoes rapid terrestrial and oceanic changes as a result of global warm-

ing, local sources of cloud-active aerosols, including INPs, are also evolving. Arctic and

sub-Arctic regions are experiencing intensified wildfire seasons,23,24 thawing permafrost, and
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glacial retreat, each contributing new potential sources of INPs. Emissions from biomass

burning, including wildfire smoke, have been linked to INP production25,26,27 and even influ-

enced cloud formation.28 Additionally, thawing permafrost and glacial retreat are exposing

previously trapped biological and mineral particles that may also serve as INPs.29,30,31 In

terms of the Arctic Ocean, a major consequence of Arctic amplification is the dramatic,

seasonal decline in sea ice.32 Thicker, brighter33 multi-year ice is rapidly34 being replaced

by thinner, first year ice,35,36 driving changes in the surface energy balance, dynamically-

driven37,38 local biological processes,39,40,41 and the interface between the ocean and atmo-

sphere,42,43 which may affect sea spray aerosol44,45 and biogenic emissions.46,47,48,49

1.1.3 Seasonally driven INP observations

The influences of terrestrial sources on high-Arctic INPs have a strong seasonal depen-

dence, driven by large-scale atmospheric patterns. Influences from lower latitudes on Arctic

aerosol is due to wintertime “Arctic Haze,”50,51 which typically contains low concentrations

of INPs that are not as effective at freezing at warmer temperatures.52,53 In the summer,

warmer surface temperatures lead to instability and convection within the air masses en

route to the central Arctic, providing more efficient removal processes for transported par-

ticles (i.e., from precipitation during transport).50,54,55 Conditions for horizontal advection

of particles from lower-latitude sources are less favorable in the summer due to the shrink-

ing of the polar dome, lending prominence to natural aerosols from regional sources.50 This

pattern was observed by Creamean et al., (2022)56 in which the general sources and compo-

sition were found to be long-range terrestrial and inorganic in the winter and local marine

and biogenic during the summer. Local marine sources of INPs have been attributed to the

open ocean57,58,59 or leads within the pack-ice,60 however, specific sources of high Arctic local

INPs are still unknown. Other studies have reported enhanced levels of warm-temperature

(active at T ≥ −15 °C) INPs during summer months at terrestrial61,62,63 and near-coast,

ship-based59 sites in the Arctic that could be attributed to biogenic or fungal species from
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coastal waters or land. However, the observed increase in biological INPs and the correla-

tion with melt pond fraction reported in Creamean et al. (2022) and Barry et al. (2024)64

suggest that melt-related processes within the pack ice, such as the formation of melt ponds

and the resulting meltwater layer on the sea ice and open ocean, may be a potential source

of INPs.

1.1.4 The melt water interface

Melt water is a low-salinity, liquid interface between the sea-ice and atmosphere comprised

of melted snow and sea ice that is unique to the Arctic summer. This liquid interface between

the sea ice and atmosphere could act as a potential conduit for bioaerosols associated with

organisms habitating in the sea ice,65 snow,66 and unique meltwater environments42,67 whose

cold-adapted, proteinaceous68,69 or organic material70 may act as effective INPs. Emission

mechanisms from shallow melt ponds have not been identified in part due to a lack of

observations. It is so far assumed that generation of aerosol from a liquid surface involves

bubbles, in which surface-active,71 biogenic,72 and scavenged73 material from the water is

ejected into the air upon bubble bursting. Wind-independent bubble generation has been

suggested for low-fetch surfaces in low-wind conditions74 including melting snow-flakes on the

surface75 or the release of trapped air bubbles within the ice as it melts.76,77 Additionally,

ripples generated by wind or movement of the sea ice on the melt pond surface may be

capable of releasing aerosol via bubble-bursting in which a high supersaturation of dissolved

gasses within the meltwater could increase the efficiency of aerosolization.78 The ephemeral

quality of this interface may diminish as the duration of melt season increases79 and trends

northward,80 causing the area of open water and leads covered by a layer of meltwater42 to

expand. As this expands, it could change the capacity for INPs from meltwater to become

airborne. In addition, higher fetch over meltwater surfaces will increase the relevance of wind-

driven processes of aerosol generation. Enhanced storminess in the summer81 may also induce

more vertical mixing37 of the stratified melt and upper ocean layers, creating a combined
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INP population within the mixed layer of the Arctic Ocean, influenced by meltwater. The

frequent occurrence of AMPCs with low-altitude bases and significant ice content,56,82,83 and

atmospheric patterns favoring local sources of aerosol during the summer, emphasizes the

need to characterize the potential emissions of INPs from this source during this period.

1.2 The MOSAiC field campaign

The year-long Multidisciplinary drifting Observatory for the Study of Arctic Climate

2019-2020 expedition (MOSAiC) aboard the icebreaking German research vessel (RV) Po-

larstern 84 intended to address gaps in knowledge related to the representation of Arctic

coupled systems in models in the context of a rapidly changing climate. The Polarstern

embarked from the Norwegian coast in September 2019 to north of the Laptev Sea where

it moored into an ice floe and traveled passively from October 2019 - August 2020 via the

transpolar drift, which transports surface waters and sea ice from the Laptev Sea and the

East Siberian Sea towards the Fram Strait. Upon break-up of the original floe, Polarstern

transited back north into the pack ice August - September 2020 to close out the annual cycle

within the ice.85 The journey was separated into five legs from October 2019 to September

2020 (Figure 2.1) with two periods of transit in between. The interdisciplinary scientific

aims of MOSAiC required a sampling program involving teams focused on the atmosphere,

physical oceanography, sea ice and snow, ecology, and biogeochemical measurements. Hun-

dreds of researchers from across 20 nations were involved in the effort,86 which resulted in a

suite of co-located observational platforms and an abundance of data that primed the way

for cross-disciplinary investigations, such as this one. Details on the expedition and Central

Observatory (CO) surrounding Polarstern are described by Shupe et al. (2022),87 Nicolaus

et al. (2022),88 Rabe et al. (2022),89 and Fong et al. (2024).90 In this study, we investigated

the potential of melt ponds as local sources of INPs in the high Arctic, focused on samples

collected in July 2020 of the MOSAiC campaign.
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1.3 Science aims and questions

The questions addressed in this study were embedded within the broader questions posed

by the atmospheric science team of MOSAiC.87 To summarize, how are sea ice processes cou-

pled to atmospheric, oceanic, and ecosystem processes? And what are the processes that

regulate Arctic cloud dynamics and their interactions with aerosols, boundary layer struc-

ture, and atmospheric fluxes? We aim to better understand how sea ice melt is coupled

with the atmosphere via INPs and the implications for cloud properties. Collected sam-

ples and subsequent analyses contribute to a dataset of central Arctic INP observations to

achieve realistic constraints for models simulating Arctic cloud phase,18,87 such as a potential

relationship between ponded sea ice surface area and source flux of INPs. Novel parameter-

izations91 of INP concentration have improved simulated cloud-ice but fail to capture rare,

warm temperature INPs, especially in a unique environment like in the high Arctic. We hope

to narrow the uncertainties associated with Arctic aerosol-cloud interactions by addressing

the following questions:

• Meltwater: What are the INP concentrations and compositions in central Arctic melt-

water samples from July 2020 and how do those concentrations compare with other

sources such as sea water, snow, and ice cores? What can be said about the relative

importance of meltwater as a local source of INPs in the central Arctic?

• Air: What are the concentrations and compositions of airborne INPs collected on filters

deployed near the surface, downwind of the meltwater sampling locations, and how do

the concentrations compare with INPs collected using higher volume filter samplers

located on the Polarstern during the same period?

• Coupling: How do the INP temperature spectra in meltwater sources and near-surface

aerosol filters compare to each other, and what can be determined from local meteorol-

ogy regarding conditions that are favorable for a local influence of meltwater sources

on airborne INPs?

5



Chapter 2

Methods

2.1 MOSAiC expedition details and sampling platforms

Figure 2.1: (Left) Polarstern drift track during the MOSAiC 2019-2020 expedition. Bold points
mark passive drift: October 4-December 13 (Leg 1); December 13-February 24 (Leg 2); February
24-May 16 (Leg 3); June 19-July 31 (Leg 4); and August 21-September 20 (Leg 5). (Right) Leg 4
zoom-in marking the Lagrangian tracks of the ice station locations within the Central Observatory
as the floe drifted. Solid, open, and fish-eye circles signify ice stations where aerosol filter, meltwater,
or both samples were collected, respectively.

Here, we report on discrete samples of aerosols (on-board aerosol filters) and bulk seawa-

ter (BSW) collected on-board Polarstern, and sea ice, snow, and meltwater samples collected

in the CO, as described in detail by Barry et al. (2024) and Creamean et al. (2022), for

offline INP analyses. During Leg 4 (29 June - 28 July 2020), we additionally collected filter

samples of aerosol using a portable aerosol sampling package deployed directly on the ice

in the CO, near open meltwater sources (on-ice aerosol filters). As shown in Figure 2.1,

the on-ice sampling locations within the CO were referred to as Flux Site, James Pond,
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Balloon Town, River District, and Lead, and all were within 1 km from Polarstern (Figure

A.1). The non-aerosol samples were collected to assess INP concentrations in potential local

sources (“source” sample). Supporting real-time aerosol size distributions and number con-

centrations from Polarstern’s P-deck (uppermost deck above the bridge) and meteorological

variables from Met City in the CO were used as context for the INP data. Details on discrete

sample collections and real-time datasets are described in detail in the following sections.

