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1. Introduction
Recent changes in the Arctic ice-ocean system have led to 
an increase in upper ocean heating. The primary source 
of this heating is the two-fold rise in ocean-absorbed 
solar radiation (Perovich et al., 2007) that results from 
rapidly declining summer sea ice extent (Comiso et al., 
2008; Steele et al., 2010). Recent studies in the Canada 
Basin show that this absorbed solar heating is parti-
tioned 0.23/0.77 between ocean heat storage and latent 
heat loss (basal ice melt), respectively (Toole et al., 2010;  
Gallaher et al., 2016). Most of the oceanic heat is accu-
mulated in near-surface temperature maximum (NSTM) 
features. The NSTM is defined as an upper ocean (< 50 
m) temperature maximum that: 1) is at least 0.2°C above 
freezing (δT); 2) has a salinity < 31; and 3) resides above a 
cooler water layer by at least 0.1°C (Jackson et al., 2010). 

Jackson et al. (2010) attribute NSTM development to the 
absorption of solar radiation in shallow, stratified layers 
beneath melting sea ice and open water during summer. 
Steele et al. (2011) present an additional formation pro-
cess caused by cooling of the near-surface ocean under 
open water areas in late summer, which leaves behind a 
warmer subsurface layer. Although NSTM heat is gained in 
the summer, the release of this heat often occurs in later 
seasons. Observations in the Canada Basin show that the 
NSTM often survives into fall, and that heat from this layer 
can be mixed into the surface mixed layer to delay or slow 
freeze up (Steele et al., 2008; Jackson et al., 2010; 2012; 
Steele et al., 2011; Timmermans, 2015).

Early studies of the NSTM during AIDJEX (Maykut and 
McPhee, 1995) and SHEBA (McPhee et al., 1998) found that 
the layer was present directly below the summer surface 
mixed layer, at depths between 25 and 35 m. However, 
the Canada Basin upper ocean is freshening (McPhee et 
al., 2009) through a combination of sea ice melt, river 
runoff, and convergence of Ekman boundary layer trans-
ports under the Beaufort Gyre (MacDonald et  al., 1999; 

RESEARCH ARTICLE

Field observations and results of a 1-D boundary layer 
model for developing near-surface temperature maxima 
in the Western Arctic
Shawn G. Gallaher*, Timothy P. Stanton§, William J. Shaw§, Sung-Ho Kang†,  
Joo-Hong Kim† and Kyoung-Ho Cho†

Summer sea ice extent in the Western Arctic has decreased significantly in recent years resulting in 
increased solar input into the upper ocean. Here, a comprehensive set of in situ shipboard, on-ice, and 
autonomous ice-ocean measurements were made of the early stages of formation of the near-surface 
temperature maximum (NSTM) in the Canada Basin. These observations along with the results from a 1-D 
turbulent boundary layer model indicate that heat storage associated with NSTM formation is largely due 
to the absorption of penetrating solar radiation just below a protective summer halocline. The depth of 
the summer halocline was found to be the most important factor for determining the amount of solar 
radiation absorbed in the NSTM layer, while halocline strength controlled the amount of heat removed 
from the NSTM by turbulent transport. Observations using the Naval Postgraduate School Turbulence 
Frame show that the NSTM was able to persist despite periods of intermittent turbulence because trans-
port rates were too small to remove significant amounts of heat from the NSTM layer. The development 
of the early and late summer halocline and NSTM were found to be linked to summer season buoyancy and 
wind events. For the early summer NSTM, 1-D boundary layer model results show that melt pond drain-
age provides sufficient buoyancy to the summer halocline to prevent subsequent wind events from mixing 
out the NSTM. For the late summer NSTM, limited freshwater inputs reduce the strength of the summer 
halocline making the balance between interfacial stresses and buoyancy more tenuous. As a result, the 
late summer NSTM is an ephemeral feature dependent on local wind conditions, while the early summer 
NSTM is more persistent and able to store heat in the near-surface ocean beyond the summer season.

Keywords: Near-surface temperature maximum; Local turbulence closure model; Turbulent fluxes

*	United States Naval Academy, Annapolis, Maryland, US
§ Naval Postgraduate School, Monterey, California, USA
†	Korea Polar Research Institute, Incheon, KR
Corresponding author: Shawn Gallaher (sggallah1@nps.edu)

https://doi.org/10.1525/elementa.195
mailto:sggallah1@nps.edu


Gallaher et al: Field observations and results of a 1-D boundary layer model for developing 
near-surface temperature maxima in the Western Arctic

Art. 11, page 2 of 21  

Proshutinsky et al., 2009; Yamamoto-Kawai et al., 2009). 
This freshening decreases the thickness of the surface 
mixed layer as turbulent length scales decrease under the 
effects of stabilizing buoyancy fluxes (McPhee, 1994). In 
the current century, the base of the summer surface mixed 
layer has shoaled to an average depth of 16 m (Toole et al., 
2010), and the salinity of the NSTM has freshened by 4 and 
its temperature warmed by 1.5°C (Jackson et al., 2011). To 
anticipate how these changes in upper ocean properties 
will affect heat storage in the Canada Basin requires an 
understanding of the processes that form and sustain the 
NSTM.

In previous studies, the NSTM has been examined 
primarily from a seasonal evolution and interannual 
variability perspective. However, comprehensive, in situ 
observations of a developing NSTM have not, to date, 
been made. In this study, we used data from the Office of 
Naval Research (ONR) Marginal Ice Zone (MIZ) field pro-
gram and the 2014 Korea Polar Research Institute (KOPRI) 
Arctic summer cruise along with a one-dimensional (1-D) 
turbulent boundary layer model to investigate NSTM for-
mation. We had three objectives: 1) determine the relative 
contributions of solar radiative forcing, buoyancy forcing, 
and shear-generated turbulent processes to the devel-
opment of the NSTM; 2) identify atmosphere-ice-ocean 
system events that initiate NSTM development; and 3) 
establish factors that affect NSTM survivability. In the first 

part of this paper, we focus on the processes that form 
and preserve/erode the late summer NSTM. We then 
compare these findings to a modeling study of the early 
summer NSTM that formed at the location of another MIZ 
experiment.

2. In situ observations
2.1 Marginal Ice Zone experiment
The bulk of the observations used in this study were 
collected during the 2014 ONR MIZ experiment in the  
Canada Basin (see Lee et al., 2012, for a program descrip-
tion). Five autonomous, ice-based, multi-instrument 
“clusters” were deployed to collect a wide range of ice and 
ocean data throughout the spring and summer. Clusters 
1–4 were deployed in early spring along the 135°W merid-
ian in the eastern Canada Basin (Figure 1a) from small 
air-supported ice camps. Cluster 5 (C5) was deployed in 
late summer, further north, at the edge of the seasonal 
ice zone (Figure 1a) from the KOPRI icebreaker Araon 
(R/V Araon). Coincident with the C5 deployment, a joint  
MIZ-KOPRI Ice Camp was established between year days 
(YDs) 221 and 226 (9–14 August) to make intensive 
manned observations of the air-ice-ocean system. Data 
from the MIZ-KOPRI Ice Camp and the C5 autonomous 
instruments form the main focus of this work; however, 
supplemental data from MIZ cluster 2 (C2) were included 
to model the NSTM that developed in early summer.

