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Atmospheric Forcing Dominates the Interannual Variability
of Convection Strength in the Irminger Sea
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1Department of Ocean Systems, Royal Netherlands Institute for Sea Research (NIOZ), Texel, The Netherlands, “Boston
College, Morrissey College of Arts and Sciences, Chestnut Hill, MA, USA, 3Woods Hole Oceanographic Institution,
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Abstract Transformation of light to dense waters by atmospheric cooling is key to the Atlantic Meridional
Overturning Circulation in the Subpolar Gyre. Convection in the center of the Irminger Gyre contributes to the
formation of the densest waters east of Greenland. We present a 19-year (2002-2020) weekly time series of
hydrography and convection in the central Irminger Sea based on (bi-)daily mooring profiles supplemented with
Argo profiles. A 70-year annual time series of shipboard hydrography shows that this mooring period is
representative of longer-term variability. The depth of convection varies strongly from winter to winter (288—
1,500 dbar), with a mean March mixed layer depth (MLD) of 470 dbar and a mean maximum density reached of
27.70 + 0.05 kg m™>. The densification of the water column by local convection directly impacts the sea surface
height in the center of the Irminger Gyre and thus large-scale circulation patterns. Both the observations and a
Price-Weller-Pinkel mixed layer model analysis show that the main cause of interannual variability in MLD is
the strength of the winter atmospheric surface forcing. Its role is three times as important as that of the strength
of the maximum stratification in the preceding summer. Strong stratification as a result of a fresh surface
anomaly similar to the one observed in 2010 can weaken convection by approximately 170 m on average, but
changes in surface forcing will need to be taken into account as well when considering the evolution of Irminger
Sea convection under climate change.

Plain Language Summary The Atlantic circulation brings warmer, lighter waters northwards in the
upper part of the ocean, and colder, denser waters southward in the lower part of the ocean, creating a stable,
stratified water column. East of Greenland, in the Irminger Sea, cooling by the atmosphere can transform these
warm, lighter waters into the denser, deeper waters, which will eventually mix with deeper waters and flow
southwards. To better understand how this transformation works and varies from year to year, we study
measurements from instruments moored throughout the water column in the Irminger Sea between 2002 and
2020. We describe the progression of the average winter transformation and examine why transformation is
stronger in some winters than in others. Overall, we find that the strength of winter cooling is three times as
important as the stability of the water column, a measure of its resistance to transformation, in the summer
before. This finding will be important to better predict how the Atlantic circulation will develop in the future as a
result of climate change.

1. Introduction

Deep convection, the process by which buoyant surface waters are transformed into denser waters by surface
cooling (Marshall & Schott, 1999), is important for the Atlantic Meridional Overturning Circulation (AMOC).
Eventually, through sinking along the boundaries (Katsman et al., 2018), these dense waters contribute to the
Deep Western Boundary Current, which forms the deep southward branch of the AMOC. In model studies, the
changes in strength of convection in the Subpolar Gyre are often linked to changes in AMOC strength, with many
studies focused on deep convection in the Labrador Sea (Boning et al., 2006; Eden & Willebrand, 2001; Woods
et al., 1999; Zhang et al., 2019).

Since 2014, the strength of the AMOC in the Subpolar Gyre has been measured by the Overturning in the
Subpolar North Atlantic Program (OSNAP) array (Li et al., 2021; Lozier et al., 2017, 2019). The OSNAP array
consists of two legs, OSNAP West crosses the Labrador Sea from Canada to Greenland and OSNAP East extends
from Greenland eastward through the Irminger Sea, Iceland Basin and Rockall Trough to the European shelf. The
results from OSNAP show that the eastern basins contribute most to both the total overturning strength as well as
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the variability of the overturning (Li et al., 2021; Lozier et al., 2019). Petit et al. (2020) showed that the subpolar
overturning strength is linked to water-mass transformation by surface forcing over the Irminger and Iceland
basins. Chafik et al. (2022) found that the link between Irminger Sea density and AMOC strength observed in the
mooring data also existed in a longer (1993-2018) reanalysis time series and deemed the Irminger Sea to be the
center of action for the subpolar AMOC. Furthermore, it is not the boundary currents that contribute most to the
variability in OSNAP East, but the open-ocean basins (Li et al., 2021).

The density in the Irminger Sea is strongly affected by local convection. The occurrence of deep convection in the
Irminger Sea was mentioned originally by Nansen (1912) and Sverdrup et al. (1942). After a long period of
disinterest, the causes of which are detailed by Pickart et al. (2003), convection in the Irminger Sea received
renewed attention with a series of studies on eventful convection years in the 2000s (de Jong & de Steur, 2016; de
Jongetal., 2012, 2018; Piron et al., 2015, 2017). These studies used data from moorings in the CIS as well as Argo
data to determine mixed layer depths. They showed that convection down to depths of 1,600 m can occur and that
convection is mainly driven by strong winter air-sea heat fluxes. Longer time series of near-annually sampled
hydrographic data (van Aken et al., 2011) paint a similar picture, with evidence of strong convection seen in
oxygen concentrations and Potential Vorticity (PV) in the Irminger Sea during periods of strong positive North
Atlantic Oscillation (NAO), similar to findings for deep convection in the Labrador Sea (van Aken et al., 2011;
Yashayaev, 2007). Josey et al. (2019) proposed that a combination of a positive NAO and an East Atlantic Pattern,
which is weaker than the NAO, is linked to a higher occurrence of tip jets over the Irminger Sea (Moore, 2003;
Moore & Renfrew, 2005) and therefore is linked to strong local winter cooling.

However, strong surface forcing does not necessarily equate to strong convection. There have been periods in
the observed record when convection was suppressed in the Labrador Sea by strong surface stratification
during periods of strong surface forcing (Belkin et al., 1998; Gelderloos et al., 2012). Anomalously fresh
near-surface layers, termed Great Salinity Anomalies (GSA), were suggested to suppress convection in the
Labrador Sea from 1968 to 1972 (Lazier, 1980) and from 1981 to 1985 (Dickson et al., 1988; Straneo, 2006;
van Aken et al., 2011). However, the GSA of the 1970s was recently revisited by Kim et al. (2021), and their
model simulations show that reduced surface fluxes may have had a larger role in the reduction of convection
than the anomalously strong stratification. The GSA were advected around the Subpolar Gyre and were also
observed in the Irminger Sea by van Aken et al. (2011), who suggest that despite the salinity anomaly, some
moderate convection may have occurred in the Irminger Sea in the early 1980s. The first analysis on the
effect of a recent fresh anomaly on the stratification in the Irminger Sea by Bilo et al. (2022) found that the
anomaly must have contributed partially to the weaker convection in the winter of 2019. Furthermore, the
stratification in the region is projected to increase due to global warming and increased freshwater input from
Greenland's Ice Sheet (Bakker et al., 2016; Sgubin et al., 2017). Thus, Irminger Sea convection may be
inhibited by strong stratification more often or even permanently, potentially weakening the subpolar AMOC,
which would have consequences for climate around the North Atlantic (Boning et al., 2016). It is therefore
important to understand the variability of convection in this important region of the Subpolar Gyre and its
dependence on surface forcing and stratification.