2.2 Discrete sample collection for INP analysis

2.2.1 Aerosol filters collected on the ice

A portable aerosol package (called “C3PO”) was deployed during Leg 4 for on-ice col-

lection of aerosol samples downwind of open meltwater sources (Figure 2.1). The package

included a miniaturized custom-built time-resolved aerosol particle sampler (TRAPS) as

described by Creamean et al. (2018),92 a 12V Brailsford vacuum pump (TD¬4X2N), and

12V automotive battery to power the pump and TRAPS for up to several days. Aerosols

were collected on pre-cleaned filters (PallflexR○ EmfabTM 47 mm borosilicate glass microfiber)

loaded in the TRAPS. These filters were pre-cleaned by soaking in nitric acid (Fisher Chem-

ical, Certified ACS Plus) for 5 days, triple-rinsed with deionized water (DI), and then laid

to dry in a laminar flow cabinet. Each filter from the TRAPS collected air for 26-30 hours,

collecting a range of volumes (341-1077 sL). Due to the pristine air, time-resolved samples

were combined to obtain sufficient aerosol loading for the INP measurements. Details on

each TRAPS sample are provided in Table A.1. A field-blank filter was collected during

a deployment (July 23) in which the vacuum pump malfunctioned, and total filtered air

was 0 sL. After deployments of C3PO, sampled filters were preserved and transported frozen

(≤ −20°C) in sterile petri dishes similar to filters collected on Polarstern (Barry et al., 2024)

prior to INP analysis 36-37 months after the MOSAiC expedition at CSU.
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2.2.2 Aerosol filters collected on Polarstern

Since details on these samples are described by Barry et al. (2024), they are only briefly

reiterated here. The total aerosol filter sampler was mounted on board Polarstern’s P-deck

on top of the U.S. Department of Energy Atmospheric Radiation Measurement (DOE ARM)

AMF2 facility, at a height of 15 m above sea level. Polycarbonate filters (0.2 µm and 10

µm Whatman Nuclepore track-etched hydrophilic membranes for sample and backing filters,

respectively) were collected for the duration of the entire campaign over 72-hour integration

times, averaging total filtered air volumes of 88,800 sL per sample. As such, they represent

a longer-term data record representative of the study region. The polycarbonate filters were

prepared as described by Barry et al. (2024). Sampled filters were stored and transported

frozen (≤ −20 °C) in sterile petri dishes prior to INP analysis at CSU.

2.2.3 Source samples

Details on the general collection of seawater, meltwater, and sea ice and snow are outlined

in Rabe et al. (2022), Shupe et al. (2022), Fong et al (2024), and Nicolaus et al. (2022), and

are briefly summarized below. For the INP samples specifically, both seawater and meltwa-

ter samples were collected manually in triple-rinsed 50 mL centrifuge tubes. The seawater

samples were collected approximately daily from a single tap of Polarstern’s flowthrough

seawater system, which intakes water at 11 m depth. Meltwater samples were collected dur-

ing Leg 4 C3PO deployments upwind of the aerosol sampler (Table A.1), in which water

was sampled by hand from the edge of these open water features. Snow was sampled ap-

proximately weekly combined with snowpit measurements. The snow samples were collected

by pressing a 50 mL centrifuge tube into the side of the pit at a variety of depths (surface,

middle, and near the snow-ice interface) and filled to the top. Both first- and second-year ice

cores were collected approximately weekly using a 9-cm diameter KOVACS Mark II coring

system and sectioned in-field into sterile Whirl-PakTM bags. Adjacent core segments from

the same depths were combined by melting at room temperature, then diluted with filtered
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seawater (FSW) (0.22 µm Millipore Sterivex), and parsed into triple-rinsed 50 mL centrifuge

tubes under red-light only, temperature-controlled conditions aboard Polarstern. The daily

seawater and weekly snowpit and ice core sampling occurred throughout the expedition,

however, the subset of samples discussed herein coincided with the on-ice observation peri-

ods of June and July. All source samples were stored and transported frozen (≤ −20 °C)

prior to INP analysis at CSU.

2.3 Ice nucleation measurements

For the aerosol samples, particles were removed from the on-board and on-ice filters by

adding a volume (8 mL and 6 mL, respectively) of 0.1 µm filtered DI water in a pre-rinsed

50 mL centrifuge tube into which the sample filters were carefully transferred with clean

tweezers. The particles were then incorporated into suspension via rotation for 20 minutes

in a Roto-Torque rotator (Cole Parmer).

Solutions for meltwater, ice core, and snow were prepared by thawing collected samples

at room temperature without further processing. Due to the addition of FSW to the ice core

samples, a representative flowthrough sample (same sample date as ice core) was filtered

with a 0.22 µm Millipore Sterivex pressure filter and tested for INPs. The FSW INPs were

then subtracted from the ice core sample INP concentrations according to the meltwater

factor (Table A.4).

All prepared sample solutions were diluted (11-fold: 400 µL sample and 4000 µL 0.1 µm

filtered DI water) and pipetted out in 50 µL aliquots into PCR trays (Optimum Ultra) using

32 wells for each dilution. For each sample, 32 additional wells were designated for a negative

control of 0.1 µm filtered DI. The PCR trays were then fitted into the notched aluminum

blocks of the CSU Ice Spectrometer (IS) and cooled at 0.33 °C/min while a camera recorded

the number of frozen wells every 18 seconds. The IS configuration and procedure are further

described in Creamean (2024)93 and the references therein. The number of frozen wells was

first converted to concentration of INPs per mL of suspension, then upon accounting for total
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volume of air filtered, converted to INPs per standard liters (sL) air based on Vali (1971).94

Equation 2.1 was used to calculate a conversion factor (0.9868) between air volume measured

by the TRAPS (V ) to air volume at standard temperature and pressure (VSTP , sL). Values

for T and P are median temperature and pressure for July 2020 of MOSAiC reported by

Rinke, et al (2021)95 and TSTP and PSTP are standard temperature and pressure (273.15

K, 1013.25 hPa). 95 % confidence intervals were calculated based on Agresti and Coulli

(1998).96 The INP concentrations presented herein are averages and include the values for

the 95 % confidence interval in parentheses. To correct for the field blank, concentrations of

INPs/mL of solution retrieved from the field blanks were subtracted from the samples across

the temperature spectrum at 0.5 °C resolution before conversion to INPs/sL air.

VSTP

V
=

TSTP

PSTP

P

T
(2.1)

Treatments were applied to aliquots of the 5 meltwater samples and 4 on-ice filter samples

to infer INP composition, as reported in previous studies.97,98,99 Specifically, thermal (95

°C) and chemical (hydrogen peroxide, H2O2) treatments were applied as was done to the

filters collected on Polarstern’s P-deck (Barry et al., 2024). Briefly, aliquots of the sample

solutions were heated for 20 min at 95 °C to destroy heat labile (proteinaceous) material.

The addition of 1 mL 10 % H2O2, followed by 20 min of heating at 95 °C and exposure to

UV-B light to another aliquot of the sample solution removes all organic material by the

digestion of remaining heat stable material. The reduction of INPs between the neat (heated)

and heated (digested) samples are presumed as proteinaceous (organic) sample constituents.

The INP remaining after the peroxide treatment are presumed to be the inorganic (mineral)

constituent. Treatments were also applied to a blank Emfab filter to provide corrections for

the treatment data.
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2.4 Salinity measurements on water samples

Salinity of the meltwater and BSW samples was measured to correct their cumulative

INP spectra for salt freezing point depression. First, the conductivity of the samples was

measured using an EXTECH ExStikII EC400 TDS/Conductivity/Salinity Pen (0 to 199.9

µS/cm, 200 to 1999 µS/cm, 2.00 to 19.99 µS/cm ±2 % full scale accuracy) at 25 °C. Next,

salinity (g/kg) was derived from conductivity using an online calculator employing the 1983

UNESCO algorithm.100 The samples were diluted 5-fold with DI water. The freezing point

depression factor was calculated using the Van’t Hoff relationship (Eq. 2.2). The molality

of each sample (m) was calculated from their salinities with the assumption that the major

ionic composition is NaCl (molecular weight = 58.44 g/mol). The Van’t Hoff factor, i = 2,

and the freezing proportionality constant of water, Kf = 1.86.

∆T = iKfm (2.2)

The cumulative INP spectra for the water samples were corrected by adding the freezing

point depression factor, ∆T , to the observed freezing temperatures.