Figure 1: The ONR-KOPRI Ice Camp at MIZ Cluster 5. (a) Topo-bathymetric map of the Canada Basin showing 
the location of the joint ONR-KOPRI Ice Camp at MIZ Cluster 5 (C5, green triangle) between 9 and 14 August 2014. 
Also shown are the initial positions of MIZ Clusters 1–4 deployed in early spring (gray triangles). (b) Image of the  
ONR-KORPI Ice Camp taken from a Maritime Helicopters BELL 206 at 600 m. Ice Camp image is annotated with the 
locations of the on-ice instruments to include the Autonomous Ocean Flux Buoy (AOFB) 29, Automated Weather Sta-
tion (AWS) 5, the R/V Araon CTD station, Ice-tethered Profiler – velocity 80 (ITP-V 80), and NPS Ice Hut used to deploy 
the Turbulence Frame. DOI: https://doi.org/10.1525/elementa.195.f1
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2.2 Data sources
The air-ice-ocean observations at C5 came from ship-
board and on-ice instruments (Figures 1b and 2). Start-
ing on the air-side, surface winds were measured by an 
RM Young anemometer on the Scottish Association of 
Marine Science Automated Weather System 5 (AWS 5) 
and a Vaisala Multi-Weather System on Autonomous 
Ocean Flux Buoy 29 (AOFB 29). Fluxes of downgoing 
shortwave radiation were measured by an Apogee SP-110 
pyranometer on AWS 5 and a Hukseflux SR03 pyranom-
eter on AOFB 29. AOFB 29 was not deployed until YD 
224; therefore, hourly AWS 5 data were used between 
YDs 221.8 and 224, and an average of the 1-h AWS 5 
and the linearly interpolated 15-min AOFB 29 anemom-
eter and pyranometer data were used between YD 224 
and YD 225.8. AOFB 29 was also equipped with a Thies 
Clima 3-D sonic anemometer that provided estimates of 
air-ice wind stress every 3 h. All of the meteorological 
sensors were mounted approximately 2 m above the sea 
ice surface.

In the ice, a 16-element, 30-cm spacing temperature 
string on the AOFB measured thermal gradients in the 
sea ice and the near-surface ocean. Along with these in 
situ in-ice measurements, surface-ice conditions were 
observed remotely using declassified visible grayscale sat-
ellite images at 1-m resolution. These images were ana-
lyzed to characterize open water, sea ice, and melt pond 
areal coverage in the vicinity of C5. Visible imagery for this 
study is available on the Global Fiducials Library of the 
U. S. Geological Survey (http://gfl.usgs.gov/gallery_main.
shtml?current=4).

In the ocean, observations of turbulent processes in the 
ice-ocean boundary layer (IOBL) were made from the Naval 
Postgraduate School (NPS) Turbulence Frame, which was 
deployed through a 0.6 m hydro-hole beneath the NPS Ice 
Hut located ~ 200 m from the R/V Araon (Figure 1b). In 
addition to this 200-m buffer, the location of the NPS Ice 
Hut was chosen based on the prevailing winds (from the 
north) to avoid turbulent contamination from the ship 
and to capture the along-floe drag characteristics at MIZ 
C5. The frame was equipped with two custom-built ocean 
flux packages, consisting of (with accuracies) a 4-path, 
three-dimensional acoustic travel-time current meter 
(ACM) (± 0.25 mm s–1 RMS noise level), a free-flushing 
inductive conductivity cell (± 0.002 mS cm–1), and a fast 
low-noise thermistor (± 1 mC). These sensors, sampled 
at 4 Hz, are mechanically integrated to form a 0.001 m–3 
sample volume (for full flux package description, see Shaw 
et al., 2008, and the AOFB program website, http://www.
oc.nps.edu/~stanton/fluxbuoy/index.html). The flux 
packages, fp1 (top) and fp2 (bottom), were mounted on 
each end of a 6-m vertical frame (Figure 2). The frame 
instruments ran continuously between YDs 221.8 and 
225.8 during which the frame was repositioned in the 
vertical, by an electric winch, to straddle the base of the 
surface mixed layer. This sampling strategy allowed for 
the direct observation of turbulent parameters just above 
and within the surface mixed layer pycnocline. A third 
flux package, at a fixed depth of about 2.5 m below the 
ice base (~ 4.5-m depth), was mounted on AOFB 29 with 
the same specifications described above, except at a 2-Hz 
sampling frequency.

Figure 2: MIZ Cluster 5 sensors. Sensor schematic (vertical view) of the on-ice deployed instruments at the MIZ-KOPRI 
Ice Camp shown on Figure 1b. DOI: https://doi.org/10.1525/elementa.195.f2

http://gfl.usgs.gov/gallery_main.shtml?current=4
http://gfl.usgs.gov/gallery_main.shtml?current=4
http://www.oc.nps.edu/~stanton/fluxbuoy/index.html
http://www.oc.nps.edu/~stanton/fluxbuoy/index.html
https://doi.org/10.1525/elementa.195.f2


Gallaher et al: Field observations and results of a 1-D boundary layer model for developing 
near-surface temperature maxima in the Western Arctic

Art. 11, page 4 of 21  

In situ salinity and temperature profiles at MIZ C5 were 
obtained from R/V Araon CTD measurements (SeaBird 
SBE 911 plus), which were conducted in a lead located off 
the starboard side of the ship (see Figure 1b). CTD pro-
files between 1 and 600 m were taken every 2 h during 
the 4-day Ice Camp study period. For the modeling study 
conducted at MIZ C2, salinity and temperature data were 
provided by AOFB 33 and Ice-Tethered Profiler 77 (ITP 77) 
(Krishfield et al., 2008; Toole et al., 2011). Data from AOFB 
33 were observed at a fixed depth of 4.5 m, while ITP 77 
provided profiled data between 7 and 250 m every 3 h at 
1-m resolution. On the same instrument, at a fixed depth 
of 6 m, a MicroCAT sensor sampled salinity and tempera-
ture every 15 min.

2.3 Defining the early and late summer NSTMs
The CTD profiles from R/V Araon reveal that two NSTMs 
were present in the surface ocean (< 35 m) during the last 
two days of the MIZ-KOPRI Ice Camp. These features, at 
about 25 m and 10 m (Figure 3c), were found at depths 
with increased halocline stratification (Figure 3a–b). The 
25-m depth feature will be referred to as the early sum-
mer NSTM, as its depth corresponds well with the August 
depths of the NSTMs observed at MIZ clusters 2–4, which 
developed in early July (Gallaher et al., 2016). The 10-m 
feature will be referred to as the late summer NSTM, 
given that it developed during the late summer observa-
tion period, around YD 224 (12 August). The early sum-
mer NSTM had a strong temperature maximum (δT = ~ 
0.5°C) and easily met the Jackson et al. (2010) NSTM cri-
teria; however, the late summer NSTM was much cooler 

and did not meet these criteria. The disparity in tempera-
ture between these two NSTMs was due to the differences 
in residence time in the upper ocean. The early summer 
NSTM formed in early July under heavily ponded sea ice 
and high sun angles exposing the upper ocean to signifi-
cant amounts of solar insolation for more than a month 
prior to the study period. Conversely, the late summer 
NSTM formed during the study period under high ice con-
centration and lower sun angles limiting solar input to the 
surface mixed layer. Therefore, in order to maintain the 
spirit of the NSTM definition by Jackson et al. (2010), the 
temperature above freezing criterion was relaxed to δT > 
0.17°C for the late summer NSTM. Upper ocean haloclines 
associated with the early and late summer NSTMs will be 
likewise referred to as the early and late summer halo-
clines (Figure 3a–b).

