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ABSTRACT

Salinity is the primary determinant of the Arctic Ocean’s vertical density 

stratification in the upper ocean, which has major implications on the ocean’s physical 

dynamics alongside a period of rapidly declining sea ice. In recent decades, the Arctic’s 

freshwater content (FWC) has increased as a result of the accumulation of freshwater 

source inputs. Additional freshwater exported to the North Atlantic may hinder overturning 

processes that are vital to the regulation of global climate. This dissertation employs in situ 

measurements, satellite observations, and ocean model simulations to better understand 

salinity and freshwater changes in the Arctic Ocean during this changing climate. 

This work first explores surface freshwater flux through major Arctic straits with 

emphasis on years of high and low sea ice extent. The lowest sea ice extent on record 

occurred during September 2012 (~3.41 million km2) and showed the greatest export to the 

Atlantic Ocean. Between 2010–2018, export through the Fram Strait strengthened. Next, 

this dissertation focuses on the Beaufort Gyre, a predominantly anticyclonic circulation 

system that contains roughly 25% of the Arctic’s FWC, to delineate the discrepancies 

between salinity products. Most of the models and reanalysis products analyzed in this 

work overestimate salinity within the first 50 m when compared to in situ measurements, 

with the exception of ORAS5 (-0.052 bias at 5 m) and MIZMAS (0.105 bias at 5 m). This 

study reveals that the Russian Shelf makes up ~16% of total FWC in the Arctic Ocean with 

a trend of -15.63 km3/year between 1979–2018, driven by Kara and Laptev sea negative 

trends. A notable regime shift occurred during the summer of 2007, where an anomalous 
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FWC decrease (increase) occurred over the Russian Shelf (Beaufort Gyre), which further 

suggests that neglecting the Russian Shelf creates an error of 25% in assessing Arctic 

Ocean FWC change during this 2007 regime transition. These results highlight the 

drawbacks and advantages of utilizing ocean model simulations for a comprehensive 

understanding of the Arctic Ocean’s physical dynamics. This dissertation emphasizes the 

importance of continued observations and refining the accuracy of ocean models as polar 

regions become more susceptible to climate change.
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CHAPTER 1 

INTRODUCTION

1.1 DESCRIPTION OF THE RESEARCH AREA 

The Arctic Ocean is distinguished for its dynamically complex system of 

atmosphere, ocean, and cryosphere interactions. Despite its small size relative to the other 

oceans, alterations in the Arctic’s climate can result in changes to the globe. The Arctic 

Ocean connects the relatively cooler and fresher North Pacific Ocean waters that flow in 

through the Bering Strait and the warm and more saline waters of the North Atlantic Ocean, 

originating from the Gulf Stream and passing through the eastern Fram Strait and the 

Barents Sea Opening. The flow of Arctic water is governed by its wind- and buoyancy-

driven circulation patterns. The Arctic’s two major ocean currents are the Beaufort Gyre 

(BG), a predominantly anticyclonic circulation system, and the Transpolar drift that leads 

from the Laptev and East Siberian Seas through the Fram Strait and into the North Atlantic 

Ocean (Figure 1.1). The export of Arctic water and sea ice occurs through the Canadian 

Arctic Archipelago and the western Fram Strait into the North Atlantic Ocean. 

Salinity governs the Arctic Ocean’s density structure as temperatures are relatively 

cool and homogeneous. Stratification plays a vital role in the formation of water masses, 

ocean convection, and the mixed layer depth, which drive circulation processes in high 

latitudes. The distribution and movement of low saline waters, or freshwater, is key to the 

understanding of how the climate is changing at regional and global scales.  
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Sources of freshwater include river and ice sheet discharge, net precipitation, sea 

ice melt, and low salinity waters inflowing from the Pacific (Aagaard and Woodgate, 2001; 

Serreze et al., 2006; Bamber et al., 2012). These processes vary locally and therefore, the 

Arctic’s freshwater budget is also not uniform. Sources, circulation, and export are 

important when investigating the influences of freshwater distribution.  The flow of Arctic 

water is governed by current circulation, the strength of the BG’s anticyclonic mode, and 

atmospheric forcing. The Greenland Ice Sheet and other glaciers are releasing freshwater 

through their rapid melt in recent years (Solomon et al., 2021). Freshwater sinks or exports 

occur through the growth of sea ice, evaporation, and liquid and solid freshwater flux 

through major transport waterways (Rudels et al., 1994; Serreze et al., 2006; Haine et al., 

2015). 

1.2 ARCTIC OCEAN AND ATMOSPHERE CHANGES 

 In the past few decades, the Arctic has undergone an ample amount of warming, at 

least twice the rate of the global average (Walsh, 2014). However, a recent study by 

Rantanen et al. (2022) suggests the Arctic could be warming 3.8 times as fast as the global 

average since 1979. This has escalated the concern for Arctic climate. rapid sea ice decline 

and the potential of “ice-free” summers in the near future, some studies suggest as early as 

2035, and at least by 2050 (Docquier & Koenigk, 2021; Perovich et al., 2016). Sea ice melt 

causes the boundary layer to be exposed to more air-sea interactions, influencing the speed 

and direction of surface currents. An open sea surface can also induce a positive feedback 

mechanism where the dark sea surface absorbs more incoming solar radiation and in turn 

warms up more. Not only is the Arctic’s sea ice extent declining, but the concentrations, 
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thickness and multi-year sea ice is diminishing as well. The melt (growth) of sea ice adds 

(removes) freshwater to (from) the immediate area. 

The BG, its region is commonly regarded as the area between 130°W–150°W, 

70.5°N–80.5°N (Regan et al., 2019), is authoritative to the Arctic Ocean’s FW retention 

and release where strong geostrophic flow drives converging currents that induce a raised 

sea surface. Enhanced Ekman pumping (downwelling) deepens the freshwater layer within 

the BG results in freshwater accumulation. In during a cyclonic mode, the flow is 

weakened, and the vorticity relaxes resulting in the release of freshwater. By 2017 the BG 

storage accumulated 23x103 km3 of freshwater, a 40% increase in the past two decades. 

Therefore, there is concern for the possible rapid FW release from a near-future stabilizing 

gyre. This release of freshwater has been shown to reach lower latitudes with potential 

consequences of slowing the northern Atlantic Meridional Overturning Circulation 

(AMOC). The AMOC is a key component of the global ocean circulation (i.e., 

thermohaline circulation, global conveyor belt) which as regulated the warming climate by 

circulating warm lower latitude temperatures into the cooler deep water formation (Caesar 

et al., 2021). This overturning process has decreased since the 1930’s further weakening 

the Gulf stream. Not only does this interrupt ocean circulation, but it also induces sea level 

rise on the northeast US coast, stronger storms in Britain with cooler climate in northern 

Europe.  Therefore, the Arctic has much larger implications than just regional, but its 

release of FW could mean impeding effects to the regional and global climate (Rahmstorf 

et al. 2015). Therefore, the Arctic and its subpolar regions play a crucial role in the 

regulation of meridional heat transport through this thermohaline circulation (Zhang et al., 

2021).  
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The Arctic Oscillation (AO) is a strong indicator of sea level pressure over the 

Arctic. The AO is a large scale climate index that is associated above 20°N and references 

the leading mode of sea level pressure. The positive AO phase is associated with lower 

than average pressure over the Arctic that gives intensified polar vortex and stronger 

westerly winds in the upper atmosphere. This process traps cooler temperatures in the north 

but also drives out older ice to the Atlantic. Negative AO impacts are in many ways 

opposite where higher pressure causes weaker westerlies. Cold air can thus seep out to 

adjacent continents and influence climate in the US and northern Europe. 

In situ measurements allow for surface and depth measurements but are limited due 

to the harsh conditions of the Arctic and the expense of expeditions. Satellite radiometry is 

restricted to the top few centimeters of the ocean's surface, and even more so cannot 

penetrate sea ice in the Arctic Ocean for accurate observations. Therefore, physical 

dynamics of the Arctic Ocean have been reliant on ocean modeling simulations to estimate 

parameters in regions otherwise unobserved. The combination of in situ, remote sensing, 

and ocean modeling techniques in the Arctic Ocean during a changing climate has not been 

explored to the extent it deserves. Therefore, this dissertation has focused on the validity, 

comparisons, and discrepancies between these products. 

This dissertation stresses the value of high spatiotemporal resolutions of ocean 

models in the Arctic Ocean region along with consistent validity to observations and 

improvement of their accuracy. The present thesis addresses the regional and overall 

freshwater changes that drive the Arctic Ocean’s physical dynamics in the changing 

climate. Special emphasis is placed on the combinational use of in situ data, satellite 



 

5 

observations, and ocean models’ estimations to observe seasonal, interannual, and decadal 

changes in the Arctic Ocean. 

1.3 OUTLINE OF THE DISSERTATION 

This dissertation consists of four additional chapters. Chapter 2, entitled “Surface 

Freshwater Fluxes in the Arctic and Subarctic Seas During Contrasting Years of High and 

Low Summer Sea Ice Extent”, is published in Remote Sensing. This chapter combines 

modeled sea surface temperature, sea ice concentrations, wind speed and surface current 

speed as well as remote sensing-based salinity observations to investigate their 

spatiotemporal variations in the Arctic Ocean between 2010–2018. The study computes 

transect-averaged, sea surface freshwater flux through major Arctic pathways that connect 

to adjacent oceans between years that experienced anomalously high (2013/2014) and low 

(2012/2016) summer sea ice extent. It further explores an anomalous surface freshwater 

transport event that occurred over the subarctic and the North Atlantic regions during 2012. 

Chapter 3 is entitled “Intercomparison of Salinity Products in the Beaufort Gyre 

and Arctic Ocean” and is published in Remote Sensing. This chapter compares salinity 

estimates from several ocean models and reanalysis products to salinity observations from 

remote sensing and in situ instruments, primarily in the BG region between 2012–2017. 

Freshwater content is computed in the BG region as well as the Arctic Basins (areas above 

67°N and deeper than 500 m) from products where salinity at depth is available. This 

highlights the limitations of models and discrepancies of salinity from in situ 

measurements. 

Chapter 4, entitled “The Role of the Russian Shelf in Seasonal and Interannual 

Variability of Arctic Sea Surface Salinity and Freshwater Content” has been submitted to 
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the Journal of Geophysical Research: Oceans and focuses on the Russian Shelf, a region 

in the Arctic Ocean where salinity and freshwater content has not been as well delineated 

or observed compared to the BG region. This chapter utilizes ORAS5 salinity over a four 

decadal period, 1979-2018, to quantify the contribution of freshwater volume from the 

Russian Shelf to the Arctic Ocean (above 66°N) and estimate the variability of salinity and 

freshwater content. The Arctic Ocean, Russian Shelf, and BG salinity and freshwater 

characteristics are computed with particular attention to the impact of a regime shift during 

the summer of 2007. 

Finally, Chapter 5 summarizes the findings of Chapters 2–4 while presenting the 

major conclusions of this dissertation. 
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Figure 1.1 Dominating Arctic Ocean currents with inflowing relative warms surface 
currents (red) and colder surface currents (light blue) together with intermediate and deep 
currents (purple and dark blue). Major river discharge zones are indicated by black arrows 
with respective river names. Arctic Ocean Basins are abbreviated as follows: Canadian 
Basin (CB), Makarov Basin (MB), Amundsen Basin (AB), and Nansen Basin (NB). 
Simplistic circulation paths of the Beaufort Gyre (BG) and Transpolar Drift (TD) are 
illustrated by dashed, green arrows. [Figure adapted from Anderson & Macdonald, 2015].
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CHAPTER 2 

SURFACE FRESHWATER FLUXES IN THE ARCTIC AND SUBARCTIC 

SEAS DURING CONTRASTING YEARS OF HIGH AND LOW SUMMER 

SEA ICE EXTENT1  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
1Hall, S.B., B. Subrahmanyam, E.S. Nyadjro, and A. Samuelsen (2021). Surface 
Freshwater Fluxes in the Arctic and Subarctic Seas during Contrasting Years of High and 
Low Summer Sea Ice Extent. Journal of Remote Sensing, 13(8):1570, 
https://doi.org/10.3390/rs13081570. 

Reprinted here with permission of publisher.
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ABSTRACT 

Freshwater (FW) flux between the Arctic Ocean and adjacent waterways, 

predominantly driven by wind and oceanic currents, influences halocline stability and 

annual sea ice variability which further impacts global circulation and climate. The Arctic 

recently experienced anomalous years of high and low sea ice extent in the summers of 

2013/2014 and 2012/2016, respectively. Here we investigate the interannual variability of 

oceanic surface FW flux in relation to spatial and temporal variability in sea ice 

concentration (SIC), sea surface salinity (SSS), and sea surface temperature (SST), 

focusing on years with summer sea–ice extremes. Our analysis between 2010–2018 

illustrates high parameter variability, especially within the Laptev, Kara, and Barents seas, 

as well as an overall decreasing trend of FW flux through the Fram Strait. We find that in 

2012, a maximum average FW flux of 0.32×103 ms−1 in October passed over a large portion 

of the Northeast Atlantic Ocean at 53°N. This study highlights recent changes in the Arctic 

and Subarctic Seas and the importance of continued monitoring of key variables through 

remote sensing to understand the dynamics behind these ongoing changes. Observations of 

FW fluxes through major Arctic routes will be increasingly important as the polar regions 

become more susceptible to warming, with major impacts on global climate. 
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2.1 INTRODUCTION 

The Arctic Ocean serves as a dynamic link between the colder, fresher Pacific 

Ocean and the warmer, more saline Atlantic Ocean (Walsh et al., 2011). Despite covering 

only 3% of the Earth’s total surface area, the Arctic and its subpolar regions play a crucial 

role in the regulation of meridional heat transport through thermohaline circulation 

(Serreze et al., 2011; Madhusoodanan et al., 2011). The Arctic has increasingly sustained 

warming at a rate that is at least twice the global average due to the accumulation of 

anthropogenic stressors including increased greenhouse gas emissions within the 

atmosphere in recent decades (Serreze et al., 2009). This phenomenon, referred to as Arctic 

amplification, has a major long-term influence on the Arctic’s cryosphere and hydrosphere, 

including the decline of annual sea ice extent (SIE) and freshwater (FW) storage in the 

Arctic and its fluidity to adjacent subpolar seas and oceans. These interactions propagate 

further into the lower latitudes, consequently influencing the global circulation and climate.  

Overturning caused by Arctic water deep convection is important for ocean 

ventilation. A slight increase in Arctic FW can contribute to stronger stratification, 

prohibiting advection and thus the regulation of global temperatures (Yang et al., 2016). 

Rabe et al. (2014) found an overall increase of 600 ± 300 km3/year FW trend for the two 

decades leading up to 2012. On average, one-third of the Arctic FW input comes through 

the Bering Strait from the Pacific Ocean (Wang et al., 2019b). In contrast, the North 

Atlantic Ocean exchanges its warmer, more saline waters through the Norwegian and 

Barents Seas, for the Arctic’s fresher waters that export through the Fram and Davis Straits 

(Woodgate & Aagaard, 2005; Tsubouchi et al., 2018). The Arctic’s FW budget is also 

regulated by river discharge, sea ice melt, and net precipitation; values which have been 
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rising in conjunction with Arctic sea surface temperature (SST) and atmospheric wind 

stress (Timmermans & Marshall, 2020). McClelland et al. (2012) accounted FW river 

exports to the Arctic to be over 10% of the global discharge, which Brown et al. (2019) 

equates the largest source near Siberia at roughly 4.2x103 km3/year and precipitation at 2.2 

x103 km3/year during the first part of the 21st century. River runoff and net precipitation 

content can increase sea ice thickness as discussed by Weatherly and Walsh (1996). In this 

paper, we focus on the FW flux from marginal oceans and seas into and out of the Arctic 

ocean in relation to sea ice concentration (SIC). SIC refers to the amount of sea ice covering 

a specified area relative to the total area, given as a percentage in this study. 

SIC growth (retreat) decreases (increases) the Arctic’s FW content, making FW 

flux a good indicator for observing the distribution and intensity of Arctic sea ice on a 

regional and annual scale (Wang et al., 2018a; Haine et al., 2015). SIE, typically referenced 

as areas with a SIC above a 15% threshold, has declined at a rate of 4.7% per decade over 

the past four decades (Yadav et al., 2020) with more recent rates of about 10–13% per 

decade (Comiso et al., 2008; Serreze et al., 2016). Although commonly used, this threshold 

does have limitations when describing the annual thinning of sea ice or the depletion of 

multiyear sea ice (Matthews et al., 2020). Sea ice decline in the Arctic is regionally and 

temporally disproportionate, with a greater annual decrease shown within the Kara and 

Barents Seas compared to other Arctic seas (Parkinson et al., 2008), and years experiencing 

abnormally low (2012 and 2016) and relatively high (2013 and 2014) minimum summer 

SIE in the past decade. The lowest summer SIE occurred in 2012 and covered 3.41 million 

km2 (Michon, 2020; Francis & Wu, 2020). A 48% increase in the following year of 2013 

equated to roughly 5.35 million km2 (Liu & Key, 2014). The lowest winter SIE occurred 
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in March of 2016 which contributed to its low sea ice coverage of 4.14 million km2 in the 

summer (Perovich et al., 2016). The alarming minimum SIE in 2012 followed by two 

consecutive high summer SIEs and then another low raised further concerns for the lack of 

predictability in Arctic sea ice trends; therefore, we observe significant variations of 

related, climatic parameters between these four years and within the past decade to better 

understand past causes, current trajectories, and future implications.  

SST and sea surface salinity (SSS) influence SIC. The combination of solar 

radiation with atmospheric-to-ocean heat flux drives the strong seasonality of SST, 

influencing the conditions for sea ice to form or melt (Praetorius et al., 2018). Higher SST 

limits the capacity of multi-year sea ice to form in the Arctic; an important feature 

describing the preservation of sea ice throughout the summer (Perovich & Richter-Menge, 

2009). Sea ice formation (melt) causes local salinity to increase (decrease). SSS is also a 

reliable proxy for measuring the Arctic’s FW flux between sources and exports (Fournier 

et al., 2020). Declining sea ice provides positive feedback by decreasing albedo and 

allowing more upward surface heat flux and increased SST that will continue to lessen ice 

accumulation (Kim et al., 2016). SST is regionally important for sea ice patterns but tends 

to be generally uniform at near-freezing temperatures over the Arctic, making SSS and FW 

transport the main parameters that govern the convection and overturning dynamics of 

surface water masses to the deep ocean (Yang et al., 2016). The lack of SIC allows for the 

fresher surface waters to endure oceanic stress between the atmospheric and surface water 

boundary (Harms & Karcher, 2005; Kodaira et al., 2020). Davis et al. (2016) showed that 

even with a net increase of FW, the Arctic’s halocline instability and vertical mixing are 

still determined by wind-driven motion on ice free ocean surfaces, which drive currents 
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and could weaken the SIC in the Arctic. The direction and magnitude of wind and oceanic 

currents control FW variability through anticyclonic (cyclonic) tendencies that cause 

converging (diverging) interactions, leading to a build-up (release) of FW (Giles et al., 

2012; Wang et al., 2017, Morison et al., 2012). Ice drift speed increase poses a threat to 

perennial ice, leaving an Arctic dominated by the more vulnerable seasonal ice (Kwok et 

al., 2013). As Arctic conditions continue to change and the declination of annual sea ice 

becomes more apparent, winds will continually hinder the stability of sea ice formation 

and oceanic drifts will intensify (Wang et al., 2021a). 