This paper aims to present a comprehensive description of convection in the CIS and its variability, and the causes
of variability, based on a high temporal resolution multi-mooring time series supplemented with Argo records.
The mooring time series covers the period from 2002 to 2020, which includes both periods of weak (mixed layers
<500 m) and strong (mixed layers >1,000 m) convection. We then place this 19-year record in a longer term
context using a multi-decadal time series from near-annual hydrographic sections from 1950 to 2020. The relative
importance of atmospheric forcing versus stratification as driving forces of Irminger Sea convection strength
variability is investigated using the mooring data as well as results from the one dimensional Price, Weller, Pinkel
(PWP, Price et al., 1986) mixed layer model.

Section 2 presents the data sets used in this study and details the processing methods. In Section 3, we provide the
comprehensive description of Irminger Sea convection and hydrography, with a focus on the seasonal clima-
tology based on the 19-year time series in Section 3.1 and a focus on the interannual variability in Section 3.2. In
Section 4 we present the attribution of the variability, specifically the role of ocean stratification versus atmo-
spheric forcing. Section 4.1 uses the mooring-Argo time series for a first attribution and in Section 4.2 we
investigate the role of stratification versus surface buoyancy forcing in more detail using the PWP model. Sec-
tion 5 contains the discussion and conclusions.
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Figure 1. Maps of the study area and mooring locations. (a) Overview map of the bathymetry of the northern North Atlantic. The Irminger Sea is enclosed by the red box.
(b) Zoom in of the red box with mooring locations in the Central Irminger Sea (CIS) indicated; white circle for Long-term Ocean Circulation Observations, yellow
square for Ocean Observatories Initiative, cyan triangle for CIS and black dots indicate a typical CTD transect along the Overturning in the Subpolar North Atlantic
Program array. Argo profiles were collected within the area enclosed by the black ellipse. Sea surface height (m) contours are plotted in green at 10 cm intervals.

2. Data and Methods
2.1. Hydrographic Profile Data From Moorings and Argo Floats

The record presented here is composed of data sets from four different programs in the CIS: the Long-term Ocean
Circulation Observations (LOCO) mooring, the profiling HYPM mooring of the Ocean Observatories Initiative
(OQ0I), the Central Irminger Sea (CIS) mooring, and the Argo profiles around these three moorings (Figure 1).
These platforms sampled the upper 2 km of the water column and partially overlap in time. However, each of them
have data gaps in time and space (Figure S1 in Supporting Information S1), making it necessary to merge them
into one complete record.

The LOCO mooring, maintained from summer 2003 through summer 2018 by the Royal Netherlands Institute for
Sea Research, was located in the center of the cyclonic circulation of the Irminger Gyre at approximately 59.2°N
and 39.5°W (Figure 1; de Jong & de Steur, 2016; de Jong et al., 2012, 2018). The OOI observatory in the Irminger
Sea consists of four moorings. Here we use the data from the OOl HYPM profiling mooring (de Jong et al., 2018),
which is located slightly to the north of the LOCO position at 60°N and 39.5°W. The OOI profiler record pre-
sented here covers the 2014 to 2020 period. Both the LOCO and OOI HYMP mooring were outfitted with a
McLane moored profiler (MMP) that records CTD (conductivity, temperature, depth) profiles at high vertical
resolution along the mooring cable in the 150-2,400 m interval for LOCO and the 230-2,500 m interval for OOL
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The time resolution for the MMP profiles varies from several times per day (LOCO deployment in summer 2011)
to daily (other LOCO deployments) to every 20 hr (for OOI). For the OOl MMP data, paired upwards and
downwards profiles are averaged prior to analysis to remove hysteresis effects, yielding one mean profile every
40 hr. Detailed data processing and quality control of the MMP data is described in de Jong et al. (2012). Special
care is taken to correct for sensor drift of the conductivity sensor over the deployment using shipboard CTD data
in order to obtain a consistent salinity record over the whole period.

The CIS mooring, located between the LOCO and OOI moorings at 59.5°N and 39.8°W, was maintained by
GEOMAR from 2002 to 2016. It was outfitted with instruments at fixed depths (de Jong et al., 2018) rather than a
moving platform like the MMP. As a result, the daily CIS profiles have a lower vertical resolution than the LOCO
and OOI moorings, allowing for less accuracy in determining stratification and especially in locating the bottom
of the mixed layers in winter. Therefore, we mainly use the CIS mooring data when no higher-resolution profiles
are available. This is primarily in 2002-2003 before the start of the LOCO deployment and at times when there are
gaps in the records of the higher-resolution LOCO and OOI moorings (Figure S1 in Supporting Information S1).

Argo float profiles, with similar vertical resolution of the MMP profilers, were used to provide data in the near
surface layer of the water column not covered by the MMPs. Argo profiles were selected in an ellipse around the
center of the mooring positions, with a long axis distance of twice the north-south distance between the OOI and
LOCO moorings, and a short axis of twice the east-west distance between these two moorings (Figure 1). The
ellipse is aligned with the continental shelf of Greenland and the sea surface height contours, which ensures that
the data represents changes over time in the weakly stratified central Irminger Gyre and excludes spatial dif-
ferences arising from the more buoyant boundary currents. Argo floats typically record a profile every 10 days,
but the amount of profiles in the study area depends on the number of floats present in the Irminger Sea each year.
Over the years 2003-2020 there were on average 34 + 21 (standard deviation) profiles per year recorded in the
area enclosed by the ellipse. More details on the number of available mooring and Argo profiles is presented in
supporting information S1.

We composed a merged multi-mooring/Argo record to investigate hydrographic changes in the CIS over the
2002-2020 period. This record was constructed as follows. Absolute salinity (SA), conservative temperature (CT)
and potential density with respect to the surface (o) were derived using the TEOS-10 toolbox (www.teos-10.org).
Individual SA and CT profiles were subsampled vertically by averaging within 25 dbar intervals, which is a lower
resolution than both the mooring and Argo profiles, and is done to make the profiles comparable. Next, profiles
were averaged in time by applying a 1-week moving window. If LOCO, OOI or Argo profiles were available only
these were used, otherwise the lower vertical resolution CIS data (when available) was used. This vertical and
temporal smoothing removed small differences between the profiles that originate from their offset locations,
while maintaining the subseasonal, seasonal and interannual variability that we are interested in. Choosing a time
window smaller than a week would have resulted in more gaps. The resulting weekly profiles in this merged
record were extended to the surface using (a) sea surface temperature (SST) data from the fifth generation Eu-
ropean Centre for Medium-Range Weather Forecasts atmospheric reanalysis product (ERAS SST, a product
based on both satellite data and in situ data), (b) a salinity time series based on the upper 50 m of Argo profiles,
and (c) salinity and temperature records starting in 2014 from the near-surface instruments (12 m) at the OOI
SUMO mooring, located right beside the OOl HYPM mooring (de Jong et al., 2018). The resulting time series of
CT, SA and o, covers the period from 1 January 2002 to 31 December 2020. Because of our efforts to normalize
the averaging of all data sets and all data sets are quality controlled for consistency with the other records before
they are included, we assume that the uncertainty is uniform throughout the record. The Brunt-Viisilid frequency
(N*) was derived from the weekly SA and CT profiles using the TEOS-10 toolbox in order to determine the PV

as PV = -gNz.