2.4 NSTM heat content and upper ocean freshwater 
storage
To investigate NSTM development, we tracked changes in 
upper ocean heat content, stratification, and freshwater 
content that occurred in response to radiative, buoyancy, 
and dynamic forcing. The heat content of the late summer 
NSTM layer was calculated as
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where cp is the specific heat of seawater (3986 J kg–1 K–1), 
ρsw is the reference density (1022 kg m–3) of the upper 
ocean, and δT is the temperature above the local freez-

Figure 3: Defining the early and late summer haloclines and near-surface temperature maximum. R/V Araon CTD 
profiles of (a) N2, (b) salinity, and (c) temperature for the last two days of the MIZ-KOPRI Ice Camp (YDs 223.8–225.8). 
Black dashed line in Figure 3c shows the average freezing temperature with depth. Peaks in temperature and stratifica-
tion highlight the respective levels of the early and late summer haloclines and the near-surface temperature maximum 
(NSTM) for early and late summer and the previous summer. DOI: https://doi.org/10.1525/elementa.195.f3
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ing temperature which was integrated over the control 
volume between depths z1 and z2. For this time series, 
the control volume for the late summer NSTM layer was 
defined as the average observed NSTM depth (12 m) plus 
or minus 5 m (7–17 m).

To track the summer halocline we used the depth of the 
maximum, near-surface buoyancy frequency following 
the first appearance of the NSTM, 

	

2
maxmax ,

o

g d
N

dz
ρ

ρ
=− � (2)

where dρ/dz is the potential density gradient and g is the 
gravitational acceleration (9.81 m s–1).

Freshwater storage was calculated to determine the 
amount of buoyancy added to the near-surface ocean and 
to estimate the total (i.e., from basal, surface, and lateral 
melting) amount of freshwater input from the sea ice. 
Choice of the appropriate control volume for this calcula-
tion was a challenge since the surface freshwater inputs 
were in close proximity to the early summer halocline 
(~ 25 m). As a result, application of a constant depth con-
trol volume was not suitable as surface freshwater was 
mixed below and/or entrained salt was mixed above the 
lower boundary of the control volume during wind events. 
Therefore, a variable depth control volume was used based 
on the 1022 kg m–3 isopycnal near the base of the sur-
face mixed layer (magenta line on Figure 4b). To calculate 
surface freshwater input, we used the freshwater content 
equation (Rudels et al., 2004; Proshutinsky et al., 2009)
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where Sref is reference salinity (27.5), S(z) is the salinity at 
water depth z, and z1 and z2 are the upper (1 m) and lower 
(1022 kg m–3 isopycnal) boundaries of the FWC control 
volume. All salinity data were processed using the Practi-
cal Salinity Scale 1978 (Fofonoff and Millard, 1983).

2.5 One-dimensional analysis of NSTMs
The 2014 ONR MIZ experiment was one of the largest 
observational programs ever carried out in the Western 
Arctic; nevertheless, most of the data collected came from 
widely dispersed single point autonomous platforms 
moored to drifting ice floes. Drift speeds were ~ 10 km 
day–1

, limiting observations to a largely temporal view of 
the upper ocean. Previous work by Timmermans et al. 
(2012) show that the Canada Basin surface mixed layer 
can have significant horizontal density gradients dur-
ing the winter season; however, the findings of Gallaher 
et al. (2016) indicate remarkable regional consistency in 
salinity and temperature profiles across the upper 50 m 
of the ocean during the summer season (see Figure 15 
of Gallaher et al., 2016). Heat budgets conducted dur-
ing this study closed to within about 10%, suggesting 
that lateral advections were very low and that the bulk of 
upper ocean heat storage gains and basal ice melt were 
achieved by absorption of local shortwave radiative input. 

Figure 4: CTD observations from R/V Araon. (a) 2-m wind speed (black line) and incoming solar radiation from 
AWS 5 and AOFB 29 (dotted red line). (b) Salinity (S) collected from R/V Araon CTD casts binned every 0.25 m with 
the near-surface N2 maximum (yellow dots) and 1022 kg m–3 isopycnal (dashed magenta line) overlaid to show the 
lower integration limit for freshwater content calculations (FWC). (c) 0.25-m binned temperature above freezing data 
with depth of the late summer NSTM (red dots) and NSTM layer control volume (enclosed by black dashed lines). (d) 
Cumulative FWC (black line) in the surface mixed layer and cumulative heat storage (red dashed line) in the NSTM 
layer. DOI: https://doi.org/10.1525/elementa.195.f4
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Likewise, Jackson et al. (2010) demonstrated the year-to-
year reoccurrence of the summer halocline and NSTM in 
the Canada Basin at depths between 10 and 30 m dur-
ing the 2002–2007 melt seasons. The ubiquitous nature 
of the summer halocline and NSTM in the Canada Basin 
suggests that these features are generated by vertical and 
not horizontal advective processes. Given these summer 
observations, we conducted a 1-D investigation of NSTM 
development using point source observations and a local 
turbulent boundary layer model.

3. Local turbulence closure (LTC) model
3.1 Similarity based closure and flux calculations
To fill in observational gaps and to better understand the 
dynamics responsible for development of the NSTM, we 
employed the McPhee (1999; 2008) Local Turbulence Clo-
sure (LTC) model. The basic premise behind the LTC mod-
eling approach is that vertical profiles of turbulent mixing 
length (λ) may be determined using similarity scaling that 
accounts for rotational and buoyancy effects on the IOBL 
(McPhee et al., 1987). The eddy viscosity (Km) and eddy 
diffusion (Kh/s) terms in the first-order closure equations 
are then determined from the product of λ with the local 
friction scale velocity (u*). Estimates of turbulent flux are 
then obtained from the product of these diffusivities with 
the local gradients of velocity, temperature, and salinity. 
LTC model kinematic fluxes were calculated through the 
following relationship

	 x,x zw x K′ ′< >=− ∇ � (4)

where w' is the vertical velocity perturbation, x' is the 
scalar (T, S) or horizontal vector (u,v) perturbations, and 
K is the eddy diffusivity (Kh or Ks) or eddy viscosity (Km). 
Dynamic heat fluxes were calculated by

	 .H p swF c w Tρ ′ ′= 〈 〉 � (5)

Kinematic salt fluxes (<w'S'>) were converted to buoy-
ancy fluxes to identify vertical layers where the turbulent 
redistribution of fresher water enhanced local buoyancy. 
Buoyancy fluxes (<w'b'>) were calculated by

	

,
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g
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ρ
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where ρ' is the density perturbation derived from local 
density changes associated with kinematic salt and heat 
fluxes in the equation of state.

To estimate the depth of the actively mixing ice-
ocean boundary layer (IOBL) in the LTC model, the bulk 
Richardson number (Ribulk) is calculated by (e.g., Large et 
al., 1994)
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where Δρ, Δu, and Δv are the changes in density and hori-
zontal velocity across a water thickness Δh. Δu and Δv were 
calculated by taking the difference of the LTC upper ocean 
velocities against the ocean velocity at the first vertical 
level below the sea ice in the LTC model (0.6 m). When Ribulk 

exceeded a critical value (Ric) of 0.65 (Price et al., 1986), 
deepening due to turbulent mixing was assumed to ter-
minate. Thus, the depth of the active mixing layer for this 
study was considered depths shallower than Ribulk = 0.65.

3.2 Boundary conditions
The LTC model is forced by momentum, heat, and mass 
(salt) boundary conditions through an ice-ocean interface 
submodel. Full descriptions of these boundary conditions 
are provided in the subsections below along with the 
methods and observations that were used to drive them.