2.5 Supporting Datasets

2.5.1 Meteorological data

The air temperature and winds presented here were measured 2 m above the sea ice with

a Vaisala PTU300 sensor and Metek uSonic-3 Cage MP sonic anemometer (respectively)

fixed to a 10 m meteorological tower located at Met City within the Central Observatory.101

Both temperature and wind data sets had a time resolution of 1 minute, and were averaged

over the air-filter sampling periods to the nearest hour (Figure A.2). The wind speed

was expressed using a Matplotlib boxplot function (medians; Q1 - Q3; and Q1-1.5(IQR),

Q3+1.5(IQR)).102 The wind direction was expressed through a cyclic color bar representing

the median wind directions utilizing NumPy.103
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2.5.2 Aerosol number concentrations and size distributions

Particle number size distributions (diameters 1.06 to 16.1 µm) were measured continu-

ously by an Aerodynamic Particle Sizer spectrometer (APS, model 3321, TSI Incorporated,

Minnesota, USA) located behind an inlet with upper cutoff size of 40 µm and flow of 10

L/min, located in the Swiss container (near the DOE container) on the D-deck of Po-

larstern. Particle number concentrations were measured with the aforementioned APS and

by a condensation particle counter (CPC) model 3025 from TSI Inc., with minimum de-

tectable particle diameter = 3 nm and time a resolution of 10 s, located behind an inlet

with a flow of 0.3 L/min (odd hours: interstitial, even hours: total aerosol) in the Swiss con-

tainer on the D-deck of Polarstern. Aerosol concentration data from the APS and CPC were

pollution-flagged using a five-step pollution detection algorithm (PDA) described in Beck

et al. (2022).104 The APS data were averaged to 1-minute time intervals and corrections

were applied according to Bergner et al. (2023).105 The CPC total number concentration

data were corrected to address step changes in concentration associated with valve switches

between the interstitial and total air inlet.106 For this study, the quality-controlled and

pollution-filtered aerosol data were averaged over each sample day from 00:00:00 to 23:59:00

UTC.

2.5.3 Air mass trajectory and sea ice concentration data analysis

The relative air mass residence times (seconds) over different surface types were calculated

using FLEXPART simulations107 every 3 hours for a 100 m air tracer species aged 0.25, 1,

7, 10, and 30 days and the Multisensor Analyzed Sea Ice Extent (MASIE) product and ice

concentration from the Advanced Microwave Scanning Radiometer 2 (AMSR2), or MASIE-

AMSR2 (MASAM2) for daily 4 km Sea Ice Concentration (Version 2).108 First, the MASAM2

4 x 4 km cartesian grid data were re-gridded to match the FLEXPART (0.25 x 0.5) geospatial

data using Python’s xESMF: Universal Regridder for Geospatial Data package.109 Then, for

every grid point where (s) was greater than 0, the surface type was determined by the
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following sea-ice concentration (%) thresholds as defined by the Norwegian Polar Institute

(values 1 to 39 not used by MASAM2): open ocean = 0, marginal ice zone = 40-85, pack-

ice = 85-100, and land = 120. The surface types were determined for every grid point

over a domain of (90N, 60S, 60W, -60E) for each 3-hour FLEXPART simulation during

each on-ice filter sample period. For each simulation, the number of grid points per surface

classification was counted, then averaged over the whole day (sample period), and normalized

by daily-averaged total counts to yield relative surface area fractions traversed by the air

mass. Superimposed 3-hour FLEXPART trajectories over sea ice concentrations for each

sample day are shown in Figure A.3.
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Chapter 3

Results and Discussion

3.1 Context from prior studies

Before diving into the specific meteorological, aerosol, and melt variables for on-ice sam-

pling days, we present an overview of these variables during the MOSAiC summer (Leg 4)

as reported from previous work.

3.1.1 Meteorology

Overall, the MOSAiC summer was anomalously warm and wet, driving an extended melt

season.87,95 The 2020 Central Arctic summer experienced temperatures 5 °C above the 1981-

2010 mean temperature.110 Additionally, melt conditions lasted over a month longer than

1979-2019 median.95 The monthly median total column water vapor concentrations in July

and August 2020 had the highest warm anomalies compared to the 1970-2019 medians.95

This high moisture content affected both atmospheric vertical structure and surface melt

conditions. The high occurrence of clouds in the summer has been linked to the erosion of

typically strong surface inversions,111 and it was often observed during the MOSAiC summer

that a stable layer “capped” a well-mixed boundary layer.112 The temperature, wind speed,

and precipitation averages for the month of July 2020 are as follows: the median (min, max)

2 m temperature and 10 m wind speeds were 1 (0, 2.6) °C and 4 (1.5, 9.4) m/s, respectively.95

Figure 3.1 shows the daily-average precipitation rate as measured by the weather detector

on the Met City tower at the Central Observatory in which the average daily precipitation

rate for the month of July was 0.027 mm/hr. July 2 was anomalously high in daily-average

precipitation rate (0.22 mm/hr, σ = 0.46 mm/hr), which was 4.34 standard deviations higher

than the monthly mean and was notably liquid precipitation.113 Rain in the central Arctic is

rare, however it is becoming more common114 and rain-dominated precipitation is projected
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Figure 3.1: Time series (on-ice sample days shown as filled symbols) of daily-averaged values of 2
m temperature (black dash (black circles)), rain-rate as measured by the Met-City PWD (light blue
dash (light blue circles)) and melt pond aerial fraction (blue diamond hollow (filled)). Melt pond
aerial fractions were calculated from the University of Bremen109 within a 1 x 1 degree domain
around Polarstern.

to increase,115,116,117 which has implications for the scavenging of both local and transported

aerosol.

3.1.2 Surface melt

Surface temperature, snowfall, and rainfall drove variability in early season melt pond

(MP) aerial fraction (Webster, 2022).113 The onset of surface melt was May 25118 and by May

28, widespread ponded surfaces were observed via satellite,113,119 driven by southerly air and

thick clouds.118 Later stages of MP formation and drainage during the summer were unevenly

distributed in time113 and may be a function of surface topography and snow distribution on

different ice types.120,121 In addition to forming ponds on the sea ice, meltwater can collect

on every water surface including leads and cracks in the pack ice, open spaces within ice

ridges, and underneath the ice.42 During the Leg 4 Central Observatory (June 29-July 26)

on the main floe, the Polarstern predominantly transected second year ice (SYI), with first

year ice (FYI) mostly present during the last third. Some notable events that influenced

the timeline of MP areal fraction (Figure 3.1), as summarized from Webster et al. (2022)

include:
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• June 29: Below freezing temperatures refroze the surface of some MPs creating an “ice

lid” and decreased areal fraction by 1 %

• July 2: Heavy precipitation increased MP areal fraction and depth

• July 11-13: Drainage from a large pond decreased overall areal pond fraction from 21

to 15 %

• July 16: Maximum weekly averaged rate of surface ice melt122

• July 21: MP depth maximum (FYI: 22 ± 13 cm; SYI: 29 ± 14 cm)

• July 26: MP area maximum (21 %, depth 19 ± 11 cm) with thin 3-5 mm ice layer

The above values of melt pond area fraction were retrieved from in-situ transect data,

representing melt ponds from a smaller domain than in Figure 3.1 in which the melt pond

area fraction was calculated from Sentinel-3 satellite retrievals123 within a 1x1 degree grid

surrounding the Polarstern.56

3.1.3 Aerosols

There was a seasonal shift in the aerosol particle number size distribution during the MO-

SAiC campaign. Boyer et al. (2023) reported that a single mode centered at 100 nm from

October 2019 - April 2020 shifted to a bimodal distribution beginning in May 2020 with a

secondary mode centered in the Aitken regime.124 The shift in particle size distribution with

the enhancement of solar radiation suggests new particle formation (NPF) due to emissions

of gaseous precursors by local biological activity. Uncertainties remain regarding NPF in the

Arctic17 and nucleation-mode particles are not expected to affect INPs.125 However, other

processes associated with biological activity, such as bubble formation due to respiration or

secretion of exopolymeric substances (EPS), have been linked to INPs in the Arctic.126,127

The monthly average concentrations of supermicron aerosols were lowest in summer (June -

August). However, monthly-averaged aerosol INPs active at T = −20 °C reached an annual
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maximum in June and July with the largest fractions from the 1.2 − 3.0 µm size range.56

Studies conducted at various locations show coarse-mode aerosol (> 2.5 µm) to be associ-

ated with high ice nucleating activity.57,92,128 In terms of marine environments, INPs larger

than 0.2 µm129 may represent intact or fragmented cells of diatoms.130,131 Measurements

of fluorescent aerosols suggest seasonal variability between sources. Total excited aerosols

were highest during the Arctic haze season (November 2019 - April 2020) and lowest in the

summer (June - September 2020).132 However, the fractions of fluorescent (FA) and hyper-

fluorescent (HFA) particles were highest in the summer,132 peaking in June. HFA have been

reported as strongly influenced by biological sources.133,134 The composition of June HFA

particles were mostly types A and AB132 which can be attributed to bacterial, fungal, and

algal influences.135

3.2 Aerosol INPs downwind of meltwater features

INP concentrations measured from the aerosol filters collected downwind of surface melt-

water features are shown in Figure 3.2 as a time series of the cumulative INP concentrations

active at select temperatures. The full temperature spectrum of cumulative INP concentra-

tion within 95 % confidence for each sample is shown in Figure A.4. From herein, the

lowest common temperature at which all samples commonly had a signal (−29.0 °C) will

serve as a proxy for total INP concentration.