We use mixed layer depth (MLD) as an indicator of local convection strength. The turbulent mixing during
convection homogenizes the water column properties, thereby creating a mixed layer that is characterized by a
nearly vertical profile of the hydrographic properties (CT, SA and 6). At the bottom of the mixed layer, the
profile transitions to the stratified profile of the deeper water column not affected by mixing. However, because of
the weak stratification at middepth (500-1,500 dbar) in the Irminger Sea throughout the year, it is difficult to
determine the bottom of the mixed layer using density alone. This difficulty arises because there is nearly no
observed density transition as the current year's mixed layer reaches previously convected water masses at this
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Table 1
Overview of Number of Winter Profiles and Profiles With Mixed Layers
Years covered All profiles Winter profiles MLD > 200 dbar (after inspection)
LOCO mooring 2003-2018 4,969 1,918 283
OOI mooring 2014-2020 1,168 535 75
CIS mooring 2002-2016 4,769 1,966 273
Argo 2003-2020 969 264 57
Total 11,875 4,683 688

middepth. However, these new mixed layers do have temperature and salinity characteristics distinctive from
water masses at middepth which can be used to determine accurate MLDs.

MLDs were determined separately for each individual profile of the LOCO, OOI, CIS moorings and for each
Argo profile. An initial pass of the algorithm of Holte and Straneo (2017), which determines the MLD based on a
straight line least squares fit (with an error tolerance of 1°—10) to temperature, salinity and density, provided a
first separation into profiles with and without mixed layers. MLD from profiles starting below 200 dbar and
profiles shorter than 500 dbar were discarded. Additionally, the mixed layer had to be at least 75 dbar thick. Of the
remaining MLDs, it was required that the MLDs of temperature and salinity were within 50 dbar of each other and
the MLD for density was similarly within 50 dbar or deeper. The shallowest of the three MLD is then used as
MLD. Even with these requirements, the algorithm still selected MLDs that did not pass manual inspection;
particularly for profiles that showed a transition that appeared like the bottom of a mixed layer but showed too
much variability within the water column above the algorithm-determined MLD. These are likely remnants of
recent mixed layers rather than active mixed layers. However, our interest here is in active mixing at the moorings.
Since we cannot determine where these mixed layers were formed before they were advected to the moorings
these MLDs were also removed. Out of a total of 4,683 profiles from the months in which mixed layers typically
can occur (December through April), 688 profiles (15%) showed an active MLD deeper than 200 dbar that passed
inspection (Table 1). Lastly, time series of MLDs from all platforms were spatiotemporally merged into one 3-day
average MLD time series for the CIS.

2.2. Ocean and Atmospheric Buoyancy Time Series

We are interested in the roles of stratification versus surface forcing in the interannual variability of Irminger Sea
convection. The surface buoyancy forcing (By,,cing) in J kg™ resulting from atmospheric fluxes is defined as:

ga

Bforcing = p_CQ - ﬁgSO(E - P)
0%p

where a is the thermal expansion, c,, is the specific heat capacity, Q is the net atmospheric heat flux, § is the haline
contraction of seawater, S, is the surface salinity, E is evaporation and P is precipitation. With the first term on the
right representing atmospheric thermal forcing and the second term representing atmospheric freshwater forcing,
the role of heat versus freshwater forcing will be investigated by evaluating the two right hand terms separately.
To calculate By, net shortwave and net longwave radiation, sensible and latent heat fluxes (for Q), and total
precipitation and evaporation (for E-P) fields from the ERAS atmospheric reanalysis were downloaded from the
Copernicus Climate Data Store (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-single-
levels?tab=overview).

Daily ERAS fields were used for the 2002—-2020 period and monthly fields were used for 1950-2020. Josey
et al. (2019) compared ERAS heat fluxes to those derived from the Irminger Sea OOI SUMO (Surface Flux
Mooring) mooring measurements and found them to be consistent. Similarly, Renfrew et al. (2021) compared
ERAS to surface flux measurements north of Iceland and found them to compare well over the open ocean. At
each time step, Q and E-P were averaged over our study region (the ellipse in Figure 1) as well as obtained directly
from the grid point closest to the LOCO mooring location. The two time series are nearly identical, with cor-
relations of 0.996 (for Q) and 0.97 (for E-P) and differences in the mean of 2% (for Q) and 5% (for E-P) with the
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point values being higher than the area average. In the remainder of this manuscript we will use the fluxes
averaged over the ellipse in Figure 1.

To quantify the stratification, we calculated the buoyancy of the water column between different depths from the
mooring/Argo record as well as from the decadal hydrographic record. The water column buoyancy (B,.,,) In
J kg™ ! integrated over the layer between the upper boundary (z,p) and a reference level (z,,p) is defined as:

Zup

Bocean = é /(GO(Z) — 0y (Zref)) dz
Po

Zref

where g is the gravitational acceleration, o,(z) is the potential density profile and p, is a fixed reference density
(Bilo et al., 2022; Schmidt & Send, 2007). The advantage of this definition of stratification is that it has identical

time series over various

units 0 By,,..;,., Which facilitates a one-to-one comparison. The variability in the B,,.,,,

layers compares well to that in N* and PV averaged over the same layers (Text S3 and Figure S3 in Supporting

Information S1) giving us the confidence to use B, as a measure of stratification.

ocean

2.3. Decadal Time Series From Shipboard Hydrography

To put the variability over the 19 years of the mooring record into longer term context, we extended the 1950—
2009 multi-decadal time series of (near-)annual hydrography for temperature, salinity, and density in the CIS
described by van Aken et al. (2011) to 2020. This time series includes historical data (from sample bottles) for the
pre-World Ocean Circulation Experiment (WOCE) period from 1950 until 1989, and high-quality hydrographic
data collected during near-annual repeat CTD surveys of the AR7 hydrographic section, the original survey line
on which the location of the OSNAP array was based, from 1990 onwards (http://cchdo.ucsd.edu/). CTD data
from 2014 onwards was mainly collected during the cruises that serviced the OOI and OSNAP moorings. The
AR7 East (AR7E) hydrographic sections were surveyed predominantly in summer (April to October) to avoid ice
conditions and the storm season. The time series therefore represents stratified summer conditions and does not
capture seasonal changes or winter MLDs. However, it does capture the inter-annual through decadal changes in
upper ocean stratification as well as changes in the low PV conditions at mid-depths resulting from strong winter
convection (described in more detail in van Aken et al., 2011).

Figure 2 shows the 70-year record with the mooring period indicated at the end. At first glance, the hydrography
of the mooring period (panels 2b though 2e) does not stand out as exceptional compared to the longer record. The
density classes formed by convection during the mooring-Argo record are similar, although the thickness of these
density layers (especially the 27.75-27.8 kg m™ class) was larger in the 1990s. The mooring-Argo period is
interesting to study the role of stratification because it includes both very strong stratification in the upper 500 m
around 2005 and very low stratification in the same layer toward the end (panel 2a). This change in stratification
was mainly temperature driven, with the early 2000s being warm and the late 2010s being colder. Changes in
salinity had an opposite, but smaller, effect on stratification. The atmospheric forcing exhibits high interannual
variability (panel 2a), but the 5-year running mean of the forcing shows that the mooring period was not
exceptional. Since the variability in the hydrography and atmospheric forcing during the mooring period covers
the range of the longer-term record, the climatology allowed by the higher temporal resolution data will also be
representative of conditions in the Irminger Sea over the last 70 years. Similarly, because the last 19 years cover
nearly the full range of stratification observed over the last 70 years, as well as periods of both weak and strong
convection, our investigation of the respective influence of stratification versus forcing on convection strength is
likely generalizable to the full 70-year record.