3.2.1 Interface stresses
Ice-ocean interface stresses (τo) were calculated from ice 
speeds driven by observed 2-m winds and scaled by the 
appropriate air-ice and ice-ocean drag coefficients. The 
air-ice drag coefficient was calculated by
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where u*(2m) is the friction velocity computed from the 
AOFB 29 sonic anemometer wind stresses and U is the 
mean wind at 2 m relative to the sea ice. For this study, 
a 30-day average (YDs 224–253) Cd(2m) of 3.4 × 10–3 was 
used. Under-ice drag within the LTC ocean surface layer is 
controlled by the roughness length constant (zo), which is 
a measure of the length scale of the under-ice roughness 
elements. Roughness length was calculated by

	
( )/
,d hk
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c
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where κ is the Von Karman’s constant (0.4) and h is the 
distance from the interface (McPhee, 2002). Similar to the 
air-ice Cd, a 30-day average (YDs 226–255) ice-ocean Cd(4.5m) 
of 6.3 × 10–3 was estimated from the flux package onboard 
AOFB 29 which resulted in an average zo value of 0.029 m.

3.2.2 Interface submodel
The LTC submodel calculates the kinematic heat and salt 
balances at the ice-ocean interface to estimate the amount 
of melting or freezing that occurs at the ice base and sup-
plies the resulting freshwater/salt to the ocean boundary 
layer. The submodel kinematic heat balance is calculated by

	 ,o o Lq w T w Q′ ′− +< > = � (10)

where q̇ is the kinematic sea ice conductive flux and 
<w'T'>o is the interface kinematic ocean-to-ice heat flux 
(McPhee, 2008). The imbalance of these two terms yields 
the kinematic latent heat flux (woQL) which determines 
the basal melt/freeze rate. The wo term is the interface 
velocity (melt rate) and QL is latent heat term corrected 
for sea ice salinity (Maykut, 1985). The LTC model uses the 
following relation to calculate sea ice conductive flux,

	

,
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sw p

dT
K

dzq
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where dT/dz is the vertical thermal gradient in the sea ice 
and Kice is the thermal conductivity of sea ice using the 
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approximation of Untersteiner (1961) (~ 2 J m–1 K–1 s–1). 
For this study, the in-ice temperature string data onboard 
AOFB 29 was linearly interpolated to the 15-min time 
steps of the LTC model to represent dT/dz in Equation 11.

The submodel kinematic salt balance is calculated by

	 ( )S 0,o ice ow w S S′ ′< > + − = � (12)

where <w'S'>o is the oceanic turbulent salt flux, Sice is the 
sea ice salinity, and So is the interface salinity. The sum of 
the basal melt rate (wo) and the rate of meltwater drain-
age through the sea ice (wp) represent the total interface 
velocity (w = wo + wp). For this study, we generalized wp 
to represent all freshwater sources other than basal melt 
(lateral melt and/or drained surface sea ice melt) by,

	 ,p fwc ow w w= − � (13)

where wfwc is the total upper ocean freshwater storage 
(FWC) calculated from Equation 3 divided by the CTD 
cast time interval (FWC/Δt), and wo is the basal melt  
rate/velocity predicted by the LTC model.

3.3 Initial conditions
Upper ocean initial conditions were specified by 0.25-m 
binned salinity and temperature CTD data that were lin-
early interpolated to the 100 vertical levels in the LTC 

model domain between 0 and 60 m (0.6-m resolution). 
Sea ice thickness was set to 2 m based on the average val-
ues of the ice surveys conducted around the study site ice 
floe (not shown). Ice type in the vicinity of the Ice Camp 
was a mixture of first-year and multi-year ice, therefore a 
bulk sea ice salinity of 4 was used in the LTC submodel 
(Vancoppenolle et al., 2006).

The LTC also allows for distributed absorption of incom-
ing solar radiation over the water column (QH), which is 
calculated with the extinction relation

	

,sw

z
zH sw rad

sw

f F
Q e

z
= � (14)

where fsw is the fraction of solar radiation that penetrates 
the sea ice, Frad is the incident solar radiative fluxes from 
the AWS 5 and AOFB 29 pyranometers, z is the depth of the 
water beneath the ice base, and zsw is the e-folding depth 
equal to 4 m (McPhee, 2008). Providing a good estimate 
of fsw is critical to the LTC model mixed layer heat balance. 
Therefore, we followed the methods of Gallaher et al. (2016) 
to threshold visible satellite imagery pixel values and esti-
mate the through-open-water and through-ice solar radia-
tive fluxes to the ocean. Results of the visible imagery mask 
(Figure 5) estimated open water fraction at 0.07, melt 
pond fraction at 0.23; and the area of bare ice at 0.7. Thus, 

Figure 5: Surface sea ice conditions at MIZ Cluster 5. Masked high-resolution (1-m) visible satellite image showing 
open water (AOWF, false color black), melt ponds (AMP, false color light blue), and bare sea ice (white). The areal cover-
ages of open water, melt ponds, and sea ice were used to estimate the fraction of radiative fluxes penetrating the 
sea ice (fsw) for use in the LTC model. The location of MIZ cluster 5 is indicated by the green dot. DOI: https://doi.
org/10.1525/elementa.195.f5
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the average fsw, or transmittance, of short-wave radiation to 
the ocean over the 4-day Ice Camp was estimated at 0.12.

4. Results
4.1 Ice camp observations
In general, winds were light during the MIZ-KOPRI Ice 
Camp. Mostly clear skies resulted in downwelled shortwave 
radiative fluxes approaching 400 W m–2 (Figure 4a). At the 
start of the time series (YD 221.8), the surface boundary 
layer was well mixed and extended to a depth of ~ 20 m 
(Figure 4b–c). This surface mixed layer was underlain by 
the early summer halocline and NSTM, around 23-m depth, 
with no evidence of a shallower NSTM feature. A moderate, 
6 m s–1, wind event occured on YD 223.4 and generated sur-
face mixing that added ~ 6 cm of freshwater to the ocean 
volume above the 1022 kg m–3 isopycnal (Figure 4d).

Upper ocean properties changed after the YD 223.4 mix-
ing event. Starting on YD 223.7, the upper 20 m of the 
ocean warmed. At YD 224.0, the late summer NSTM crite-
ria (δT > 0.17°C) was met briefly (Figure 4c, red dot). At 
the same time, surface-ocean stratification (represented by 
the squared Brunt-Väisälä frequency, N2) increased and the 
occurrence of the near-surface N2 maxima (Figure 4b, yel-
low dots) indicates that the late summer halocline devel-
oped at a depth of about 15 m. During the final two days 
of the time series, freshwater storage gradually increased 
(Figure 4d) and the late summer halocline strengthened. 
At YD 224.6, a temperature maximum appeared between 

depths of 10 and 15 m (Figure 4c), marking the formation 
of the late summer NSTM. The late summer NSTM main-
tained an average depth of ~ 12 m through the end of the 
time series, making the NSTM layer the control volume 
between 7 and 17 m (Figure 4c, black dashed lines). Heat 
storage calculations within this control volume (Figure 4d) 
show that the NSTM layer accumulated ~ 1.1 MJ m–2 of heat 
by YD 225, before undergoing heat loss toward the end of 
study period. Observations from the Ice-Tethered Profiler 
80 (ITP 80), deployed ~ 200 m from R/V Araon on YD 226, 
indicate the late summer NSTM survived for another 10 
days under the C5 ice floe (not shown), but was then mixed 
out by strong winds in late August. Although the late sum-
mer NSTM was weak compared to the early summer NSTM, 
the signal was distinctive and similar to the early summer 
NSTM. In the following results subsections, we present the 
use of these high-resolution observations and LTC model 
output to identify mechanisms that led to NSTM develop-
ment at the C5 site. The analysis was then extended to a 
modeling study of the early summer NSTM at MIZ C2, to 
gain an overall understanding of NSTM formation processes.