The paucity of in situ data within the Arctic is due to limited accessibility in its 

harsh environmental conditions. Satellite passive-microwave measurements within the 

Arctic and subarctic regions since 1979 have helped mitigate these uncertainties (Stroh et 

al., 2015). Although satellite data has bias, specifically with temperature sensitivity of L-

band radiometry, research has shown its data to be accurate in communicating general 

Arctic trends and thus is a key component to observe the spatial and temporal scales where 

in situ data are lacking (Lang et al., 2016). In this study we use satellite-derived salinity 

from the European Space Agency’s (ESA) Soil Moisture and Ocean Salinity (SMOS) and 

the National Aeronautics and Space Administration’s (NASA) Soil Moisture Active 

Passive (SMAP) missions, for their spatial resolution and available timeframes (Fournier 

et al., 2019; Tang et al., 2018). SMAP retrieves 2- to 3-day temporal repetitions with 40 

km spatial resolutions compared to the 3-day and 45–50 km temporal and spatial 

resolutions from SMOS (Lind et al., 2018). For areas that both in situ instruments and 

satellites cannot reach, i.e., sea surface areas covered by ice, ocean models provide an 

approximation of regional indices. 
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The main objective for this study is to analyze the influence of the polar region’s 

FW flux impacted by related parameters during anomalous summer low (2012/2016) and 

relatively high (2013/2014) minimum SIEs. This study builds from the need to further 

understand FW flux processes affected by atmospheric and oceanic interrelations (Haine 

et al., 2015; Serreze et al., 2016). FW flux within the northern latitudes is important for the 

generation of the Arctic’s strong stratification, marine biological production (Kędra et al., 

2015), mid-latitude weather patterns, and global circulation and climate (Wang et al., 

2018a; Ricker et al., 2017). Properties of SST, SSS, wind, and oceanic currents have been 

shown to fundamentally influence the annual variations of sea ice within the Arctic 

(Polyakov et al., 2018). We divide the Arctic into three regions oriented around areas 

influenced by the Pacific Ocean, Atlantic Ocean, and the Canadian Arctic Archipelago 

(CAA). Results from this paper will help better understand the driving forces for and 

consequences of Arctic sea ice declination or growth, with supplementary influences on 

local wildlife, regional maritime advancements, oceanic circulation, and global climate 

change. The rest of this paper is ordered as follows: Section 2 describes data and methods, 

Section 3 illustrates research results, Section 4 deliberates discussion, and Section 5 

summarizes conclusions of our study. 

2.2 MATERIALS AND METHODS 

A. DATA 

We use the Group for High-Resolution Sea Surface Temperature (GHRSST) Level-

4 Canadian Meteorological Center (CMC) SST product (Chao et al., 2009). This 0.2° × 

0.2° gridded product combines data from a variety of satellite sensors including the 

National Oceanic and Atmospheric Administration’s (NOAA) Advanced Very High-
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Resolution Radiometer (AVHRR) and ESA’s Along Track Scanning Radiometer (ATSR) 

series from ERS-1, ERS-2, and Envisat, as well as in situ observations and buoys. SIC data 

for this study is produced as part of the U.K. Meteorological Office (UKMO) Operational 

Sea Surface Temperature and Sea Ice Analysis (OSTIA) product (Prange & Gerdes, 2006). 

The 0.05° × 0.05° gridded OSTIA ice concentration data is sourced from the EUMETSAT 

Ocean and Sea Ice Satellite Application Facility (OSI-SAF).  

SMOS version 5 data for this study was obtained from L’OCEAN Centre Aval de 

Traitement des Données SMOS (CATDS) as a Level-3 monthly 0.25° × 0.25° gridded 

product (Boutin et al., 2018). We also use SMAP Level-3 SSS Combined Active Passive 

(CAP) V5.0 data obtained from NASA’s Jet Propulsion Laboratory (JPL) via the Physical 

Oceanography Distributed Active Archive Center (PO.DAAC) (Fore et al., 2016). This 

0.25° × 0.25° gridded product is based on the newly released SMAP V5 Level-1 Brightness 

Temperatures. It uses an enhanced calibration methodology which improves absolute 

radiometric calibration and reduces the biases between ascending and descending passes. 

The SMOS mission has provided satellite SSS data since 2009 while the more recent 

launch of SMAP supplies data since mid-2015 (Fournier et al., 2019; Tang et al., 2018). 

Surface wind data for this study are from Remote Sensing Systems’ (RSS) Cross-

Calibrated Multi-Platform (CCMP) version 2.0, 6-hourly ocean vector wind analysis 

product on a 0.25° × 0.25° grid (Wentz et al., 2015). The CCMP dataset is produced by 

combining cross-calibrated satellite microwave winds and instrument observations using a 

Variational Analysis Method (VAM).  

Due to limited coverage of satellite-derived ocean currents data in the Arctic, we 

use the Ocean Reanalysis System 5 (ORAS5) ocean current data from the European Centre 
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for Medium-Range Weather Forecasts (ECMWF) (Zuo et al., 2019). ORAS5 has 75 

vertically stratified layers and uses the Nucleus for European Modeling of the Ocean 

(NEMOv3.4) for its ocean model with a coupled sea ice model, and ERA-Interim and 

WAVE forcing with observational data assimilation. ORAS5 is available on a 0.25° × 0.25° 

horizontal grid and is obtained from Integrated Climate Data Center (ICDC) at the 

University of Hamburg (http://icdc.cen.unihamburg.de/projekte/easy-init/easy-init-

ocean.html).  

B. METHODS 

B.1. ARCTIC SECTORS FOR TIME SERIES ANALYSIS 

We compute monthly mean fields from daily mean fields. In addition, we compute 

interannual anomalies by subtracting the monthly climatologies from the monthly time 

series. We then define low (2012 and 2016), and high (2013 and 2014) sea ice years based 

on the ice index from Fetterer et al. (2017). In order to analyze regional variations, we 

divide the Arctic Ocean into the following sectors (Figure 2.1): 

Atlantic sector: 90°E–45°W and 65°N–90°N. 

Canadian sector: 45°W–140°W and 65°N–90°N. 

Pacific sector: 140°W–90°E and 65°N–90°N. 

This study examines FW flux within three major parts: the Atlantic, Pacific, and 

Canadian sectors, associated by their distinct characteristics with adjacent water masses, 

fluid dynamics, and climatic parameters (Figure 2.1). The Atlantic sector is influenced by 

the inflow of warm, saline North Atlantic water through the eastern Fram Strait and the 

export of cold, Arctic FW through the Western Fram Strait. In contrast to the Atlantic, the 
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Pacific Ocean provides fresher water to the Arctic through the Bering Strait inflow. Finally, 

the Canadian sector encompasses exchange between the CAA and the North Atlantic 

Ocean by the import (export) of water through the eastern (western) portion of the Davis 

Strait (Peterson, 2006). Past studies have described the complex and dynamic transports 

within the Arctic and connected water pathways (Haine et al., 2015; Aune et al., 2018). 

Time series of FW flux, SST, SSS, SIC, surface wind, and oceanic currents are analyzed 

in these regions. Transects at 70°N were selected for all three sectors to measure the flux 

of major ocean current passageways connecting to the Arctic.  

B.2 FRESHWATER FLUX ESTIMATION 

We compute surface FW flux (FW, units m2s−1) as Nichols and Subrahmanyam 

(2019): 

 𝐹𝑊!"#$% 	= 	 𝑆&' 	× 𝑈 × 𝑙𝑎𝑡()*+ (2.1) 

 𝐹𝑊,-.)()"#$% 	= 	 𝑆&' 	× 𝑉 × 𝑙𝑜𝑛()*+ (2.2) 

where the standardized (unitless) freshwater anomaly (Sfw) from salinity, 

 𝑆&' 	= 	
/!"#0///
/!"#

  (2.3) 

Sref is the reference salinity 34.8 psu, the mean salinity in the Arctic region (Haine et al., 

2015, Mazloff et al., 2010). SSS is sea surface salinity, U is zonal surface velocity (ms−1), 

V is meridional surface velocity (ms−1), and latdist and londist are the horizontal expanse of 

the data grid cells (m). 
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2.3 RESULTS 

A. ARCTIC’S MEAN STATE (2016-2018) 

The Arctic’s surface waters are influenced by complex atmospheric and oceanic 

interactions, of which the cryosphere plays an important role. Differences in SST, SSS, and 

SIC provide valuable insight into trends of Arctic FW flux and its connection to lower 

latitudes (Kawai et al., 2018) (Figure 2.2). The warm inflow of water in the Atlantic region 

restricts the extent of sea ice formation as seen in Figure 2.2a,b. In contrast, the Pacific and 

Canadian sectors are colder with less saline waters, which allow sea ice to extend much 

further south in those regions. Regional SSS variability is pronounced by the localized 

increase of river discharge and net precipitation (Figure 2.2c,d).  

Since FW input on smaller scales is more detailed, we compare the SSS 

observations from SMAP and SMOS satellite data to detect the lower saline areas within 

the Arctic. From 2016–2018, SMAP details lower salinity gradients in Northeast 

Greenland, part of the CAA, and to a larger extent in the Pacific sector. SMAP also shows 

higher SSS extending north across Eurasia. Both satellite missions overlap during the 

2016–2018 time period and are therefore used for comparison in Figure 2.2. The coarser 

resolution of SMAP seen in Figure 2.2c is favored when observing mesoscale and coastal 

regions such as the Laptev, Kara, and Beaufort seas in the Pacific sector, the finite 

differences within the CAA in the Canadian sector, and along the west coast of Greenland 

in the Atlantic sector (Lind et al., 2018). These areas incorporate major river mouths and 

edges of sea ice, which SMAP computes lower salinity gradients and contribute to the FW 

budget; details of which are not as well defined in SMOS. Although SMAP depicts more 

fine-scale changes occurring in the Arctic (Tang et al., 2018), SMOS has collected data for 
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a longer period of time (Olmedo et al., 2018); therefore, we will analyze SMOS salinity for 

the rest of the paper, as it contains salinity observations covering the 2010–2018 study 

period and has been previously used successfully in the Arctic region (Supply et al., 2020).  

Ocean advection and the momentum of wind-driven circulation (Figure 2.3) 

influence the movement of these parameters and the transport of FW throughout the Arctic 

(Timmermans & Marshal, 2020). Atmospheric winds are weaker in the central Arctic and 

generally stronger near coastal regions and over major water pathways (Figure 2.3a–c). 

The strongest averaged winds between 2016–2018 occur in the southwestward movement 

over the Fram Strait, Bering Strait, and CAA. Currents flow with more distinct patterns 

especially around land masses and their adjacent ocean shelves (Figure 2.3d–f). The major 

pathways are illustrated by overall movements in Figure 2.3f. There is a noticeably strong 

current in the Laptev Sea with an average northeastward flow and another in the Beaufort 

Sea where the predominantly anticyclonic flow of the Beaufort Gyre occurs. 

Understanding the variability of SSS, SST, and SIC to the forcing of wind and currents is 

important when estimating the FW accumulation and pathways within the Arctic. 

B. INTERANNUAL VARIABILITY TIME SERIES 

We construct monthly timeseries of these parameters to examine irregularities on 

an interannual scale between 2010 and 2018: years encompassing the low (2012/2016) and 

high (2013/2014) SIEs (Figure 2.4). We analyze the 2010–2018 monthly interannual 

anomalies of SST, SIC, and SSS in Figure 2.5 to observe the extent of irregularities 

especially within the focus years. The interannual anomalies are computed by subtracting 

the monthly climatologies from the monthly time series. The unavailability of SSS data, 
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specifically in the Pacific sector, result from the limitation of satellite observations due to 

sea ice obstruction. 

Surface waters in the Atlantic sector are overall warmer than the Pacific and 

Canadian sectors because of the warm Gulf stream flow brought to the high latitudes from 

the North Atlantic Current (Houpert et al., 2018). Low SIE years of 2012/2016 had SICs 

lower than 60% in all sectors (Figure 2.4b). The largest SIC change was more than a 20% 

increase between 2012 to 2013 summers in the Pacific sector. The SIC was particularly 

low in the Atlantic sector the same year, whereas the Canadian and Pacific sectors show 

greater than 5% and 10% SIC anomalies, respectively (Figure 2.5b). 2013 also experienced 

the lowest SST anomalies and higher SSS anomalies (Figure 2.5a,g) in the Pacific and 

Canadian sectors. The Canadian sector’s sea ice retained roughly the same minimum 

concentration through 2014. The SIC in the Atlantic sector did not decrease nearly as much 

in 2014, whereas the Pacific sector’s SIC decreased and SST increased more than the prior 

year. The SSS in that sector remained higher than average in 2014 than any other year 

during this time period. All sectors experienced positive and negative SIC anomalies in 

2014 and 2016, respectively, unlike in earlier corresponding years where the Atlantic 

sectors did not align with a similar magnitude as the Pacific and Canadian regions (Figure 

2.5d). By 2016 the Atlantic sector also experienced higher than average SST and SSS. 

There was a 10% difference in SIC in the Canadian sector between high and low SIE years.  

The winds (Figure 2.4c,d) and currents (Figure 2.4e,f) are quite variable on an 

interannual scale. General observations show that Atlantic winds are slightly stronger in 

the southward direction, as shown in Figure 2.3c, except for 2016 where there is a strong 

increase in northward wind flow over the summer months. Currents had the strongest 
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eastward flow in the Pacific and Canadian sectors during the summer of 2016. Meridional 

currents in Figure 2.3f are distinguishable between sectors because of their associated 

inflow and outflow patterns, as discussed earlier.  

C. MULTIPARAMETER COMPOSITE MEAN ANALYSIS 

Next, we observe the geographical distributions of the interannual fluctuations 

between the high/low SIE years. We analyze the means of SST, SIC, and SSS between 

August and October to encompass the annual sea ice low that occurs in the month of 

September (Figure 2.6). 

In 2012, the largest warm water anomaly of more than 2°C was found close to the 

coast north of Alaska/Western Canada, while in 2016, a warm anomaly of similar 

magnitude was found in the eastern Barents Sea/Kara Sea. Overall, positive SST covers 

more surface area during 2012/2016. The Kara and Laptev Seas show great differences in 

SST magnitude and dispersal within all four years. SIE anomalies within the autumn 

months (Figure 2.6g) display the highest concentrations near the northern pole, especially 

north of Greenland in the Canadian sector. 

To understand these parameters more precisely, the individual monthly data is also 

shown in Figures 2.7–2.9. SST variability is primarily strongest near the coastal regions, 

but the degree and spatial coverage are not as anticipated for each year (Figure 2.7). SST 

mapped in Figure 2.7a, and consistent with a study by Tsubouchi et al. (2018), is higher 

near the Barents Sea (up to ~9 ℃) and the Eastern Fram Strait (~7 ℃). The SST in the 

Bering Sea shows the high variability (~−2 ℃ to 8 ℃). The CAA and Beaufort Sea are 

dominated by high SST in 2012/16 and cooler SST in 2013/2014. The Pacific sector 

underwent a large low SST anomaly in 2013, allowing for the recovery and retention of 
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SIC. Overall, 2016 experienced the highest summer SST in the Bering Strait and northern 

Canadian regions (Carvalho & Wang, 2020). Overall, positive SST anomaly differences 

are shown near the Bering Strait and Laptev Sea within the Pacific sector. In contrast, the 

Kara Sea in the Arctic sector and CAA in the Canadian Sector have a negative SST 

anomaly difference, meaning that the low-sea ice years were warmer overall in those areas.  

While the averaged SICs of each section were lower in 2012/2016 than 2013/2014 

as seen in Figure 2.5b, the spatial distribution of the sea ice varied between years where 

differences were most prominent north of the Bering Strait. Overall, the SIE area difference 

(Figure 2.6l) has a higher anomaly concentrated within the Pacific sector compared to the 

Arctic or Canadian sector. 

Next, we analyze monthly SIC discrepancies between the summer months of the 

high/low SIE years in Figure 2.8. Large variability occurs between August and September 

as the melt season peaks. SICs are highest north of Greenland and the CAA. Stronger 

anomalies occur in the Pacific sector between the focused years. SICs in 2012 were 

abnormally low along the sea ice perimeter, but higher near the northern pole, whereas 

2016 showed slightly lower concentrations overall but higher than average concentrations 

north of the Laptev sea.  

Since sea ice accumulates less in the Atlantic sector due to its higher SST and SSS 

characteristics, the retention of sea ice within the Pacific sector during the later melt months 

of August through October are important in determining the overall annual minimum SIE.  

Areas of sea ice growth (melt) tend to decrease (increase) local SSS, making it an 

important parameter when observing the deduction (addition) to the FW budget (Figure 

2.9). Adjacent oceans contribute different concentrations of salinity, showing fresher 
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waters in the Pacific as opposed to a more saline Atlantic sector from Atlantic Ocean 

inflow. Since the CAA primarily experiences outflow of Arctic water, salinities vary 

interannually. In 2013 and 2014, more saline conditions were concentrated around 

Greenland in the Canadian/Atlantic sectors. This compares well with Figure 2.5, which 

shows the Canadian sector having the highest SSS in the years of high SIE. 

FW flux between the Arctic and the sector transects primarily travel north, into the 

Arctic or south, away from the Arctic; therefore, we compute the meridional transport 

instead across these sections (Figure 2.10). Due to the Bering Strait inflow, the Pacific 

sector experiences a higher FW flux compared to the Atlantic sector’s balanced transports 

and the Canadian sectors’ outflow (Woodgate & Aagaard, 2005). The largest export of FW 

in the Atlantic sector occurs in 2012 (Figure 2.10a), a time when the Pacific sector 

experiences an anomalously low import of FW (Figure 2.10b). 

D. ATLANTIC FRESHWATER PATHWAYS 

The FW outflow from the Arctic Ocean into the North Atlantic incorporates 

numerous pathways, many of which oppose each other, i.e., the northeast Barents Sea 

Opening (BSO) flow and the southwest Fram Strait current. Therefore, we analyze the 

dominant flux pathways in the Arctic sector separately (Figure 2.11). Two pathways 

connecting the Atlantic and Arctic Ocean are the BSO and the Fram Strait (Figure 2.11a). 

A third transect is computed to capture the low anomalous salinity event in the summer to 

fall of 2012, hereafter referred to as the northeast Atlantic section (NEA) (Figure 2.11a). 

Dominant movement through the BSO flows in the zonal direction, while the Fram 

Strait and the NEA experience predominantly meridional flows; therefore, we computed 

FW flux in the transects to their respective directional transport (Figure 2.11b,c). 
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Fluctuations in transport depend on atmospheric processes driving currents through these 

sectors, with no obvious seasonal oscillations over the regional areas. As seen in Figure 

2.11, October 2012 has a high FW flux through the NEA transect equating to 0.32×103 

m2s−1 which has a positive anomalous FW flux of 0.47×103 m2s−1. In the summer of 2012, 

the Fram Strait and BSO have their highest FW flux at 0.12×103 m2s−1 and 0.10×103 m2s−1 

respectively.  

The general trend of the FW flux through the Fram Strait decreases at a monthly 

rate of -6.0 m2s−1 from 2010–2018, with a more recent declining monthly trend of -10 m2s−1 

from 2015–2018. This is especially true during 2017 and 2018 where a drastic negative 

FW flux occurs, as opposed to the positive flux through the NEA transect (Figure 2.11b,c). 

Higher SSS are alongside the eastern Greenland coast in 2013, causing its lower FW flux 

anomalies through the Fram Strait. A larger salinity gradient passes through the NEA 

transect in the summer of 2014 as shown in Figure 2.9j and computed in Figure 2.11c. 

Quantifying the FW flow specifically within these three transects distinguishes the Arctic’s 

contribution to the North Atlantic and vice versa; especially as annual conditions change 

towards a warmer, northern climate regime. 

2.4 DISCUSSION 

A. MULTIPARAMETER VARIABILITY IN EXTREME SIE YEARS 

A.1 SST, SSS, SIC 

SIE retains its highest extent between March and April, while retreating to its 

lowest extent by September or August depending on the threshold of SIC used, typically 

greater than or equal to 15% (Matthews et al., 2020). We observe climatic trends through 
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years of low (2012/2016) and high (2013/2014) SIE and associations between parameters 

of SST and SSS that attribute to their SIC extremes. We also delineate monthly patterns in 

the summers of those years which influence the transport of FW between the Arctic and 

subarctic regions. Brown et al. (2019) describes precipitation to have less of an input to the 

Arctic’s FW storage, but more complexity when quantifying. This study features the recent 

SSS Arctic state through SMOS satellite data in relation to other parameters between 2010 

and 2018. SSS was greater in the high SIE years, especially in the Canadian sector where 

higher concentrations of sea ice retained the fresher waters.  