2.4. The PWP Mixed-Layer Model

We use a one-dimensional mixed-layer model to distinguish between the roles of atmospheric forcing and water-
column stratification on the variability of winter convection in the Irminger Sea. The Price, Weller and Pinkel or
PWP model (Price et al., 1986) has previously been used in the North Atlantic by Lazarevich et al. (2004). In that
study, the authors demonstrated that the PWP model was capable of reproducing year-long float-observed sea
surface temperatures to within 1°C, as well as the timing of the ventilation and stratification of the mixed layer.
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Briefly, the PWP model is a vertical, bulk mixed-layer model that simulates the evolution of water-column
temperature and salinity as a result of atmospheric forcing. The model requires an initial temperature and
salinity profile and inputs of surface heat, freshwater and momentum fluxes. Precipitation, long-wave radiation,
sensible heat, and latent heat are input at the ocean surface. Incoming shortwave radiation was modeled as a
function of depth according to Paulson and Simpson (1977) using the optical properties of a 1b water type
(Jerlov, 1968). Static instability in the density profile of the mixed layer is removed by entraining water from
below until stability is achieved. Bulk and gradient Richardson numbers are determined, and if found below
critical thresholds (bulk <0.65 and gradient <0.25), deeper water is entrained and the process is repeated until
vertical stability is achieved (Price et al., 1986). The result is a bulk mixed layer in which all properties (e.g.,
temperature, salinity, chemical species) are uniformly distributed. See Price et al. (1986) for more details.

In this study, PWP model experiments were performed for the Irminger Sea, each with different initializing water-
column conditions and surface forcing records. On September 1 of each year, model runs were initialized using
the mean SA and CT profiles collected during the period of maximum water-column stratification, occurring in
the Irminger Sea from mid-August to mid-September. PWP experiments were forced with inputs of surface heat,
freshwater and momentum fluxes from ERA5 Reanalysis products for the Irminger Sea (60°N, 39.5°W; Hersbach
etal., 2018). ERAS Reanalysis products for 6-hr intervals were interpolated to 1-hr intervals and used to force the
model for a year. At each time step, profiles of temperature, salinity, and momentum were determined, with model
outputs of MLD and water-column temperature, salinity and density being saved every 3.5 days. Density was
calculated using the full equation of state. Three types of PWP experiments were performed:

Experiment type 1: Yearly reconstruction of the observed MLD variability from 2003 to 2020. Each year, the
PWP model is initialized with the observed maximum-stratification water-column profiles of that particular year
and forced with the corresponding year-long surface fluxes.

Experiment type 2: Role of varying water-column stratification in interannual MLD variability.

PWP model runs are initialized each year with the observed maximum-stratification water-column profiles from
that year. Surface forcing is not varied, rather the surface fluxes of one winter are used to force all winters.

Experiment type 3: Role of varying surface forcing in interannual MLD variability. The stratification is not
varied, the PWP model runs are initialized with the same water-column profiles each year, but forced with the
unique surface fluxes of the particular year.

Multiple versions of experiment type 2 (using various example winters) and type 3 (using various example
stratifications) have been done. In total, 137 years-long PWP runs spanning the full range of stratification and
forcing conditions were done.

3. Description of Irminger Sea Convection: Climatology and Interannual Variability

The data sets presented above provide an unique opportunity to describe convection in the CIS, to study its
variability over interannual and decadal time scales, and to investigate the respective driving forces of variability.
The mooring record documents several periods of weak convection (MLD < 500 m) as well as several periods of
strong (MLD > 1,000 m) convection (described in more detail in Section 3.2).

3.1. Climatology of 2002-2020 Irminger Sea Convection

In Figure 3, we present seasonal climatologies for the surface buoyancy forcing, MLD, Absolute Dynamic
Topography (ADT) and the mixed-layer temperature, salinity and density. ADT was retrieved from the ARMOR
3D 0.25° data set at Copernicus (Mulet et al., 2012). Both the monthly mean climatological values with standard
deviations, as well as the daily means for each day of the year are shown. Additionally, we show the daily
climatology of the SST, salinity in the upper 50 m (Argo, OOI surface mooring), and derived density over the
same time period. Note that all the shallow (<100 m) MLDs in summer are from Argo profiles as these cannot be
determined from the subsurface mooring profilers.

The seasonal climatology shows that heat fluxes largely determine the total buoyancy lost to the atmosphere in
winter (Figure 3a). The Irminger Sea gains buoyancy through freshwater year round, but the atmospheric
freshwater fluxes are an order of magnitude smaller and fairly constant throughout the year. The large standard
deviations in winter, mainly seen in the heat and total fluxes, indicate both intermittency in heat fluxes (short
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potential density of the maximum overturning for Overturning in the Subpolar North Atlantic Program East (27.54 kg m™>).

lasting high flux events alternating with calm days) and interannual variability (discussed in more detail in
Section 3.2). Heat fluxes add buoyancy from April through September, but remove more buoyancy from October
to March through stronger heat fluxes, thus leading to a net loss of heat and buoyancy over the year.

Even though the Irminger Sea gains buoyancy over summers, it is a relatively windy region year round (Duyck
et al., 2022). Therefore shallow mixed layers are common throughout summer (Figure 3b). The atmospheric
freshwater forcing (net gain) is collected in this upper layer (Sterl & de Jong, 2022) creating a minimum salinity
around September. This thin fresh layer warms through spring and summer (Figures 3a and 3d), reaching its
highest temperature (Figure 3d) and lowest density in August (Figure 3f). In September, the ocean starts to lose
heat to the atmosphere and the surface and ML temperature decreases quickly. Through October and November,
the surface heat fluxes increase further, but are mainly still removing heat from the upper 100 dbar. With most of
the heat removed from this upper layer, and strong heat loss occurring from December to March, the
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climatological MLD gradually deepens from 205 + 122 dbar in December to 471 + 271 dbar in March. Generally,
heat loss weakens in April, leading to a sudden shallowing of the MLD. However, in strong winters that occa-
sionally last through April, the MLD deepens further leading to a bigger standard deviation for April
(405 + 322 dbar) compared to March. In May, the heat fluxes change sign and the ocean gains heat causing a
sudden halt to convection. SST starts to increase and MLDs shallow to 87 + 79 dbar.