4.2 LTC model representation
To validate the LTC model and model inputs, we tested 
if the model could reasonably represent the upper ocean 
conditions observed during the MIZ-KOPRI Ice Camp. 
Employing the methods outlined in Section 3, we ran 
the LTC model in two freshwater input modes. In mode 

Figure 6: LTC model reproduction of the late summer NSTM at MIZ Cluster 5. LTC model results of the late summer 
halocline and NSTM for (a–c) basal melt only (wp = 0) and (d–f) for all freshwater inputs (basal melt + wp) as observed at the 
MIZ-KOPRI Ice Camp. Panels (a) and (d) are salinity (S) with modeled (black circles) and observed (yellow dots) near-surface 
N2 maxima. Panels (b) and (e) are temperature above freezing with modeled (red Xs) and observed (red dots) NSTM. Panels 
(c) and (f) are the bulk Richardson number (Ribulk) estimates of the upper ocean using Equation 7. NSTM layer is indicated 
by horizontal black lines. Gray dots on Figure 6f are the deployment depths of the NPS Turbulence Frame during the Ice 
Camp with the green dots framing the period of the YD 225.65 case study. DOI: https://doi.org/10.1525/elementa.195.f6
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one (Figure 6a–c), only the model-derived basal melt 
rate (wo) was included as a freshwater source to the 
ocean boundary layer (wp = 0). Salinity and δT outputs 
(Figure 6a–b) indicate that freshwater from basal melt 
alone could not reproduce the late summer NSTM and 
halocline. Evaluation of the bulk Richardson number 
(Ribulk, Figure 6c) shows that turbulent penetration was 
shallow; however, during the final two days of the simu-
lation, the active mixing layer extended about half way 
through the NSTM layer and mixed the absorbed solar 
heat input.

For mode two (Figure 6d–f), freshwater from all sources 
was included in the boundary conditions (wo + wp). Salinity 
and δT outputs for this simulation (Figure 6d–e) yield a 
realistic depiction of the observed late summer NSTM 
and halocline. Additionally, the model NSTM (red Xs) 
and N2 maxima (black circles) share similar depths to the 
observed NSTM (red dots) and N2 maxima (yellow dots). 
Ribulk calculations (Figure 6f) show similar conditions to 
mode one out to the YD 223.4 wind event; however, dur-
ing the final two days of the simulation, the depth of tur-
bulent penetration was limited to depths above the NSTM 
layer. These results suggest that the late summer NSTM 
was developed by local processes and that this tempera-
ture maximum was not the result of lateral advections of 
heat into the study site. The excellent reproduction of the 
late summer NSTM using the observed freshwater inputs 
(mode two) also provides confidence that the processes 
responsible for development of the NSTM were captured 
in the one-dimensional LTC model physics and that the 

imposed initial and surface boundary conditions were 
accurate.

4.3 LTC model fluxes
To further elucidate boundary layer processes affecting 
the evolution of the late summer NSTM, we examined 
fluxes of radiation, momentum, heat, and buoyancy in 
the LTC. The exponential decay of visible light energy with 
depth limited the magnitude of radiative fluxes reach-
ing the NSTM layer. Absorbed solar heat fluxes averaged 
only ~ 0.6 W m–2 m–1 in the 7–17 m volume (Figure 7a) 
resulting in an integrated NSTM layer total flux of ~ 6 
W m–2. This rate of heating yielded a total radiative heat 
input of 2.1 MJ m–2 to the late summer NSTM layer over 
the 4-day ice camp; however, not all this heat was retained 
in the NSTM layer during the first two days of the time 
series (Figure 4d). Model output of eddy viscosity (Km) 
(Figure 7b) and Ribulk (Figure 6f) show that moderate 
turbulent mixing occurred in the NSTM layer during the 
YD 222 and 223.4 wind events. These periods of active 
turbulence transported heat upwards and out of the late 
summer NSTM layer.

Large buoyancy fluxes were also observed with the YD 
223.4 mixing event (Figure 7d). These fluxes were ele-
vated during this event for two reasons: 1) the mix down 
of freshwater added by the wp term in the LTC submodel 
(based on freshwater storage observations); and 2) the tur-
bulent transport of salt upward from the early summer 
halocline. These two processes resulted in tightening of 
the isohalines between 10 and 20 m and likely contributed 

Figure 7: LTC model radiative and turbulent fluxes at MIZ Cluster 5. LTC model output from the MIZ-KOPRI Ice 
Camp showing the (a) upper ocean absorbed solar radiative flux, (b) eddy viscosity (Km), (c) dynamic heat flux, and 
(d) buoyancy flux. The horizontal white and black dashed lines on the panels denote the NSTM layer. Gray dots on 
Figure 7b indicate the deployment depths of the NPS Turbulence Frame with the green dots framing the period of 
the YD 225.65 case study. DOI: https://doi.org/10.1525/elementa.195.f7
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to the formation of the late summer halocline. This find-
ing was based on the observations of the near-surface N2 
maxima which appeared in the model and the observa-
tions around 15-m depth (Figures 6d and 4b).

The late summer NSTM layer began to warm immedi-
ately after the YD 223.4 mixing event, in both the obser-
vations (Figure 4c–d) and the LTC model (Figure 6e). To 
assess the relative significance of radiative and turbulent 
fluxes on the evolution of the late summer NSTM over 
the last two days of the time series, we present time-
averaged depth profiles of turbulent heat flux conver-
gence (dFH/dz), turbulent buoyancy flux convergence 
(d<w'b'>/dz), and radiative flux convergence (dFrad-ocn/dz) 
in Figures 8a–b. The peak in turbulent heat and buoy-
ancy flux convergence occurred at ~ 6 m and was above 
the late summer NSTM layer (Figure 8a–b). Time inte-
gration of the turbulent heat fluxes in the 7–17 m layer 
(Figure 8c, black line) suggests that these fluxes did not 
contribute to NSTM layer heating. However, the conver-
gence of turbulent buoyancy fluxes had a significant 
influence on increasing stratification near the top of the 

NSTM layer. This increase in stratification can be seen in 
the model N2 values (Figure 8d) which show an intensi-
fying peak around 8-m depth. The displacement of this 
N2 peak below the buoyancy flux peak is likely associated 
with the stronger turbulent mixing present at the base of 
the active mixing layer (Figure 7b). The N2 peak marks the 
development of the late summer halocline which occurs 
just above the developing late summer NSTM (red Xs). The 
observed N2 values (contours for values > 3 × 10–3 s–2) and 
NSTM (red dots) are also plotted on Figure 8d and show 
similar depths and orientation to the model features. 
Development of the summer halocline is a key event for 
the development of NSTM as it prevents significant tur-
bulence from penetrating into the NSTM layer (Figures 
6f and 7b).