Total INP concentrations across the on-ice aerosol filters spanned five orders of magni-

tude: from 3.5×10−3 (1.6×10−3, 5.7×10−3) INP/sL on July 2 to 1.98×102 (53.3, 2.44×102)

INP/sL on July 4 (July 28 was notably high: 1.68×102 (75.9, 2.63×102 INP/sL). This span

in magnitude can be attributed to both local and regional meteorological conditions. First, it

is evident that the filter from July 2 was affected by precipitation and low melt pond fraction

as inferred from Figures A.5 and 3.1. Total INP concentration on this date was three orders of

magnitude lower than the typical concentration observed in the other samples, and no INPs

with freezing temperatures warmer than −15.0°C were detected (Figure A.4). The low melt
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Figure 3.2: Concentration of INPs/sL collected on on-ice aerosol filters. Cumulative concentra-
tions measured at different temperatures are shown by the corresponding color bars.

pond fraction was likely a consequence of the daily-averaged, below-freezing 2 m tempera-

tures that formed ice-lids days prior to July 2 (discussed below), potentially cutting off the

meltwater source of INPs. Additionally, supermicron aerosols are more efficiently scavenged

than submicron,136 and bioaerosols are often in the supermicron regime,125,137,138,139,140 so it

is likely the lack of INPs active at T ≥ −15 °C was due to scavenging by precipitation. The

July 28 sample had the second-highest total INPs, however did not have any INPs active at

T ≥ −15 °C. This can be attributed to a different source region, discussed in Section 3.5.2.

The filter with the lowest total INP concentration for rain-free days occurred on June 29

at 2.37 (0.65, 6.71) INP/sL. On that day, the daily-averaged 2 m air temperature was −1.5°C

and did not reach above freezing until July 3 (Figure 3.1). C3PO was sampling air during

this period from June 29 12:00 to June 30 16:00 UTC. The freeze-up created ice-lids on the

early-season melt ponds and an associated decrease in melt pond aerial fraction (within a

1x1 degree grid around Polarstern) of 1.2, 3.1, and 14.6 % from June 29 to June 30, July 1,

and July 2, respectively. This freeze-up may have decreased any potential upwind meltwater

source influences on the June 29 on-ice aerosol INP. Despite the lower total INPs on this

date, the fractions of INPs active at T ≥ −25 °C within the total are relatively similar to the

other rain-free samples. The next filter that was collected during above-freezing conditions
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was on July 4, when the melt pond aerial fraction had increased by 2.4 % from June 29.

This increase in surface meltwater may be attributed to the above freezing temperatures and

precipitation on July 2.

Figure 3.2 highlights the apparent commonalities in the INP from rain-free on-ice aerosol

filters collected from July 4 to July 20. The INP concentration distributions across temper-

atures were similar, notably the INPs active at T≥ −10 °C, with concentrations consistently

between 0.03 - 0.1 INP/sL. The highest onset temperature across all on-ice aerosol INPs was

−8.6 °C (−8.7 °C) for July 11 and July 16 (July 4). Note that the onset temperature is a

qualitative measure due to detection limits; warmer temperature INPs could be present in

the atmosphere. As will be discussed below, heat treatments, as described in the methods,

indicated that the warm-temperature INPs in those samples were associated with proteina-

ceous (biological) material. The cumulative spectra in Figure A.4 suggest the presence of

a mode of INPs that activated near T= −10 °C, and another population that dominated at

temperatures below −25 °C. The mode and overall spectral shapes above T= −20 °C are

typically associated with INPs of biological composition.57,141 It is widely assumed that only

proteinaceous (biological) material can nucleate at such warm temperatures within the class

of natural aerosols, due to the properties favorable to ice crystal formation within protein

structures.130,139,142,143,144,145,146,147

3.3 Characterizing INPs in meltwater sources

The analysis of the meltwater samples revealed the potential for meltwater as a local

source of INPs in the Arctic. The ice nucleation capacity is noteworthy in both dimensions

of measurement: the warmest detected freezing temperature and INP number concentration.

Regarding the first, all samples contained INPs capable of freezing at T ≥ −15 °C. With the

exception of July 4 (−12.5 °C freezing onset), all samples reached nucleation temperatures

greater than −10 °C and up to −6.5 °C (July 28), suggesting the presence of biological

INPs (see Section 3.4). The second notable point is the overall number concentration of
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Figure 3.3: Cumulative INP concentration as a function of temperature for July meltwater (col-
ored) and annual bulk sea water (gray) sampled during MOSAiC 2019-2020. 95 % confidence
intervals are shown for the meltwater samples.

INPs/mL in the meltwater compared to the BSW samples from the same time period. These

findings contrast with previous studies that found no significant difference between water

samples from melt ponds and the ice free ocean.59,148 Meltwater samples between July 11 -

July 23 were consistently tenfold greater in INP concentrations than the BSW samples from

−10 to −25 °C, and July 28 was nearly one hundred fold greater between −10 to −25 °C,

and about a thousand fold greater from−10 to −25 °C. The July 28 meltwater sample is

singular in that it was taken from a lead, located behind the Polarstern. The sample salinity

was 1.54 g/kg indicating this sample was taken from a meltwater layer at the surface of

the lead. The meltwater layers that form over leads, as opposed to on top of sea ice, may

harbor distinct biological communities influenced by the interface between the meltwater

and sea water below, driving the INP variability in this sample.42,149 Additionally the on-ice

aerosol INP from July 28 was not active at T ≥ −15 °C, suggesting the aerosol INP was not

influenced by meltwater on this day (see Section 3.5.2).
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(a) (b)

Figure 3.4: Comparison spectra of cumulative INP concentrations between meltwater (gray) and
snow and first year sea ice (multi-color; left, right).

The relatively warm freezing temperatures and concentrations for the meltwater INPs

shown in Figure 3.3 illustrate a distinction between the BSW within the Arctic Ocean upper

mixed layer and surface meltwater as INP sources, likely driven by distinct microbiological

communities in the marine150,151 versus sea ice65,152 ecosystems. This microbial distinction

between BSW, meltwater, and their interface was observed in those water layers from a lead

sampled in July 2020 during MOSAiC.42 The findings suggest a time-dependent community

partitioning towards organisms capable of acclimatizing to the hyposaline conditions in the

meltwater153 in addition to increased quantities of dissolved organic matter154 resulting from

the release of photoprotective substances155 under the high UV conditions in above-ice melt

layers. Figure 3.3 shows a general increase in meltwater INP over time, suggesting a

link between the above-mentioned biological adaptations to low-saline environments and IN

activity.

We would expect the microbiological composition of meltwater would be driven by the

relative contributions of sea ice and snow melt156 considering the unique compositions of
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cryospheric ecology65,66,157,158 within each melt source. The distinct influences of snow versus

sea ice on the meltwater INPs is considered in Figure 3.4, which shows INP spectra for

select snowpit and ice core samples compared to the meltwater samples. The snowpits from

late June and July exhibited the closest similarity to average meltwater samples. The June

13 snowpit and July 4 meltwater spectra showed remarkable alignment between −13.5 to

−20 °C, suggesting an at least partial shared INP population. The ice cores showed a depth-

resolved variability in INP and were generally lower in INPs active at T ≥ −15 °C compared

to the snow and meltwater samples. For surface melt ponds (opposed to under ice meltwater,

which was not sampled), the melt of the snowpack on top of the sea ice is initiated first,156

becoming the initial component of a melt pond in which the snow biology may have more

time to establish itself as the dominant ice nucleating species. Nomura, et al (2023)159 found

that a meltwater layer in a lead sampled late summer (August 29) was predominantly sea ice

melt, suggesting that the composition of meltwater on sea ice and leads may undergo a shift

from a snowpack to sea ice influence. Furthermore, the different concentrations of biological

INPs within frozen ice cores and meltwater may be due to the behavior of microbes living in

frozen ice versus released into meltwater. Unfortunately, no meltwater samples from the Leg

4 floe were collected after July 28. Zeppenfeld, et al (2019)148 reported on an enrichment in

free glucose (a chemical marker potentially linked to ice nucleation activity) in water (BSW

and surface microlayer) sampled from melt ponds and the marginal ice zone compared to

the ice-free ocean and lead water, further suggesting that Arctic snow and sea ice may be

significant reservoirs of biological INPs.

3.4 Comparing local meltwater and aerosol INP spec-

tra

This section compares the INP spectra and composition of sample pairs collected at each

ice station, consisting of a meltwater source and a down-wind on-ice aerosol filter sample (see
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Figure 3.5: Comparison of cumulative INP spectra between on-ice aerosol filter samples (triangles)
and upwind meltwater samples (circles) from ice station locations: James Pond, Balloon Town, and
River District. Blue, gold, and gray distinguish both aerosol filter and meltwater samples from older
to newer, respectively. Salinities for each meltwater sample are displayed in the top right. INP
axes are arbitrarily aligned to compare spectra shapes, not concentrations.

Figure 2.1), to investigate the potential for a highly localized influence on the near-surface

INPs.

