
Arctic Ocean Surface Energy Flux and the Cold Halocline
in Future Climate Projections

Enrico P. Metzner1 , Marc Salzmann1 , and Rüdiger Gerdes2,3

1Institute for Meteorology, Universität Leipzig, Leipzig, Germany, 2Alfred Wegener Institute, Helmholtz Centre for
Polar and Marine Research, Bremerhaven, Germany, 3Physics and Earth Sciences, Jacobs University, Bremen, Germany

Abstract Ocean heat transport is often thought to play a secondary role for Arctic surface warming in
part because warm water which flows northward is prevented from reaching the surface by a cold and
stable halocline layer. However, recent observations in various regions indicate that occasionally, warm
water is found directly below the surface mixed layer. Here we investigate Arctic Ocean surface energy
fluxes and the cold halocline layer in climate model simulations from the Coupled Model Intercomparison
Project Phase 5. An ensemble of 15 models shows decreased sea ice formation and increased ocean energy
release during fall, winter, and spring for a high-emission future scenario. Along the main pathways for
warm water advection, this increased energy release is not locally balanced by increased Arctic Ocean
energy uptake in summer. Because during Arctic winter, the ocean mixed layer is mainly heated from
below, we analyze changes of the cold halocline layer in the monthly mean Coupled Model
Intercomparison Project Phase 5 data. Fresh water acts to stabilize the upper ocean as expected based on
previous studies. We find that in spite of this stabilizing effect, periods in which warm water is found
directly or almost directly below the mixed layer and which occur mainly in winter and spring become
more frequent in high-emission future scenario simulations, especially along the main pathways for warm
water advection. This could reduce sea ice formation and surface albedo.

Plain Language Summary Under the ocean surface, warm water flows from the Atlantic
Ocean to the Arctic Ocean. But often it is prevented from reaching the surface by a less salty, and
therefore lighter, cold water layer above the warm water. However, recent observations have shown that
this cold layer can at times disappear. As long as the warm water from the south stays below this cold
and stable layer, warmer ocean currents in a warmer climate might not contribute much to Arctic surface
warming. In this study we look at output data from climate models. We find that in a future climate
scenario more energy is released from the ocean to the atmosphere, especially in winter. Because in winter
the upper meters of the ocean cool down quickly, this energy must come from deeper ocean layers. We
find that events in which warm water is not far from the surface occur more often in the future climate
simulations than in either past or present-day simulations. This could reduce sea ice formation and
surface albedo.

1. Introduction
Arctic surface warming currently proceeds at more than twice the global average rate (Cohen et al., 2014). In
principle such an amplification of climate change in the northern polar latitudes is expected based on climate
model simulations, paleodata records, and process understanding. Local radiative feedbacks, especially the
ice-albedo feedback (active in summer), a lack of atmospheric vertical mixing close to the surface (“Arctic
lapse rate feedback”), and the nonlinear temperature dependence of the Stefan–Boltzmann law (Bintanja
et al., 2011; Joshi et al., 2003; Pithan & Mauritsen, 2014; Manabe & Wetherald, 1975; Screen & Simmonds,
2010a), are among the factors contributing to Arctic amplification. Arctic climate change is furthermore
modulated by atmospheric and oceanic heat transport on various timescales (Laîné et al., 2016; Nummelin
et al., 2017; Salzmann, 2017; Spielhagen et al., 2011; Yang et al., 2010) and by increased surface fluxes from
the warmer ocean to the atmosphere in the absence of sea ice (Screen & Simmonds, 2010a; Serreze et al.,
2009). Ocean processes are sometimes considered of secondary importance, although climate models gener-
ally do not agree on the importance of meridional oceanic heat transport in driving Arctic Ocean warming,
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Figure 1. Schematic: Formation of the cold halocline and vertical stratification of the Arctic Ocean. Adapted from
Itkin et al. (2015) with permission from the American Geophysical Union.

and many models suggest that meridional oceanic heat fluxes are the main driver of Arctic Ocean warm-
ing (Burgard & Notz, 2017). Furthermore, sea ice loss in the Barents sea has previously been linked to heat
transport from the Atlantic (Årthun et al., 2012), potentially providing a nonlocal contribution to the surface
albedo feedback.

It is, however, not entirely clear how much the Arctic Ocean warming contributes to atmospheric warming.
This is because large parts of the Eurasian Basin of the Arctic Ocean are stably stratified. Cold and fresh
water in the surface mixed layer is separated from a layer of warm saline Atlantic water by a cold and stable
layer, the cold halocline. This cold and stable layer is strongly salt stratified (Carmack, 2007; Carmack et al.,
2016), while the underlying Atlantic water is weakly temperature stratified. The halocline layer between
the cold surface water and the warm Atlantic water prevents efficient heat exchange between the ocean and
the atmosphere and thus to some extent acts similarly to a lid on top of the warmer Atlantic water. The
existence of the cold halocline is a prerequisite for sea ice formation. Simulations with a simple column
model suggested (Maykut & Untersteiner, 1971) that a small change in upward ocean heat flux would be
enough to significantly affect sea ice.