Interannual variability of SST influenced the low SIE of 2012/2016 as warmer areas 

intensified throughout the Arctic while 2013/2014 showed overall cooling through each 

month observed. SST varied within different Arctic seas, governing the conditions for sea 

ice formation. Although low on average, regional Arctic SST is increasing annually which 

can obstruct the formation of winter sea ice and the retention of multi-year sea ice during 

the summer. Anomalous warm SST in 2012 and 2016 occurred especially in the Barents 

and Kara seas, which Jung et al. (2017) credited to the influence of eddy transport and 

retention.  

The Atlantic sector experienced the lowest SIC during 2013, while the Pacific and 

Canadian sectors remained high. This has been attributed to a strong warm temperature 

anomaly in the Barents Sea as well as an overall negative sea level pressure, which suggests 

the lower sea ice melt and higher SSS compared to the other sectors (Francis & Wu, 2020). 

2014 showed anomalously high SST during the early summer despite its retention of SIC 

in all sectors, especially the Atlantic, which was lower than normal the year prior. Di 

Lorenzo et al. (2016) examined a marine heatwave in 2014 in the North Pacific that created 
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the anomalous high SST entering the Arctic through the Bering Strait mainly fed by 

atmospheric forcing. High SSTA from the Pacific sector in 2016 matches the studies from 

Hu et al. (2017) and Hartmann (2015) that investigated the influentially strong, warm phase 

of the El Niño Southern Oscillation (ENSO) of that year. This induced warmer SSTs in the 

northeast Pacific Ocean, curating warmer surface temperatures through the Bering Strait 

from oceanic heat loss and weak, cold water advection to the upper ocean during 2016. 

The summer of 2014 also experienced a higher than normal SIC, shown by late 

melting and early freeze onset days (Petty et al., 2018). Sea ice accumulates highest North 

of Greenland and the CAA aided by anticyclonic wind from the Beaufort Sea; however, 

Petty et al. (2018) describes melt and freeze onset days throughout this time period that 

could contribute to the levels of SIC seen in this study. Earlier melt onset days in 2012/2016 

hindered the chance for sea ice to accumulate over the fall months. Faster sea ice melt 

quickens the pace of FW release back to the ocean surface and the interaction to the 

atmosphere or oceanic fluid dynamics. Melt onset days started at consistent times in 

2013/2014; however, in 2013, an early freeze onset was recorded in the Eastern Arctic, 

comparing well to that of high concentrations that October. There was a later freeze onset 

in 2016, restricting its ability to store as much ice, which correlates well to the total lower 

sea ice anomalies spread throughout the sea ice area of that year. Ricker et al. (2017) also 

pointed that the inability to sustain multiyear sea ice caused unfavorable conditions for the 

increase of SIC in 2016, matching our observations of lower SIC overall. The preservation 

of thick sea ice over winter months, specifically from the northwest part of Greenland, 

permitted a higher minimum SIE for 2013 and 2014 (Tilling et al., 2015). Comiso et al. 

(2008) expresses the implications that pre-conditioning warming has on the following 
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years’ SIE. Increased present and near-future atmospheric warming will impede the ability 

for sea ice to remain throughout the summer months. 

A.2 WINDS AND CURRENTS 

Atmospheric forcing plays a significant role on the direct contact with the ocean 

surface interface and governs the intensity of water transport. Winds also influence deep 

convection, especially in the North Atlantic Meridional Overturning Circulation (AMOC). 

Ocean current direction and magnitude are driven by atmospheric wind forcing, both of 

which modify sea ice content and drift (Francis et al., 2009). For example, storm forcings 

in 2012 caused prominent variations, leading towards changes in the Beaufort Sea where 

the spatial distribution of SIC varies (Vihma, 2014). Summer sea ice especially increased 

in the Beaufort Sea from 2012 to 2013 (Figure 2.6j), which Liu and Key (2014) attributed 

to the decrease in winter cloud cover. Future research can incorporate the effects of higher 

atmospheric conditions to SIC and subsequently the relationship to FW flux. The 33% SIE 

increase from September of 2013 to 2012 was mainly attributed to the retention of sea ice 

and accumulation driven by atmospheric forcing (Tilling et al., 2015). 

Meridional currents in each sector are most distinguishable between the Arctic and 

subarctic regions where the Pacific sector has a constant northward current that flows into 

the Arctic while the dominant current in the Canadian sector is southward, out of the Arctic. 

The meridional current in the Atlantic sector is balanced by the inflow of water to the Arctic 

through the Barents Sea and the east side of the Fram Strait with a substantial southward 

flow out of the Arctic on the west side of the Fram Strait (Tsubouchi et al., 2018). A strong, 

wide current is also observed within the Arctic in the north Laptev sea, one of the first areas 

to begin the growth of winter sea ice every year (Kim et al., 2016). The extent of this study 



 

28 

observes currents flowing into the Arctic from subarctic regions; future studies can 

incorporate the movement of water flow solely within the Arctic. Currents in 2016 had a 

greater southwestward movement in the Pacific and Canadian sectors than usual. Overland 

et al. (2016) suggests an eastern shift of winds driven by the midlatitudes caused the lowest 

February temperatures in 2016, with a 2℃ warmer anomaly, preconditioning thinner and 

more mobile ice compared to the earlier years of the 2010s (Kwok et al., 2013). Increased 

winds and current drift speeds could result in a higher sea ice or liquid FW transport out of 

the Arctic. 

A.3 FRESHWATER FLUXES 

An averaged negative FW flux occurs in the Atlantic and Canadian Sectors while a 

positive FW flux is prominent in the Pacific Sector. However, there are large variations in 

the interannual anomalies of meridional FW flux throughout the Arctic. Years of low SIE 

seem to vary primarily in the Pacific Sector which can be attributed to the predominant, 

anticyclonic movement of the Beaufort Gyre circulating FW to diverging regions (Wang 

et al., 2019a). With an earlier melt season, outflow of FW in 2016 occurred at a higher 

magnitude in the Canadian Sector as opposed to an export through the Eastern Greenland 

Current (EGC). Dodd et al. (2009) assigns the EGC responsible for exporting between ½ 

to ¾ of the Arctic’s sea ice and liquid FW to the North Atlantic, where interaction with the 

Nordic seas can impact the overturning of North Atlantic surface waters important for the 

AMOC. Jahn et al. (2012) observed FW in sea ice is exported primarily through the Fram 

Strait in the Atlantic sector while larger liquid FW is generally expelled through the CAA.  

A significantly notable surface FW anomaly in 2012 passed in the East Greenland 

Current (EGC) through the Denmark Strait, of which explanations are still not well 
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illustrated (de Steur et al., 2018). Therefore, we observed the implications of subpolar FW 

transport in the North Atlantic Ocean.  

A.4 ATLANTIC FRESHWATER PATHWAYS 

 Compared to the Pacific and Canadian sectors, the Atlantic sector 

incorporates various flow directions and cannot be accurately characterized by one 

transect. Skliris et al. (2020) observed up to a 20% increase within the last 40 years of 

average meridional FW export from the Arctic to the North Atlantic Ocean, an area that 

depends on weaker stratification for thermohaline circulation. In order to understand the 

contribution of FW inflow and dispersion of outflow, we observed freshwater fluxes 

through three separate transects in the Atlantic region.  

A low salinity anomaly occurred in 2012 where about a 75% larger FW transport 

was exported into the Atlantic Sector unlike that of its shared low SIE year of 2016 (de 

Steur et al., 2018). De Steur et al. (2017) described high FW transport anomalies within 

July 2012, most likely continuing FW export through the EGC as seen in Figure 2.9. 

Nghiem et al. (2012) attributed the decrease in adjacent surface salinity of Greenland to the 

anomalously large melt across 98% of the ice sheet most likely due to a warm ridged air 

interaction. However, it is still uncertain to what parameters or their contribution to the 

abnormal FW outflow away from Greenland. We explore this unusual surface FW event 

further in Figure 2.11. 

Sea ice export through the Fram Strait declined between 1991 and 2010, whereas 

southward FW flux has increased about 49% from the 1959–1990 average in the southeast 

of Greenland (Bamber et al., 2012). Josey et al. (2005) suggests that other contributions to 

the fresher NEA region is from net precipitation and pressure gradient of the North Atlantic 
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Oscillation (NAO). The more likely factor is a change in the East Atlantic Pattern, which 

is similar to the NAO but with a southward shift. FW flux through the NEA is higher in 

both years of low SIE, suggesting FW export effects from the Arctic on mid-latitudes. As 

low SIE years become more dominant, FW flux into the North Atlantic could change the 

AMOC drastically if prompted by enough Arctic FW, changing the global thermohaline 

circulation. Therefore, incorporating FW observations from precipitation and river input 

with Arctic FW export when observing changing SSS will improve the knowledge of polar 

region influence on the global circulation.  

2.5 CONCLUSION 

The Arctic’s cold, FW budget is a driving factor to the strength of the polar 

halocline and the slowdown of the overturning advection in the north AMOC, despite its 

relatively small surface area. A seasonal contributor for increased FW is Arctic sea ice with 

lowest extents at the end of the melt season in September. In the last decade, there is a 

general decreasing trend of annual SIE due to Arctic Amplification as a consequence of 

anthropogenic induced climate change primarily induced by greenhouse gas emissions 

(2016); however, the yearly variations of these extents are still unknown. From this study, 

we utilize remote sensing data and model outputs to examine the transport and variability 

of climactic parameters in the Arctic and interconnected spatiotemporal ranges. 

With box-averages of each sector, we described the major contributions of adjacent 

seas and Arctic characteristics, then focused on the multiparameter variations within the 

individual years of low and high sea ice extent. There, we specified trends in different 

regions through the scope of the summer seasons where large fluctuation occurred in the 

Laptev, Kara, and Barents seas. We observed an anomalous surface FW transport event in 
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the subarctic and the North Atlantic regions in 2012. Past studies mention the possible 

contribution of the increasing annual declination of the southeastern Greenland ice sheet 

(Morison et al., 2012, Prange & Gerdes, 2006, Peterson, 2006).  

Models and satellites allow us to estimate parameters where in situ instruments 

lack, especially in harsh conditions that polar climates bring. However, there are limitations 

within validity of model estimations and satellite radiometer’s sensitivity to colder 

temperatures (Lang et al., 2016). Future work should focus on the contribution of FW 

through precipitation and river input and the possible implications that the Greenland Ice 

sheet melt has on the FW exchange with the Arctic and subarctic regions, especially on the 

impacts of SIE. Annual sea ice declination and FW increase within the Arctic are of major 

importance to understanding and predicting the polar regime. 
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Figure 2.1 Schematic of the Arctic Ocean showing Pacific, Canadian, and Atlantic sectors 
used for box averaging. Highlighted lines show transects used to compute net freshwater 
fluxes across the respective sectors. 
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Figure 2.2 Annual mean (covering 2016–2018) for (a) CMC SST (°C), (b) UKMO Ice 
concentration (%), (c) SMAP SSS (psu), and (d) SMOS SSS (psu). 
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Figure 2.3 Annual mean (covering 2016–2018) for (a) CCMP zonal wind speed (ms−1), (b) 
CCMP meridional wind speed (ms−1), (c) CCMP wind speed magnitude (ms−1) (d) ORAS5 
zonal surface current speed (ms−1), (e) ORAS5 meridional surface current speed (ms−1) and 
(f) ORAS5 surface current magnitude (ms−1). 
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Figure 2.4 Box-averaged monthly time series for the Canadian (black), Pacific (blue) and 
Atlantic (red) sectors for (a) CMC SST (°C), (b) UKMO ice concentration (%), (c) zonal 
winds speed (ms−1), (d) meridional wind speed (ms−1), (e) zonal currents (ms−1), (f) 
meridional currents (ms−1), and (g) SMOS SSS (psu). The gray-colored bands show the 
periods of minimum (2012/2016) and maximum (2013/2014) September sea ice extent. 
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Figure 2.5 Box-averaged interannual anomalies time series for the Canadian (black), 
Pacific (blue) and Atlantic (red) sectors for (a) CMC SST (°C), (b) UKMO Ice 
concentration (%), (c) zonal winds speed (ms−1), (d) meridional wind speed (ms−1), (e) 
zonal currents (ms−1), (f) meridional currents (ms−1), and (g) SMOS SSS (psu). The gray-
colored bands show the periods of minimum (2012/2016) and maximum (2013/2014) 
September sea ice extent. 
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Figure 2.6 Composite means of August to October. First row (a–f): (a) 2010–2018 
climatology of CMC SST (°C). Composite means of August to October SST interannual 
anomalies (°C) for (b) 2012, (c) 2016, (d) 2013 and (e) 2014. (f) shows the SST interannual 
anomalous difference between high/low SIE years (i.e., mean of (d) and (e) minus mean of 
(b) and (c). Second row (g–l): as in first row but for ice concentration (%). Third row(m–
r): as in first row but for SSS (psu). 
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Figure 2.7 First row: (a) August climatology of CMC SST (°C). August interannual SST 
anomalies (°C) for (b) 2012, (c) 2016, (d) 2013 and (e) 2014. Second row: as in first row 
but for September. Third row: as in first row but for October. 
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Figure 2.8 First row: (a) August climatology of UKMO Ice concentration (%). August 
interannual SIC anomalies (%) for (b) 2012, (c) 2016, (d) 2013 and (e) 2014. Second row: 
as in first row but for September. Third row: as in first row but for October. 
 
 
  



 

40 

 
 
 

 
 
Figure 2.9 First row: (a) August climatology of SMOS SSS (psu). August SSS interannual 
anomalies (psu) for (b) 2012, (c) 2016, (d) 2013 and (e) 2014. Second row (f–j): as in first 
row but for September. Third row (k–o): as in first row but for October. 
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Figure 2.10 (a) Monthly net meridional FW fluxes (m2s−1), and (b) interannual anomalies 
of net meridional FW fluxes (m2s−1) across 70°N in the Canadian (black), Pacific (blue), 
and Atlantic (red) sectors. The gray-colored bands show the periods of minimum 
(2012/2016) and maximum (2013/2014) sea ice extent. 
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Figure 2.11 (a) A schematic of the Arctic Ocean showing the Northeast (NE) Atlantic 
Section (53°N, 10°W to 25°W), Fram Strait (79°N, 11°E to 19°W), Barents Sea Opening 
(BSO) (71°N to 77°N, 23°E) with corresponding (b) FW Flux and (c) FW Flux interannual 
anomalies (m2s−1) during 2010–2018. Meridional flux was computed for NE Atlantic and 
Fram Strait sections, while zonal flux was computed for the BSO as the dominant 
movements. The gray-colored bands show the periods of minimum (2012/2016) and 
maximum (2013/2014) September sea ice extent. 
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CHAPTER 3 

INTERCOMPARISON OF SALINITY PRODUCTS IN THE BEAUFORT 

GYRE AND ARCTIC OCEAN2  
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ABSTRACT 

Salinity is the primary determinant of the Arctic Ocean’s density structure. 

Freshwater accumulation and distribution in the Arctic Ocean have varied significantly in 

recent decades and certainly in the Beaufort Gyre (BG). In this study, we analyze salinity 

variations in the BG region between 2012 and 2017. We use in situ salinity observations 

from the Seasonal Ice Zone Reconnaissance Surveys (SIZRS), CTD casts from the 

Beaufort Gyre Exploration Project (BGP), and the EN4 data to validate and compare with 

satellite observations from Soil Moisture Active Passive (SMAP), Soil Moisture and Ocean 

Salinity (SMOS), and Aquarius Optimally Interpolated Sea Surface Salinity (OISSS), and 

Arctic Ocean models: ECCO, MIZMAS, HYCOM, ORAS5, and GLORYS12. Overall, 

satellite observations are restricted to ice-free regions in the BG area, and models tend to 

overestimate sea surface salinity (SSS). Freshwater Content (FWC), an important 

component of the BG, is computed for EN4 and most models. ORAS5 provides the 

strongest positive SSS correlation coefficient (0.612) and lowest bias to in situ observations 

compared to the other products. ORAS5 subsurface salinity and FWC compare well with 

the EN4 data. Discrepancies between models and SIZRS data are highest in GLORYS12 

and ECCO. These comparisons identify dissimilarities between salinity products and 

extend challenges to observations applicable to other areas of the Arctic Ocean. 
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3.1 INTRODUCTION 

Arctic Ocean salinity is a key element of seasonal and interannual variability 

(Fournier et al., 2020). In this paper, we provide a comparison regarding modeled, remotely 

sensed, and directly observed salinity in the Arctic Ocean. We had two objectives. First, 

we wished to learn the validity of remotely sensed and modeled salinity compared to in 

situ observations. Low water temperatures and the consequently low thermal expansion 

coefficient make Arctic Ocean salinity the primary determinant of stratification and the 

density distribution controlling geostrophic circulation. This, combined with the facts that 

surface buoyancy fluxes resulting from sea ice formation and melt are due overwhelmingly 

to salt flux, and that the inflows to the Arctic Ocean are characterized by large differences 

in salinity, results in the Arctic Ocean being a salt-stratified sea. Furthermore, the Arctic 

Ocean is a critical link in the global freshwater–thermohaline chain, where the high salinity 

Atlantic Water combines with less saline Pacific Water and runoff from drainage basins 

extends south beyond the Arctic Circle. While salinity is important, owing to the ice cover 

and remoteness, it is extremely difficult to make in situ observations of salinity in critical 

areas of the Arctic Ocean. Ultimately, we must rely on remote sensing and models to infer 

salinity changes in these areas. 

Second, we sought a better understanding of Arctic Ocean salinity and freshwater 

content (FWC) changes, with special emphasis on the Beaufort Sea. The mean density 

structure and wind-driven surface circulation of the Arctic Ocean are largely dominated by 

the anticyclonic Beaufort Gyre in the Canadian Basin, along with the Transpolar Drift from 

the Pacific side of the Arctic Basin, over the Pole to the Fram Strait gateway to the North 

Atlantic. Consequently, changes in the Beaufort Gyre circulation and freshwater storage 
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have been studied extensively in recent decades (Krishfield et al., 2014; Proshutinsky & 

Johnson, 1997; Proshutinsky et al., 2009) and are of current interest in their own right. 

However, analysis of changes relative to the time-averaged Arctic Ocean 

circulation and freshwater distribution over the last 70 years reveal that the leading pattern 

of variability is centered not in the Beaufort Sea, but on the Russian side of the Arctic 

Ocean. In its positive phase, this pattern is dominated by a sea surface trough with cyclonic 

circulation roughly around in the Makarov Basin (Morison et al., 2021). The positive (or 

Cyclonic Mode) phase became more dominant, along with an increase in area-average 

Arctic Ocean vorticity, beginning in 1990 and associated with a one standard deviation 

increase in the average winter Arctic Oscillation index. As part of this regime shift, the 

dominant mode tends to include an increase in the intensity, but not the size, of the 

anticyclonic Beaufort Gyre adjacent to the dominant growing and intensifying cyclonic 

circulation centered on the Makarov Basin. 

As a consequence of these findings, we need to see increased observations on the 

Russian margins of the Arctic Basin. Without them, we are blind to the dominant mode of 

variability in circulation and freshwater pathways (Morison et al., 2012). The extreme 

remoteness of this region has resulted in there being virtually no modern repeat in situ 

observations there. Therefore, we looked to this study to not only explore salinity in the 

observation-rich Beaufort Sea for its own sake but to validate modeled salinities and 

remotely sensed sea surface salinity (SSS) with which to infer salinity on the observation-

poor Russian side of the Arctic Ocean in future studies. 

This paper is structured as follows. Section 2 will detail the data used from each 

product: satellite observations, ocean model simulations, and in situ measurements. Section 
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3 provides research results followed by a related discussion in Section 4. Section 5 will 

summarize our conclusions of this study. 

3.2 OBSERVATIONS AND MODELS 

We used a multiple-product analysis to evaluate salinity comparisons between in 

situ observations, satellite missions, and ocean models. Our study covers January 2012 to 

December 2017 and matches the availability of all salinity products used in this study. 

There are inherent differences between products on temporal and spatial scales. While 

satellites can only observe the top few centimeters of the ocean, measurements from 

profiling instruments stabilize between a depth of 2 m, and ocean models typically start 

estimations at a 5 m depth. Vertical layers varied between ocean models and were therefore 

linearly interpolated to the depths of in situ observations. 