Qualitative INP comparisons for the paired sample spectra across ice stations (James

Pond (JP), Balloon Town (BT), and River District (RD)) are shown in Figure 3.5. For

each of these pairs the meltwater source was sampled twice, resulting in three total meltwater

sources sampled over time. This presents an opportunity to assess how the ice nucleating

capacity of a meltwater source may change over time. Broadly, Figure 3.5 shows the spectral

shapes between both sample types (meltwater and on-ice aerosol) had similar slopes at the

warmest and the coldest temperatures. The slopes between both sample types were typically

aligned from the onset temperature to about −10 to −15 °C. After this temperature region,

the slopes diverged. The aerosol spectra flattened whereas the meltwater spectra exhibited

exponential growth. While the aerosol samples likely represent a mix of sources50,57,59,63,24

present in the air, these results suggested meltwater may have a greater influence on the

warm-temperature INPs detected on the aerosol filters versus other temperature ranges. This

could occur via selective emission processes160 for biological material capable of initiating

freezing at those temperatures.

23



3.4.1 Meltwater INP temporal evolution

Regarding the general increase in meltwater INPs over the sample days, Figure 3.5

presents a similar narrative to Figure 3.4 with the additional context of distinguishing

the samples into their distinct melt pond sources. The first meltwater sample at JP (July

4) displayed the lowest INP concentration across the meltwater samples. At JP over two

weeks later (July 20), the meltwater INPs at T = −15 °C increased by one hundredfold and

the onset freezing temperatures increased from T = −12.5 to −7.5 °C. The next meltwater

source, temporally, was a melt pond near BT (July 7). Between the JP July 4 and BT July

7 samples, meltwater INPs were about 10x higher at T = −15 °C and onset temperatures

were higher (−7.5 °C) at BT. The BT meltwater sample from July 11 had a greater INP

concentration across the temperature range compared to the July 7 BT sample (∼ 5x from

−8 to −15 °C and ∼ 10x from −15 to −25 °C), similar to the evolution of INP in JP from

July 4 to July 20. The evolution of INP within the same pond suggests processes responsible

for the production of nucleating material: the continuation of melt which releases trapped

sea ice microbes65,161 and particulate matter sediment,162 the growth of osmotically adapted

communities seeded from the sea ice melt, or accumulation of INPs deposited from the air.

Differences in INPs between the ponds may have been due to microbiological variability

driven by pond morphology. This could have included sea ice thickness impacting the rate of

melt pond formation and composition and number of microbiota within the ice. Additionally,

melt pond area and depth could have impacted the absorption of photosynthetically active

radiation. However, differences in INPs between the ponds became less distinct over time:

The meltwater INPs had increasing concentrations and onset temperatures between the

first and second meltwater sample pairs until mid-July. There was no significant difference

in spectra between the RD meltwater INPs and the July 20 and July 23 JP meltwater

INPs. This mid-July observation aligned with the peak in weekly average rate of surface ice

melt (July 16).122 After this point, early season variability in pond microbiology driven by
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inhomogeneous pond morphology likely decreased, and the INPs in the meltwater became

less distinguishable between ponds over time.

3.4.2 Inferences to a regional meltwater influence on atmospheric

INPs

Regarding the on-ice aerosol, all samples exhibited similar spectral shapes (Figure A.4).

However, the spectral slopes varied in their alignment with the associated meltwater sample

pair, suggesting the meltwater influence is not constant across the air filter samples. For

INPs active at T ≥ −17.5 °C, the meltwater and on-ice aerosol sample pair from July 7

aligned remarkably well. In contrast on July 11, the sample pairs aligned only from −10

to −12 °C, in which the on-ice aerosol filter also displayed a relative enhancement in INP

compared to July 7. The spectral slopes between sample types at the RD station diverged

at a warmer temperature than for the JP and BT samples (near −10 °C versus < −15°C).

This suggests that if there was an INP influence from the highly localized meltwater upwind

of these air filters, melt pond properties or atmospheric conditions drove a selective emission

process for a smaller range of INPs, skewed towards higher temperatures. A large drainage

event on July 11-13 decreased the in-situ melt pond areal fraction from 21 to 15 %113 and

the 1x1 degree melt pond areal fraction centered on the Polarstern from 33 to 29% (Figure

3.1). This may have reduced the overall emissions from local ponds, driving the spectral

divergence seen in the RD panel of Figure 3.5. The spectral slopes of the JP on-ice aerosol

align with the meltwater samples taken July 20 and July 23 between −8 to −15 °C. While

the meltwater INPs at JP underwent a temporal shift to warmer temperatures, the on-ice

aerosol sample on July 4 was already displaying similar spectral characteristics to the later

meltwater samples at JP. This suggests that despite the relative proximity to JP, the on-ice

aerosol INPs at this site may have been influenced more strongly by a regional meltwater

INP signature versus a single pond.
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Figure 3.6: Relative fraction of heat labile, organic, and inorganic INPs at -13.5, -15.5, -17.5, and
-19.5 °C for select co-located meltwater and on-ice aerosol filter samples. Sample identifiers with
“-MW” are meltwater samples and those with “-AF” are aerosol filters.

Figure 3.6 shows heat and peroxide treatment results for a subset of co-located ice

station sample pairs. The meltwater INP composition for each treated sample was almost

totally biological at −13.5 °C, with the exception of July 28 (the singular meltwater sample

taken from a lead) in which the fractions of biological and organic material were 0.76 and

0.24, respectively. The on-ice aerosol INP compositions were also predominantly biological

at −13.5 °C, with organic fractions of 12 % for July 16 and July 20. No inorganic (i.e.,

likely mineral) INPs were observed above detection limits at this temperature for either

sample type. Note, −13.5 °C was the highest common temperature in which heat stable

(organic and inorganic) INPs were detected across treated samples, a value necessary for

computing the comparative fractions for each type (Figure A.6). Heat-stable INPs were

generally undetected above −13.5°C, suggesting that the INPs in both the on-ice aerosol and

meltwater samples were predominantly biological above this temperature. The heat labile

fractions typically decreased with decreasing temperature, however an exception to this

occurred for the July 11 sample in which the inorganic (biological) percent remained ≤ 2 %
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(≥ 90 %) across temperatures. Additionally, only trace inorganic fractions were detected in

the meltwater samples. This suggests that meltwater was not a source of inorganic INPs.

Furthermore, the on-ice aerosol INP compositions shifted from predominantly biological

to more diverse at colder temperatures. These observations suggest a selective emissions

process for biological INP active at T ≥ −15.5 °C. There is evidence of covariance between

on-ice aerosol INP concentrations between −10 and −20 °C and wind speed above about 3

m/s (Figure A.7a). Bubble bursting may preferentially emit biological material due to the

scavenging of particles73 or greater partitioning of surface active exopolymeric secretions of

microalgae and bacteria72 on the bubble surface. However, melt ponds are characteristically

different from the open ocean given their shallow depths, limited fetch, and low salinity.

Thus, a wind-speed dependent emissions process such as investigated for SSA from the

open ocean or in coastal zones76,163 may not directly apply to individual ponds. Instead, a

larger ponded area, where the meltwater fetch is more extensive, might be required for such

processes to have a meaningful effect on INP emissions. Enhanced film droplet generation

at wind speeds < 5 m/s observed by Leck, et al (2002)164 suggest the existence of non-

wind driven bubble mechanisms, such as the release of trapped bubbles during the melting

of sea ice77 or biological respiration. There are many studies165,166,167 investigating the

differences in wind-driven bubble bursting processes for fresh versus saline water. However,

more work needs to be done regarding non-wind driven differences in bubble formation and

size distributions across salinity gradients to understand emissions from melt ponds.

3.5 Linking the aerosol INPs downwind of melt ponds

to the broader Arctic region

3.5.1 Comparison of on-ice versus on-board aerosol INPs

Figure 3.7 shows that the rain-free on-ice filter INP concentrations were within the range

defined by the INP concentrations of the aerosol filters deployed on the Polarstern for the
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Figure 3.7: Cumulative concentrations of INP collected on aerosol filters deployed on the ice,
downwind of open water sources - excluding July 2 (gold) and on the P-deck of Polarstern (blue)
with shading denoting the 95% confidence intervals.

month of July 2020. The agreement indicates a shared INP influence within the vertical and

horizontal span (see Figure A.1) of the two sampling locations, with differences at the warm

end of the temperature spectrum attributable to sample volumes, which determine detection

limits. The on-ice filters did not collect INPs capable of nucleating ice at temperatures as high

as detected on the on-board filters (−7.2°C), likely due to the much larger total volumes of air

collected during continuous 3-day sampling periods, making on-board filters more capable of

capturing statistically rare, warm-temperature INPs (Figure A.2). The similarity between

both aerosol filter sample types further suggests that the potential influence of meltwater on

the near-surface aerosol filters is likely regional, overshadowing any impact from an individual

pond.
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Figure 3.8: A) Box plots show the median (line), interquartile range (box), and 1.5xIQR
(whiskers) 1-min wind speeds measured by the Met City meteorological tower 2 m above the sur-
face, colored by the daily median 1-min, 2 m wind directions. B) Heat map shows daily-averaged
1-min dN/dlogDp as measured by the APS. The black line (right-axis) shows the total particle
counts. C) The bars show the relative areal fraction of surface type (designated by MASAM2 Sea
Ice Concentration product) passed over by FLEXPART simulated 1-day 100 m air mass. D) (Black
dash) Total INP concentration (INPs/sL). (Colors) Normalized INP concentrations (nINP) by the
maximum concentration across samples at select temperatures (−15, −20, −25 °C).
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3.5.2 Linking aerosol filter INPs to air masses

In this section, we investigated the potential meltwater influence on near-surface aerosol

INPs by considering local meteorological conditions and air mass transport history. Figure

3.8 shows (A) the daily wind speed and direction, (B) daily-averaged supermicron particle

size distributions and total particle counts, and (C) fractions of surface types in which

the 1-day FLEXPART air mass trajectories passed over during each sampling day (the

surface types relevant for meltwater are pack ice and MIZ). Panel (D) shows values of INPs

normalized by the maximum observed INP level within each temperature range. We utilized

this metric to show intersample variation in INPs at “warm” (−15 °C), “middle” (−20 °C),

and “cold” (−25 °C) temperatures to represent how different populations of INPs may vary

as local conditions change, revealing potentially distinct sources.