About two-thirds of the solar radiative flux was absorbed 
in the top 7 m of the water column (Figure 7a); however, 
heat storage in this layer was small (Figure 4c), because 
this heat was readily transported to the ice base where it 
caused melting (Figure 7c). In the NSTM layer, absorbed 
solar radiation was considerably less, but as previously 

Figure 8: Radiative and turbulent vertical flux convergence of the late summer NSTM. LTC model output of 
the (a) dynamic heat flux convergence (black line), (b) buoyancy flux convergence (black line), and (b–c) radiative 
flux convergence (red line) averaged between YDs 223.7 to 225.8.  Red-shaded areas show absorbed radiative flux 
overlapping the NSTM layer. (c) Model output displaying the cumulative NSTM layer heat storage (blue dashed line), 
integrated absorbed radiative fluxes (red dashed line), and integrated dynamic heat fluxes (black dashed line) with the 
observed NSTM layer cumulative heat storage (solid blue line). (d) Plot of the LTC model N2 (colorfill) and observed N2 
(contours > 4 × 10–4 s–2) showing the relative depths of the summer halocline to the modeled (red Xs) and observed 
(red dots) NSTM. DOI: https://doi.org/10.1525/elementa.195.f8
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discussed, buoyancy fluxes near the top of the NSTM layer 
substantially inhibited turbulence penetration below 7-m 
depth (Figure 7b). As a result, model (Figure 8c, blue 
dashed line) and observed (blue solid line) heat storage 
increased in the late summer NSTM layer. Integration 
of absorbed radiative heat fluxes in the NSTM layer 
(Figure 8c, red dashed line) indicates that sufficient solar 
heat was available to support development of the NSTM. 
After YD 225, model and observed NSTM heat storage 
decreased due to a slight increase in mixing (Figure 7b), 
which entrained heat from the upper portions of the layer 
(Figures 4c and 6e). These results show that the source 
of heat to the developing late summer NSTM during the 
last two days of the time series was solar radiative flux 
absorbed within the NSTM layer. Additionally, increases to 
buoyancy above (Figure 8b) and within the NSTM layer 
(Figure 7d) aided the retention of this heat by inhibiting 
turbulent mixing.

4.4 Wind and buoyancy sensitivity testing
Results from the previous section show that the NSTM 
develops from an interplay between wind-driven mixing, 
buoyancy forcing, and proximity to shortwave radiative 
heating. We next investigated the influence of these pro-
cesses on NSTM development by systematically varying 
LTC inputs for wind and freshwater. We start this section 
by presenting four case studies as examples of this inves-
tigation. 

In Case I, winds were increased 25% from observed and 
freshwater input was kept at the observed level of 0.1 m. 
The increased wind forcing completely mixes away the 
late summer NSTM in the model (Figure 9a). In Case II, 
winds were increased 50% and freshwater input was dou-
bled to 0.2 m. Some warming of the NSTM layer occurs 
(Figure 9b); however, the signal is reduced and it occurs 

deeper than the observed NSTM. These results indicate 
that the large increase in freshwater established a pyc-
nocline to protect the NSTM from mixing; however, the 
stronger winds deepened the protective pycnocline fur-
ther from the radiative source resulting in smaller heat 
storage. In Case III, winds were reduced 25% and freshwa-
ter input was as observed. The NSTM develops near the top 
of the 7–17 m control volume (Figure 9c) and the peak 
temperature is higher than the observed NSTM. These 
results suggest that the turbulent boundary layer shoaled 
in response to the weaker wind forcing, moving the sum-
mer halocline closer to the radiative source. In Case IV, 
winds remained unchanged and freshwater was reduced 
25%. The late summer NSTM develops at nearly the same 
depth and timing as the control run and the observations, 
but at a lower temperature (Figure 9d), which indicates 
that the weaker summer halocline was less able to prevent 
turbulent mixing from entraining heat out of the NSTM 
layer.

The sensitivity study was then expanded to 24 differ-
ent combinations of wind and freshwater input to deter-
mine which of these forcings more heavily controlled 
development of the late summer NSTM. Figure 10 shows 
the cumulative heat storage gain in the 7–17 m control 
volume across the time series for each of these 24 cases, 
which tested scenarios of wind and freshwater content 
between ± 50% of the observed values. Results show that 
the mean difference in heat storage between the 150% 
and 50% wind categories equaled +2.03 MJ m–2, which 
indicates that changes in wind forcing greatly affected the 
amount of heat storage accumulated in the model NSTM 
layer. The mean differences in heat storage between the 
50% and 150% freshwater content categories yielded 
+1.18 MJ m–2, which was 42% less than the LTC model 
wind response. These results show that, under this range 

Figure 9: LTC model NSTM wind and buoyancy sensitivity tests. (a–d) LTC model output of the temperature above 
freezing for the wind and buoyancy sensitivity test cases. Modeled (red Xs) and observed (red dots) NSTM depths are 
annotated on each plot. Test case modifications to observed winds and freshwater input (FWC) are indicated above 
each plot. DOI: https://doi.org/10.1525/elementa.195.f9
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of model conditions, development of the late summer 
NSTM was controlled primarily by the character of the 
wind forcing.

4.5 Evolution of turbulent eddies through the NSTM 
layer
For the NSTM to survive, sufficient stratification must be 
established near the top of the NSTM layer to prevent sub-
sequent mixing events from transporting heat out of the 
layer. The lack of turbulence observed in the NSTM layer 
from the Turbulence Frame and the high Ribulk values pre-
dicted by the LTC model at the Frame deployment depths 
(Figure 6f, gray dots) are consistent with this understand-
ing. However, low-level turbulence was observed by the 
Turbulence Frame in the NSTM layer around YD 225.65 
(see Figures 6f and 7b for time/depth reference, green 
dots). This event is investigated in the analysis below to 
understand how turbulent eddies behave in weak summer 
halocline stratification.

To study the evolution of turbulent eddies within, and 
near, the late summer halocline and NSTM, we analyzed 
vertical velocity spectra from the Turbulence Frame flux 
packages. McPhee and Martinson (1994) show that the tur-
bulent energy peak found in the vertical velocity spectrum 
scaled by the wavenumber (kSww(k)) can be used to find the 
peak mixing length (λ) in the ocean boundary layer by

	 max

0.85
,peak k

λ = � (15)

where kmax is the wavenumber associated with the turbu-
lent peak. Conversion of the frequency-space spectrum 
to a wavenumber-space spectrum was accomplished by 
using the Taylor frozen field hypothesis (Taylor, 1938). In 
the kSww(k) spectrum, the k multiplier changes the –5/3 
power law expected of the inertial subrange (Kolmogorov, 
1941) to –2/3. Using a scaling of the Sww spectrum within 
the inertial subrange, turbulent kinetic energy (TKE) dis-
sipation (ε) can be found using the inertial-dissipation 
method (Hinze, 1975; McPhee, 1994)
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where α
ε
 is the Kolmogorov constant (0.51), Sww(k) is the 

vertical velocity power spectrum, and k is the wave number.
The presence of a well-developed inertial subrange 

in the Turbulence Frame measurements for the 40-min 
period around YD 225.65 (Figure 11) confirms the 
existence of fully developed turbulence at the 9-m 
(blue) and 15-m (green) sensor depths. For comparison, 
a turbulent spectrum from a high wind event (~ 10 m 
s–1, magenta) at AOFB 29 on YD 251 is plotted, demon-
strating how weak the turbulence was within the late 
summer halocline and NSTM layer. The turbulent energy 
peaks from the Turbulence Frame autospectra were 1–2 
decades lower than the high wind case. Turbulent mix-
ing in the NSTM layer was able to penetrate despite the 
presence of the late summer halocline because density 
gradients were very weak (dρ/dz ~ 0.02 kg m–3 m–1) when 
compared to the early summer halocline (dρ/dz ~ 0.2 kg 

Figure 10: LTC model NSTM heat storage wind and buoyancy sensitivity tests. LTC model results of the 25 dif-
ferent wind and buoyancy test scenarios conducted on the late summer NSTM. Numbers in the matrix indicate the 
cumulative heat storage gain/loss in the NSTM layer (7–17 m) across the time series (YDs 221.8–225.8). DOI: https://
doi.org/10.1525/elementa.195.f10
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m–3 m–1). For comparison, the 1-hr average Richardson 
number across the Turbulence Frame around YD 225.65 
was ~ 0.5; however, application of the same shear values 
to the early summer density gradients yields an average 
Ri of ~ 8.