The liquid FWC calculation quantifies the vertically integrated salinity anomaly 

from a particular reference salinity (Sref), which in this case is 34.8 psu indicated by the 

mean of the Arctic Ocean and commonly used in other studies (Haine et al., 2015, de Steur 

et al., 2013; Aagaard & Carmack, 1989). Following Carmack et al. (2008), Fuentes-Franco 

& Koenigk (2019), and Dewey et al. (2017), we calculate integrated liquid FWC (m) from 

salinity measurements and estimations using the equation: 

 FWC = ∫
/!"#	0	/(!)

/!"#
𝑑𝑧!45,

!4566,   (3.1) 

where S(z) indicates the salinity (psu) versus depth z. We integrate FWC from 5 m, based 

on the initial depth available from all models to 500 m depth to encompass the important 

components of the upper Arctic Ocean. 
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A. OBSERVATIONS 

A.1 SATELLITE DATA 

We use three sensor products that rely on passive microwave radiometry to observe 

oceanic parameters on the sea surface. The Soil Moisture and Ocean Salinity (SMOS) 

Version 3.1 SSS product produced at the Barcelona Expert Center (BEC) is especially 

useful in that it was specifically designed to measure ocean surface salinity in the Arctic 

region. The product has a spatial resolution of 25 km and uses an Equal-Area Scalable 

Earth (EASE)–Grid 2.0 with a temporal resolution of 3 days spanning from 2011–2019. A 

later mission, the Soil Moisture Active Passive (SMAP), has provided data since 2015 and 

is available via the Physical Oceanography Distributed Active Archive (PO.DAAC). This 

0.25° × 0.25° gridded product is based on the latest version 4.0 data from Remote Sensing 

Systems (RSS) Level 3 SSS, including 8-day running means (Meissner et al., 2021; 

Meissner et al., 2018). The latest version includes higher coastal resolutions and a sea-ice 

mask algorithm reliant on RSS AMSR– 2–sea–maps. The third satellite-based product used 

in this research is the Multi-Mission Optimally Interpolated Sea Surface Salinity (OISSS) 

Level 4 V1.0 (Melnichenko et al., 2021). This dataset was produced by the International 

Pacific Research Center (IPRC), University of Hawaii at Manoa, in association with RSS, 

Santa Rosa, California. Data combines SMOS, SMAP, and Aquarius/SAC-D mission 

observations on a 0.25° × 0.25° spatial grid with a 4-day temporal resolution using optimal 

interpolation and is available on the PO.DAAC data portal from 28 August 2011 to present 

(Melnichenko et al., 2014; Melnichenko et al., 2016). 
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A.2 IN SITU MEASUREMENTS  

The Office of Naval Research sponsored Seasonal Ice Zone Reconnaissance 

Surveys (SIZRS) have been conducted since 2012 by the University of Washington Polar 

Science Center onboard US Coast Guard C–130 aircraft to create ocean and atmosphere 

sections across the Beaufort Sea seasonal ice zone (SIZ) (Morison et al., 2012). The 

sections are created once a month during the summer melt season, typically June—

October. Ocean stations are located at each degree of latitude along the 150°W longitude 

line from 72°N to 76°N or beyond the ice edge, whichever is farther north. Conductivity–

Temperature–Depth (CTD) and current profiles are made using Sippican/Tsurumi–Seiki 

(TSK) Aircraft eXpendable CTDs (AXCTD) and Sippican Aircraft eXpendable Current 

Profilers (AXCP) that are dropped in open water or through leads in the sea ice and transmit 

profile data in real time to the aircraft’s antenna for recording onboard. 

The Beaufort Gyre Exploration Project (BGP) is based at the WHOI in 

collaboration with researchers from Fisheries and Oceans Canada at the Institute of Ocean 

Sciences. Data have been collected using buoys and moorings since 2003. For this study, 

we use hydrographic profiles collected by annual CTD surveys in the BG region (Figure 

3.1). Locations of the CTD casts were not uniform in the BG boundary but were 

consistently taken along the 150°W longitude (purple line), which we use for transect 

average comparisons. 

The Met Office Hadley Center “EN” series global objective analysis product’s most 

recent version 4.2.1 (EN4) provides monthly ocean temperature and salinity profiles with 

objective analyses and uncertainty estimates since 1900 (Good et al., 2013). EN4 salinity 

data relies on observations from Argo floats, Arctic Synoptic Basinwide Oceanography, 
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Global temperature and salinity profile program, and the world ocean database. Salinity 

profiles are available on uniform 1° horizontal resolutions with 42 depth levels beginning 

at a 5 m depth. 

B. OCEAN MODEL SIMULATIONS AND REANALYSIS PRODUCTS 

We used numerous ocean model simulations and reanalysis products to compare 

among their different base models, spatiotemporal resolutions, and assimilation methods, 

of which summaries are provided in Table 3.1. 

The first model used in this study was the National Aeronautics and Space 

Administration’s (NASA) Estimating the Circulation and Climate of the Ocean (ECCO): 

version 4, release 4 (v4r4) modeling system (Fukumori et al. 2021; Forget et al 2015). 

ECCOv4r4 uses a Lat–Lon–Cap 90 (LLC90) grid with varying horizontal resolutions 

between 110-km at mid-latitudes and 22-km in polar regions. ECCOv4r4 provided daily 

salinity data from January 1992 to December 2017 (ECCO Consortium; accessed on 22 

Feb 2021). 

The Marginal Ice Zone Modeling and Assimilation System (MIZMAS) developed 

by the Applied Physics Laboratory Polar Science Center (APL/PSC) produces 3–D daily 

salinity estimates starting at a 2.5 m depth and horizontal resolutions to about 20 km (Zhang 

& Rothrock, 2003). Reanalysis data from NCEP/NCAR is incorporated into the 

atmospheric forcing, to drive the seven ensemble predictions (Zhang et al., 2013; Kalnay 

et al., 1996). Further information regarding the MIZMAS ice- ocean model is detailed by 

Zhang et al. (2016) in conjunction with other product analyses. We obtained MIZMAS 

data from PSC for 2012–2017 for the Pacific Arctic Ocean region. 
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The Hybrid Coordinate Ocean Model (HYCOM) sponsored by the National Ocean 

Partnership Program (NOPP) is coupled with the Los Alamos Sea Ice model (CICE), which 

provides SSS simulations at a 1/12° global spatial resolution (Hunke & Lipscomb, 2008; 

Chassignet et al., 2009). Daily data is processed by averaging 12-hourly data and computes 

real-time simulations and forecast verification statistics of oceanic, sea ice, and 

atmospheric conditions. Atmospheric forcing is provided by the Fleet Numerical 

Meteorology and Oceanography Center 3-hourly 0.281° Navy Global Environmental 

Model. 

We use monthly salinity data provided by the European Centre for Medium-Range 

Weather Forecasts (ECMWF) through the Ocean Reanalysis System’s version 5 (ORAS5), 

which uses the Nucleus for European Modeling of the Ocean (NEMOv3.4) for its ocean 

model coupled with a sea ice model (Zuo et al., 2019). This version consists of eddy-

permitting 1/4° horizontal resolution with 75 vertically stratified layers and is available via 

the Integrated Climate Data Center (ICDC) at the University of Hamburg. ORAS5 derived 

its forcing fields from ERA–Interim, an atmospheric reanalysis, until 2015 (Zuo et al., 

2019). The post–2015 reanalysis product uses revised CORE bulk formulas and wave 

forcing from the ECMWF Numerical Weather Prediction (NWP) model (Breivik et al., 

2015; Large & Yeager, 2019). 

GLORYS12 Version 1 is a global ocean eddy-resolving reanalysis product 

produced by Mercator Ocean International and based on the Copernicus Marine Service 

(CMEMS) forecasting system. Like ORAS5, the model constituent of GLORYS12 uses 

the NEMO platform driven at the surface by ECMWF ERA–Interim atmospheric 
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reanalysis. Salinity data was provided daily from 1993–2019 at a 1/12° spatial resolution 

with 50 standard vertical layers starting at 0.5 m (Verezemskaya et al., 2021). 

3.3 RESULTS 

A. SEA SURFACE SALINITY 

The Arctic Ocean serves as a connection between the less saline North Pacific 

Ocean and the more saline North Atlantic Ocean, and these contrasting salinity 

characteristics determine the dominant structure of the Arctic Ocean FWC. To examine all 

products, including the open–water surface restricted remote sensing observations, we first 

assessed SSS averaged over September 2015 (Figure 3.2), the month when minimum sea 

ice extent typically occurs (Boé et al., 2009). The BG region, as an area of interest for this 

study, was outlined in a black box. Overall, the salinity values between observations and 

estimations agree on large spatial scales. For example, high salinities are prominent on the 

North Atlantic side of the Arctic Ocean extending from the Nordic Sea, compared to the 

lower salinities on the North Pacific side owing to the relatively fresh inflow of Pacific 

Water through the Bering Strait. Fresher waters observed over the Russian continental shelf 

are near the discharge regions of major Russian rivers, i.e., the Ob, Yenisey, and Lena 

rivers. However, the local salinity details can be quite different among the products. In 

particular, local salinity variances between models are apparent in the western part of the 

Kara Sea, the Canadian Archipelago, the coastal edges of Greenland, and notably in the 

BG. 

While all satellite SSS measurements are restricted to the open-water regions 

between the coast and ice edge, SMOS provides higher coverage of data in the Arctic 
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Ocean com- pared to SMAP or OISSS, especially in the Amerasian Basin (Figure 3.2a–c). 

The EN4 data and models resolve salinities close to Arctic Ocean coastlines, and with the 

exception of ECCO and MIZMAS, extend even into the Ob River channel. MIZMAS data 

provided is tuned for and restricted to the Canadian Basin. Low salinity in MIZMAS 

extends throughout the BG region and across the northern Chukchi Sea to the East Siberian 

Sea, which is not as pronounced in other products. The lower salinity observed in MIZMAS 

can potentially be attributed to calibration with SIZ hydrographic data and incorporation 

of floe size distributions in the model. EN4 has the largest horizontal resolution gridded at 

1 degree. Therefore, the interpolation of SSS is not as refined as the salinity in the ocean 

models. Modeling constituents are similar between ORAS5 and GLORYS12 reanalysis 

products, but GLORYS12 illustrates more saline waters than ORAS5 near the pole, in the 

Canadian Archipelago, and in the Canadian Basin. 

While all satellite SSS measurements are restricted to the open-water regions 

between the coast and ice edge, SMOS provides higher coverage of data in the Arctic 

Ocean compared to SMAP or OISSS, especially in the Amerasian Basin (Figure 3.2a–c). 

The EN4 data and models resolve salinities close to Arctic Ocean coastlines, and with the 

exception of ECCO and MIZMAS, extend even into the Ob River channel. MIZMAS data 

provided is tuned for and restricted to the Canadian Basin. Low salinity in MIZMAS 

extends throughout the BG region and across the northern Chukchi Sea to the East Siberian 

Sea, which is not as pronounced in other products. The lower salinity observed in MIZMAS 

can potentially be attributed to calibration with SIZ hydrographic data and incorporation 

of floe size distributions in the model. EN4 has the largest horizontal resolution gridded at 

1 degree. Therefore, the interpolation of SSS is not as refined as the salinity in the ocean 
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models. Modeling constituents are similar between ORAS5 and GLORYS12 reanalysis 

products, but GLORYS12 illustrates more saline waters than ORAS5 near the pole, in the 

Canadian Archipelago, and in the Canadian Basin. 

SSS in the BG Region is further emphasized in Figure 3.3, which provides evidence 

of distinctive regional salinity differences between the products. Overall, the products show 

relatively lower salinity in the central and eastern portions of the outlined BG region and 

more saline waters near the southwest portion, where the North Pacific inflow is near the 

surface. Satellite observations are especially limited in the northeast BG region (Figure 

3.2a–c). HYCOM and MIZMAS illustrate band-type patterns of alternating lower and 

higher salinity values between latitudes, in contrast to other products that show gradual 

freshening towards the center of the BG. Compared with other models, MIZMAS has the 

lowest salinity at the mouth of the Mackenzie River and along the Alaskan coast. 

Interpolation of EN4 produces a more homogeneous appearance of lower salinity 

throughout the BG area. As with EN4, ORAS5 contains a large span of low salinity in the 

BG, but with more variations at smaller spatial scales. The GLORYS12 product had the 

highest salinity in September 2015 throughout the BG region. 

SIZRS and BGP have examined salinity and freshwater conditions in the BG using 

a multitude of in situ techniques, with the most persistent repeat sections conducted along 

150°W longitude. Therefore, to further compare the salinity in the BG, we refined our 

analysis to a transect average at the BG region’s center longitude (150°W, 70.5°N–80.5°N) 

(Figure 3.4). Transect averages of SIZRS salinity show consistent annual patterns in which 

peaks occur around May and decrease to a minimum during July or August. SIZRS 

contains a few points that are much lower than in other years, such as July of 2012 and 
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2015. In Figure 3.4, SSS provided by BGP CTD casts denote the average date that data 

were collected along the transect during each annual expedition. BGP closely matched 

SIZRS, with the exception of 2014 and 2015, where differences were greater than 1, 

perhaps due to differences in the timing of the transects. Satellite-derived salinities below 

15 psu were excluded due to possible sea ice contamination that could confuse product 

comparisons. Satellites showed the most drastic variations in salinity, likely due to 

variation of data coverage along 150°W. In general, SMOS and SMAP related to averaged 

SSS of the in situ and EN4 product, with most values within 1 psu while OISSS was more 

variable on shorter timescales. 

Transect averages of SSS from the ocean models were comparable to the EN4 data 

in the sense that peaks occur before summer, around April, and the SSS minimum occurs 

abruptly towards July (Figure 3.4). However, the average differences of the model SSS 

from EN4 ranged between 0.35 psu (ORAS) to 2.3 psu (GLORYS12). The EN4 data shows 

its minimum (maximum) SSS during autumn (spring), reaching its largest magnitude at 

25.5 psu (29.71 psu). MIZMAS showed a wide range of seasonal SSS fluctuations, with 

its lowest salinity in autumn 2012 around 25.2 psu and highest salinity near 31.45 psu in 

2016. MIZMAS salinity values were comparable to GLORYS12 during winter months, 

then abruptly decreased by summer, closer to in situ and satellite products. ECCO 

estimated intermediate ranges between 27.84 psu and 30.28 psu throughout the time range. 

GLORYS12 and ORAS5 showed earlier minimum SSS dates in September at 31 psu and 

29.3 psu, respectively, whereas other models reached a minimum shortly after October. 

GLORYS12 reached consistently high SSS maximums near 31 psu. 
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The in situ data from BGP and SIZRS were not continuous. Therefore, we matched 

the products to the specific times and latitude of 126 SIZRS AXCTD, drops made between 

2012 and 2017 along the 150°W transect. We collocated remote sensing and model 

estimates of SSS to the date and latitude of each AXCTD drop. SIZRS measurements began 

at shallow depths but showed near-surface transients. Consequently, we compared SIZRS 

measurements at 2m depth to satellites that measure salinity within the top few centimeters 

of the surface. The shallowest depth layer of many models begins at 5m and therefore was 

compared to SIZRS at 5 m. Product observations and estimates were available at each of 

the 126 SIZRS drops except for SMOS, SMAP, and BGP, which had 61, 27, and 32 

samples at near-matching locations and times. 

Figure 3.5 shows SSS comparisons between SIZRS and other products at each 

SIZRS drop (Figure 3.5). SIZRS salinity, at both a 2 m and 5 m, ranged from 23 psu to just 

below 31 psu. Satellites show a larger range of salinity compared to that of SIZRS at 2 m, 

from just below 21 psu to about 33 psu. The spread of SSS was greatest with satellite 

products compared to ocean models and other in situ observations. ECCO and HYCOM 

(Figure 3.5b) share higher salinity properties with values more than 2.1 psu higher than the 

in situ SSS on average as opposed to MIZMAS with SSS within 0.27 psu difference from 

SIZRS. Amongst all other products, EN4 and BGP averages were closest to SIZRS, with 

the exception of ORAS5 with a bias within 0.1 psu. BGP data had fewer distinct outliers 

than EN4 (Figure 3.5d). Due to the lack of similar data available at the same temporal 

range, BGP had a lower sample size (32 samples) than SIZRS but showed a higher 

correlation than EN4. We provide further quantitative information regarding the correlation 
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coefficients of SSS between products and their respective p–values at each SIZRS drop 

(Table 3.2). 

The average salinity difference from in situ to satellites was higher in SMOS than 

in SMAP. SMAP had a stronger correlation to SIZRS at 2 m, but both satellites’ salinity 

data had higher p–values, implying they are not statistically significant (p–values > 0.05). 

The ocean models, ECCO, HYCOM, and GLORYS12 similarly yielded higher salinities 

(greater than 2.2 higher average psu) and moderate correlations (correlation coefficients < 

0.6) with in situ observations in the BG region. ORAS5 had the salinities closest to SIZRS, 

within 0.06 psu difference on average, and the strongest correlation with SIZRS at 0.612. 

The distribution of SSS differences of products minus SIZRS measurements were 

further analyzed through histograms, illustrated in Figure 3.6, to observe the distribution 

of product salinities from SIZR salinities at each SIZRS drop. The frequency of samples 

was distributed in 0.2 psu bins. 

Satellite products (Figure 3.6a,b) showed departures from SIZRS salinities that 

vary widely. SMOS SSS data distributions are similar to SMAP, but with the majority of 

departures from SIZRS salinity being positive and a few outliers of large negative salinity 

differences. Salinity differences of SMOS relative to SIZRS are generally 1 psu higher than 

those of SMAP (Table 3.3). However, SMAP’s bias was overall negative, which can be 

linked to the few large negative outliers (Figure 3.6b). The satellite remotely sensing SSS 

had the largest standard deviations from SIZRS SSS compared to other products, 

specifically in SMOS (~2.33 psu). Their variability compared to SIZRS salinity would be 

a consequence of the larger overall variability of the remote sensing SSS (Figure 3.4). 
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BGP observations were similar to SIZRS, but like the satellite product, compared 

to SIZRS, BGP has fewer samples with which to make definitive conclusions. In contrast 

to other products, the majority of salinity values from EN4 are fresher than SIZRS, with an 

average bias of −0.27 psu. In situ products showed close relation to SIZRS in average 

salinity. However, EN4 had a relatively high standard deviation, and a greater root mean 

square deviation (RMSD) from SIZRS than BGP. The RMSD signifies the accuracy 

measurement between the observed salinity and the SIZRS, where an RMSD of 0 would 

indicate a perfect comparison fit. This helped to delineate difference extremes rather than 

solely focusing on the average of the estimations. 

When comparing models to SIZRS, GLORYS12, HYCOM, and ECCO contain 

more saline values with average biases greater than 2 psu and have the largest RMSD of 

the ocean models at 2.89 psu, 2.73 psu, and 2.63 psu, respectively. ECCO salinity 

departures from SIZRS salinities have the highest standard deviation (1.47 psu) compared 

to the other models. HYCOM and GLORYS 12 showed the greatest average disagreement 

with SIZRS salinity compared to all products with a bias of about 2.50 psu and 2.44 psu, 

respectively. MIZMAS and ORAS5 salinity anomalies relative to SIZRS are more centered 

around 0 psu, with ORAS5 showing the closest comparison to SIZRS as the only ocean 

model indicating a fresher bias (−0.052) and a closer relation with an RMSD of 1.05. 

Since the SIZRS drops differ spatially as well as temporally, we next average the 

data along the transect (150°W from 70.5°N–80.5°N) to show the monthly average sea 

surface salinities between products on a timeline basis in Figure 3.7. 

Differences in product salinities from SIZRS SSS revealed monthly patterns 

between instruments and estimations (Figure 3.7). Satellite salinity differences from SIZRS 
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tended to become more saline in later months, perhaps because the initial advance of the 

ice edge obscured the lowest salinities near the center of the BG. This pattern also held true 

for the models, where early months showed lower and fresher SSS differences, as opposed 

to later months where the differences were heightened and typically more saline than 

SIZRS. Compared to ECCO and HYCOM, the salinities of MIZMAS were less than SIZRS 

through many of the monthly means, especially during 2014 and 2016 (Figure 3.7b). 