Several mechanisms for the formation of the cold halocline have been suggested. These include salination of
cold and fresh surface water, that is, the “convective cold halocline,” advection of cold and saline shelf water,
which is, however, still less saline than the underlying Atlantic water, and melting of sea ice as Atlantic water
enters the ice-covered Arctic shelves (Carmack, 2000; Steele & Boyd, 1998). Fresh water is continuously
supplied to the Arctic Ocean primarily by river runoff, import through the Bering Strait, and net precipitation
(precipitation minus evaporation) and is lost mainly via export through the Fram Strait and the Davis Strait,
either in liquid form or as sea ice (Carmack, 2000; Carmack et al., 2016). A strong salinity gradient in the
convective cold halocline is formed mainly in winter during sea ice formation when ice-free regions freeze
and brine is released. As seasonal ice zones currently tend to be located in the shelf seas, shelf processes are
expected to play an important role in the formation of the halocline. When freezing takes place, cold and
saline waters flow away from the shelves and feed into the halocline (Itkin et al., 2015); compare schematic
in Figure 1.

Several observation- and model-based studies have suggested an increasing trend in the freshwater supply
to the Arctic which is expected to continue in a warming climate due to increasing atmospheric moisture
transport from lower latitudes, an intensified hydrological cycle, and increasing river runoff (Bintanja &
Selten, 2014; Haine et al., 2015; Peralta-Ferriz & Woodgate, 2015; Zhang et al., 2013). This trend leads to an
increased stratification of the upper ocean. On the other hand, observation-based studies (Polyakov et al.,
2017; Steele & Boyd, 1998) have indicated that this stable stratification could become weaker in some places
as warmer Atlantic water is advected to the Arctic Ocean. Furthermore, heating of the shelf-regions was also
found to affect the cold halocline. In particular, Timmermans et al. (2018) attributed increases of ocean heat
content in the Beaufort Gyre over the last decades to anomalous solar heating of surface water in the Chukchi
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sea, which is a main source for halocline waters entering into the Beaufort Gyre. These observations suggest
that advection of warm water and shelf processes are both likely to be important for the cold halocline.

A retreat of the cold halocline was first noted by Steele and Boyd (1998). More recent observations (Polyakov
et al., 2017; Timmermans et al., 2018) also suggested that the cold halocline might become even less per-
sistent in a future climate. Therefore, the importance of heat transfer from the ocean to the atmosphere
(Polyakov et al., 2010; Screen & Simmonds, 2010b) may increase in the future, especially because the exis-
tence of a cold halocline is crucial for sea ice formation (Maykut & Untersteiner, 1971) and because sea ice
modulates surface heat fluxes.

Although it is notoriously difficult to establish cause-and-effect relationships in a coupled system, a further
retreat of the cold halocline could not only change the partitioning of the total poleward heat transport into
the contributions from the ocean and the atmosphere but possibly also contribute to Arctic warming at the
surface, which here includes but is not limited to the bottom of the sea ice. Usually, by “surface,” we refer
to the Earth's surface, that is, the lower boundary of the atmosphere.

While observations are key to understanding climate change, and it is very plausible that anthro-
pogenic greenhouse gas emissions play a role in explaining observed changes, it still remains difficult
to link individual observations to climate change without either a long record or climate modeling. The
present study demonstrates that results from state-of-the art global climate models generally support the
observation-based idea that periods in which temperature stratification plays a large role will increase in
the future, in spite of some well-known biases in both the ocean and the atmosphere components of these
models. This finding demands further research on the role of the ocean using CMIP-type climate models.
To our knowledge, this is the first time that the changes of the cold halocline are studied in the context of
global climate models.

In the following section, we introduce the methods used to analyze the Coupled Model Intercomparison
Project Phase 5 (CMIP5) model output. We use two different algorithms to define the bottom of the cold
halocline, which are based on different characteristics of the cold halocline layer, in an attempt to avoid
that key results depend on methodological artifacts. In section 3.1, we investigate changes of surface energy
fluxes. In sections 3.2–3.4 we investigate changes in the frequency of cold halocline thinning events in which
warm water is found directly below the surface mixed layer. A detailed analysis of the seasonal and spatial
distribution suggests that the changes in cold halocline thinning events and the surface energy flux are
linked. Correlations between increases in cold halocline thinning event frequency, the decrease of sea ice
cover, and the temperature of Atlantic water in the inflow through the Fram Strait and the Barents Sea are
investigated in section 3.5.

2. Materials and Methods
2.1. Model Data
Our analysis is based on monthly mean climate model output from the Coupled Model Intercomparison
Project Phase 5 (Taylor et al., 2012). In addition to runs from the so-called historical experiment, we analyze
output based on the the RCP8.5 high-emission scenario. We start out by analyzing net upward surface energy
fluxes. The net energy flux from the ocean including sea ice to the atmosphere is computed as

Fs = SHF+LHF+Fup
s,sw + Fup

s,lw − Fdown
s,sw − Fdown

s,lw , (1)

where SHF and LHF are sensible and latent surface heat fluxes, respectively. Fs,sw and Fs,lw are shortwave
and longwave surface radiation fluxes.

In addition, we compute diagnostics for the depth of the surface and the cold halocline layers. For this
analysis, higher temporal resolution would clearly be desirable. But daily model output of the variables
required in this analysis is not available in the CMIP5 data archive. We nevertheless think that using monthly
mean data can provide important insights into changes of the cold halocline layer in climate models that
contribute to assessment reports such as the Fifth Assessment Report by the Intergovernmental Panel on
Climate Change.
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Table 1
Models