The hydrographic climatologies show that the density follows the changes in temperature. Temperature decreases
steeply from a climatological maximum of 10.2 &+ 1.0°C in August to 4.6 £ 0.3°C in December and then gradually
decreasing further to a minimum of 4.1 £ 0.4°C in April. The gradual decline during strong surface fluxes is due to
the heat loss being spread over a thicker mixed layer. Sea surface temperature from ERAS follows the mixed layer
temperature closely. The potential density changes from an August minimum density of 26.75 + 0.24 kg m™ to
27.65 + 0.06 kg m™ in December and then increasing gradually to a maximum in March and April of
27.70 # 0.05 kg m™>. Salinity decreases through summer, due to accumulating freshwater from precipitation and
possibly a freshwater export from Greenland. In September the climatological salinity is 34.95 + 0.09 g kg™". The
large standard deviation reflects large differences between different summers, as some were characterized by
significantly fresher anomalies (Bilo etal.,2021; Oltmanns et al., 2018; Sterl & de Jong, 2022). Salinity increases as
the mixed layer deepens below this fresh summer layer and reaches into the more saline Subpolar Mode Water
(SPMW) underneath. However, there is a second inversion in the vertical salinity profile, with fresher waters at
mid-depths (locally convective water from previous winters and Labrador Sea Water (LSW)). Thus, as mixed
layers deepen beneath the SPMW into this fresher layer from December onwards the salinity gradually decreases.

Overall, the standard deviations of the hydrographic properties decrease as the MLD deepens. This is also seen in
records of instruments at fixed depths with higher temporal resolution (de Jong et al., 2018). It reflects the (nearly)
absent gradients within the mixed layer, the changes in heat and freshwater applied at the surface being spread
over a thicker layer, as well as the fact that this takes place over a substantial area, thus reducing lateral gradients.
This vertical and lateral homogenization ceases as winter cooling ends and restratification sets in, leaving behind
the characteristic homogeneous convective water mass at mid-depths with a typical low PV signature.

Sea surface height, or ADT, is largely a function of steric height and will be affected by density changes over a large
part of the water column. This is confirmed by the seasonal cycle of ADT that follows that of the density of the upper
1,000 dbar of the water column. However, the timing of the minima is offset by 1 month, with ADT increasing
slightly before density does. This offset disappears if a layer of 250 dbar or shallower is used for the mean density
(not shown), indicating that the onset of restratification of this upper layer causes the increase of ADT.

3.2. Interannual Variability During the 2002-2020 Period

There is large interannual variability in MLD in the CIS (de Jong et al., 2012), resulting in large standard deviations
in the monthly climatology (Figure 3). Here we investigate the interannual variability further using the 19-year
mooring-Argo record. Figure 4 shows the merged mooring-Argo records of temperature, salinity, density, and
PV with MLD, with the latter two giving the most insight into the strength of convection in each winter. We will
denote winters by the last digits of the years in which they occur, for example, the winter of 2002—2003 as 02—03.

At the start of the record in 2002, the water column was relatively fresh and a weak PV minimum can be seen
around 700 to 1,000 dbar. The first five winters (the winters of 02—03 to 06-07) did not see intense convection,
with MLDs between 395 and 620 dbar. This layer restratifies fully in summer (Sterl & de Jong, 2022), and
therefore these MLD did not make an imprint of low PV on the water column that remained after winter. During
this period, the water column warmed and became more saline, continuing the ongoing restratification of the
Irminger Basin after the intense convection in the 1990s (van Aken et al., 2011). The winters of 07-08 and 08—09
were the first winters in the mooring record where convective mixing reached just below 800 dbar and a low PV
signature remained visible at these mid-depths. The next winter (09-10) had the shallowest convective mixing
observed in the record, a MLD of a mere 288 dbar, and was followed by another winter with fairly weak con-
vection (500 dbar in 10-11). A winter with intense convection (998 dbar) followed in 2011-2012. Interestingly,
during the next two winters (12—13 and 13-14) convection was weak (MLD of 572 and 650 dbar respectively), but
an imprint can be seen in PV. This suggests that deeper mixing may have occurred nearby, after which low PV
water was advected to the mooring location. Both the winters of 14-15 and 15-16 showed the strongest con-
vection of the record, with MLD of 1,500 and 1,250 dbar, respectively. Convection remained strong through 16—
17 and 17-18, with MLD of 880 and 1,020 dbar. In the last two winters of this record, 18—-19 and 19-20,

DE JONG ET AL.

10 of 20

9SUDIT suowwo)) 2a1neaI) a[qearidde oy £q pauIaA03 are S3[ONIR Y (SN JO SA[NI 10 AIRIqI AUI[UQ AS[IAL UO (SUONIPUOD-PUR-SULIA)/ WO AI1m Kreiqr[auruo//:sdiy) SUONIPUOD pue SWIS], Y} 3RS ‘[S70/10/1€] U0 Areiqi auluQ A[IA ‘66L0T0DLETOT/6T0T 01/10p/wod" Ka[im’ Kreiqiaur[uosqndnde//:sdny woiy papeojumod ‘z ‘ST0T ‘16766912



| X el

NI Journal of Geophysical Research: Oceans 10.1029/20231C020799

ADVANCING EARTH
AND SPACE SCIENCES

o

1000

Pressure [dbar]

2000
2002 2004

a. Conservative temperature [°C]

2006 2008 2010 2012 2014 2016 2018 2020

b. Absolute salinity [g kg ] ]

s 35.1
hoh
o 35
>
(]
2]
o 34.9
% 2000 : :

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

c. Potentlal density [a kg m” ]

— L ‘
®
3, 278
£ 1000 a8
o 27.4
¢ 27.2
% 2000 : '

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

d. Iog 10 of Potentlal vortlclty [m s’ ]

= 0 MK "o v 1 K
= Y
e}
h=p
[
sa- 1000 .
o |} B i -
o 2000 LT | | ] | | I 1A LML | | | i 12

2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Time [years]
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convection was weak (408 and 650 dbar). The occurrence of intense convection during four consecutive winters
(14-15 through 17-18), freshened the upper 1,200 m of the water column. The local freshening was further aided
by the arrival of a fresh anomaly in the near surface layer seen in the upper 100 dbar in Figure 4b. This anomaly is
also described by de Jong et al. (2020); Holliday et al. (2020); and Bil6 et al. (2022). It reversed the trend of
warming and salinification in the CIS. This has resulted in the intermediate waters (750-1,500 m) becoming
colder and fresher (Figure 4b). Despite the lower salinities, the cold character of the strong convection from 2014
to 2018 created a dense class of intermediate waters in the Irminger Sea with a low PV signature of convection
that remains visible after the weaker convection of the last two winters (Figure 4d).

The impact of the interannual variability in convection on the density in the upper 1,000 dbar of the water column,
and thereby on ADT is clear from Figure 5. The density averaged over the upper 1,000 dbar for the whole period
exhibits a strong seasonal cycle. Winter mixed layers set the maximum density each year and restratification
decreases density through spring and summer. The ADT time series closely follows that of the upper 1,000 dbar
density.

Winters with deeper MLD create denser convective waters (Figure 6¢), which depresses the height of the sea
surface further. The winters of 07-08 and 11-12 particularly showed steeper drops in ADT compared to the

DE JONG ET AL.