Estimations of the turbulent mixing length (λ) from 
Equation 15 show that λ contracted from ~ 25 cm near 
the top (9 m) of the NSTM layer to ~ 10 cm near the bot-
tom (15 m) (Figure 11). These values are similar to the 
model-predicted λLTC of 16 cm for both levels. Estimated 
TKE dissipation (ε) using Equation 16 showed that εfp1 val-
ues were 4 times εfp2, but that the dissipation rate for the 
upper flux package was 1/4 that of ε for the strong wind 
case estimated at the 2.5 m level (Figure 11, magenta 
line). Analysis of turbulent spectra adjacent in time to this 
event (Figure 11, green dashed line) indicate that for most 
of the period when the NSTM was present, turbulence 
levels were below the very low noise floor of the acous-
tic travel-time velocimeters. These results suggest that, 
despite the presence of weak turbulence, transport rates 
were too small to remove significant amounts of heat from 
the NSTM layer.

4.6 Comparing the early and late summer NSTMs
The analysis of the MIZ-KOPRI Ice Camp conditions at MIZ 
C5 reveal that the late summer NSTM develops under a 
delicate balance of weak wind-forced ice-ocean interface 
stresses and modest buoyancy fluxes, but how does this 
balance differ for the early summer NSTM? To examine 
this science question we modeled the formation of the 
early summer NSTM at MIZ Cluster 2 (C2) and next com-
pare these results to the late summer NSTM case.

4.6.1 LTC model initial and boundary conditions at MIZ 
Cluster 2 (C2)
To successfully compare the early and late summer NSTM 
cases, the LTC model must be able to reasonably repro-
duce the observed conditions at MIZ C2 in early summer. 
Similar to MIZ C5, the observations made at MIZ C2 were 
extensive and provided an excellent characterization of 
the ice-ocean system in order to properly initialize the 
LTC model and update the boundary conditions. For the 
initial conditions, we used the upper ocean salinity and 
temperature observations from AOFB 33 at 4.5 m merged 
with observations from ITP 77 made between 6 and 60 m. 
For the boundary conditions, observations of air-ice wind 
stress were not made at MIZ C2, therefore the LTC model 
was driven by ice speeds obtained from differencing 5-min 

Figure 11: Observed turbulent spectra in the late summer halocline and NSTM. Power spectra of wavenumber-
scaled vertical velocity for the high wind case at AOFB 29 (magenta), upper Flux Frame package at 9-m depth (blue), 
and lower Flux Frame package at 15-m depth (green). In this k-scaled spectrum, the k multiplier changes the –5/3 
power law expected of the inertial subrange (Kolmogorov, 1941) to –2/3. Convolution filter results (solid color lines) 
highlight the turbulent energy peaks for each spectrum and the corresponding wavenumbers (kmax, black vertical 
lines) by which estimates of mixing length (λ) were calculated using Equation 15. Corresponding LTC model λ is 
indicated by the vertical dashed line. Estimates of turbulent kinetic energy (TKE) dissipation (ε) were made for each 
spectrum using the inertial-dissipation method (Equation 16) to characterize turbulent eddy intensity in the NSTM 
layer DOI: https://doi.org/10.1525/elementa.195.f11
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GPS positions at AOFB 33. Sea ice temperature gradients 
were provided by the 16-element temperature string on 
AOFB 33. The sea ice percolation velocity (wp) was set to 
zero except on YD 189 when the equivalent of 0.25 m of 
freshwater was introduced based on the melt pond drain-
age estimates made by Gallaher et al. (2016). The LTC model 
was updated with the MIZ C2 underice drag coefficient of 
2.6 x 10–3 (Cd(4.5m)) based on measurements made by the 
turbulence package on AOFB 33. For shortwave radiative 
input (QH), we set the fractional solar radiation terms in 
Equation 14 (fsw∙Frad) to the ocean radiative fluxes esti-
mated by Gallaher et al. (2016) at MIZ C2. All other model 
parameters, constants, and setups remained as outlined in 
Section 3. The model simulation period began after the 
mixing event on YD 184 and ended on YD 198.

4.6.2 LTC model respresentation of the early summer NSTM 
at MIZ C2
The LTC model run for the early season case reasonably 
reproduces the observed conditions. The observed early 
summer halocline (Figure 12a, yellow dots) matched 
well with the depth of the modeled near-surface N2 max-
imum (Figure 13a). Likewise, the depth of the observed 
NSTM (Figure 12b, red dots), based on the criteria of 
Jackson et al. (2010), was reasonably close to the depth 
of LTC temperature maximum, with only minor devia-
tions between YDs 194 and 196 (Figure 13b). These 
model results corroborate the assertions of Gallaher et 
al. (2016) that melt pond drainage in early July 2014 led 
to the development of the summer mixed layer, summer 
halocline, and associated NSTM. To compare the relative 
influences of ice motion and meltwater input on devel-
opment of the early summer halocline and NSTM, we 

decomposed the bulk Richardson number (Equation 7) 
into its shear (ΔV2) and buoyuancy (Δb = gΔρ/ρsw) com-
ponents. These components were evaluated from the 
LTC model across the summer mixed layer (Δh) defined 
from the model surface (0.6 m) to the summer haolcline 
depth (near-surface N2 maximum). As expected, the 
buoyancy component (Figure 13c) increased substan-
tially (0.004 m s–2) on YD 189; however, a corresponding 
increase in the Ribulk did not immediately occur (Figure 
13e) due to the very shallow surface mixed layer (small 
Δh) following the simulated melt pond drainage event. 
After the early period increase, Δb values decreased to 
just below the model period average of 0.0022 m s–2 
(Figure 13c, blue dashed line) and were well above the 
late summer modeling study mean (Figure 13c, red 
dashed line). These increases in upper ocean buoyancy 
led to a high Ribulk condition throughout the early sum-
mer case with average Ribulk values nearly three times 
that of the late summer case, at 11.5 and 4.3, respec-
tively (Figure 13e). This finding indicates that stratifica-
tion within the early summer halocline greatly inhibited 
turbulent mixing despite the slightly higher average ΔV2 
component (Figure 13d). These results suggest that the 
early summer halocline and associated NSTM are domi-
nated by buoyancy forcing in contrast to the wind sensi-
tive late summer case.