Model Center Reference
CanESM2 Canadian Centre for Climate Modeling and Analysis Arora et al. (2011)
CCSM4 National Center for Atmospheric Research Gent et al. (2011)
CNRM-CM5 CNRM and CERFACSa Voldoire et al. (2013)
CSIRO-Mk3-6-0 CSIRO Marine and Atmospheric Researchbb Rotstayn et al. (2012)
GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratorycc Donner et al. (2011)
GFDL-ESM2G NOAA Geophysical Fluid Dynamics Laboratory Dunne et al. (2012)
GFDL-ESM2 M NOAA Geophysical Fluid Dynamics Laboratory Dunne et al. (2012)
GISS-E2-H NASA Goddard Institute for Space Studiesdd Schmidt et al. (2014)
GISS-E2-R NASA Goddard Institute for Space Studies Schmidt et al. (2014)
HadGEM2-ES Met Office Hadley Centre Martin et al. (2011)
IPSL-CM5A-LR Institut Pierre Simon Laplace Dufresne et al. (2013)
MIROC-ESM JAMSTEC, AORI, and NIESee Watanabe et al. (2011)
MPI-ESM-LR Max Planck Institute for Meteorology Giorgetta et al. (2013)
MRI-CGCM3 Meteorological Research Institute, Tsukuba, Japan Yukimoto et al. (2012)
NorESM1-M Norwegian Climate Centre Bentsen et al. (2013)
aCNRM: Centre National de Recherches Météorologiques, CERFACS: Centre Européen de Recherches et de Formation
Avanceé en Calcul Scientifique. bCSIRO: Australian Commonwealth Scientific and Industrial Research Organiza-
tion, in collaboration with the Queensland Climate Change Centre of Excellence. cNOAA: National Oceanic and
Atmospheric Administration. dNASA: National Aeronautics and Space Administration. eJAMSTEC: Japan Agency for
Marine-Earth Science and Technology, AORI: Atmosphere and Ocean Research Institute, The University of Tokyo,
NIES: National Institute for Environmental Studies, Ibaraki, Japan.

The historical experiment spans the years 1850 to 2005. In this experiment, estimates of historical green-
house gas concentrations and aerosol emissions are combined with estimates of volcanic and solar forcings
in an attempt to arrive at simulations of Earth's climate from 1850 to 2005 that are, within the range of inter-
nal variability, compatible with observations. Although, for most of the models, several historical runs with
slightly perturbed initial conditions were performed within the framework of CMIP5, here we analyze only
one run, that is, the first realization in the standard configuration, per model. In order to find out how a
failure to reduce greenhouse gas emissions may affect the cold halocline layer, we also analyze the CMIP5
RCP8.5 “high-emission” future scenario.

For evaluating the vertical structure in the Arctic upper ocean, potential temperature, salinity, and sea ice
cover data are analyzed. The bottom of the cold halocline and the mixed layer, the cold halocline thick-
ness, and the frequency of cold halocline thinning events are computed based on potential temperature and
salinity as described below. Data were obtained for the models listed in Table 1. The ocean components of
11 of the 15 coupled models feature at least 9 or 10 vertical layers in the upper 100 m, many of them at a
uniform spacing of 10 m and between 15 and 21 layers in the upper 200 m. The two GISS models and the
CSIRO model in this study use only between 6 and 11 layers in the upper 200 m. The vertical grid spacing
in the upper 50 m is 10 m in all models except for the following: In GISS-E2-H it ranges from 10 to 20 m, in
GISS-E2-R from 15 to 31 m, in MIROC-ESM from 5 to 9 m, in MRI-CGCM3 from 2 to 13 m, in MPI-ESM-LR
from 11 to 10 m, and in NorESM from 5 to 10 m.

2.2. Diagnostics
The lower boundary of the cold halocline is computed using two different algorithms. The first algorithm
follows Bourgain and Gascard (2011). We refer to this algorithm as the density ratio algorithm. The density
ratio is given by

R𝜌 =
[
𝛼

d𝜃
dz

]
∕
[
𝛽

dS
dz

]
, (2)

where 𝜃 is potential temperature in K, S is salinity in PSU, 𝜌 potential density in kg m−3, z depth in m,
𝛼 = 𝜌−1(𝜕𝜌∕𝜕𝜃), and 𝛽 = 𝜌−1(𝜕𝜌∕𝜕S) are the thermal expansion coefficient and the haline contraction
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Figure 2. Schematic: potential temperature-salinity diagram. Potential
temperature 𝜃 and salinity S in the Arctic Ocean with distinct cold
halocline layer (CHL, blue) and Atlantic water (AW, red). The gray line
indicates the freezing temperature as a function of salinity.

coefficient, respectively. The density ratio represents the slope in the
temperature(𝜃)-salinity(S) diagram scaled by 𝛼 and 𝛽 (Figure 2). The bot-
tom of the cold halocline is defined as the depth of the first layer from
the top down where R𝜌 exceeds 0.05. This threshold was determined
empirically from observations (Bourgain & Gascard, 2011). It provides a
measure of the transition from a halocline to a thermocline.

In the second algorithm, the lower bound of the cold halocline is deter-
mined by a temperature difference of 1 K between water potential tem-
perature and its freezing temperature Tfreeze. We call this the temperature
difference algorithm. The definition is motivated by the notion that freez-
ing plays an important role in the formation of the cold halocline layer
(compare schematic in Figure 1). A second condition is that the potential
temperature should increase with depth. This avoids misinterpretations
in case of warm water at the surface. Based on Figure 5 of Carmack et al.
(2016), the 1 K difference appears to be a good choice for the Eurasian
Basin, while for the Amerasian Basin 1.5 K might be a better choice. The
thinning event frequencies (defined below) are, however, not very sen-
sitive to this choice. The freezing temperature in ◦C is computed from
(Gill, 1982):

Tfreeze = −0.0575 S+1.710523·10−3 S1.5−2.154996·10−4 S2−7.53·10−3 p,
(3)

where pressure p in bar is calculated iteratively from the temperature and salinity profiles as follows: At first,
density is computed based on equations A3.1 to A3.6 from Gill (1982) using a first guess for pressure. Then,
the hydrostatic equation is solved using the resulting density profile. These computations are repeated until
the resulting error becomes negligible.