GLORYS12 and ORAS5 had common patterns of local salinity variations throughout time, 

but GLORYS12 consistently showed higher salinity values at about 2.3 psu on average 

compared to ORAS5 and 2.5 psu compared with SIZRS (Figure 3.7c). On the other hand, 

ORAS5 SSS fluctuated between more saline or fresher estimations than SIZRS 

measurements. Differences between EN4 and SIZRS monthly averages stayed between 

1psu, except for June and July 2016 observations. 

B. VERTICAL SALINITY STRUCTURE 

The vertical structure of the upper ocean defines changes in mixed layer depth, 

FWC, and stratification in the BG. We analyzed salinity within the water column between 

2012 and 2017 from EN4 and ocean models averaged along the 150°W BG transect 

between 70.5°N and 80.5°N (Figure 3.8). 

We examined salinity from 5 m to 200 m to include the mixed layer, usually 

shallower than 55 m in the BG region, and the main part of the upper ocean halocline. 

Seasonality between the EN4 data and ocean models is illustrated by the declining salinities 

throughout the summer into autumn months. MIZMAS salinity differences be-tween the 

surface and 200 m were the greatest of all the models with surface salinities under 27 psu 

and nearly 34 psu at 200 m. ORAS5 showed the closest relationship in seasonal variations 
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to EN4. Contrarily, ECCO and GLORYS12 indicated the lowest vertical gradients in 

salinity. Also, their surface salinities during autumn, when the annual salinity is lowest, 

were continuously higher than other products. 

To directly compare these models to SIZRS, we provide snapshots of the specific 

August dates of each year averaged along the 150°W transect with BGP, EN4, and model 

estimations to the closest temporal resolution possible, ranging from daily to monthly data 

(Figure 3.9). Depth profiles above 100 m show large salinity differences among the 

products. 

The in situ observations from BGP (Figure 3.9a,b) and EN4 closely matched SIZRS 

drops, although the slope of EN4 is smoothed with depth, and the mixed layer was not as 

distinguishable in the ECCO salinity profiles. Of the models, ORAS5 had the closest 

relation to SIZRS throughout the depth profiles, whereas GLORYS12 and ECCO were 

consistently higher than SIZRS with depth. MIZMAS salinity difference from SIZRS 

salinity was greatest between depths of about 20 m to 50 m. The mixed layer depth 

appeared in most products around 16 m, separating the fresher waters and sea ice cover 

from the more saline waters below. ECCO salinity is just under 29 psu at depths less than 

15–m, at which depth it increases logarithmically. GLORYS12 was similar to ECCO with 

higher SSS; however, its halocline is not as pronounced as other products that showed large 

increases in salinity around the bottom of the mixed layer depth (~20 m). 

To further distinguish the salinity profile differences between products, we took the 

average of SIZRS, EN4, and ocean model simulations where individual SIZRS latitude 

measurements were taken along 150°W in the BG during each available month (Figure 

3.10). 
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Salinity contours from SIZRS and EN4 (Figure 3.10a,b) illustrate the vertical 

salinity structure of monthly averages at all SIZRS drops. With small exceptions, these two 

in situ products are very similar, with low salinities (~26 psu) above 25 m and showing 

salinities reaching 31 psu by 60 m. ECCO and GLORYS12 showed relatively higher 

salinity (over 2 psu) in the surface layer, but their differences with respect to SIZRS and 

EN4 sharply decreased below 60 m. MIZMAS showed salinities close to in situ values at 

the surface, but higher biases occurred between the 10 m and 50 to 60 m depth layers. 

Unlike other models, MIZMAS simulates higher salinities with 0.5–1 psu differences 

below 100 m depth. ORAS5 depth-profiles are overall very similar to SIZRS and EN4 but 

are slightly (higher) lower in 2017 when compared to SIZRS (EN4). 

Overall, the greatest differences among the products were in the upper region of the 

water column above a 50 m depth, a region most important when analyzing the freshwater 

budget in the BG region. Therefore, to inspect model comparisons between the vertical 

layers where we saw the highest and lowest differences, we separated comparisons between 

an upper region (5 m–55 m) and lower region (55 m–207 m) in Figure 3.11. Depths of 

products are integrated to a 207 m depth as it is the EN4 product’s depth layer closest to 

200 m, as distinguished in previous figures. 

Statistical analyses are described in Table 3.4, including standard deviations, 

RMSD, and average differences (or bias) from SIZRS and EN4 products for the upper 

region compared to the lower region averages. Upper region averages have positive 

differences between the models and both SIZRS and EN4, except for ORAS5, which 

fluctuated between positive and negative salinity differences and had the smallest bias to 
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both in situ products. However, for salinity differences in the lower regions, GLORYS12 

data was closest to SIZRS, and MIZMAS data were closest to EN4. 

Table 3.4 also highlights that the discrepancy between products was more 

concentrated in the upper region than the lower. The largest RMSD, representing a higher 

magnitude of errors, occurs with GLORYS12 in the upper region for both SIZRS and EN4, 

and in MIZMAS when comparing the lower region of both in situ products. This stresses 

the importance of analyzing salinity features in the upper region of the BG and the Arctic 

Ocean when evaluating critical characteristics or changes in the halocline structure and its 

influences, and the oceans’ vertical circulation dynamics. 

C. FRESHWATER CONTENT  

FWC as a measure of depth-integrated salinity anomaly per unit area indicates 

where FW is accumulating or decreasing in the Arctic Ocean. Different assimilation 

techniques and forcing between models influence the salinity estimates and FWC in turn. 

We interpolated salinity anomaly relative to 34.8 psu of each model into 1° × 1° grided 

data and calculated the accumulated depth FWC (Equation (3.1)) across the Arctic Ocean 

between 5 m and 500 m, averaged from 2012–2017 as seen in Figure 3.12. 

As expected, low FWC comprises the more saline regions on the Atlantic side of 

the Arctic Ocean, whereas the Canadian Basin and Canadian Archipelago contain more 

FW for all models, especially in the BG region and the Davis Strait. The peak FWC was 

lowest in ECCO, between 16 m and 17 m on average between 2012–2017 (Figure 3.13b). 

MIZMAS and GLORYS12 maximum FWC was slightly greater than 18 m in the BG, 

whereas EN4 and ORAS5 showed at least 20 m of FWC in the Arctic Ocean during that 
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period. EN4 showed between 11 m and 12 m of FWC in the Davis Strait region. ECCO 

and GLORYS12 showed moderate levels of FWC in the Davis Strait, whereas ORAS5 did 

not. ORAS5 agreed well with the SIZRS FWC of 22.09 m averaged along the 150°W and 

integrated from 5.02 m to 435.65 m, its minimum sampled depth. 

We next compared the box–accumulated FWC (km3) of the Arctic Ocean deep 

basin, which encompassed areas with depths greater than 500 m, and the BG region to 

analyze the seasonal and interannual oscillations between 2012–2017 for each model 

(Figure 3.13). The FWC from MIZMAS was restricted between 180°W–80°W in the Arctic 

Ocean due to the geographic limits of the model; therefore, we excluded it from the Arctic 

Basin FWC calculations. 

FWC seasonality is induced by runoff, precipitation, sea ice melt, or growth 

combined with seasonal wind-driven circulation changes. The ocean models expressed a 

switch from mostly negative to mostly positive anomalies by 2015 in the Arctic Basin and 

2016 in the BG. Overall trends of FWC were not statistically significant during 2012–2017. 

Seasonal variations of FWC from the models were relatively consistent. Averages and 

standard deviations of the FWC time series for the Arctic Basin and BG are given in Table 

3.5. 

From 2003–2009, during the transition to a more cyclonic mode, Morison et al. 

(Morison et al. 2021) SI–7 (Freshwater Content Rate–of–Change Comparisons) found the 

total freshwater of the deep Arctic Ocean increased to 804 km3 year−1 or 0.0255 × 104 m3 

s−1 = 0.0255 Sverdrup, almost equal to the rate of sea ice loss but much smaller than the 

difference between BG and Eurasian Basin freshwater change. The BG minimum FWC in 

2013 from all products except for GLORYS12 coincides with Proshutinsky et al. (2019). 
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Perhaps the most interesting feature was the behavior of EN4 Beaufort Gyre FWC 

in 2016, during which it rose out of phase with the models in the first part of the year and 

then, still out of phase, dropped during the summer. At the same time, the EN4 Arctic 

Ocean FWC remained unusually constant over much of 2016, suggesting a redistribution 

of freshwater from outside the BG into the BG in the winter and spring of 2016. Overall, 

the products express a greater range of differences in average FWC, greater than the 

seasonal variations. 

3.4 DISCUSSION 

A. SEA SURFACE SALINITY 

We used SMOS produced by BEC, which, as Xie et al. (2019) shows, has a lower 

bias relative to in situ data in the BG area than alternative SMOS products. Despite having 

a lower temporal and spatial resolution than SMOS, SMAP showed more promising 

outcomes than SMOS along the BG 150°W transect, where it has a lower salinity bias than 

SIZRS data (Fournier et al., 2019; Bao et al., 2019; Bingham et al., 2020). Bingham et al. 

(2020) found higher bias in SMOS BEC than in SMAP and EN4. Fournier et al. (2019) 

said that SMAP RSS and SMOS BEC had lower RMSD relative to in situ than other SMAP 

and SMOS products. Among the satellite products, SMOS BEC had the lowest positive 

bias of (0.08). When comparing missions between 60°S–60°N, Bao et al. (2019) found a 

higher bias in SMOS (−0.113) than SMAP (−0.078). Nonetheless, satellites show small 

SSS correlation values compared with SIZRS observations, most likely due to the small 

sample size and low spatial coverage obtained. 
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All ocean models, except for ORAS5 and MIZMAS, have transect averages SSS 

greater than EN4. Carton et al. (2019) compared ORAS5 and earlier versions of ECCO 

(version 4, release 3) and EN4 (version 1.1) on a global scale as well as parts of the Arctic 

Ocean. Their results confirm closer comparisons between salinity estimations from 

ORAS5 and EN4 compared to ECCO and EN4. Through the analysis of transect averaged 

SSS, MIZMAS demonstrated the largest range of seasonal salinity fluctuations with higher 

winter values comparable to GLORYS12 and near equivalent summer month salinities to 

in situ products. MIZMAS forcing also incorporated monthly climatology of freshwater 

from river discharge into the Arctic Ocean and Bering Strait, to which we can attribute the 

lower salinity values viewed in spatial maps near the mouth of the Mackenzie River, the 

Canadian Archipelago, and the Chukchi Sea (2010). 

Compared to SIZRS data, ORAS5 had the highest correlation coefficient (0.612), 

suggesting a higher accuracy in salinity estimates in the BG despite having a lower 

temporal resolution than other models. ORAS5 and ECCO shared the same ERA-Interim 

surface forcing fields and surface flux bias correction (Carton et al., 2019). Yet, these two 

products showed differing distributions in histograms of salinity differences from SIZRS, 

where the direction of outliers for ORAS5 (ECCO) was negative (positive). ORAS5 and 

GLORYS12 share the same NEMO model component, but GLORYS12 produced 

correlations coefficients (0.406) and higher bias (2.437 psu) relative to SIZRS, signifying 

that ORAS5 is moderately correlated to in situ data and GLORYS12 is not. When 

analyzing the monthly averages of salinity differences between products and SIZRS along 

the BG transect, most models tend to overestimate salinity near the end of each year. 
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This study emphasizes the importance of SSS product comparisons between 

satellite data and ocean model estimations in an area where in situ observations are 

abundant compared to the observation-poor Arctic regions like the Russian shelf. While 

satellite observations are restricted by the extent of sea ice in the Arctic Ocean, their 

averaged annual coverage extends over the East Siberian shelf (Figure 3.2). The bias and 

regional discrepancies shown by these products help to discern their advantages and 

disadvantages when analyzed in other regions of the Arctic Ocean. The scarcity of in situ 

measurements in portions of the Arctic Ocean that contribute to the overall analysis of the 

Arctic Ocean revealed the significance of improved remote sensing techniques and ocean 

model development. 

B. VERTICAL SALINITY STRUCTURE 

Depth profile analysis in this study highlights the variability at depths shallower 

than 55 m and between 55 and 207 m for deeper layer comparisons. Past research has 

commonly defined the mixed layer depth as the depth where the density increase above the 

mixed layer reaches 0.25 kg/m3, which is consistently deeper than 10 m in the BG and can 

reach 30 m in the winter (Proshutinsky et al., 2019; Peralta-Ferriz et al., 2015; Cole et al., 

2019). In contrast, Jackson et al. (2012) emphasize that the alteration of the upper 100 m 

of the Canadian Basin has been influenced by heightened temperatures and freshwater 

levels where the mixed layer depth during winter months shoaled from 50 m prior to the 

1970s to around 24 m more recently. 

Seasonality of salinity-in-depth profiles, where the melting of sea ice during the 

summer causes surface freshening and stronger salinity gradients, is seen best in EN4 and 

ORAS5 compared to GLORYS12. ECCO shows a similar structure to GLORYS12; how-



 

67 

ever, ECCO retains slightly fresher surface waters longer each year. Except for ORAS5, 

comparisons among the other three models varied, but they all maintained slightly higher 

salinities with depth compared to SIZRS. GLORYS12 (MIZMAS) had the highest bias in 

the upper (lower) region compared to SIZRS and EN4. 

C. FRESHWATER CONTENT 

FWC analysis is vital to the understanding of the distribution and key role of 

salinity in the Arctic Ocean. Serreze et al. (2006) analyzed Arctic FWC, finding less in the 

central Arctic and more accumulating in the Eurasian basin, such as the Kara and Laptev 

Seas. Wang et al. (2019b) found that the FWC in the Canadian basin increased upwards of 

5 m between 2004 and 2009, with a less significant difference between 2009 and 2015. The 

BG region accounts for about a fourth of the total liquid FWC, with a current peak between 

~17 m for ECCO to ~21 m shown in EN4. 

FWC from model estimations in our study also agreed with Proshutinsky et al. 

(2009) in that the BG seasonal changes of total FWC accounted for about 5% of its total 

volume, even for the current period, which they attribute to atmospheric circulation. EN4 

estimated the FWC of the BG to be slightly higher than 22 × 103 km3 during 2017, whereas 

the other models except for ORAS5 (just shy of 20 × 103 km3) estimated lower than 18 × 

103 km3 throughout the timeline. The largest seasonal change of FWC from the EN4 data 

occurred near the end of 2017, decreasing at least 4.1 × 103 km3, attributing to a departure 

of more than 3 × 103 km3 from its monthly BG climatologies. The 2012 FWC anomalies 

in Figure 3.13c,d for the BG are slightly smaller, but similar to estimates shown by Rabe 

et al. (2014). However, these slight differences from Rabe et al. (2014) can be credited to 

the use of a different model and their reference salinity of 35 psu instead of our 34.8 psu. 
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The products do not show as great a seasonal difference in FWC as in their annual averages 

in the Arctic basin. The overall trend of FWC for the Arctic Ocean had relatively stabilized 

in the decade following 2010, between the relative balance of the BG freshening and the 

reduction of FW in the rest of the Arctic Ocean, especially in the Eurasian Basin, which 

Morison et al. (2021) attributes over the long term to the changes in surface circulation 

governed by the positive shift of the Arctic Oscillation in recent decades (Solomon et al., 

2021). 

3.5 CONCLUSION 

This study primarily focuses on salinity comparisons between numerous salinity 

products commonly used in the Arctic Ocean and sub-Arctic seas. Large-scale SSS 

characteristics between these products are similar. However, important regions like the BG 

that provide insight into the state of the changing Arctic Ocean in a warming climate, show 

concerning dissimilarities. Present research has shown that over the past three decades, the 

Arctic Ocean surface circulation has been dominated by a more dominant cyclonic mode 

associated with higher average vorticity, advection of more Eurasian runoff into the 

Canadian Basin, enhanced divergence and thinning of the ice cover, and in principle more 

FW release (Morison et al., 2021). The changes we see in the Beaufort Gyre in recent years 

are embedded in the larger and longer scale change. Therefore, we have conducted a 

model–observation analysis of surface and depth profiles of salinity variations from 2012 

to 2017 in the BG area. The satellite missions of SMOS, SMAP, and OISSS, combined 

with the Arctic Ocean model simulations from ECCO, MIZMAS, HYCOM, ORAS5, and 

GLORYS12, show a range of biases when compared to the in situ products of SIZRS 

surveys, BGP CTD casts, and the EN4 data. 
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In the BG area, SMAP shows more promising SSS comparisons to in situ data than 

SMOS. Ocean models evaluated in this study, except for ORAS5, tend to overestimate in 

situ SSS, with the largest positive bias represented by HYCOM at about 2.5 psu. ORAS5 

provides the strongest positive correlation coefficient (0.612) and lowest salinity bias 

relative to observations. GLORYS12 salinity depth profiles above 55 m differ most from 

in situ data but are closest to SIZRS when comparing salinities between the 55 m and 207 

m region. From 55 m to 207 m, MIZMAS shows higher biases relative to observations. 

FWC trends in the Arctic basin and the BG were insignificant between 2012 and 2017. The 

seasonal FWC differences between ocean models and EN4 were not as great as when 

comparing their averaged annual FWC. Future sea ice melt will contribute even more to 

the accumulation of FW to the BG that can be eventually released to adjacent seas if it does 

not form back into sea ice the following winter. 
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Table 3.1 Summary of ocean model characteristics used in this study. 
Product ECCO MIZMAS HYCOM ORAS5 GLORYS12 

Version Version 4 
Release 4 

Version 1 +CICE version 
1 

Version 5 Version 1 
Level 4 

Origin NASA APL/PSC NRL 
Mississippi 

ECMWF/ICD
C 

CMEMS 

Horizontal 
Resolution 

1° (mid 
latitudes) - 1/5° 
(high latitudes); 
LLC90 grid 

1/5°; 
Arctic version 

1/12° gridded 1/4° gridded 1/12° gridded 

Temporal 
Resolution 

Daily; Jan. 1992 
– Dec. 2017 

Daily; Jan. 
2012 – Dec. 
2017 

Daily; Nov. 
2011 – Present 

Monthly; Jan. 
1979 – Dec. 
2018 

Daily; Jan. 
1993 – Dec. 
2019 

Vertical 
Layers 

50; 
(first layer: 5m – 
5.9km) 

40; 
(first 
layer : .5m – 
4.3km) 

40; 
This study uses 
surface layer 

75; 
(first layer: 
0.5m – 5.9km) 

50; 
(first layer: 
0.5m – 5.7km) 

Data 
Assimilated or 
constrained 

SSS: Aquarius 
constrained; 
Salinity profiles: 
Argo floats, 
CTDs, APB 
gliders, ITP, 
moorings 

Salinity: Polar 
Profiling 
Floats, Ice-
Tethered 
Profilers, 
autonomous 
gliders 

Performed 
using 
NCODA; 
Salinity: 
XBTs, Argo 
floats, moored 
buoys 

NEMOv3.4 
coupled with 
LIM2 sea ice 
model; 3DVar-
FGAT 

NEMO; 
ECMWF 
ERA-Interim 
atmospheric 
reanalysis 

Atmospheric 
Forcing 

high- 
frequency 
atmosphere 
pressure from 
ERA-Interim 

NCEP/ 
NCAR 
reanalysis data 

NAVGEM ERA- 
Interim (1979 
– 2015), 
ECMWF NWP 
(2015 – 
Present) 

CMEMS high-
res. 
Forecasting 
system 
PSY4V3 
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Table 3.2 Statistical analysis including the total drop average, the average difference, the 
correlation coefficient, and the p–value of sea surface salinity (psu) between SIZRS other 
salinity products at each SIZRS drop point. 
 