11 of 20

[umoq ‘z *ST0T ‘1626691T

:sdny woiy pap

95URDIT SUOWWO)) 2ANEaIY) d[qeatfdde oy £q PauIoA0S aIe SI[ONIR YO SN JO SANI 10§ AILIqIT AUIUQ K3[IAL UO (SUOHIPUOI-PUR-SWLIA}/ W00 K[1M" AIRIqI[aUI[UO//:Sd)IY) SUONIPUO)) PUB SWIAT, 3y 39S *[S70Z/10/1€] U0 A1eiqr] auruQ A[IM “66L0200L£T0Z/6201°01/10p/wod: Ka[im*Kreiqraurjuo-sqnds



. Yed N |
MM\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans

10.1029/2023JC020799

0.4
L=
F’O’
="
=
2025 s
5
s
om
P-E
Q
50 Joial | | I \ I | \ | |
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Kl
BOCEQFI [J kg ]

o o T s T L T w, T = ] ]
R T T VR T A TR
C. : % * v - i s < v ‘2t 3. t . . -~ -
3 4 = s 3 i X~ S \- S - N L ) % .
. n . s P : & :
= 500~ | £ . H : B g N
] 8] s < i - .. *
g : S
= - : =
S i
.
= 4000 b -
b
o | I ! | I | I I |
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020
-0.55 3 ‘ :
L] " .
: : v \ .
-06-d.ff g s { \ ‘W: H
- & J 47
A W1 3 3 A 24
‘T 065 v A ] “\ 3 INS e T/ 5 \ Lk
= : 3 : (i < N
Ve * 3 Y 1 =
5 MW % ? & g TN AWEAVA YR
< 071 4 g e N[y T4,
‘ 3 ! ‘ L\ : \\ 1 L
low pass ADT ¥ i “. =]
QB i 7 upper 1000 dbar
i \ \ I \ I I \ | !
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

27.65

N
=
3

27.75

278

7, 1-1000 dbar [kg m™]

Figure 5. Cumulative surface buoyancy forcing starting at 1 July of each year, water column buoyancy, mixed layer depth (MLD), upper 1,000 dbar density and Absolute
Dynamic Topography (ADT). (a) shows the total cumulative buoyancy forcing (thick black line) as well as the contribution of heat fluxes (Q, thick red line) and
freshwater fluxes (P-E, thick blue line) to the total flux. Thinner lines of corresponding colors represent the seasonal climatology. (b) Water column buoyancy integrated
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series, highlighting years with stronger than average break down or build up of stratification. (c) MLD. (d) Density averaged over the upper 1,000 dbar of the water
column (red dots), low-pass filtered (30-day running mean) ADT (m, thick blue line).

previous winter. Both the seasonal cycle and the interannual variability cause a strong correlation between ADT

and density. The maximum correlations are found at the surface, with a correlation of —0.83 between 30-day low-

passed 6, and ADT. After deseasoning these time series, by removing daily climatology, the correlation is —0.68.

These correlations decrease approximately linearly with depth until they are about zero at 1,200 dbar depth. Thus,
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upper 1,000 dbar against maximum MLD in the preceding winter. The color of the markers shows the progression through the record, and the last digits of the year are
also indicated in the marker. Correlations, and whether they pass a 95% significance test, are also indicated.

the interannual variations in ADT are linked with the variability in the upper part of the water column, which is
associated with local convection and restratification. The lack of correlation at the depth of LSW indicates that
waters advected from the Labrador Sea do not contribute significantly to the variability of 6, and ADT in the CIS.
Thus, ADT may be used as a proxy of local upper water column density.

4. Attribution of Variability: Ocean Stratification Versus Atmospheric Forcing

4.1. Stratification Versus Forcing in the Mooring-Argo Time Series

There is ongoing discussion concerning the relative roles of the surface buoyancy forcing versus the water column
stratification in determining the MLD in the Irminger Sea (Bilo et al., 2022). Figure 5 shows the interannual

DE JONG ET AL. 13 of 20

9SUDIT suowwo)) 2a1neaI) a[qearidde oy £q pauIaA03 are S3[ONIR Y (SN JO SA[NI 10 AIRIqI AUI[UQ AS[IAL UO (SUONIPUOD-PUR-SULIA)/ WO AI1m Kreiqr[auruo//:sdiy) SUONIPUOD pue SWIS], Y} 3RS ‘[S70/10/1€] U0 Areiqi auluQ A[IA ‘66L0T0DLETOT/6T0T 01/10p/wod" Ka[im’ Kreiqiaur[uosqndnde//:sdny woiy papeojumod ‘z ‘ST0T ‘16766912



Fa\ AV

ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Oceans 10.1029/20231C020799

variability of the cumulative heat, freshwater and total buoyancy forcing over each winter, as well as the time
series of water-column stratification of the upper 1,000 dbar. Even though there is considerable variability in
freshwater fluxes (Figure 5a), the variability in heat fluxes dominates the interannual variability of the total
buoyancy loss in winter. The strongest winters in this 2002-2020 record are the winters of 07-08, 11-12 and 14—
15. All these winters showed a deepening of the MLD with respect to previous years. There are a number of years
with weak surface buoyancy forcing, particularly 03—04, 09-10, 12—13 and 18-19. These are also the years with
the shallowest MLD (Figure 5c) and relatively small winter drops in ADT (Figure 5d).

Notably, the water-column buoyancy shows a seasonal cycle that is dominant over interannual variability
(Figure 5b). This seasonal cycle is mainly contained in the upper 500 dbar of the water column, while waters
below mainly show interannual variability (Figure S2 in Supporting Information S1). We here integrate B,_.,,,
over the upper 1,000 dbar of the water column. This contains both the contribution to this seasonal cycle that
comes from the upper 500 dbar of the water column and the interannual signal in the layer between 500 and
1,000 dbar that is derived from local convection. During periods of strong convection (MLD >800 dbar) the
buoyancy of the layer between 500 and 1,000 dbar is reduced and minima of B, .., reached in winter are lower. In
most years, the summer maximum of B,,,, is nearly indistinguishable from what would be expected from the
climatology (thin line Figure 5b), indicating that the interannual variability in the restratification of the water-
column buoyancy is small. Only a few years stand out as having a stronger stratification built up through
summer. These are the summers of 2007, 2010 and 2019. The strengthening of stratification in these years is (at
least partly) the result of larger than average atmospheric freshwater fluxes (Figure 5a) leading to an anomalously
fresh and warm near surface layer. However, over most of the profile above 1,200 m, temperature is the dominant
driver of density changes (further explained in Supporting Information S1). A more thorough description of
restratification in the Irminger Sea can be found in Sterl and de Jong (2022).

By distilling the data in Figure 5 to annual extremes, we get a first insight into the relative importance of
interannual variability in atmospheric forcing (By,,.,,) versus stratification (B,,.,,) to the MLD and the properties
of the CIS (Figure 6). As expected, there is a strong correlation (Figure 6a) between the total accumulated heat
loss through winter and the annual maximum MLD in that winter. However, there is only a very weak and not
statistically significant correlation (Figure 6b) between annual maximum summer stratification and the annual
maximum MLD in the following winter. Thus, the MLD is solely determined by the forcing and not by the
stratification before winter. Deeper MLDs result in a higher mixed layer density (Figure 6¢), with a progression
from lighter and shallower mixed layers at the start of the record to deeper and denser mixed layers at the end. Due
to vertical mixing and increase in density of the upper water column by convection, there is a very strong relation
between the maximum MLD in winter and the maximum stratification in the following summer (Figure 6d). So,
the stratification in the Irminger Sea is dependent on the MLD in the preceding winter, but the MLD is not
dependent on the stratification in its preceding summer. This finding is aligned with Sterl and de Jong (2022), who
determined from reanalysis data that the restratification over the upper 600 m is fairly constant from year to year
and mainly depends on the convection in the preceding winter.