Each algorithm focuses on different characteristics of the cold halocline layer. The density ratio algorithm
indirectly takes into account the stability formed by temperature, salinity, and density gradient. But it is
calculated only over few data points (vertical model layers) in each water column, and the salinity gradient
is in the denominator (equation (2)), which makes it very sensitive to the salinity profile.

The temperature difference algorithm is highly sensitive to warming from below, which is of interest in
the present study. It produces fewer missing values when the condition for identifying the cold halocline
layer bottom is not met in the first 400 m below the surface mixed layer. The 400 m requirement avoids
misidentifying the bottom of the cold halocline below the core of the warm Atlantic water.

In addition to the bottom of the cold halocline, we also diagnose the bottom of the surface mixed layer. Here,
it is defined by an increase of potential density of 0.125 kg m−3 from the ocean surface as in, for example,
Polyakov et al. (2017).

The cold halocline layer thickness is determined as the difference between the bottom of the cold halo-
cline layer and the bottom of the surface mixed layer. When the cold halocline layer thickness based on
monthly average model output decreases below 10 m, we define this as a “thinning event.” The probabil-
ity of a cold halocline thinning event is computed by dividing the number of months in which the monthly
mean layer thickness is below 10 m by the total number of months in the period for which the probability
for the occurrence of a thinning event is computed.

The direction of a multimodel mean change is deemed to be significant at the 95% level based on a threshold
for the number of models in which the sign of the change agrees with the sign of the change of the mul-
timodel mean allowing for missing values. In order to obtain a 95% significance level, at least five models
have to provide nonmissing values. In the case of only five nonmissing values, all five models have to agree
on the sign of the change. Where nonmissing values for all 15 models are available, the minimum number
of models that have to agree on the sign in order to obtain a 95% significance level increases to 12 out of 15
based on a binomial distribution. The Community Climate System Model Version 4 is left out for the density
ratio algorithm due to a problem in determining the cold halocline layer in the historical run.
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Figure 3. Multimodel mean upward surface net energy flux over ocean and sea ice (sum of radiative, sensible heat, and
latent heat fluxes) and projected changes for the models listed in Table 1 for the CMIP5 RCP8.5 high-emission scenario.
(a) 1900–1929 multimodel mean, (b) change from 1900–1929 to 2006–2035, (c) change from 1900–1929 to 2070-2099.
Hatching in (b) and (c) indicates areas where the direction of the multimodel mean change is significant at the 95%
level. The average sea ice edge for spring (MAM) and for fall (SON) is indicated by a solid and a dashed gray line,
respectively.

3. Results
3.1. Surface Energy Fluxes
Figure 3a shows multimodel annual mean net upward surface energy fluxes for the models listed in Table 1
for the years 1900 to 1929. Positive upward net surface energy fluxes indicate that ocean heat transport
warms the atmosphere. Large positive fluxes are mainly found along the main pathways of warm water
inflow from lower latitudes, especially in the Barents Sea and the Chukchi Sea. Note that both the ocean
and the atmosphere transport heat from lower latitudes to the Arctic.

Changes of the multimodel annual mean net surface energy fluxes relative to 1900 to 1929 for the years
from 2006 to 2035 and for the years from 2070 to 2099 are shown in Figures 3b and 3c, respectively. The
spatial patterns of the changes in Figures 3b and 3c are similar. The multimodel annual mean net energy
fluxes from the ocean to the atmosphere increase along the main pathways of warm water inflow in the
Barents Sea, the Kara Sea, and the Chukchi Sea, while on average, the models show only small changes in
the Laptev Sea. However, individual models such as CanESM2 and HadGEM2-ES show increased annual
mean upward energy fluxes in the Laptev Sea as well (Figure S1 in the supporting information), and for
individual seasons (Figure 4), the multimodel average does show changes in the Laptev Sea. However, these
seasonal changes can be balanced locally. In particular, an increased energy release from the ocean to the
atmosphere in winter can be balanced by additional energy uptake in summer. The annual mean changes
in Figures 3b and 3c, on the other hand, are not balanced locally.

Inspecting the seasonal means in Figure 4 shows that the multimodel mean energy release from the ocean
to the atmosphere increases during winter. In the absence of other heat sources, this additional energy can
only be supplied to the upper ocean mixed layer by increased heat supply from the underlying warm water.
In summer, on the other hand, the ocean serves as an energy sink for the atmosphere. The imbalance in the
changes of the annual mean surface energy fluxes in Figure 3b together with the seasonality of the changes
suggests that ocean heat transport plays a role. Furthermore, the area of positive changes in the annual
mean net energy fluxes in Figures 3b and 3c expands over time. Annual mean changes in the Amerasian
Basin are smaller in magnitude and of opposite sign. This indicates that atmospheric warming dominates
the change in surface energy fluxes in the Amerasian Basin. An increased annual mean net positive energy
flux from the ocean to the atmosphere is found in the Barents and the Kara Sea, in the Chukchi sea, and in
some models also south of the Fram Strait.
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Figure 4. Seasonal mean upward surface net energy flux (as in Figure 3) for (a–c) DJF, (d–f) MAM, (g–i) JJA,
and (j–l) SON.