Product Total Drop 
Avg. (psu) 

Avg. Diff. 
(psu) 

Correlation 
Coeff. 

p-value 

SIZRS 2m/5m 26.552/26.706 - - - 

SMOS 27.825 1.274 * 0.1283 * 0.3243 * 

SMAP 26.095 –0.457 * 0.3615 * 0.0540 * 

ECCO 28.973 2.267 0.3378 <.001 

MIZMAS 26.959 0.261 0.5115 <.001 

HYCOM 29.200 2.493 0.3808 <.001 

ORAS5 26.646 –0.060 0.6120 <.001 

GLORYS12 29.135 2.428 0.4055 <.001 

EN4 26.426 –0.280 0.3816 <.001 

BGP 26.310 –0.396 0.5060 0.0027 
* Compared with SIZRS at 2 m. 
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Table 3.3 Median, mean, standard deviation (Std. Dev.), and Root Mean Square Deviation 
(RMSD) of SSS differences between products and SIZRS in situ data at each latitude 
SIZRS measurements were taken. 
 

Product Median (psu) Bias (psu) Std. Dev. (psu) RMSD 

SMOS 1.676 1.658 2.326 2.840 

SMAP 0.681 –0.061 1.828 1.794 

ECCO 1.998 2.183 1.474 2.630 

MIZMAS 0.087 0.105 1.212 1.237 

HYCOM 2.581 2.502 1.140 2.747 

ORAS5 –0.046 -0.052 1.053 1.050 

GLORYS12 2.443 2.437 1.132 2.685 

EN4 –0.047 –0.271 1.262 1.276 

BGP 0.114 0.039 0.638 0.630 
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Table 3.4 Standard deviation of salinity (psu) profile differences between model minus in 
situ (SIZRS and EN4) products for upper region (above 55 m depth) and lower region 
(below 55 m depth). 
 

Product Upper 
SIZRS 

5m–55m 

Lower 
SIZRS 

55m–207m 

Upper 
EN4 

5m–55m 

Lower 
EN4 

55m–207m 

Std. 
Dev. 

RMSD Bias Std. 
Dev. 

RMSD Bias Std. 
Dev. 

RMSD Bias Std. 
Dev. 

RMSD Bias 

ECCO 0.36 1.78 1.74 0.15 0.18 0.10 0.58 1.70 1.60 0.15 0.22 0.16 

MIZMAS 0.43 0.94 0.84 0.29 0.51 0.43 0.56 0.84 0.64 0.24 0.44 0.38 

ORAS5 0.28 0.28 0.05 0.12 0.15 –0.10 0.45 0.46 –0.10 0.17 0.20 –0.12 

GLORYS1
2 0.42 2.01 1.97 0.13 0.15 –0.08 0.49 1.76 1.69 0.15 0.16 –0.06 
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Table 3.5 Statistical analysis of averages (avg.) and standard deviations for FWC in the 
Arctic Basin and the Beaufort Gyre depicted in Figure 3.13.  
 

 2012–2017 Avg.  
(103 km3) 

Std. dev.  
(103 km3)  

Anomaly Std. dev. 
(103 km3) 

Arctic 
Basin 

EN4 49.1 1.80 1.55 
ECCO 47.2 2.06 1.04 

ORAS5 45.5 1.34 0.658 
GLORYS12 48.8 1.24 0.418 

Beaufort 
Gyre 

EN4 19.6 0.974 0.936 
ECCO 16.1 0.834 0.588 

MIZMAS 15.0 0.651 0.423 
ORAS5 18.1 0.768 0.662 

GLORYS12 16.3 0.531 0.415 
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Figure 3.1 Map of the Beaufort Gyre Exploration Project (BGP) CTD casts (blue dots) 
from (a–f) 2012–2017 in the (black outline) Beaufort Gyre (BG). The line along 150°W 
delineates the transect between 70.5°N and 80.5°N.  
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Figure 3.2 Arctic Ocean sea surface salinity (SSS) averaged over the month of September 
2015 from satellites: (a) SMOS, (b) SMAP, (c) OISSS, objective analysis product: (d) EN4, 
and ocean model simulations: (e) ECCO, (f) MIZMAS, (g) HYCOM, (h) ORAS5, and (i) 
GLORYS12. 
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Figure 3.3 Arctic Ocean sea surface salinity (SSS) averaged over the month of September 
2015 in the Beaufort Gyre (BG) region derived from satellites: (a) SMOS, (b) SMAP, (c) 
OISSS, objective analysis product: (d) EN4, and ocean model simulations: (e) ECCO, (f) 
MIZMAS, (g) HYCOM, (h) ORAS5 and (i) GLORYS12. 150°W transect is outlined for 
comparisons in this study.  
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Figure 3.4 Averaged sea surface salinity (SSS) along a 150°W transect between 70.5°N–
80.5°N as seen in Figure 3.1 among ocean products between January 2012–December 
2017. 
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Figure 3.5 Scatter diagrams of sea surface salinity (SSS) of SIZRS (2 m) to (a) satellite 
missions, and of SIZRS (5 m) to (b,c) ocean model simulations, and (d) in–situ 
observations during SIZRS AXCTD drops. Black line signifies equivalent salinity values 
(psu).  
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Figure 3.6 Histograms of sea surface salinity (SSS) differences (psu) of products minus in 
situ (SIZRS). SIZRS at 2 m is used for (a,b) Satellites, and 5 m for (c,d) in situ and (e–i) 
models. Bin widths are 0.2 psu.  
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Figure 3.7 Sea surface salinity (SSS) differences (psu) from SIZRS (at 5 m) averaged along 
(150°W from 70.5°N–80.5°N) compared to (a) satellite missions, (b,c) ocean model 
simulations, and (d) in–situ observations. Grey, vertical lines separate years where months 
are not consecutive.  
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Figure 3.8 Contours of salinity (psu) averaged along 150°W between 70.5°N and 80.5°N, 
as a function of depth and time from 2012–2017.  
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Figure 3.9 Salinity (psu) depth profile comparisons of SIZRS drops with other products 
over the transect average (150°W, 70.5°N–80.5°N) during (a) 21 August 2012, (b) 16 
August 2013, (c) 13 August 2014, (d) 12 August 2015, (e) 18 August 2016, (f) 17 August 
2017.  
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Figure 3.10 Salinity (psu) versus depth profiles averaged monthly over all SIZRS latitudes 
for (a) SIZRS and (b) EN4 from 2012–2017, and the departure of salinity from SIZRS (left 
column) and EN4 (right column) for the ocean models (c,d) ECCO, (e,f) MIZMAS, (g,h) 
ORAS5, and (i,j) GLORYS12. Grey, vertical lines separate years where months are not 
consecutive.  
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Figure 3.11 Differences in salinity (psu) depth profiles of each product at each SIZRS 
latitude averaged monthly from 2012–2017 separated by vertically-averaged (solid dot) 
upper 5 m to 55 m region and the (opened dot) lower 55 m to 207 m region for (a) model 
minus SIZRS, and (b) model minus EN4.  
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Figure 3.12 Freshwater content (FWC; m) from 5 m–500 m depth in the Arctic Ocean and 
averaged between 2012–2017 from the (a) EN4 data and five models: (b) ECCO, (c) 
MIZMAS, (d) ORAS5, and (e) GLORYS12. FWC is contoured every 2 m with a reference 
salinity of 34.8 psu. Beaufort Gyre region is outlined in a black box (Figure 12a). 
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Figure 3.13 Timeseries of depth-integrated (5 m–500 m) and box–accumulated freshwater 
content (FWC; km3) in the (a,c) Arctic Ocean Basins (180°W–180°E, 67°N–90°N) and the 
(b,d) Beaufort Gyre (170°W–130°W, 70.5°N–80.5°N) from (top panel) raw data and the 
(bottom panel) departure from the monthly climatology between 2012 and 2017.  
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CHAPTER 4 

THE ROLE OF THE RUSSIAN SHELF IN SEASONAL AND 

INTERANNUAL VARIABILITY OF ARCTIC SEA SURFACE SALINITY 

AND FRESHWATER CONTENT3  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
3Hall, S.B., B. Subrahmanyam, and M. Steele (2022). The Role of the Russian Shelf in 
Seasonal and Interannual Variability of Arctic Sea Surface Salinity and Freshwater 
Content. Submitted to Journal of Geophysical Research: Oceans.
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ABSTRACT 

Freshwater plays a pivotal role in the Arctic Ocean’s climate, as salinity governs 

upper ocean stratification, convection, and the promotion of seasonal sea ice growth or 

melt. The Beaufort Gyre contains a significant amount of freshwater; however, there is 

limited understanding of the role that the Russian Arctic Shelf plays in the Arctic Ocean’s 

freshwater content (FWC). Here, we use salinity from the European Centre for Medium-

Range Weather Forecasts’ (ECMWF) Ocean Reanalysis System 5 (ORAS5) product to 

first compare with in situ and satellite observations. We then conduct analyses over the 

years 1979–2018 to examine FWC and salinity on the Russian Shelf (30°E–180°E; 

shallower than 200 m depth), in the Beaufort Gyre (130°W–170°W, 70.5°N–80.5°N), and 

over the Arctic Ocean as a whole (northward of 66°N). Our results indicate that the Russian 

Shelf consists of ~16% of the total freshwater volume (FWV) in the Arctic Ocean (80,7623 

km3) and has a negative trend (-15.63 km3/year), primarily influenced by negative trends 

in the Kara and Laptev Seas. We also find a notable regime shift during the summer of 

2007 for both the Beaufort Gyre (increased FWV) and Russian Shelf (decreased FWV). 

When computing Arctic FWV changes before and after this 2007 regime shift, there is up 

to a 14% error if the Russian Shelf’s FWV is omitted.  
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4.1 INTRODUCTION 

Freshwater plays a vital role in the Arctic Ocean as salinity variations determine 

the strength of stratification, ocean circulation, and biogeochemical cycles (Carmack et al., 

2016; Cornish et al., 2020). Not only has there been a rapid depletion of perennial sea ice 

in the past two decades, but other freshwater sources such as major river discharge and 

Pacific Ocean import through the Bering Strait have contributed to an overall increase of 

freshwater in the Arctic Ocean (Serreze et al., 2006; Woodgate & Aagaard, 2005; Kelly et 

al., 2019). Wang et al. (2021c) showed that freshwater has increased in the Amerasian 

Basin (containing the Makarov and Canada Basins, see Figure 4.1a) and decreased in the 

Eurasian Basin (containing the Amundsen and Nansen Basins see Figure 4.1a). 

Previous research has focused on the Beaufort Gyre (BG), since it contains 20-25% 

of the Arctic Ocean’s total freshwater content (FWC) and has undergone significant 

freshwater accumulation in recent decades (Proshutinsky et al., 2019). FWC with units of 

meters is defined as: 

 𝐹𝑊𝐶 =	∫
/!"#0/
/!"#

!$
!(/4/!"#)

⋅ 𝑑𝑧  (4.1) 

where z0 indicates a data set’s shallowest depth and z is the depth where salinity (S) is 

equal to the reference salinity (Sref); we use the standard definition Sref = 34.8 psu (Aagaard 

& Carmack, 1989; Serreze et al., 2006; Fuentes-Franco & Koenigk, 2019). Freshwater 

volume (FWV) is the longitude and latitude integration of FWC, as used by Cornish et al. 

(2020): 

 𝐹𝑊𝑉 =	∫ ∫𝐹𝑊𝐶 ⋅ 𝑑𝑥 ⋅ 𝑑𝑦  (4.2) 
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where dx and dy are the longitudinal and latitudinal expanse of the data grid cells, resulting 

in units of km3 for the remainder of this study. 

The Russian Shelf exhibits a wide range of salinity variability due to seasonal sea 

ice advance and retreat as well as discharge from major rivers. The largest three rivers are 

the Ob and Yenisei (flowing into the Kara Sea), and Lena (flowing into the Laptev Sea) 

that combined contribute ~2,300 km3/yr which is roughly half of total discharge from all 

rivers flowing into the Arctic Ocean (Osadchiev et al., 2020). Ahmed et al. (2020) reported 

that the annual discharge over the years 1980-2009 from the Ob, Lena, and Yenisei Rivers 

increased by 10.3 km3, 40.6 km3, and 23.7 km3 per decade respectively. Arctic shelves also 

tend to favor polynyas where ice grows and an excess of saline water is left behind 

(Spielhagen & Bauch, 2015). Both factors contribute greatly to seasonal and interannual 

variability. 

Studies have shown that atmospheric circulation patterns as expressed by the Arctic 

Oscillation (AO) and the related North Atlantic Oscillation (NAO) have strong influence 

on the Arctic Ocean’s sea ice motion, freshwater input and export pathways (Rigor et al., 

2002; Jahn et al., 2010; Lique et al., 2010). For example, a positive NAO or AO (here 

referred to together as “N/AO” since they tend to co-vary) index is associated with 

enhanced outflow of sea ice and surface freshwater flux via Fram Strait, more westward 

Eurasian freshwater runoff pathways, and a reduction in the size of the BG (Morison et al., 

2021; Wang, 2021). Steele and Ermold (2004) demonstrate salinity trends related to N/AO 

indices, which when positive, can broadly freshen the White and Kara seas while the East 

Siberian and Laptev seas experience freshening in the south and salinification in the north. 

More specifically, a positive (negative) N/AO index is associated with more westerly 
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(southerly) winds which guide freshwater along (across) the eastern shelves of the East 

Siberian and Laptev Seas. The Kara Sea however is primarily influenced by atmospheric 

moisture flux convergence that increases with higher N/AO indices that induce greater 

precipitation – evaporation (P-E) and river output (White et al., 2007; Peterson et al., 2002; 

Steele & Ermold, 2004). 

Freshwater accumulation and release from the Arctic Ocean southward into the 

North Atlantic Ocean can have significant impacts. For example, “The Great Salinity 

Anomaly” event in the 1970’s resulted in ~10% decrease in strength of the Atlantic 

Meridional Overturning Circulation current that is responsible for the deep-water 

formation source of the thermohaline circulation system and plays a vital role in the 

regulation of the global climate (Rahmstorf et al., 2015; Johnson et al., 2018). Rising 

surface air temperatures as a consequence of increased anthropogenic emissions have also 

instigated a changing regime of the Arctic Ocean, which can drastically alter the spatial 

distribution and magnitude of FWC (Serreze & Francis, 2006). Understanding the 

freshwater contribution from the Russian Shelf through quantitative analysis is pivotal to 

the interpretation of Arctic Ocean processes; especially as “ice-free” summers are 

anticipated to occur within the next two decades (Guarino et al., 2020). 

Our study is focused on FWC changes and trends in the Arctic Ocean over the 

recent four decades, with emphasis on the Russian Shelf region where in situ observations 

are limited. This region has often been overlooked in terms of FWC. Here, we use in situ 

measurements, remote sensing observations, and the European Centre for Medium-Range 

Weather Forecasts’ (ECMWF) Ocean Reanalysis System 5 (ORAS5) product to examine 

FWC and sea surface salinity (SSS) on the Russian Shelf, in the Beaufort Gyre, and over 
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the Arctic Ocean as a whole. Section 2 provides an overview of the data and methodology 

used in this study, while Section 3 presents the results and discusses the outcomes of this 

work. Section 4 provides a summary of our significant findings. 

4.2 DATA AND METHODS 

A. DATA 

The Arctic Ocean is defined here as 66–90°N. The Russian Shelf region is defined 

as areas shallower than 200 m within longitudes 30–180°E, using the General Bathymetric 

Chart of the Oceans’ (GEBCO) gridded bathymetry (GEBCO Compilation Group, 2020). 

The European Centre for Medium-Range Weather Forecasts’ (ECMWF) Ocean 

Reanalysis System 5 (ORAS5) product provides 40 years of monthly data between January 

1979 and December 2018. This study utilizes the 3D fields of salinity, temperature, zonal 

and meridional current velocity, which are provided on a tripolar grid, with the poles of the 

grid located on the Antarctic continent, in Central Asia, and North Canada. The horizontal 

resolution is 1/4° (27.75 km) at the equator and increases to ~ 9 km in the Arctic (Zuo et 

al., 2019). ORAS5 consists of multiple ensemble members with a model component from 

the Nucleus for European Modelling of the Ocean (NEMO) version 3.4.1 coupled to the 

Louvain-la-Neuve Sea Ice Model for global configuration. Atmospheric forcing fields are 

derived from ERA-Interim prior to 2015 and from the ECMWF operational numerical 

weather prediction after 2015 (Dee et al., 2011; Zuo et al., 2018). The 3-Dimensional 

VARiational data assimilation system’s First-Guess at the Appropriate Time configuration 

from NEMOVAR is used to assimilate temperature and salinity profiles for ORAS5. 

Observational data assimilated to construct ORAS5’s temperature and salinity include 

Woods Hole Institution’s Ice-Tethered Profilers, The Hadley Centre Global Sea Ice and 
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Sea Surface Temperature, Research African-Asian-Australian Monsoon Array moorings, 

Argo floats, and Autonomous Pinniped Bathythermographs (Zuo et al., 2019). 

Temperature and salinity profiles are also assimilated from the quality-controlled EN4 with 

depth corrections from the Expendable Bathy Thermograph and Mechanical 

bathythermograph before May 2015, and from Global Telecommunications System after 

(Good et al., 2013). The Integrated Climate Data Center provides ORAS5 output online at: 

https://icdc.cen.uni-

hamburg.de/thredds/catalog/ftpthredds/EASYInit/oras5/ORCA025/catalog.html. 

This study provides a comparison of SSS in the ORAS5 model (at its top layer 

depth of 0.5 m) to the following three satellite-derived SSS products. The first is SSS from 

the European Space Agency’s Soil Moisture and Ocean Salinity (SMOS) Arctic product 

version 3.1 produced at the Barcelona Expert Center (BEC; Martínez et al., 2022). SMOS 

has a temporal resolution of a 3-day repeat and a spatial resolution of 25 km, using an 

Equal-Area Scalable Earth (EASE)-Grid 2.0 (http://bec.icm.csic.es/). The second satellite 

SSS data set is processed by Remote Sensing Systems (RSS) using NASA’s SMAP level 

3 version 5 product available online at: https://data.remss.com/smap/SSS/V05.0/FINAL/ 

(Meissner et al., 2022). The final satellite data set used here is level 4 version 1 Multi-

Mission Optimal Interpolated Sea Surface Salinity (OISSS; Melnichenko et al., 2016). This 

is produced by the International Pacific Research Center of the University of Hawaii at 

Manoa in collaboration with RSS and combines salinity data from SMOS, SMAP, and 

Aquarius/SAC-D satellite missions (Melnichenko, 2021; Melnichenko et al., 2016) on a 

0.25 × 0.25 grid, with data provided weekly from 24 August 2011 to 31 August 2021 

through the Physical Oceanography Distributed Active Archive Center’s (PODAAC) 
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(https://podaac.jpl.nasa.gov/dataset/OISSS_L4_multimission_7day_v1?provider=POCL

OUD). 

In situ ship CTD data from the Russian shelf taken during the Nansen and 

Amundsen Basins Observational System (NABOS) program are also analyzed 

(https://nabos.iarc.uaf.edu/NABOS2/data/registered/2018/index.php). We focus here on 

the 2018 NABOS cruise, specifically CTD station numbers 36–134 within 75.46°N–

81.45°N latitude and 102.85°E–168.85°E longitude. 

B. METHODS 

To explore FWC and SSS trends without seasonal influence, such as sea ice growth 

and melt periods, we formed deseasonalized time series by dividing monthly means in each 

year by the long-term annual mean (this is well-defined for positive-definite quantities such 

as FWC and SSS). We then summed these normalized values for all like-months and 

divided by 40 years to get an average normalized monthly value also called the “seasonal 

index.” For example, in winter the seasonal index for SSS will generally be greater (less) 

than 1 for SSS (FWC). The deseasonalized time series is then formed by dividing the raw 

monthly mean time series by the seasonal index for each corresponding month. 