4.2. Stratification Versus Forcing in the PWP Model

Three types of experiments were done with the PWP model to further test the sensitivity of the MLD to the
atmospheric buoyancy forcing and the initial water-column buoyancy. The first type of experiment, which aimed
to reproduce the variability in MLD observed in the mooring-Argo record, was simulated by applying the unique
surface forcing of each winter to a water column initialized with the observed temperature and salinity profiles at
the time of maximum water-column stratification of the preceding summer. PWP outputs of MLD every 3.5 days
are compared with observations, and overall, the reproduced interannual variability in MLD matches the observed
MLD well, with a root mean square error (RMSE) of 253 and correlation of 0.76 (Figure 7a) although it tends to
overestimate MLD in some years (especially 2010) and underestimates in 2006 and 2015.

The second type of PWP experiment aimed to show the role of variable surface forcing on MLD by applying
different surface forcing to the same initializing set of temperature and salinity profiles. By using identical
initialization profiles for each year in this type of experiments, the interannual variability in the atmospheric
forcing is maintained and the influence of varying stratification is removed. In the example shown in Figure 7b,
the unique surface forcing of each year was applied to the mean initializing profile, calculated as the mean of all
maximum water-column stratification temperature and salinity profiles. Somewhat surprisingly, PWP MLD
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Figure 7. Results from the PWP experiments. Panels (a—c) show mixed layer depth (MLD) outputs from an example of each of the three types of PWP model
experiments (in blue) compared to observed MLD (in black). (a). Reconstruction of observed variability in MLD with both varying forcing and stratification,

(b) investigating role of forcing by applying the observed variable forcing and initializing using summer mean constant stratification, (c) investigating the role of
stratification by applying the identical forcing each year and re-initializing annually with the observed summer stratification. The root mean square error and the
correlation (significant at the 95% level) between modeled and observed MLD is noted in each panel. (d) grided surface shows the 2-D linear regression fit of annual
maximum MLD on B, . and B,,,,, over the upper 1,000 m. PWP points used for fit are shown in blue, observations in red. Lighter shading indicates data points
behind the 2-D linear regression fit. (¢) Annual maximum PWP MLD under different stratifications. Observed forcing is applied to the same initializing water-column
profiles representing strong (2010 summer condition, in red), average (in black), or weak (2017 summer conditions, in blue) water-column stratification. Model MLD
outputs using variable forcing and water-column initializations (Experiment 1, panel a) are shown in gray.

outputs using record-average initializing profiles and unique surface forcings match the observed MLD slightly
better (possibly not significantly so) with a slightly higher correlation of 0.81 and a lower RMSE of 198 than the
first type of experiment using both the observed stratification and the observed forcing (Figure 7b, as compared to
Figure 7a). This indicates minimal or no loss of model fidelity in reproducing the observed MLD record when the
influence of inter annually varying stratification is removed. In particular, using the mean stratification reduced
the MLD simulated for 09-10, and 15-16 through 17-18, which were overestimated in Figure 7a.
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The third type of experiment aimed to show the role of varying water-column stratification on MLDs. The model
was initialized each year using the temperature and salinity profiles observed during maximum stratification from
that summer, but forced with an identical surface forcing record. Different forcing records were chosen to
represent average (12—13 and 15-16), weak (08—09 and 17-18) and strong (06—07 and 13-14) forcing years. In
the example shown in Figure 7c, observed initialization profiles are forced using the 12-13 years. The 12—
13 years was chosen as a normal year as its cumulative surface forcing of 0.73 J kg™! was close to the 2002—2020
mean cumulative surface forcing (Mean By, ;,, = 0.71 J kg™"). We chose to use a representative individual
winter's forcing for this experiment type rather than a smooth climatological mean in order to maintain some of
the intermittency of heat fluxes within a winter. However, since the total applied atmospheric forcing is the same
it should not affect the maximum reached MLD. Notably, this constant forcing experiment performs worse than
the other two experiments, with a much lower correlation of 0.54 and higher RMSE of 335,mainly due to more
frequent overestimations of MLDs.

It is interesting to also look at particular years. Notably, 2010 and 2019 stand out. The MLDs of these 2 years are
simulated well in the variable forcing-variable stratification and the variable forcing-constant stratification ex-
periments, but are highly (or deeply) overestimated in the constant forcing-variable stratification experiment.
These 2 years are known for their exceptionally strong stratification, which has been suggested to be the cause of
the shallow convection in these winters. However, from these results it becomes apparent that it is crucial to get
the forcing of these 2 years correct in order to get the correct MLD.

The different PWP experiments enable us to look at the dependence of MLD on forcing and water-column
buoyancy for more scenarios than the observation record allows. Figure 7d shows annual maximum MLDs
against total winter forcing and pre-winter maximum water-column buoyancy for all observations (n = 17, in red)
and PWP runs (n = 137, in blue). These 137 runs cover the full range of combinations of strength of B, and
By cing- Using only the PWP outputs, a multivariate (2D) linear regression of annual maximum MLD on total
winter Byocine and pre-winter maximum B, yields a dependence on By, that is about three times as large as
that of B,,,,. The relation found using B,,.,, over the upper 1,000 m and ERAS5 for atmospheric forcing is
maxMLD = 1,775 - B, cing — 512 - B,qy With a significant correlation of 0.78 with the simulated MLDs. While
this linear approximation is very simplified, based on a model taking only stratification and atmospheric forcing
into account, it does fit the observations (in red in Figure 7d, these are not used for the fit) well as well.

While we find that the role of forcing is stronger in determining MLD, the impact of stratification under a series of
different forcing scenarios is extremely important in the context of climate change trends and the projected in-
crease in stratification in the future. We quantify the effect of stratification on MLD by running the PWP
Experiment 2 initialized with a weakly versus average or strongly stratified water column and subjected to the
observed 19 different atmospheric forcings (Figure 7e). Profiles from summer 2017 and 2010 are used to
=1.04 T kg™"), respectively.

represent the weakest (B =0.60] kg_l) and strongest stratification case (B

ocean ocean

= 0.81 J kg™") is determined as the mean of temperature and salinity
profiles during maximum water-column stratifications over the record, and is within 1% of the average between

The average stratification case (B,..,,
the weakest and strongest case. The mean MLD over all years in the weakly stratified case is 1,230 £ 211 m,
versus 823 £ 257 m in the average stratification case and 655 + 248 m in the strong stratification case. Thus, the
mean deepening of 407 £ 121 m as a result of weak stratification is stronger than the mean shallowing of
170 = 27 m as a result of stronger stratification.