3.2. Cold Halocline Diagnostics
Figure 5 shows time series of upper ocean temperature, salinity, and the logarithm of the squared
Brunt-Väisälä-Frequency N (N in s−1) at a selected grid point in the vicinity of 125.7◦E 81.1◦N (point M1
in Figure S2) from the CanESM2 model. The corresponding plots for other models are shown in Figures S3
and S4. While a few models simulate an overly smooth temperature gradient in the upper 200 m compared
to observations (Polyakov et al., 2017) in this region, CanESM2 does well in this aspect.

Figure 5a shows increasingly warmer water below the cold halocline layer. Zooming in on the end of the
century in Figure 6 shows that in summer, the mixed layer deepens to the depth of the warm water below, as
indicated by negative slopes in the temperature contours in spring down to about 50 m depth. Below 50 m,
positive slopes indicate that over the annual cycle warm water, which does not seem to originate in the
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Figure 5. Monthly mean upper ocean (a) potential temperature, (b) salinity, and (c) logarithm of the squared
Brunt-Väisälä-Frequency N (N in s−1) at 125.7◦E 81.1◦N (point M1 in Figure S2) for the RCP8.5 “high-emission”
scenario from the Canadian CanESM2 coupled climate model from 2006 to 2100. The white line is the bottom of the
surface mixed layer (here defined by a density increase of 0.125 kg m−3 from the surface as in Polyakov et al., 2017).
The two dark lines show the bottom of the cold halocline layer computed from monthly mean data with the
temperature difference algorithm (red, this is the upper dark line) and from the density ratio algorithm (blue, this is the
lower dark line). Corresponding plots for other models are shown in Figures S3 and S4.

mixed layer directly above in the same column, comes closer to the mixed layer. In summer, this could be a
signature of warming in the shelf seas as suggested by Timmermans et al. (2018). Warm water in winter most
likely originated at lower latitudes as previously suggested by Polyakov et al. (2017) (see also section 3.3).

The largest temperature gradients below the bottom of the mixed layer are found in winter and spring,
when at times the diagnosed bottom of the cold halocline reaches close to the bottom of the mixed layer.
Consequently, most halocline thinning events are diagnosed in winter and spring (compare section 3.4).
Although the density ratio algorithm usually diagnoses the cold halocline to extend further downward than
the temperature difference algorithm, halocline thinning events are diagnosed by both algorithms, and both
algorithms show an increase in the frequency of these events over time. Because the density ratio algorithm
is sensitive not only to the temperature but also to salinity, it places the bottom of the cold halocline in
CanESM2 below the cold homogeneous layer. This also applies to several other models (Figures S3 and S4).
In a few models, however, both algorithms place the bottom of the cold halocline at similar depth. We are
currently evaluating these differences based on observations.

While the Atlantic warm water extends upward, the mixed layer, which is thickest in winter, becomes shal-
lower over time. This thinning could be caused either by decreased surface cooling or by mixing of warm
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Figure 6. (a–c) Figure 5 zoomed in on upper ocean in the end of the 21st century.

water from below. The finding that surface energy fluxes from the ocean to the atmosphere increase in win-
ter indicates that not only decreased surface cooling but also mixing of warm water from below is likely to
play a role for sea ice formation and the surface albedo feedback.

Figure 5b also shows a signature of increased freshwater input from 2006 to 2100 as expected based on exist-
ing literature (Bintanja & Selten, 2014; Haine et al., 2015). Increased freshwater input leads to a larger salinity
gradient below the surface mixed layer and thus a stabilization toward the end of the century (Figure 5c).
An increased salinity gradient due to the input of freshwater is found not only in the CanESM2 model but
also in several other models (Figures S3 and S4). However, at the same time, cold halocline thinning events
during which warm water is located directly below the cold surface mixed layer in winter and spring become
more frequent. Thus, overall, the stabilization due to the increased salinity gradient does not prevent an
increase in the frequency of halocline thinning events. Instead, large temperature gradients below the sur-
face mixed layer, which have a destabilizing effect, are found in winter. Figure 5c shows both, destabilization

METZNER ET AL. 9 of 20



Journal of Geophysical Research: Oceans 10.1029/2019JC015554

Figure 7. As in Figure 5 but for 145.0◦W 74.0◦N (point A1 in Figure S2).

from below due to an increasing temperature gradient and the stabilizing effect of fresh water. Toward the
end of the century, in summer, warm water in the surface mixed layer is no longer clearly separated from
the warm water below.

A back-of-envelope computation for this CanESM2 vertical column shows that the thickness of sea ice that
could be melted by Atlantic warm water between the bottom of the cold halocline layer and 300 m depth
increases from less than 5 m in the beginning of the 21st century to more than 20 m in the end of the 21st
century. Multimodel mean increases in potential temperature at 300 and at 400 m depth are shown in Figures
S5 and S6, respectively.

Saline water enters the Arctic primarily from the Atlantic. Pacific water entering the Arctic is less saline,
and the Bering Strait is comparatively shallow. Consequently, one would expect differences between the
Eurasian and the Amerasian Basin also in the CMIP5 model runs. A fundamental difference between the
projected salinities is illustrated by comparing Figures 5b and 6b to Figures 7b and 8b for a grid point in
the Amerasian Basin. The former two figures show an increasing salinity gradient which is consistent with
increasing atlantification (Årthun et al., 2012; Polyakov et al., 2017) and freshening near the surface. As
mentioned above, this increasing salinity gradient has a stabilizing effect, while the increasing temperature
gradient has a destabilizing effect. The latter two figures also show freshening down to about 90 m at the
end of the century. But unlike the corresponding figures for the grid point in the Eurasian basin, the figures
for the grid point in the Amerasian Basin show decreasing salinity below 90 m. A similar tendency is found
in several other models (Figures S7 and S8). The temperature gradient, however, increases in the Eurasian
and the Amerasian Basins (Figures 7a and 8a). While halocline thinning events at the grid point in the
Eurasian Basin are related to warm water underlying cold water throughout winter and spring (Figure 6a),
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Figure 8. As in Figure 6 but for 145.0◦W 74.0◦N (point A1 in Figure S2).

the thinning events at the grid point in the Amerasian Basin occur mainly in the beginning of the cold
season. This might be explained by a lack of warm water supply below.