We describe the spatial and temporal patterns of FWC and SSS through Empirical 

Orthogonal Function (EOF) analysis with related principal component time series. EOF 

analyses highlight the different modes of variability to identify temporal trends and 

determine whether certain spatial areas are in or out of phase with one another. Techniques 

used to compute these analyses followed the Climate Data Toolbox by Greene et al. (2019). 
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4.3 RESULTS AND DISCUSSION  

A. SALINITY IN THE ARCTIC OCEAN 

We begin by analyzing SSS spatial distributions averaged over 1979–2018 in the 

Arctic Ocean (Figure 4.1b). The Russian Arctic Shelf region (hereafter, Russian Shelf; 

Figure 4.1c) is further divided into subregions. The North Atlantic Ocean provides an 

inflow of saline water towards the Nordic Seas, while the lowest salinity waters are 

concentrated near river mouths, with less extreme low-salinity waters in the BG and the 

western Canadian Archipelago. Particularly low SSS is evident in the Kara Sea (influenced 

by the Ob and Yenisei Rivers) and the Laptev Sea (influenced by the Lena River). Low 

salinity water also spreads eastward from the Laptev into the East Siberian Sea, mostly 

governed by wind as well as local river discharge (Osadchiev et al., 2020). Highest SSS on 

the Russian Shelf is found in the Barents Sea as it is predominately subjected to the saline 

inflow of North Atlantic Ocean water. 

B. COMPARISON BETWEEN OBSERVATIONS AND ORAS5 

Remote sensing observations are limited to ice-free regions and collect 

measurements of only the top few centimeters of the ocean's surface but provide greater 

spatial and temporal resolution observations of the Arctic Ocean compared to in situ 

measurements. Satellite data from SMOS, SMAP, and OISSS are shown in Figure 4.2a-c. 

The satellite data display similarities to each other in that saline water enters from the North 

Atlantic side and freshwater is mostly found in the East Siberian, Laptev, and Kara Seas 

and the BG. 
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The bias between the reanalysis and satellite data is shown in Figure 4.2d-f. Overall, 

less bias is seen between products on the North Atlantic side, where spatial and temporal 

variability of mean SSS is relatively small. On the other hand, biases are larger over the 

Russian Shelf and the Beaufort Sea, although mostly within +/- 3 g/kg. Compared to other 

ocean models commonly utilized to estimate Arctic Ocean salinity, Hall et al. (2022) found 

ORAS5 to have the largest positive correlation and smallest bias to satellite and in situ 

observations in the BG area, both at the surface and at depth. 

To further investigate the effectiveness of ORAS5 in the Russian Shelf region, we 

compare the reanalysis salinity and temperature to CTD data from the September 2018 

NABOS cruise (Figure 4.3). Absolute salinity and conservative temperature were 

computed from NABOS in situ measurements and ORAS5 estimations and are herein used 

for comparisons. The monthly mean ORAS5 data from September 2018 is spatially 

interpolated to the locations of each cast to for a “spatial match-up” comparison. The CTD 

casts were primarily taken within the Laptev Sea and the East Siberian Sea, within and 

outside of the Russian Shelf boundary. Despite the differences in spatial and temporal 

resolutions of each product, the average absolute salinity from ORAS5 is generally within 

1 g/kg of the NABOS data between 2–500 m, reaching a maximum bias of 1.03 g/kg at 23 

m depth (sea surface salinity at 1 m has a difference of 1.17 g/kg. The averaged NABOS 

(ORAS5) salinity had a minimum of 30.5 g/kg (30.1 g/kg) at 2 m depth and reached 34.8 

psu (34.8 psu) at 133 m (138 m) depth. The average FWC computed from NABOS and 

ORAS5 averaged absolute salinity data were 4.2 m and 5.4 m respectively. The difference 

in FWC is due to the slightly lower salinity estimates from ORAS5 compared to NABOS 

throughout depth. The average conservative temperature for both NABOS and ORAS5 was 
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about 0.45°C at 10 m and -0.64°C at 100 m. However, the minimum temperature for 

NABOS reached -1.58°C while ORAS5 was significantly warmer at -0.9°C. 

C. FRESHWATER CONTENT 

Maps of ORAS5-derived FWC and its corresponding trend between 1979–2018 are 

provided in Figure 4.4. The Russian Shelf has relatively high FWC owing to its low 

salinity, but its shallow bathymetry limits the vertical integral so that the highest FWC 

values are found in the BG and outflows areas to the south. FWC trends of statistical 

significance, as illustrated by stipple marks in Figure 4.4b, denotes the 95% confidence 

level. The BG has been freshening during this period as well as a large portion of these 

outflow areas, i.e., the Canadian Basin, Canadian Arctic Archipelago, north of Greenland, 

and in Baffin Bay (Kelly et al., 2019). These areas are also similar to the pathway 

highlighted by Zhang et al. (2021) where the BG-sourced freshwater potentially travels to 

the Labrador Sea rather than through the Fram Strait. Strong freshening observed in Baffin 

Bay is also attributed by Greenland’s meltwater (Dukhovskoy et al., 2016). In contrast, 

there are negative FWC trends in the Kara, Laptev, and far northwest East Siberian Sea, as 

well as the basins to the north of these seas. Notably, the regions of the Russian shelf that 

contain major river discharge (i.e., the Laptev and Kara Seas) display negative or 

insignificant FWC trends. The negative FWC trend over the Russian Shelf can partly be 

explained by the progressive shoaling of the incoming warm, salty Atlantic-origin waters 

after 2007 along the East Siberian slope (Bertosio et al., 2022; Polyakov et al., 2017). The 

shoaling of the isohalines (by 50 m between 2007–2018) near the continental slope 

coincide with a weakened halocline layer (Bertosio et al., 2022). 
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ORAS5 also exhibits a less intense decline of FWC in the Makarov Basin region; 

however, Bertosio et al. (2022) suggests that after 2012 the northward transition of the BG 

center was responsible for increased FWC in the Makarov Basin. Overall, Figure 4.4b 

highlights the opposing FWC trends between the Eurasian Basin and the Canadian Basin 

as examined by Wang et al. (2021c) and Pnyushkov et al. (2022), but also demonstrates 

the extension of negative Eurasian Basin FWC trends onto the Russian Shelf, as also shown 

by Morison et al. (2012) with a shorter time series. 

The Arctic Ocean has undergone considerable changes in FWV in the last four 

decades (Figure 4.5a), influenced by oceanic inflow to the region, atmospheric circulation, 

river discharge, and sea ice state (Carmack et al., 2016; Pnyushkov et al., 2022). While the 

Arctic’s FWV decreased in the initial years to 71,220 km3 in 1985, it has subsequently 

sustained an increase, reaching a maximum of 90,450 km3 in 2018. On average, the Arctic 

Ocean’s FWV has been reported to be roughly 84,000 km3 (Serreze et al., 2006; Spielhagen 

et al., 2015). Here, ORAS5 shows a comparable FWV of 80,763 km3 (Table 4.1), with the 

Russian Shelf contributing ~ 16% and the BG ~ 23%. The long-term mean amplitude of 

the Arctic Ocean’s FWV seasonal cycle is 6,407 km3 (±467 one standard deviation), while 

it is 1,990 km3 (±142) for the Russian Shelf and 734 km3 (±189) for the BG. Therefore, the 

Russian Shelf represents 31% of the Arctic Ocean’s FWV seasonal variability. 

In 2007 there was a step function increase in BG FWV amounting to ~ 2,390 km3, 

while during the same year the Russian Shelf had a net FWV loss of about 864 km3. The 

two months with the largest FWV change during 2007 were September and October for 

the BG, while this change was earlier for the Russian shelf, between June and July. During 

this year, the BG ocean circulation accelerated in response to surface wind forcing and 
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early sea ice retreat, resulting in a gyre spin up and accumulated freshwater via Ekman 

convergence (Armitage et al., 2017; Zhong et al., 2019). However, the identification and 

cause for the nearly simultaneous FWV decrease observed here for the Russian Shelf 

region has not previously been described. This 2007 “regime shift” on the Russian Shelf 

and the BG may have some correspondence to previously identified freshwater advection 

from the Eurasian Basin to the Canadian Basin in response to wind-driven processes 

(Morison et al., 2021). 

To further investigate the 2007 transition, we analyze FWV during the 11 years 

leading up to and succeeding this year, herein referred to as Pre-2007 (1997–2007) and 

Post-2007 (2008–2018). Linear FWV trends of both the Pre-2007 and Post-2007 periods 

are illustrated by grey lines on Figure 4.5. The Arctic Ocean’s FWV Pre-2007 trendline 

was greater compared to that of the Post-2007 period. In addition, we address the 

significant contribution of FWV from each of the different Russian Seas by examining the 

separate components of the Russian Shelf’s (Figure 4.5d). The East Siberian Sea region 

contributes roughly half of the freshwater towards the Russian Shelf’s freshwater, given its 

relatively large size and the incorporation of the Kolyma river discharge. However, in 

contrast to the East Siberian Sea’s positive FWV trend during the Pre-2007 period, the 

Post-2007 period experienced a negative trend. The Laptev and Kara Sea’s FWV are 

comparable to each other and contribute roughly 21% and 25% of the Russian Shelf. As 

the Barents and White Sea do not supply a sizeable amount of FWV to the Russian Shelf, 

their analyses are combined for the rest of this study. 

The Russian Shelf reached a peak FWV during June 2007 before its decrease later 

in the year, losing about 8.2% until January 2008. Figure 4.5d aids in the understanding of 
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the different Russian seas’ contribution to this loss. The Laptev Sea between June 2007 – 

January 2008 experienced a 12% FWV loss while the East Siberian Sea’s decreased by 

10%. The Kara Sea did not have as significant a decline of FWV (4%) while the Barents 

and White Sea’s change was negligible (<1%). Therefore, we conclude that the Laptev and 

East Siberian Seas contributed the most to the loss of FWV over the Russian Shelf during 

its 2007 regime transition. 

We now compare our ORAS5 FWV analysis with that of Rabe et al. (2011), who 

found an 8,400 km3 FWV increase for the Arctic Basin from a 1992–1999 average to 2006–

2008 average using in situ observations. This calculation excluded the Russian Shelf. For 

the Arctic Basin (defined as areas with depth greater than 500 m), ORAS5 gets a 

comparable increase of 7,531 km3 for these two time periods. The reanalysis also provides 

a FWV increase of 2,450 km3 in the BG and FWV decrease of 63 km3 on the Russian Shelf. 

Thus, the neglect of the Russian Shelf in Rabe et al. (2011) seems justified by the ORAS5 

analysis, which predicts an error of only 63/7,531 = 0.8% 

However, this is not the case for the 2007 regime shift. In this case, the BG 

contributed a ~ 3,700 km3/year FWV increase out of an Arctic Ocean total increase of ~ 

5,300 km3/yr . At the same time, the Russian Shelf provided a ~ 1,300 km3/yr FWV 

decrease over this transition, with significant contributions from the East Siberian, Kara, 

and Laptev Seas. Thus, neglecting Russian Shelf FWV change in this case creates an error 

of 25% = 1300/5300. This means that omitting the Russian Shelf region can be a source of 

significant error when computing Arctic Ocean FWV change, depending on the time 

periods examined. 



 

102 

We examine long-term monthly mean FWV trends in Figure 4.6 over the four-

decade period. We also investigate the monthly trends of Post-2007 period (blue) and Pre-

2007 (red) to better understand the influence from the regime shift. While the Arctic Ocean 

experiences one peak and minimum per year, the BG region experiences two major FWV 

peaks that can be attributed to sea ice melt and advection further described by Proshutinsky 

et al. (2009). The long-term trend of the Arctic Ocean’s FWV peaks in June, which is 

similar to the years leading up to the regime change. 

However, after 2007, the FWV peak is dramatically earlier, i.e., in April, and the 

amplitude of the seasonal cycle is larger. Earlier onsets of increased inflow of freshwater 

sources can be related to the earlier shift in peak FWV trend for each region in Figure 4.6. 

Makarieva et al. (2019) describe a shift in the hydrological regime near major Arctic rivers, 

as precipitation is favoring rain rather than snow as a result of warmer air temperatures 

from climate change. The availability of liquid freshwater can quicken the rate of river 

discharge as it does not need the time to melt that snow does. Ahmed et al. (2020) 

emphasizes that snow melt is occurring earlier, having a 2.5% increase in the spring while 

there is a decrease of 5.8% in the summer between 1980–2009. Niederdrenk et al. (2016) 

described enhanced cyclone activity over land to be the cause of increased precipitation in 

late spring and summer, causing more runoff on the Russian Shelf region and being further 

responsible for the large variability in Arctic river runoff. 

D. ANALYSIS OF SALINITY AND FRESHWATER CONTENT 

The long-term mean spatial variance of FWC and SSS is shown in Figure 4.7 where 

the maximum and mean values of these variances are provided in Table 4.2. The largest 

FWC variance occurs in the Makarov Basin north of the New Siberian Islands. This is 
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possibly due to the influence of adjacent waters that make up the Markarov Basin. Surface 

waters are sourced from the Canadian Basin while the Eurasian Basin waters make up the 

parts of the halocline and deeper waters (Swift et al., 1997). There are also implications 

from the East Siberian cold shelf water’s offshore advection that supplies the transitional 

and upper halocline waters of the Makarov Basin (Wang et al., 2021d). Wang et al. (2021d) 

found that the East Siberian Sea contributes up to three kinds of the Makarov Basin’s 

halocline waters. A change in the properties of these waters can result in the disturbance of 

dynamics and circulation that transport freshwater. The Eurasian Basin’s boundary current 

takes two major pathways near the intersection of the Lomonosov Ridge and the Russian’s 

continental margin north of the Laptev and East Siberian seas; one that flows northward on 

the west side Lomonosov Ridge and one that flows along the shelf break and crosses 

eastward into the Makarov Basin (Woodgate et al. 2001; Aagaard & Carmack, 1989). This 

pathway is in proximity to the East Siberian Sea which contains the maximum FWC 

variance (5.24 m2) in the Russian Shelf region, close to the 200 m isobath. Woodgate et al. 

(2001) also highlight potential pathways of the Atlantic layer water and deep waters that 

flow across the Lomonosov Ridge and into the Makarov Basin where Figure 4.7a illustrates 

high FWC variability. 

The largest variance of FWC in the BG region occurs in the northwest, where Regan 

et al. (2019) reports the center of the gyre expanded between 2003 and 2014. Baffin Bay 

also experiences moderate variance which could be associated to the changes in positive 

and negative NAO indices that strengthen and weaken the cyclonic circulation in the Baffin 

Bay (Münchow et al., 2015). Variations are also possibly due to varying input of freshwater 

from the Beaufort Gyre and runoff from the Greenland Ice Sheet (Zhang et al., 2021; Carr 



 

104 

et al., 2021). Tang et al. (2004) speculates that the interannual variations of salinity in the 

upper 400 m of the Baffin Bay have been caused by surface water flux from the combined 

precipitation, sea ice melt, and runoff that is then advected by the West Greenland Current, 

its strength and transport in which varies on interannual timescales (Rykova et al., 2015). 

Substantial SSS variance is concentrated along the coastal and shelf regions (Figure 

4.7b), likely influenced by river discharge (Lambert et al., 2019). A notable tongue of 

relatively high SSS variance extends from the Lena river mouth northeastward toward and 

beyond the shelf break and into the Makarov Basin. This tongue can be associated to the 

interannual variability of the propagation and distribution of the Lena River plume, the 

freshened water mass (thickness ~ 10 m) provided by river discharge into the ocean (Zhuk 

et al., 2021). The largest SSS variance occurs in the Russian Shelf region, particularly in 

the Kara Sea (~33 psu2), likely forced by large interannual variations in the Ob and Yenisei 

rivers and at their mouths where, fresh river water meets the more saline Siberian shelf 

waters (Kuzin et al., 2010). Current circulation and changes in prevailing winds affect the 

buoyancy of river-sourced freshwater surface layers in this region (Umbert et al., 2021). 

Large SSS coastal variance in the East Siberian Sea could be attributed to the shallow 

Siberian Coastal Current (SCC). The SCC is a wind-driven eastward flowing current 

trapping and bringing freshwater from the Lena and Kolyma rivers alongshore until it 

connects with the Bering Strait inflow and veers northward (Weingartner et al., 1999). 

To further understand the variance of FWC and SSS in the Arctic Ocean, we 

employ Empirical Orthogonal Function (EOF) analysis with particular focus on the first 

mode and its associated principal component timeseries. EOF analyses aid in the 

identification of spatial patterns associated with correlations between FWC and SSS. The 
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dominant (or first) EOF of FWC (Figure 4.8a) explains 36.7% of the total variance, with 

maximum positive EOF values (red) in the Canada Basin extending with generally lower 

amplitude into the regions north of Greenland and Baffin Bay. Negative EOFs (blue) are 

located in the deep basin north of the Laptev Sea and in the Laptev and Kara Seas, with a 

maximum amplitude along the 200 m isobath between the East Siberian Sea and Laptev 

Sea. The negative EOF values of FWC and SSS occur in the Laptev sea near the edge of 

the Russian shelf border (Figure 4.8a,b). Atlantic-source water, brought through the 

Barents Sea, is cooled by atmospheric heat loss and freshened by the melting of sea ice and 

mixing with Norwegian coastal current waters and flows to the Laptev sea after mixing 

with the Lena and Yenisei rivers in the Kara Sea (Anderson et al., 1994; Gascard et al., 

2004). 

The dominant EOF of SSS explains 16.6% of the total variance, with large negative 

amplitude in the Laptev and Kara Seas and positive amplitudes over a similar area as for 

FWC. Figure 4.8c shows how the amplitude of the leading principal component modes 

(PC1) of FWC and SSS vary over our study period. Overall, there is an inverse relationship 

in trends between the PC1 of FWC (upward) and SSS (downward) which is expected as 

freshwater is equivalent to low salinity values. This indicates a strong, negative correlation 

coefficient (-0.858) for the PC1 timeseries between the surface salinity and the depth 

integrated measure of salinity stratification (i.e., FWC). Strong negative (positive) trends 

of salinity (FWC) occur between the years of 1987–1991 and 2005–2008, while between 

1991–2005 the PC1 experiences lower amplitudes. These positive trends combined with 

the total Arctic FWC (Figure 4.5) can be interpreted as a period of significant rise in FWC 

overall. Stroeve et al. (2008) indicate significant diminishing ice concentrations through 
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their PC analysis during 1987–1991 which can possibly be related to significant changes 

in the spatial distribution of freshwater. The standard deviation of the first PC for salinity 

was 108.7 psu and for FWC was 222 m. The time series also show that after 1985 a negative 

(positive) trend in salinity (FWC) are the dominate modes of variability of these two fields 

in the Arctic. During 2007 alone, the rate of change in PC1 for both components was 

particularly large, in line with the shift we see in total FWC in the BG and Russian Shelf 

regions. The strong variability in the PC1 timeseries occur during time periods leading up 

to the local maxima of wintertime AO, as seen in Figure 4.9, where a record high occurred 

in 1989 and a significant maximum in 2007. Increased index of N/AO influences FWC and 

SSS variance as it indicates increased export of upper ocean freshwater from the Arctic 

Ocean, changes in Eurasian River runoff pathways, and the accumulation of freshwater in 

the BG (Morison et al., 2012). 

Figure 4.10 reveals the differences of Post-2007 minus Pre-2007 averaged ocean 

current vectors overlaid on changes in FWC, FWC linear trend, and SSS. Since FWC is 

the integration of the vertical component of freshwater, the vectors in Figure 4.10a are the 

Post-2007 minus Pre-2007 differences of average ocean currents from the surface to the 

depth at which FWC was calculated at each location (i.e., depth at which the salinity was 

equal to the reference salinity). The ocean current vectors, computed from Post-2007 minus 

Pre-2007 periods, indicate the anticyclonic circulation of the BG, with greater velocities 

near the continental shelf and toward the northwest. Ocean currents beginning in the Laptev 

Sea, show stronger velocities associated with the Transpolar Drift aligning with the 

Mendeleev Ridge rather than the Lomonosov Ridge after 2007 as suggested also by 

Bertosio et al. (2022). The enhanced rate at which freshwater is driven off the Russian 
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Shelf is highly influenced by the intensification and cyclonic shift of the Transpolar Drift 

under an increase in the AO phase (Mysak, 2001). Timmermans et al. (2011) suggest the 

Transpolar Drift and BG become weaker from 2007–2008 to 2009–2010 linked with a 

change in sea ice flow and sea level pressure. Figure 4.10a shows negative (positive) FWC 

differences between Pre-2007 and Post-2007 periods over the Russian Shelf (BG) region. 