Further examining the strong stratification case of 2010, the additional stratification was the result of a shallow
(~60 m) warm and fresh layer. Once this layer is removed, the profile is very similar to other years. This results in
the fairly constant shallow bias of 170 m in maximum MLD between the strong and average stratification cases.
Notably, MLDs of 1,200 are still reached in the strong stratification case during years with strong forcing. The
difference between MLD is larger and more variable between the weak and average stratification cases than the
strong and average cases. The maximum MLD reached in the case of weak stratification is around 1,500 m and
happens during multiple years. Even in years with strong forcing, the mixed layer does not deepen further. We
suspect the density gradient between the convective waters and the overflow waters beneath contribute as a
limiting factor to MLD here.
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5. Discussion and Conclusions

We have presented here a novel weekly 19-year time series of hydrography and convection in the CIS (Figure 4)
based on mooring and Argo float data collected from 2002 to 2020. Using a 70-year annual time series of
shipboard hydrographic surveys (Figure 2), we have demonstrated that the variability in the hydrography,
stratification, and atmospheric forcing during mooring-Argo period is comparable to the longer-term variability.
These time series enable us to interpret recent Irminger Sea observations in the context of large variability
previously identified on decadal time scales (Chafik et al., 2022; Josey et al., 2019; van Aken et al., 2011). Van
Aken et al. (2011), describing the survey record up to 2010, identified six events with low PV and high dissolved
oxygen concentrations at 1,500 dbar, a typical signature of convectively ventilated water masses. In the extended
record, the 1990s event stands out as the strongest convection event (Figure 2), producing a particularly thick
cold, fresh and dense water mass (27.75 < o, < 27.8 kg m™>). The more recent low PV signal, initiated with the
strong convection in the winter of 2014-2015 is shallower than that observed in the 1990s. The shallower
convection resulted in densities in the 500—1,000 m layer that are less dense than seen in the 1990s and more like
those seen in the 1970s and 1980s (27.7 < o, < 27.75 kg m_3).

The 19-year mooring-Argo record gives insight into the range of interannual variability in convection, with MLD
reaching only 288 dbar in 09—-10 and as deep as 1,500 dbar in 14—15. Mixed layers shallower than 500 dbar do not
leave an imprint on the local PV profile, as this layer is completely restratified through spring and summer, but
deeper mixed layers do. Both the observations and simulations with the PWP MLD model indicate that the depth
of convection is determined mainly by the strength of the atmospheric buoyancy forcing in winter, with a
maximum around 1,500 dbar because of an increased deep density gradient associated with the transition to
overflow waters. Winters with very shallow convection after strong stratification (03—04, 09-10, and 18-19) also
coincided with weaker than average atmospheric forcing. Both the mooring-Argo data and the PWP experiments
show that the interannual variability in the strength of the atmospheric forcing largely determines the observed
changes in convection depth over the 2002—-2020 period. The convection depth is not significantly correlated to
the stratification in the preceding summer. This result agrees with findings of Kim et al. (2021), who posited that
weak convection during a GSA in the Labrador Sea was also mainly caused by weak atmospheric forcing.
However, the fresh anomaly arriving in the Irminger Sea toward the end of the mooring record (Bilo et al., 2022;
de Jong et al., 2020; Holliday et al., 2020) does have an effect on the hydrography, as these fresh waters are mixed
into the water column and freshened the waters at intermediate depths (Fried et al., 2024). Despite the lower
salinities, the cold character of the strong convection from 2014 to 2018 created a class of middepth waters in the
Irminger Sea that is the densest in the 19-year record.

The timing of the return of convection in the winter of 14—15 is auspicious, as this was also the first winter observed
by the OSNAP array and the OOI moorings. However, the sudden transition from a warm, buoyant and high ADT
period to a period of cold, dense and low ADT preceded the addition of these new observations. This makes the
long-term context provided by the new 2002-2020 weekly time-series presented here especially critical to
contextualize analyses of OSNAP and OOI data. Since convection has weakened after 2018, it is likely that the
Irminger Sea will return to a warm, buoyant period, but this restratification is much more gradual (Nelson
etal.,2024). The overturning at OSNAP East is related to water mass transformation of all buoyant waters to waters
denser than 27.53 kg m™ (Li et al., 2021; Lozier et al., 2019; Petit et al., 2020). The convection at the mooring
locations in the CIS adds mainly to the densest waters formed at OSNAP East (Petit et al., 2020), however the
atmospheric forcing driving the variability at this location is coherent over a much wider area (Josey et al., 2019).
Mixing along the boundaries (Le Bras et al., 2020, 2022) as well as shallower mixing over more stratified waters
further east (de Jong et al., 2020) will contribute to the total overturning in lighter density classes. The weak
stratification in the cyclonic Irminger Gyre makes this area especially sensitive to the interannual variability in
surface forcing caused by the Greenland Tip Jet. This is reflected in the minimum in ADT identified as a center of
action for the Subpolar Gyre by Chafik et al. (2022), which we here find is related mainly to local convection and not
to the advection of intermediate waters from elsewhere. Continued measurements in the CIS will be essential to
understanding overturning in the Subpolar Gyre.

We showed that in the past 19 years of the Irminger Sea, and likely the last 70, the forcing was always strong
enough to penetrate the initial stratification of the upper layer. Once the stratification over the upper layer is
removed the middepth layer is relatively easy to homogenize until the transition to overflow derived waters at
1,500 m is reached. Additionally, we found that the maximum stratification in summer relies strongly on
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convection in the previous winter. This agrees with the finding of Sterl and de Jong (2022) that there is little
interannual variability in the strength of restratification over the upper 600 m in the Irminger Sea. This gives the
atmospheric forcing additional importance as it sets both the strength of convection in the current year as well as
the next. Under climate change, the stratification of the Irminger Sea is projected to strengthen as a result of a
warming upper ocean and an increase in freshwater input (Bakker et al., 2016; Sgubin et al., 2017). Conditions
such as in 2010 and 2019 are likely to become more prevalent, moving the Irminger Sea to the edge of the
currently observed parameter space in terms of stratification. Under those conditions, convection could shallow
by 170 m on average, but deep MLDs of up to 1,200 m could still occur under strong forcing (Figure 7e). In those
cases, stratification would be significantly reduced for the subsequent years, possibly allowing deep convection to
return again under somewhat weaker forcing (similar to 08—09 in Figure 5 and de Jong et al., 2012). However,
once the stratification becomes stronger than observed thus far, its impact may be larger. Nevertheless, future
forcing conditions are likely to change as well. For example, less frequent occurrences of tip jets due to a shift in
the jet stream or a warmer atmosphere and reduced air-sea temperature difference (Fedorov et al., in revision)
could significantly reduce heat loss and thereby weaken MLD more substantially than an increase in stratification.
Therefore, changes in atmospheric forcing need to be taken into account when considering changes in convection.

Data Availability Statement

Data from LOCO deployments between 2003 and 2011 are available from the OceanSITES repository at https:/
www.ndbc.noaa.gov/data/oceansites/deployment_data/LOCO-IRMINGSEA/. Data from LOCO deployments
between 2012 and 2018 are available at (de Jong, 2023a, 2023b, 2023c, 2023d, 2023e). Quality controlled OOI
profile data used in this study is available at (Le Bras, 2023). Data from ERAS5 (Hersbach et al., 2018) were
obtained from https://cds.climate.copernicus.eu/datasets/reanalysis-era5-single-levels?tab=overview.
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