In order to better understand the origin of the differences between Figures 5 and 7, we analyze the poten-
tial temperature and salinity profiles down to 400 m along a transect in Figures 9 and 10. The transect starts
at a selected grid point in the Bering Strait, crosses the North Pole, and ends in the Norwegian Sea. Corre-
sponding plots for a transect that passes through point A1 but starts at the Canadian coast instead of the
Bering Strait are shown in Figures S9 and S10. Warm and saline water is advected from the Atlantic into the
Arctic, where mixing and cooling from above take place. Previous studies have shown that Atlantic water is
advected along the Eurasian continental slope and spreads throughout the Arctic Basin at depths between
roughly 200 and 800 m (Carmack et al., 2015; Newton & Coachman, 1974; Rudels et al., 1994). The ver-
tical salinity and temperature gradients below the surface mixed layer in the the Eurasian as well as the
Amerasian Basin in Figures 9 and 10 reflect the signatures of advection, freshening and cooling from above,
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Figure 9. (a) Map showing the location of points M1, A1, and a transect starting at a selected grid point in the Bering
Strait (Be), crossing the North Pole (NP), and ending in the Norwegian Sea (No). (b–f) Potential temperature 𝜃 in the
upper 400 m from CanESM for the RCP8.5 scenario for the Be-NP-No transect.

Figure 10. As in Figure 9 but for salinity (S).
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Figure 11. (a) CMIP5 multimodel mean halocline thinning event probability in percent for regions with a minimum
water depth of 100 m based on monthly mean data for the months from 1900 to 1929 computed with the density ratio
algorithm. (b, c) Change in thinning event probability for the CMIP5 RCP8.5 “high-emission” scenario for 2006 to 2035
and 2070 to 2099 relative to 1900 to 1929 based on the density ratio algorithm. The change is defined in terms of the
total thinning event probability. For example, 20% change in a region with a 20% probability corresponds to a doubling
of the thinning event probability. (d–f) Same as (a–c) but for the temperature difference algorithm. (g) Multimodel
mean sea ice cover in percent for 1900 to 1929 and (h, i) change. Hatching indicates areas where the direction of the
multimodel mean change is significant at the 95% level. This is a measure of how many signs of the changes from the
individual models agree (see section 2 for details). The annual cycle of the changes in thinning event frequency is
shown in Figure 12. The annual cycle of the thinning event frequency for the region around M1 in Figure S2 is shown
in Figure 13.

and the influence of vertical and horizontal mixing. Warm and saline water, owing its characteristics in part
to inflow from the Atlantic, is found at greater depth in the Amerasian Basin than in the Eurasian Basin.
While this geographical difference persists throughout the century, the depth of the warm and saline water
decreases in both basins. Toward the end of the century, warm water stretches from the Atlantic to the Bering
Strait. The salinity in the warm and saline water in the basins is, however, still higher than the salinity in the
Bering Strait, in spite of the freshening in Figure 7b. This suggests that Atlantic warming not only affects the
Eurasian Basin but also the Amerasian Basin. While the term atlantification suggests an increasingly saline
upper ocean, freshening above the warm and saline water takes place across much of the basin. The result-
ing stabilization is counteracted by an increasing temperature gradient, which also leads to an increase of
the density ratio. Warm water below the mixed layer as in Figures 6a and 8a suggests that stabilization due
to freshening is insufficient to prevent halocline thinning events and to shut off heat release from the ocean
to the atmosphere.
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Figure 12. As in Figure 11 but for different seasons. Left column: thinning event probabilities. Left column, upper
rows: based on density ratio algorithm. Left column, lower rows: based on temperature difference algorithm. Right
column: sea ice.

3.3. Spatial Distribution of Halocline Thinning Events
Figures 11a–11f shows multimodel mean maps of cold halocline layer thinning event probabilities based on
monthly mean climate model output for CMIP5 historical model simulations and simulations of the CMIP5
RCP8.5 high-emission future scenario. In spite of considerable spread between models (see Figures S11 and
S12 for results from individual models) and less frequent thinning events diagnosed with the density ratio
algorithm, which unlike the temperature difference algorithm takes into account salinity, overall the models
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tend to simulate more frequent cold halocline layer thinning events in the future for the RCP8.5 scenario
(Figures 11a–11f). This suggests that without greenhouse gas emission reductions, the cold halocline would
become more prone to thinning events in the future. Large changes of the halocline thinning event frequency
toward the end of this century are found outside the coastal regions in the shelf seas, along the slopes, and in
the Beaufort Sea. Statistically significant changes are also found in the northern part of the Eurasian Basin.
For the density ratio algorithm, a decrease of the frequency of halocline thinning events is found in parts of
the Barents sea. However, inspecting temperature and salinity plots from a location in this region suggests
that this is an artifact (not shown). Near the coast, in the shallow parts of the shelf seas, a well-defined cold
halocline does not exist. Therefore, Figures 11a–11f show shaded contours only for regions in which the
water depth exceeds 100 m.