3.5.2.1 High wind gradients from over mixed sources influence aerosol INPs

Figure 3.8 shows covariance between warm, middle, and cold INP populations during

a period (July 4 - July 11) of high easterly winds (medians = 4.3, 7.6, 8.1 m/s; maxima =

7.2, 10.8, 11.6). This period corresponds to the highest values of supermicron particle counts

(B) and warm and middle INP populations across the samples (D). While July 2 also had

high easterly winds, precipitation likely caused the decrease in supermicron particles and

aerosol INP via wet scavenging (see Section 3.2, Figure A.5). Total INP concentration

peaked on July 4, but the warm and middle INP populations reached their highest values

on July 11. This might have been due to the on-ice sampling period taking place during the

maximum wind speeds on July 11 (Figure A.2). There is evidence of a greater correlation

(r2 = 0.51, 0.43) between daily-average wind speed and INP concentration at −20 and

−15°C (Figure A.7a) which suggests that at certain temperatures, INPs were more sensitive

to wind-driven selective emission processes. The 1-day trajectories traveled over a mix of

surfaces during this period (C). Given the higher wind speeds, the path the air mass took up

to 7 days prior (Figure A.9) may be more representative of the air reaching the on-ice aerosol

sampler than a 1-day trajectory. Figure A.8 shows similar fractions of surface types beneath
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the 7-day trajectories during the July 4-11 period, indicating common sources during this

period. Wind-driven bubble-bursting over open water (ice-free ocean or meltwater present

in leads and ponds in the pack ice or MIZ) may be responsible for the enhancement of warm

temperature INPs due to the partitioning of biogenic particles on the bubble surface.72,73

The higher warm and middle nINP compared to the cold nINP during this high wind period

shown in Figure 3.8D emphasizes this implication. Sea spray typically lacks the warmer-

temperature INPs unless over biologically active ocean regions.99,129 Although the sea water

at 11 m reached maximum chlorophyll-a levels (a proxy for biological activity168) during

July 2020,56 warm-temperature INPs were not detected on an on-ice aerosol sample with a

predominant marine influence (discussed in Section 3.5.2). This does not entirely discount

a source of warm INPs from the ice-free ocean. In addition to generating aerosols from

bubble-bursting from meltwater, winds over the pack ice may re-emit sea spray aerosol from

blowing snow.169,170 However, the wet surface due to melting ice and snow during summer

makes blowing snow events more relevant for winter aerosol populations,171 thus supporting

emission processes across the water-air interface.

July 13 had much lower wind speeds than the previous sample days (medians: 2.5 m/s;

maxima: 5.4 m/s) and a covarying decrease in all populations of nINP, total INP, and

supermicron concentration (Figures 3.2 & 3.8B, D). These lower particle counts may be

attributed to the cessation of high wind speeds in addition to a predominant wind direction

from the south (A) in which the 1-day trajectory traveled over a mix of surface types (ocean,

MIZ, pack ice = 0.44, 0.16, 0.41) (C). Low winds over a high fraction of ice-free ocean may

have driven the low INP concentrations on this day due to reduced wind-driven emissions in

addition to a suppression of the potential meltwater influence by insufficient residence time

over pack ice.

3.5.2.2 Low winds from over the pack ice influence warm INPs

The low total INPs on June 29 (D) can be attributed to the low melt pond fraction

(Figure 3.1, Section 3.2) and wind speeds (A). Cold temperature INPs reached their
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maximum levels across samples on July 16 whereas the warm INP population experienced a

relative decrease. The middle INP population increased slightly but remained at relatively

similar concentrations to the other samples. These observations suggest the cold INP popu-

lation was influenced by a distinct source. Total INP and supermicron particles experienced

a slight increase on July 16, however, the supermicron concentration did not correlate with

warm and middle INP populations as was observed during the high wind period. No increase

in submicron particle counts occurred (Figure A.9), suggesting the distinct INP source was

not within this size regime. Figure A.3 shows a strong northerly 1-day trajectory with

little to no influences from surface types other than the pack ice, yet the source of cold INP

enhancement from northern latitudes is currently unclear. Between July 16 and July 18

the total INP, supermicron and submicron particle counts decreased (Figures 3.8 & A.9).

The cold INP population also experienced a decrease, however the warm and middle INP

populations increased relative to the other sample days. Both July 16 and 18 had winds

generally from the north or northwest, with large fractions of pack ice influence (0.99, 0.96).

However, the higher wind speeds that occurred on July 18 (median = 3.5 m/s; max = 5.6

m/s) may be responsible for the relative increase in warm and middle INPs, similar to what

was observed during the high wind period. Given the absence of open ocean influence on

the 1-day trajectories, July 18 suggests a condition where strong winds from over the pack

ice and MIZ drove an enhancement in warm temperature INPs, potentially attributed to the

meltwater from ponds or leads. July 20 showed similar conditions to July 18 with lower,

more westerly winds with a larger influence from the MIZ and land (0.15, 0.08) in which the

intersample trend in warm, middle, and cold INPs was negative compared to the previous

sample day, potentially attributable to the lower wind speeds over a lower pack ice fraction.

3.5.2.3 Transport from over ice-free ocean leads to a distinct INP population

The sample on July 28 was distinguished by low, southerly winds (A) from over the ice-

free ocean (ocean surface fraction = 0.98) (C) and an increase in total super- and sub-micron

particle counts (B, Figure A.9). Total INP increased (D), however the warm, middle, and
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cold INP populations were low, indicating the spike in total INP was due to INPs active

at T < −25 °C. The INP spectrum for this sample (Figures A.4 & A.6a) resembled one

characterized as marine organic in McCluskey, et al. (2018)129 (Fig5d). Over the northern

Atlantic, they found that INPs did not freeze at T ≥ −15 °C and were heat stable (contained

organic material). Despite the low wind speeds (median, max: 2.5, 4.3 m/s), the fetch over

the ice-free ocean was likely great enough to entirely influence the on-ice aerosol INP. The

meltwater sampled on July 28 (Figure 3.3), which contained the second-highest amount of

INPs for the meltwater samples across all temperatures, suggests the on-ice aerosol was not

influenced by a potential local meltwater source on this day.

3.5.2.4 Synthesis

This analysis indicated that variability in near-surface INPs (those active at T ≥ −25 °C)

were primarily driven by wind speed, in which the warm and middle INP populations experi-

enced a stronger wind speed dependence. Correlations between wind speed and supermicron

particle counts were also observed (Figure 3.8B) aligning with other studies in marine Arc-

tic environments, particularly over open ocean and leads.76,163,164,172 With the exception of

June 29 and July 2 (due to ice lid formation) melt pond fractions between 30 - 40 % were

observed for all sample days (Figure 3.1), suggesting a near-constant source of INPs from

regional melt ponds, and other reservoirs of meltwater.42 The INPs within each melt pond

increased over time and trended towards homogeneity, suggested by a convergence in the

meltwater INP spectra (Figures 3.3 & 3.5). Under these conditions, it is suggested that

the relevant in-situ melt pond statistics42 (Section 3.1.2) for on-ice aerosol INP are fetch-

related, such as melt pond area. The agreement between the on-board aerosol INPs, in which

longer sampling periods represent an accumulation of INPs from potentially more diverse

sources, and the on-ice aerosol INPs (Figure 3.7) further suggests that an influence from

meltwater was not solely from the upwind meltwater source but from a wider area. Bound-

ary layer conditions such as height and vertical mixing (Figures A.10 & A.11) were also
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considered as an influence on on-ice aerosol INPs and discussed briefly in the Supplemental

Information Section A.2, but covariability with INP concentrations was not observed.
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Chapter 4

Conclusions and Broader Impacts

We presented observations from July 2020 of INP concentrations and temperature spectra

from aerosol filter samples located on the ice downwind of meltwater features and on-board

Polarstern, and compared with the spectra observed in source samples of meltwater, snow,

ice cores, and bulk sea water. INPs active at T ≥ −10 °C were detected for 80 % of the

on-ice aerosol filters. The detection of warm-temperature, biological INPs in summer (July)

for on-ice aerosol samples aligned with previous work on the annual cycle of INP observations

in this region56 that showed a distinct summertime peak that was potentially related to the

high fractions of hyperfluorescent aerosol measured in June.132 The similarities between the

ship-based and on-ice aerosol filters suggested a regional meltwater signature, rather than a

strong influence from individual melt ponds. The variability in INP concentrations on the

on-ice aerosol was attributed to coarse-mode aerosol scavenging by precipitation and wind

speed. These findings further emphasize that the potential meltwater influence is regional,

in which an accumulation of ponded surfaces traveled over by an air mass is more likely to

contain biological, warmer temperature INPs via selective, wind-driven emissions processes.