There is a significant negative signal over the Russian Shelf leading into the Makarov 

Basin. Whereas an especially strong, positive signal is seen between the Makarov and 

Canadian basin, connected between the Mendeleev Ridge and Alpha Ridge. 

Compared to Pre-2007, the Post-2007 average SSS anomalies are increased 

(reduced) nearly throughout the entire Russian Shelf (BG) region. Again, there is extension 

of positive anomalies into the Makarov Basin to the north of the New Siberian Islands. 

Surface current velocities (m/s) are overlaid in Figure 4.10b to compare with SSS 

differences between Pre-2007 and Post-2007. The direction and magnitude of surface 

current differences are similar to the currents averaged with depth (Figure 4.10a). 

To further understand the changes in seasonality from the regime shift, we provide 

differences in FWC and SSS between Pre-2007 and Post-2007 averages of each season 

shown in Figure 4.11. For this analysis, only December 1979 – November 2018 is 

considered since we define winter as DJF. For both quantities, strong seasonal differences 

are apparent. FWC change across the 2007 threshold is relatively minor in the Amerasian 

Basin, while it is stronger in the Eurasian Basin and Nordic Seas, with opposite polarity 

anomalies in winter and spring versus summer and fall. This could indicate a change in the 

influence of surface freshwater inputs from ice growth/melt and/or meteoric inputs (i.e., 
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river discharge and precipitation less evaporation); advective effects seem likely too slow 

to explain these seasonal changes. 

SSS differences are also of opposing sign in winter and spring versus summer and 

fall and are of highest amplitude in coastal and shelf regions. This could indicate a change 

in river discharge, but it could also result from a change in the ocean circulation of such 

riverine-influenced waters and/or in ice melt/growth on the shelves. The amplitude of 

seasonal sea ice growth and melt has increased as multi-year ice fraction has declined, but 

this effect on ocean salinity will eventually abate in the long term, as the Arctic transitions 

to a perennially ice-free state (Brown et al., 2020). The average salinity anomalies of the 

Post-2007 period are significantly less (greater) at the mouth of the Ob, Yenisei, Lena, and 

Mackenzie rivers in the winter and spring (summer and autumn) relative to the 11 years 

prior. The northern Kara Sea also experiences a drastic increase (decrease) of average FWC 

anomalies during winter and spring (summer and autumn) seasons. Brown et al. (2020) 

remarks on the influence of seasonal timing for sea ice melt and freeze, where the 

Amerasian Basin is reliant on enhanced stratification due to the high FWC and increased 

freshening. In contrast, the Eurasian Basin is highly influenced by the import of warmer 

and more saline Atlantic waters.  

4.4. CONCLUSION 

This study assesses the role of the Russian Shelves in long-term trends and 

variability of the Arctic Ocean’s FWC and SSS over the span of 4 decades, between 1979 

and 2018, using the ECMWF’s ORAS5 product. We show that the Russian Shelf 

experienced a large step change in FWV during the summer of 2007, similar to that 

previously noted for the BG (Zhong et al., 2019). In contrast to the increase of FWV 
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between Pre-2007 and Post-2007 in the BG (about 3,700 km3), the Russian Shelf 

experienced a significant decrease of around 1,300 km3. While the accumulation of 

freshwater in the BG in recent decades has been quantified by many studies (Proshutinsky 

et al., 2019; Armitage et al., 2020; Regan et al., 2019), the decreasing FWV in the Eurasian 

Basin including the Russian Shelf should not be overlooked as it may highlight the 

limitation of FWV increase towards the storage of the Arctic Ocean as a whole. While the 

Russian shelf contributes around 16% of the Arctic Ocean’s FWV, its step change decrease 

in 2007 was about 25% of the total step change over the entire Arctic Ocean in this 

transition year. 

Our study brings to light the significant regime shift over the Russian Shelf during 

2007. There are many possible forcings at play that may contribute to the sharp decrease 

of the Russian Shelf’s FWV at that time. It is interesting to note that 2007 experienced a 

minimum summer sea ice extent, which would promote increased freshwater from melt. In 

addition, there was anomalously high (~4,000 km3/yr ) Eurasian river outflow into the 

Arctic Ocean (Feng et al., 2021). Shiklomanov and Lammers (2009) reveal that this record-

breaking Eurasian river discharge was due to the increased precipitation across the coastal 

region and that the Eurasian pan-Arctic experienced the highest air temperatures that 

caused permafrost to thaw. Despite the increased freshwater sources, the Russian Shelf 

experienced a large decrease in FWV. One possibility is the occurrence of a local maximum 

of the North Atlantic Oscillation or Arctic Oscillation (N/AO) index as seen in the winter 

(December through February) normalized AO index timeseries as seen in Figure 9 

(Bourgain et al., 2013; Nakamura et al., 2015). Previous studies highlight the connection 

between decadal atmospheric variability in the AO to the Transpolar Drift’s strength and 
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orientation with influence from the circulation patterns of the Beaufort Gyre and Eurasian 

Basin (Mysak, 2001; Timmermans & Marshall, 2020). The increased N/AO index between 

2005–2008 led to a more cyclonic circulation over the Eurasian Basin which diverted river 

discharge eastward, driving freshwater into the Canadian Basin (Morison et al., 2021). The 

Russian shelf plays an important role on the communication between the Canadian and 

Eurasian basins partially determined by the route of the Transpolar Drift and other wind-

driven processes (Woodgate et al., 2001). The positive N/AO index during 2007 suggests 

the White and Kara Seas broadly freshened while the East Siberian Sea and Laptev Sea 

redistributed the freshwater laterally, possibly causing salinification in these regions 

(Steele & Ermold, 2004). The loss of FWV on the Russian Shelf Post-2007 compared to 

Pre-2007, especially seen in the Kara Sea (-391 km3), may also be explained by the 

progressive shoaling of the incoming warm, salty Atlantic-origin waters (Bertosio et al., 

2022; Polyakov et al., 2017). The shoaling of the isohalines (by 50 m between 2007–2018) 

near the continental slope coincide with a weakened halocline layer (Bertosio et al., 2022). 

We also find that the Russian Shelf’s maximum SSS variance occurs in the Kara 

Sea (~33 psu2) while its maximum FWC variance occurs along the 200 m isobath in the 

East Siberian Sea (~5 m2). The variability of SSS in the Kara Sea is most likely due to the 

combination of spring to summer sea ice melting, surface wind-driven currents, and 

propagation of its river plume (Duan et al., 2019; Kubryakov et al., 2016). The Ob and 

Yenisei rivers discharge into the Kara Sea and are responsible for most of the fresh river 

water input compared to other major rivers that lead to the Arctic Ocean with strong 

seasonal and interannual variations (Stein et al. 2004). The large FWC variance in the East 

Siberian Sea is in proximity to the pathway that the Eurasian Basin’s boundary current 
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flows when crossing the Lomonosov ridge into the Makarov Basin (Woodgate et al. 2001; 

Aagaard & Carmack, 1989). 

The seasonal cycle of FWV also is important to consider when understanding the 

role that the Russian Shelf has in the Arctic Ocean. Monthly trends of FWV reveal a 

phenological shift of maximum FWV, suggesting that since 2007, freshwater is increasing 

sooner in the year (April) relative to before this transition year. This may be tied to earlier 

sea ice retreat and melting (Peng et al., 2021, Bliss et al., 2019) or increased precipitation 

in the Arctic (Vihma et al., 2016) that has been favoring rain rather than snow (Ahmed et 

al., 2020) which does not require melt time that snow needs to become liquid freshwater. 

Earlier freshening, particularly near coastal and shelf regions, also has a great ecological 

impact as it can determine the displacement of nutrient-rich waters, their dilution, and thus 

reduce the amount of production that would be pushed offshore, slowing the drawdown of 

nutrients as stratification strengthens, and causing smoother primary production gradients 

between on-shore and off-shore (McClelland et al., 2012). Seasonal anomaly differences 

of FWC between Pre-2007 and Post-2007 reveal strong contrasts along the continental 

shelf on either side of the 200 m isobath boundary of the Kara Sea; positive in the winter 

and spring and negative during summer and autumn seasons. 

Changes in the Russian Shelf from increased freshwater import through river runoff 

and melting sea ice have been linked with a changing global climate (Carmack et al., 2006; 

Wang et al., 2021b). There is a need for a better understanding of the Arctic Ocean’s FWC 

especially as it approaches a new stage of ice-free summers (Notz & SIMIP Community, 

2020). Our results from this study, primarily based on output from the ORAS5 reanalysis, 

suggest that the FWC and SSS on the Russian Shelf needs to be considered when 
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understanding and predicting the changes in the Arctic on both spatial and temporal scales. 

The magnitude, trends, and variability presented in this research highlight the transient 

state of the Arctic Ocean and the possible transformations they could endure along with 

climate change.  
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Table 4.1 Freshwater volume (FWV) of Arctic Ocean regions between 1979–2018 using 
ORAS5 reanalysis; regions of the Russian shelf are separated into the East Siberian Sea 
(ESS), Laptev Sea (LS), Kara Sea (KS), and the Barents Sea (BS) and White Sea (WS) 
combined and bolded values emphasize the difference between Post-2007 (2008–2018) 
from the Pre-2007 (1997–2018) of the major regions. 
  

Region FWV (km3) % of Arctic 
FWV 

FWV Trend 
1979–2018 
(km3/year) 

Post-2007 minus Pre-
2007 FWV (km3) 

Arctic Ocean 80,763 100 263 5,266 

Beaufort Gyre 18,407 23 166 3,690 

Russian Shelf 12,574 16 -16 -1,276 

  ESS 6,151 8 2 -461 

  LS 2,657 3 -9 -337 

  KS 3,105 4 -9 -455 

  BS +WS 661 1 1 -22 
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Table 4.2 Average and max variance of deseasoned freshwater content (FWC; m2) and sea 
surface salinity (SSS; psu2) of Arctic Ocean regions between 1979–2018 using ORAS5 
reanalysis following Figure 4.7; regions of the Russian shelf are separated into the East 
Siberian Sea (ESS), Laptev Sea (LS), Kara Sea (KS), and the Barents Sea (BS) and White 
Sea (WS) combined and bolded values indicate maximum variance from the Arctic 
subregions. 

  
Region FWC variance (m2) SSS variance (psu2) 

Mean Maximum Mean Maximum 

Arctic Ocean 0.58 6.83 0.43 32.97 

Beaufort Gyre 1.63 4.73 0.57 6.01 

Russian Shelf 0.27 5.24 0.79 32.97 

  ESS 0.68 5.24 1.00 7.61 

  LS 0.24 4.59 0.78 12.54 

  KS 0.21 3.62 1.11 32.97 

  BS +WS 0.04 2.26 0.14 6.24 
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Figure 4.1 (a) Arctic Ocean schematic with geographical labels and bathymetric lines: 200 
m (lightest blue), 500 m, 1000 m, 3000 m, 5000 m (darkest blue). Sea surface salinity (SSS; 
psu) from ORAS5 reanalysis averaged between 1979–2018 over the (b) Arctic Ocean 
(>66°N) and the (c) Russian shelf region indicated within the 200 m isobath north of Russia 
between 30°E and 180°E with the East Siberian Sea (ESS), the Laptev Sea (LS), the Kara 
Sea (KS), the Barents Sea (BS), and the White Sea (WS) regions defined. Major rivers 
(ending with ‘R.’) are labeled in near their respective discharge regions, the Lomonosov 
ridge (green) and the Mendeleev and Alpha ridge (red) are marked as lines in (a). The 
Russian Shelf (RS) and Beaufort Gyre (BG) regions are outlined in (b). 
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Figure 4.2 Sea surface salinity (SSS; psu) in the Arctic Ocean from (a) SMOS, (b) SMAP, 
and (c) OISSS satellite observations averaged over the year 2016. Black contour delimits 
the Russian Shelf region’s (see Figure 4.1c). (d-f) Difference between ORAS5 at 0.5 m 
depth and satellite SSS. 
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Figure 4.3 (Top) NABOS Cruise CTD data locations taken between September 1–24, 2018 
with the respective cast numbers indicated in color. (Bottom) CTD (a) absolute salinity 
(g/kg) and (b) conservative temperature (°C) were computed from data and (c) density of 
each cast. Black dashed lines are the CTD averages for each parameter. ORAS5 September 
data were extracted at nearest latitude and longitude from CTD casts then averaged and 
absolute salinity and conservative temperature were computed (red line). 
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Figure 4.4 Spatial maps of the Arctic Ocean’s (a) average Freshwater Content (FWC; m) 
and (b) FWC trend (m/year) between 1979–2018 with the 200 m (black line) and 2000 m 
(grey line) bathymetric contours between 30°E–180°E and Russian regions as described in 
Figure 4.1 and the Beaufort Gyre (BG; black box) region labeled. Stippling shows the 
statistically significant FWC trend at the 95% confidence level.  
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Figure 4.5 Timeseries of deseasoned Freshwater volume (FWV; km3) between January 
1979 – December 2018 for (a) Arctic Ocean above 66°N, (b) the Russian Shelf and the 
Beaufort Gyre regions, (c) total FWV ratio of the Russian Shelf region (RS) and the 
Beaufort Gyre region (BG) to the Arctic Ocean region, and the (d) FWV of the subset 
regions that make up the Russian Shelf including the East Siberian Sea (ESS), the Laptev 
Sea (LS), the Kara Sea (KS), the Barents Sea (BS), and the White Sea (WS). 
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Figure 4.6 Freshwater volume (FWV) monthly trends (km3/a) for the (a) Arctic Ocean, (b) 
Beaufort Gyre region, and the (c) Russian Shelf region for the full period: 1979–2018 
(black line), Pre-2007 (1997–2007; red line) and the Post-2007 (2008–2018; blue).  
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Figure 4.7 Variance of deseasoned and detrended (a) freshwater content (FWC; m2), and 
(b) sea surface salinity (psu2) between 1979–2018 from ORAS5. Boundaries of the Russian 
Shelf and Beaufort Gyre are outlined in black lines. 
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Figure 4.8 First empirical orthogonal function (EOF) of (a) freshwater (FWC; m) and (b) 
salinity (psu) of the Arctic Ocean (>66°N) between (1979–2018) derived from ORAS5 
data. (c) Principal component (PC) time series for FWC (blue) and salinity (black).  
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Figure 4.9 Timeseries of AO index averaged over December, January, and February and 
normalized for the period 1950–2021. Positive (red shading) and negative (blue shading) 
AO index where years of interest (2007 and 2010) are indicated by red circles. Data 
obtained from www.ncep.noaa.gov/. 
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Figure 4.10 ORAS5 differences of new period (2008–2018) minus old period (1979–2007) 
averages of (a) freshwater content (FWC; m) and (b) sea surface salinity (psu). Black 
arrows indicate Post-2007 minus Pre-2007 anomalies of current velocities (m/s) averaged 
over depth of the FWC column and the surface for (c). 
  



 

125 

 
Figure 4.11 ORAS5 differences of Post-2007 (2008–2018) minus Pre-2007 (1997–2007) 
average anomalies of (first column) winter: December, January, February, (second column) 
spring: March, April, May, (third column) summer months: June, July, August, and (fourth 
column) autumn months: September, October, November for (a-d) freshwater content 
(FWC; m) and (e-h) sea surface salinity (SSS; psu). 
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CHAPTER 5 
 

CONCLUSIONS 

 The Arctic Ocean has changed in unprecedented ways, where sea ice is rapidly 

declining, major river discharge is increasing, and heightened freshwater export to the 

North Atlantic Ocean may have detrimental effects on the AMOC system and thus 

consequences to the global climate (Yamamoto et al., 2012; Kacimi & Kwok, 2022; 

Peterson et al., 2002; Wang et al., 2018b). Therefore, studies such as those presented in 

this dissertation are necessary to advance the understanding of the Arctic Ocean and the 

changes in salinity as freshwater increases. However, because of the reasons previously 

examined, the lack of observations in the Arctic Ocean can lead to flawed models. A vast 

array of in situ observations, satellite measurements, and ocean model estimations were 

employed to determine the bias, validity, and analyze different parameters in the Arctic. 

This study highlights discrepancies between products and emphasizes the importance of 

advancements in ocean model estimates. 

This dissertation focused on physical oceanographic processes that are influenced 

by salinity-driven density structure in the Arctic Ocean through recent climatic changes.  

While the focus of each chapter covered different facets of exploring freshwater in the 

Arctic Ocean, they all highlight the need for continued observations at high spatial and 

temporal resolutions to improve our models and better understand how the Arctic Ocean is 

changing. It is the hope of the author that the results of this dissertation aid in the 
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understanding of the upcoming changes to be expected of the Arctic and to grow awareness 

of the continued need for Arctic research. 

The everchanging conditions of the Arctic Ocean also show direct and indirect 

impacts towards indigenous communities, national security of maritime advancement with 

the melting of sea ice, and the freshwater export to the AMOC that is responsible for the 

global circulation and the regulation of Earth’s climate (Huntington et al., 2022).  

Chapter 2 delineates freshwater flux between the Arctic Ocean region and adjacent 

seas. Particular interest was set on comparing years of high and low summer sea ice extent 

and how the freshwater flux, other oceanographic features (SST, SIC, surface current 

velocities) and atmospheric processes (wind velocities) differed. A commonality between 

the focused years was that the Kara Sea had the greatest SST anomalies during years of 

low sea ice extent while the Laptev Sea and the Bering Strait region had the lowest SST 

anomalies. Most importantly, increasing export of surface freshwater through the Fram 

Strait was found. 

 In Chapter 3, the validity of ocean models and reanalysis products were tested 

against observations, particularly in the BG region. L-band radiometry methods used by 

satellites are highly sensitive to measuring salinity in cold waters, and therefore the remote 

sensing-based data was restricted to ice-free regions and to surface measurements. 

Prevailingly, ORAS5 showed the smallest difference to in situ observations when 

compared to the other salinity products at the surface (-0.052 bias) and at depth. The spatial 

and total FWC between EN4 analysis product and the ocean models were calculated. 

Although ORAS5 had closer values in total FWC in the BG, ECCO and GLORY12 did 

better when FWC was considered for the Arctic Basin. While observations can be restricted 
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due to sea ice, ocean models will help fill this data gap; however, this study motivates 

improvement for model estimates to become more accurate. 

 The Russian Shelf, a region not as well observed and therefore has limitations in 

our understanding of its freshwater contributions to the Arctic Ocean, was examined in 

Chapter 4. This study investigated the role of sea surface salinity and freshwater content in 

the Russian Shelf over a four-decadal period between 1979–2018. Using ORAS5, it was 

found that the Russian Shelf makes up around 16% of the Arctic Ocean’s total FWC. A 

negative FWC trend was computed for the Russian Shelf (-15.63 km3/year), with the most 

influenced by the Kara and Laptev Seas. During the summer of 2007, the study discovered 

a notable regime shift in which the Russian Shelf and BG simultaneously experienced a 

decrease and increase in FWC. AO seems to take a large impact on this change as, during 

2007, the positive, winter AO reached its peak. During a positive AO, the Transpolar Drift 

moves water along the shelf and into the Canadian Basin. Neglecting FWC on the Russian 

Shelf during an instance such as the 2007 regime transition could result in an error of ~25% 

from the total Arctic Ocean’s FWC. 

While this work was able to address many essential aspects of oceanography in the 

Arctic, many more unanswered questions or worthy of further study. Specifically, regions 

that lack the necessary data for interannual and decadal analysis will need to be examined. 

These implications will help improve our understanding of the air-sea dynamics on 

previous and future expectations for this important region. An updated report of freshwater 

volume transport through major straits through the use of high spatial and temporal 

resolution ocean models is needed. The focus should be on the freshwater export towards 

the AMOC; especially the role of interannual and decadal salinity variability in the Arctic 
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on the AMOC regime. Future analysis of salinity product comparisons should incorporate 

different models and delineate the components of each that contribute toward accurate 

salinity values in such high latitudes. Finally, identification should be made between the 

BG dynamics and characteristics that favor anomalous freshening (e.g. wind stress curl, 

gyre strength and size, Ekman pumping).
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