As a possible mechanism for the increase in thinning event frequency, northward warm water advection
and subsequent destabilization from below has been suggested (Polyakov et al., 2017). Indeed, the increase
in thinning event frequency and the sea ice cover retreat in Figures 11g–11i broadly follow the influx of
Atlantic warm water into the Eurasian Basin via the Fram Strait and the Barents Sea (Aksenov et al., 2010).
In the Amerasian Basin, a pronounced increase in the frequency of halocline thinning events and sea ice
loss is simulated in the Beaufort Gyre region. A recent study (Timmermans et al., 2018) attributed increases
of ocean heat content in the Beaufort Gyre over the last decades to anomalous solar heating of surface water
in the Chukchi sea which is a main source for halocline waters entering into the Beaufort Gyre. Woodgate
(2018) also found increasing inflow of Pacific water entering through the Bering Strait. The CMIP5 models
suggest increases in cold halocline thinning event frequency already in the “near-present” years 2006–2035
for this region (Figure 11b). As discussed above, Figures 9 and 10 suggest that in addition, warmer Atlantic
water also affects the Amerasian Basin.

Increased warm water advection also appears to be consistent with Figure 5 which shows results for a
selected grid point in the vicinity of 125.7◦E 81.1◦N (point M1 in Figure S2) for a single climate model. It
also appears to be supported by several other models (see Figures S3 and S4), although the spread between
the models is large. On the other hand, warm water advection and destabilization from below may not be
the only processes that play a role for increased probability of halocline layer thinning events in Figure 5. In
particular, as Timmermans et al. (2018) and also the schematic in Figure 1 indicate, it is plausible that warm-
ing has slowed the halocline formation. A slowed halocline formation would also explain the relatively low
salinity of the warm water below the mixed layer in winter. Therefore, further studies focusing on the role
of shelf processes are needed.

3.4. Seasonality of Cold Halocline Thinning Events
Although the two algorithms suggest a slightly different seasonality of the increase in halocline thinning
event frequency, the largest increase of cold halocline thinning event frequency is found in winter and
spring, the latter especially for the density ratio algorithm (Figure 12). Winter and spring are also the sea-
sons in which halocline thinning events tend to be frequent in most of the models. (The annual cycle of
the thinning event frequency for the region around M1 in Figure S2 is shown in Figure 13.) These thinning
events could, however, in principle also affect sea ice cover in summer because of the ice-albedo effect. This
is because decreased sea ice formation results in younger and thinner summer ice forming cracks earlier
and melting faster.

Seasonality is also crucial for relating changes of surface energy fluxes to cold halocline thinning. On the one
hand, it is in winter that the warm ocean water acts as the main heat source for the upper ocean mixed layer,
while in summer, the ocean surface is also heated. On the other hand, cold halocline thinning events are
found to be most frequent in winter and spring. Therefore, it seems more appropriate to compare the changes
of surface energy flux in winter (Figures 4b and 4c) and spring (Figures 4e and 4f) to the corresponding
panels in Figure 12 rather than to compare annual means. The spatial patterns in Figures 4b, 4c, 4e, and 4f
are especially similar to the corresponding patterns for the temperature difference algorithm in Figure 12.
The corresponding pattern correlations (Pearson coefficients r) are 0.55, 0.77, 0.45, and 0.65. The similarity
between the patterns in Figures 11b and 11c and the patterns in Figures 3b and 3c, on the other hand, could
also be a consequence of surface warming in summer.

3.5. Correlation With Sea Ice and Inflow of Atlantic Water
Figures 11g–11i show that at the same time as the cold halocline thinning event frequency is increasing in the
model runs, there is also a retreat of the sea ice. Furthermore, Figures 14a and 14b show that models which
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Figure 13. Monthly cold halocline layer thinning event probability for the region around M1 shown in Figure S2 for
2006 to 2035 in the RCP8.5 model runs based on the density gradient algorithm.
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Figure 14. (a, b) Correlation between the change of the cold halocline layer thinning event probability and the change
of sea ice cover for the region from 60.0◦E to 150.0◦E longitude and 75.0◦N to 85.0◦N latitude (shown in Figure S2)
from 1900–1929 to 2070–2099 for the climate models in Table 1. The cold halocline layer depth was computed using
(a) the density ratio algorithm (index “dr”) and (b) the temperature difference algorithm (index “td”). (c, d) As in
(a,b) but for surface heat flux instead of sea ice cover. (e, f) Correlation between the change of the cold halocline layer
thinning event probability for the region from 60.0◦E to 150.0◦E longitude and 75.0◦N to 85.0◦N latitude with the
change of the potential temperature at 300 m depth in the region from 30.0◦W to 20.0◦E longitude and 65.0◦N to
75.0◦N latitude (also shown in Figure S2) where Atlantic water enters the Arctic through the Fram Strait and the
Barents Sea. (g) Correlation between the cold halocline layer thinning event probability computed with the density
ratio and the temperature difference algorithm for the same region also showing the one-to-one line. Data from the
CMIP5 historical and the CMIP5 RCP8.5 “high-emission” scenario experiment were used.

simulate a strong increase of the cold halocline layer thinning event probability also tend to simulate a larger
sea ice retreat in a warmer climate. The change in surface energy fluxes is also correlated to the change of
the probability of cold halocline layer thinning events (Figures 14c and 14d). Furthermore, models in which
the Atlantic water potential temperature at 300 m depth increases most strongly in the region from 30.0◦W
to 20.0◦E longitude and 65.0◦N to 75.0◦N latitude also tend to show a larger increase of the thinning event
frequency in the Arctic Ocean region from 60.0◦E to 150.0◦E longitude and 75.0◦N to 85.0◦N (Figure S2) as
evidenced by the positive correlation in Figures 14e and 14f. The region from 30.0◦W to 20.0◦E longitude
and 65.0◦N to 75.0◦N latitude is a region where inflow from the Atlantic takes place. In this region, warm
water from the Atlantic enters the Arctic through the Fram Strait and the Barents Sea.