INP concentrations in meltwater samples were about 10-fold higher than those in BSW

and 90 % of samples contained INPs capable of freezing at T ≥ −10 °C, except for the

earliest meltwater sample. The similarities between the snow and meltwater INP spectra

were greater than between the ice core and meltwater spectra. However, the temporal

increase in INP concentrations at all temperatures (within the same melt pond) can be

attributed to the release of additional INPs from the ice as melt progressed and may suggest

melt ponds are a unique habitat42 for growth of osmotically adapted organisms from the

ice that may act as INPs. Many cryospheric organisms contain specific cold-environment

adaptations such as ice-binding proteins68,69 that are, by nature, highly ice-active. Future
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work is needed to determine whether the ice nucleation capacity of materials within meltwater

can be attributed to specific organisms, proteins, or organic compounds.

The INP spectra for the meltwater sources and on-ice aerosol samples shared similar

slopes at T ≥ −15 °C, suggesting the meltwater samples contained INPs that could influence

the airborne INP concentrations that were active at those temperatures. Additionally, heat

and peroxide treatments on the meltwater and on-ice aerosol samples indicated INPs were

mostly biological up to −19.5 °C. Higher compositional diversity in the on-ice aerosol INPs

with decreasing temperature, compared to the meltwater samples, suggested a selective

emissions process for heat-labile INP material as well as the likelihood of other sources

influencing airborne INPs. For example, inorganic INPs were detected in the aerosol samples,

but not in the meltwater source samples.

The conditions present during July 2020 were especially relevant for potential cloud im-

pacts. The latter-half of July 2020 experienced a high frequency of low-clouds (Figure

A.10) likely associated with record mean temperature and moisture in July,95 in which

climate change may drive a continuation of these record-breaking conditions. Lonardi et

al. (2021)173 reported low amounts of cloud-ice present down to the surface during MO-

SAiC from July 19-21. The temperatures of ice-containing cloud tops in the lowest 2.5 km

suggested ice formation at T > −15 or −10 °C. Furthermore, findings by Griesche et al.

(2021)174 showed evidence that heterogeneous ice formation above T = −10 °C in AMPCs

occurred by a factor of 2 − 6 times more often when the cloud layer was coupled to the

surface. The evidence of biological INPs active at T ≥ −10 °C on the on-ice aerosol sample

on July 20 and variability in θe (a well-mixed below-cloud environment; Figures 3.2, 3.6

& A.10) suggests a potential influence from regional meltwater INPs within the clouds on

this date. June 29, July 11, and July 18 were also characterized by low-clouds and low θe

variance in addition to near-surface aerosol INPs active at T ≥ −10 °C, suggesting these

surface-cloud coupling relevant conditions were not singular.
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This work established a similarity in warm-temperature, biological INPs between near-

surface air and meltwater. However, more measurements of INPs in the air and in the

meltwater during the melt season are necessary in order to untangle what drives variations

in this influence. Ideally, daily aerosol and source samples collected from before melt until

deep into the melt season could document potential differences in the aerosol INP spectra

as a function of melt season progression. Biological characterization (DNA sequencing) of

meltwater and aerosol INPs would also be useful for elucidating whether primary production

within meltwater is a factor in the temporal increase in meltwater INP over time, and

whether similar taxa were found in the air. A key question that remains is identifying the

emission mechanism(s) responsible for aerosolizing INPs from meltwater, which would aid

in understanding the driving factor behind the meltwater’s influence on aerosol INP levels.

Aerosol flux measurements over several melt ponds as they form and evolve may reveal

distinctions between wind and non-wind driven emission mechanisms such as those driven

by the thermodynamics of melting sea ice or the release of gas from biology within the ponds.

Aerosol flux measurements could be carried out using a relaxed eddy accumulation system

as described in Gaman (2004),175 configured to sample aerosols of a relevant size for INPs

from over melt ponds.
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Frey, Niels Fuchs, Carolina Gabarró, Sebastian Gerland, Helge F Goessling, Rolf

Gradinger, Jari Haapala, Christian Haas, Jonathan Hamilton, Henna-Reetta Hannula,
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Mainelis, Christopher Pöhlker, and J Alex Huffman. Systematic characterization and

59



fluorescence threshold strategies for the wideband integrated bioaerosol sensor (wibs)

using size-resolved biological and interfering particles. Atmospheric Measurement Tech-

niques, 10:4279–4302, 11 2017. Publisher: Copernicus GmbH.

[134] Alireza Moallemi, Sebastian Landwehr, Charlotte Robinson, Rafel Simó, Marina Za-

manillo, Gang Chen, Andrea Baccarini, Martin Schnaiter, Silvia Henning, Robin L

Modini, Martin Gysel-Beer, and Julia Schmale. Sources, occurrence and character-

istics of fluorescent biological aerosol particles measured over the pristine southern

ocean. Journal of Geophysical Research: Atmospheres, 126:e2021JD034811, 2021.

[135] A E Perring, J P Schwarz, D Baumgardner, M T Hernandez, D V Spracklen, C L

Heald, R S Gao, G Kok, G R McMeeking, J B McQuaid, and D W Fahey. Airborne

observations of regional variation in fluorescent aerosol across the united states. Journal

of Geophysical Research: Atmospheres, 120:1153–1170, 2015.

[136] Carlos del Blanco Alegre, Amaya Castro, Ana Calvo, Fernanda Oduber, Elisabeth

Alonso-Blanco, Delia Fernandez Gonzalez, Rosa M Valencia-Barrera, Ana Vega-Maray,

and Roberto Fraile. Below-cloud scavenging of fine and coarse aerosol particles by rain:

The role of raindrop size. Quarterly Journal of the Royal Meteorological Society, 144,

9 2018.

[137] Kimberly A Prather, Timothy H Bertram, Vicki H Grassian, Grant B Deane, M Dale

Stokes, Paul J DeMott, Lihini I Aluwihare, Brian P Palenik, Farooq Azam, John H

Seinfeld, Ryan C Moffet, Mario J Molina, Christopher D Cappa, Franz M Geiger,

Gregory C Roberts, Lynn M Russell, Andrew P Ault, Jonas Baltrusaitis, Douglas B

Collins, Craig E Corrigan, Luis A Cuadra-Rodriguez, Carlena J Ebben, Sara D

Forestieri, Timothy L Guasco, Scott P Hersey, Michelle J Kim, William F Lambert,

Robin L Modini, Wilton Mui, Byron E Pedler, Matthew J Ruppel, Olivia S Ryder,

Nathan G Schoepp, Ryan C Sullivan, and Defeng Zhao. Bringing the ocean into the

laboratory to probe the chemical complexity of sea spray aerosol. Proceedings of the

60



National Academy of Sciences, 110:7550–7555, 5 2013. Publisher: Proceedings of the

National Academy of Sciences.

[138] Congbo Song, Manuel Dall’Osto, Angelo Lupi, Mauro Mazzola, Rita Traversi, Silvia

Becagli, Stefania Gilardoni, Stergios Vratolis, Karl Espen Yttri, David C S Beddows,

Julia Schmale, James Brean, Agung Ghani Kramawijaya, Roy M Harrison, and Zongbo

Shi. Differentiation of coarse-mode anthropogenic, marine and dust particles in the

high arctic islands of svalbard. Atmospheric Chemistry and Physics, 21:11317–11335,

7 2021. Publisher: Copernicus GmbH.
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Appendix A

Supporting Information

A.1 Supplemental Figures

Figure A.1: Map of the MOSAiC Central Observatory based on ALS scans from the helicopter
during July 2020 in which the location of each ice station (numbered) with respect to Polarstern

(blue rectangle, bottom-right of floe boundary) is marked with a red-diamond. Image credit:
Matthew Shupe, Tuija Jokinen.
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Figure A.2: 1-min averaged supermicron total particle counts (black line) and 2 m wind speeds
(dots colored by 2 m wind direction). The x-axes of panels A, C, D, E, F span the on-board filter
sampling period ( 3 days) where the gray shading defines the on-ice sampling periods (No on-board
filters for B and G). Note the scales of the left y-axis differ for the bottom two rows.

Figure A.3: Superimposed 1-day FLEXPART trajectories of a 100 m airtracer during each on-ice
filter sample period (3-hr resolution) overlaid on the regridded MASAM2 daily-averaged sea ice
concentrations.
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Figure A.4: Cumulative INP concentration as a function of temperature for samples collected on
aerosol filters deployed on the ice, downwind of open water sources.
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Figure A.5: Time series of minutely: rain rate (mm/hr) as measured by the present weather
detector located at Met City (black, right-axis), APS total particle counts (#/cm3) (blue, right-
axis), CPC total particle counts (#/cm3) (green, left-axis). Grey shading indicates on-ice aerosol
filter sampling period.

(a) (b)

Figure A.6: Cumulative INP concentration as a function of temperature for a subset of un-, heat,
and peroxide treated (a) on-ice aerosol filter (b) meltwater

71



(a) (b)

Figure A.7: Scatter plots of (a) wind speed versus on-ice aerosol filter INP concentrations and
(b) salinity versus meltwater INP concentrations at selected temperatures. Fitted regression line
calculated using SciPy linear regression function. The r-squared and p- values are indicated within
the figures

Figure A.8: Relative areal fraction of surface type passed over by FLEXPART simulated quarter,
seven, ten and thirty-day 100 m air mass.
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Figure A.9: Daily-averaged, corrected and pollution-filtered total particle counts (#/cm3) mea-
sured by the APS (black, right-axis) and CPC (blue, left-axis) for each on-ice sampling day.
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A.2 Supplemental Analyses

Figure A.10: (Top) Colored bars indicate 20-minute averaged potential temperature (theta e)
variability centered around each radio-sonde launch (4-per day). Black circles (error bars) represent
daily-averages (standard deviation) of potential temperature variability. (Bottom) Colored bars
(error bars) indicate 20-minute averages (standard deviations) of first cloud base height centered
around each radiosonde launch.
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Figure A.11: Potential temperature (θe) profiles for each radiosonde launch for each sample day.

Cloud properties

Average cloud base heights 20 min surrounding each radiosonde launch (4 per day) were

calculated from first-detected cloud base height values as measured by a ceilometer located

on the P-Deck of Polarstern at 1-second resolution.176 The data were filtered to include only

periods when the detection status indicated the presence of at least one cloud base.

Atmospheric stability

For stability analysis, thermodynamic profiles from the surface to heights near 1 km were

used. Those profiles are primarily based on Vaisala RS41-SGP radiosondes that were launched
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every 3-6 hours from the helideck of Polarstern with a vertical resolution of 5 minutes. The

lowermost 100 m of the sonde data were corrected for potential errors arising from the ship’s

impact on the measurement. Additionally, an extension of the lowermost 10 m was created

using the meteorological tower within Met City. The data set and more details are available

in Dahlke et al. (2023).177 From these, profiles of equivalent potential temperature (θe) were

then calculated using Eqs. (22) and (43) in Bolton et al. (1980).178 Below-cloud θe variance

was calculated employing NumPy’s variance function (A.1) on the θe profiles from 10 m to

the 20 min-average cloud base heights calculated as described above.

Var(θe) = mean(|x− x̄|2) (A.1)

Boundary layer characteristics and cloud surface coupling

Many of the sampling days were characterized by a well-mixed environment beneath low

clouds (Figure A.9). These observations aligned with those reported in Jozef et al. (2024)112

that suggested the high moisture content during the MOSAiC summer eroded typically

strong surface inversions.111 A stratified below-cloud environment would suggest the surface

is decoupled from higher altitudes and long-range influences. The days experiencing a strat-

ified below-cloud environment include July 7, in which the potential temperature variance

remained high throughout the day (Figure A.10). However it appears the wind speeds

were a greater influence on the on-ice aerosol INPs than below-cloud environment variance

for July 4 - 11. Another day with a distinctly stratified below-cloud environment is July

16, where there was an observed inter-sample spike for the cold INP population. June 29

and July 16 share similar atmospheric characteristics except for the below-cloud environ-

ment structure, which may have facilitated the distinct influence on the cold INP population

on July 16. On July 28, the southerly air mass from the open ocean clearly influenced

the strong below-cloud environment stratification on the MOSAiC ice station floe (Figure

A.10). However, the on-ice aerosol INPs displayed a signature marine INP spectra, further
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indicating stratification of the below-cloud environment may not have had a large influence

on INPs detected near the surface.
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A.3 Data Tables
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Table A.1: Metadata for total aerosol filters sampled by the TRAPS package and meltwater
samples on the ice. Locations are with respect to the Central Observatory on the MOSAiC floe
(Figure S11). Geolocations of the floe are shown in Figure 1.

Location Start time
(UTC YYYY-
MM-DD
hh:mm)

End time
(UTC YYYY-
MM-DD
hh:mm)

Total vol-
ume (sL)

meltwater
salinity
(g/kg)

Near melt pond
A at Flux site

2020-06-29 11:42 2020-06-30 17:42 1077 No sample

Near melt pond
B at Flux site

2020-07-02 13:27 2020-07-03 19:27 1074 0.73

Melt pond
(James pond)
near Balloon
Town

2020-07-04 11:27 2020-07-05 14:51 984 2.44

Ponds near Bal-
loon Town

2020-07-07 11:18 2020-07-08 14:10 475 0.09

Ponds near re-
mote sensing

2020-07-11 10:58 2020-07-12 13:58 887 0.08

River near Met
City

2020-07-13 11:07 2020-07-14 14:57 968 0.22

River near Met
City

2020-07-16 11:26 2020-07-17 16:30 393 0.15

Lead near stern 2020-07-18 10:56 2020-07-19 13:02 932 No sample
Melt pond
(James pond)
near Balloon
Town

2020-07-20 13:16 2020-07-21 16:04 346 0.15

Melt pond
(James pond)
near Balloon
Town

2020-07-23 11:09 2020-07-24 11:18 0 0.38

Lead near stern 2020-07-28 11:34 2020-07-29 15:08 341 0.31
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Table A.2: Metadata for total aerosol filters collected on the DOE-ARM AMF2 facility on the
P-Deck of RV Polarstern during July 2020. GPS data from Ferrybox underway system.

Start Stop
Time (UTC
YYYY-MM-
DD hh:mm)

Location -
nearest hour
(Lat, Lon)

Time (UTC
YYYY-MM-
DD hh:mm)

Location -
nearest hour
(Lat, Lon)

Total
volume
(sL)

2020-07-03 16:05 (81.678958,
7.316884)

2020-07-06 15:05 (81.677137,
5.307839)

66197

2020-07-09 15:57 (81.530542,
2.557300)

2020-0712 17:30 (81.442827,
0.413012)

75741

2020-07-12 17:40 (81.442472,
0.410387)

2020-07-15 15:47 (81.292577,
0.316009)

101271

2020-07-15 15:56 (81.290093,
0.319182)

2020-07-18 15:35 (81.017158,
0.379824)

102636

2020-07-18 15:40 (81.007952,
0.352063)

2020-07-21 15:38 (80.591254, -
0.621020)

88647

Table A.3: Metadata for snowpit samples.

Date UTC Location(Lat,
Lon)

Depth (cm) Characteristic

2020-06-13 (82.130768,
7.702773)

41-39 Snow drift, new,
wet

2020-06-27 (81.9695,
9.9059)

33-31 Wet, surface
crust

2020-06-28 (81.8765,
9.4666)

40-39 New, wet

2020-07-07 (81.637918,
4.481572)

24-22 Wet

2020-07-24 (80.1873, -
0.5909)

6-3 Ridge (14m)
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Table A.4: Metadata for ice core, analogous FSW, and combined samples.

Ice Core (IC) FSW IC + FSW
Date
(UTC
YYYY-
MM-DD)

Location
(Lat,
Lon)

Depth(cm);
t=top;
b=bottom;
m=middle
10cm

Sample
volume
factor

Date
(UTC
YYYY-
MM-
DD)

Salinity
(g/kg)

Salinity
(g/kg)

2019-11-18 (85.849571,
120.581451)

t0-10, m 0.524,
0.528

2019-
11-19

29.675 14.12,
14.00

2019-12-02 (85.930550,
113.592110)

t0-10, t20-
30, m, b0-5

0.451,
0.531,
0.515,
0.531

2019-
12-02

29 15.93,
13.59,
14.08,
13.59

2020-03-30 (85.365387,
13.091900)

t01-10, m,
b0-5

0.498,0.50,
0.544

2020-
03-30

29.55 14.83.
14.50,
13.48

2020-04-27 (83.917641,
15.562050)

m, b0-5 0.503,
0.536,
0.518

2020-
04-26

31.125 15.48,
14.43,
15.00

2020-05-04 (83.886208,
18.240580)

t0-10, m,
b0-5

0.513,
0.505,
0.518

2020-
05-04

30.05 14.62,
14.86,
14.49

2020-07-20 (80.742088,
-0.541270)

t0-10, m,
b0-5

0.531,
0.479,
0.440

2020-
07-20

28.225 13.23,
14.70,
15.8

2020-07-29 – t0-10, b0-5 0.516,
0.464

2020-
07-29

28.1 13.60,
15.05
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Table A.5: Metadata for July 2020 BSW samples

Date (UTC
YYYY-MM-
DD hh:mm)

Location (Lat,
Lon)

Salinity
(g/kg)

2020-07-01 14:30 (81.762451,
8.85181)

33.50

2020-07-08 18:35 (81.5812,
2.91206)

33.00

2020-07-10 21:06 (81.479538,
2.08714)

–

2020-07-11 18:00 (81.450478,
1.20799)

34.0

2020-07-13 21:02 (81.406662,
0.25795)

33.00

2020-07-14 16:52 (81.36013,
0.28024)

–

2020-07-15 15:23 (81.29171,
0.31702)

–

2020-07-16 18:00 (81.207138,
0.28304)

–

2020-07-19 17:20 (80.860893, -
0.31754)

–

2020-07-20 15:00 (80.741112, -
0.54358)

32

2020-07-22 21:25 (80.421417, -
0.48585)

–

2020-07-25 19:09 (79.887329, -
1.15549)

–

2020-07-28 14:46 (79.322601, -
2.70494)

–

2020-07-31 8:53 (79.071579, -
2.82249)

–
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