Finally, the differences in the changes of cold halocline layer thinning event probabilities that result from
using two different algorithms for computing the depth of the halocline are compared in Figure 14g (see
also Figure S13 for a comparison of the cold halocline average depth). Although the algorithms focus on
different characteristics of the cold halocline layer, they yield qualitatively similar results with respect to the
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change of the thinning event frequency. Both algorithms suggest an increase in halocline thinning event
frequency in a warmer climate.

While the previous discussion focused on the effects of temperature and salinity, dynamics changes can also
influence the cold halocline. In particular, based on CMIP5 simulations, the polar high is expected to weaken
in the future (Figure S14a). This weakening is expected to influence the occurrence of seasonal ice (Figure
S14b), which is partially wind driven. Sea ice affects the cold halocline in multiple ways (see Figure 1), and
there may also be more direct dynamical linkages.

4. Conclusions and Discussion
An ensemble of 15 climate models from the Coupled Model Intercomparison Project Phase 5 (CMIP5) shows
that ocean energy release increases during fall, winter, and spring for a high-emission future climate change
scenario. This increased energy release is not locally balanced by increased Arctic Ocean energy uptake in
summer along the main pathways for warm water advection.

Because increased ocean surface energy release cannot be explained by atmospheric warming in the Arctic,
and because during Arctic winter, the ocean mixed layer is mainly heated from below, we continued to focus
on studying changes of the cold halocline layer in the monthly mean CMIP5 data.

This study was inspired by observational studies which suggested that the Arctic Ocean cold halocline layer
could be become less persistent in a warmer climate, effectively removing “the lid” from the underlying
warm Atlantic water (Polyakov et al., 2017; Steele & Boyd, 1998). Our main result is that this suggestion is
supported by results from global climate models.

Our analysis suggests that a failure to reduce greenhouse gas emissions would indeed lead to increasingly
frequent cold halocline layer thinning events which would facilitate increased energy fluxes from the ocean
and can contribute to reducing the sea ice cover. A relatively low salinity of warm water directly below
the mixed layer in winter is consistent with the idea that shelf processes play a role (cf, e.g., Timmermans
et al., 2018). For most models, the two different algorithms that were used to identify the bottom of the cold
halocline and that focus on different characteristics of the cold halocline yield different results regarding
the location of the cold halocline bottom. But both algorithms show an increase in the frequency of cold
halocline thinning events.

A caveat of this study is the use of monthly mean data from low-resolution global models. Analyzing output
from these models is nevertheless interesting and important, since these models contribute to assessment
reports such as the Fifth Assessment Report by the Intergovernmental Panel on Climate Change. Unfor-
tunately, the ocean data, which are necessary for this analysis, are only available for a subset of CMIP5
models. Furthermore, only monthly mean output of ocean temperature and salinity has been archived
within CMIP5. We are, however, planning to extend our analyses to daily output from shorter runs with a
single high-resolution model in the future.

The finding that the suggested increase in the frequency of Arctic cold halocline thinning events in a warmer
climate is at least qualitatively reproduced in climate models opens the door for several further studies.
Future model studies may (a) help to better quantify the effect that thinning events may have on Arctic
warming compared to, for example, the lapse rate feedback and (b) help to better understand the causes
of the increased thinning event frequency. In order to better understand the reasons for thinning events to
occur, one could, for example, perform trajectory analysis or include idealized tracers in a single model in
order to establish the origin of water in the cold halocline. Computing back trajectories would require output
at higher temporal resolution.

In today's climate, turbulent vertical mixing of the upper ocean was found to occur in association with
tides in the vicinity of sloping or rough surfaces (Rippeth et al., 2015, 2017). It has been hypothesized that
turbulent mixing may play a role for the future of the halocline (Giles et al., 2012; Rippeth et al., 2017).
Increased turbulent mixing may also play a role in the cold halocline thinning events that are simulated
by the CMIP5 models. However, additional model output would be required to determine whether this is
indeed the case.

Recently, Polyakov et al. (2018) suggested available potential energy which integrates anomalies of poten-
tial density from the surface downward through the surface mixed layer to the base of the halocline as an
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alternative indicator for the stability of the cold halocline. Based on this diagnostic, they found a pattern of
decreasing stratification in the Eurasian Basin and increasing stratification in the Amerasian Basin for the
years 2006–2017 compared to 1981–1995. This pattern resembles the change of the cold halocline depth in
the CMIP5 models as diagnosed with the density ratio algorithm (Figure S13b), indicating that this pattern
may not be due to internal variability but anthropogenically forced.

Finally, although we presented evidence which, in agreement with suggestions based on existing observa-
tions, points to warm water advection and shelf processes as processes that influence the cold halocline, a
number of open questions regarding the future of the cold halocline remain. In addition to warming, changes
in atmospheric dynamics are expected to affect the cold halocline. As the polar high weakens, onshore winds
over the shelf seas weaken which affects the extent of the seasonal ice zones. This could affect the cold halo-
cline in various ways. Further research on this topic is planned using limited area as well as global models
in combination with observations.
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