4.6.3 LTC model comparisons of the early and late summer 
NSTM under MIZ C5 conditions
The LTC model results and observations from MIZ C2 
and C5 suggest that the differences between the early 
and late summer NSTMs were the result of variations 
in interfacial freshwater input from sources other than 

Figure 12: Early summer NSTM observations at MIZ Cluster 2. Cluster 2 observations of (a) N2 with the summer 
halocline depths (yellow dots) and (b) temperature above freezing with observed NSTM depths (red dots) following 
the criteria of Jackson et al. (2010). DOI: https://doi.org/10.1525/elementa.195.f12
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basal ice melt. To ensure that differences in time of year 
(solar input and basal melt rate), ice conditions (ice 
roughness/drag and concentration), or location in the 
Canada Basin (wind forcing) did not affect the conclu-
sions made thus far, we imposed the early summer melt 
pond drainage event on the model settings and bound-
ary conditions used at MIZ C5. This step allows for a 
direct comparison of the early and late summer NSTM 
under identical surface forcing conditions. As with the 
MIZ C2 case, the percolation velocity (wp) was setup 
to deliver 0.25 m of freshwater to the ocean bound-
ary layer over a one day period (YD 223 for this case). 
Results show that a distinctive near-surface N2 maxi-
mum and temperature maximum appear in the model 
(Figure 14a–b) following the release of the simulated 
melt pond water. Inspection of the early (Figure 14a–b) 

and late (Figure 14c–d) summer cases side-by-side 
show that the NSTM is ~ 50% warmer (0.3°C verses 
0.2°C) at the early summer site and was supported by a 
stronger halocline. In Figure 14c and f, the Ribulk criti-
cal value (Rc = 0.65) and the next three multiples of 
the critical value (i.e., 2Ric, 3Ric, and 4Ric) are plotted to 
compare the vertical distribution of the halocline strati-
fication. In the early summer case, the vertical gradient 
is tight, indicating a high Ribulk condition in the upper 
early summer halocline. Conversely, the late sum-
mer contour gradient is relaxed, suggesting moderate 
increases in stress could easily overcome the late sum-
mer halocline stratification. As observed during the C2 
case, evaluation of the early summer Δb and Ribulk val-
ues are consistently greater than the late summer case 
(Figure 15a and c). More importantly, the depth of the 

Figure 13: LTC model simulations of the early summer NSTM at MIZ Cluster 2. Plotted are the (a) modeled N2 
with observed summer halocline depths (yellow dots) and (b) modeled temperature above freezing with observed 
NSTM depths (red dots, criteria of Jackson et al., 2010). In this case, 0.25 m of freshwater was added to the model on 
YD 189 to simulate the observed melt pond drainage. (c) Corresponding model buoyancy (Δb) and (d) shear (ΔV2) 
components of the (e) bulk Richardson number (Ribulk) are presented along with mean values (blue dashed lines) for 
each. For comparison, the mean values of the Ribulk parameters from the late summer case at MIZ C5 are also provided 
(red dashed lines). Evaluation of the Ribulk and its components began after the melt pond drainage event. DOI: https://
doi.org/10.1525/elementa.195.f13
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early and late summer haloclines shoaled at different 
rates following the YD 223 buoyancy and wind events. 
The early summer halocline immediately shallowed to 
6 m while the late summer halocline slowly ascended to 
8 m over the next 1.5 days (Figure 15d). Rapid shoal-
ing of the early summer halocline placed the remnant 
mixed layer closer to the higher radiative fluxes near 
the surface (Figure  15e) and resulted in higher heat 
storage gains in the early summer case (Figure 15f).

To assess the sensitivity of the early summer case to wind 
forcing, we increased model winds by 50% resulting in 
an average wind of ~ 4 m s–1 and peak wind of 9 m s–1 
(conditions similar to MIZ C2). Model results show that the 
early summer NSTM is cooler and deeper, but remains a 
distinctive feature in the upper 20 m of the modeled ocean 
(Figure 16b). This finding is in contrast to the late sum-
mer case which completely mixes out under the increased 
stresses with no temperature maximum or halocline pre-
sent in the upper 20 m (Figure 16c–d). These findings 
suggest that the early summer halocline and NSTM is heav-
ily buoyancy forced (melt pond drainage) and can develop 
over a board range of ice-ocean interface stresses.

5. Discussion
5.1 Summary of NSTM formation
In this study, we were able to successfully reproduce 
observed NSTMs in the early stages of development using 
the LTC 1-D turbulent boundary layer model. Model 
results showed that the increase in heat storage associ-
ated with development of the NSTM was largely due to 

the absorption of solar radiative fluxes just below the 
summer halocline stratification (Figure 8), consistent 
with the findings of Jackson et al. (2010) and Steele et 
al. (2011). Model results also showed that there was no 
evidence of vertical heat flux convergence through tur-
bulent processes in the NSTM layer; however, the balance 
of turbulent momentum fluxes with buoyancy fluxes in 
the surface ocean had a large influence on the depth and 
strength of the summer halocline. The depth of the sum-
mer halocline is the most important factor for determin-
ing the amount of solar radiation absorbed in the NSTM 
layer (Figure 15d–f), while the strength of the protective 
summer halocline controls the amount of heat removed 
from NSTM by turbulent transport (Figures 10 and 16). 
The depth of the NSTM relative to the N2 maximum was 
consistently deeper by 2–5 m (Figures 8d and 13a–b). 
This greater depth was likely due to the higher levels of 
turbulence in the upper summer halocline, which were 
confirmed by eddy viscosity estimates from the LTC model 
(Figure 8b) and by observations from the Turbulence 
Frame (Figure 11). Even when turbulent eddies intermit-
tently entered the NSTM layer, observations suggest the 
decrease in turbulent mixing length and intensity of these 
eddies strongly limited the amount of heat transported 
out of the NSTM layer (Figure 11). Overall, these findings 
suggest that the NSTM is dependent on the characteristics 
of the overlying summer halocline, which in turn is a func-
tion of the surface ocean shear and buoyancy production 
terms in the TKE balance.

Figure 14: Comparisons of the early and late summer NSTM using MIZ C5 surface forcing. LTC model output 
of the (a) N2, (b) departure from freezing, and (c) contours of Ribulk (0.65, 1.3, 1.95, 2.6) for the early summer case 
using MIZ C5 air-ice-ocean conditions. For this case, 0.25 m of freshwater was added to the model on YD 223. (d, e, f) 
Same format as the left-hand panels but for the late summer case using observed freshwater input (0.1 m) during the  
MIZ-KOPRI Ice Camp. DOI: https://doi.org/10.1525/elementa.195.f14
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Figure 15:  Plotted are the early (blue) and late (red) summer (a) buoyancy (Δb) and (b) shear (ΔV2) components of the 
(c) bulk Richardson number (Ribulk) from the LTC model results presented on Fig. 14.  Evaluation of the Ribulk and its 
components begin after the first buoyancy event on YD 223.1.  Below these panels are the corresponding values of the 
(d) summer halocline depth (zpyc), (e) the depth integrated absorbed solar flux below the summer halocline, and (f) 
the cumulative solar heat input below the summer halocline (Qdiv). DOI: https://doi.org/10.1525/elementa.195.f15

Figure 16: LTC model results of (a, c) N2 and (b, d) δT for the high wind test (50% increase) conducted on the early 
(a–b) and late (c–d) summer NSTM using the air-ice-ocean conditions from MIZ C5. DOI: https://doi.org/10.1525/
elementa.195.f16
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5.2 Survivability of the early and late summer NSTM
These comprehensive observations from early and late 
summer allowed us to investigate the similarities and 
differences between the two NSTM events. The results of 
this study show that NSTM formation mechanisms were 
similar; however, the differences in early and late summer 
buoyancy forcing affected the intensity and survivability 
of the NSTM signal.

In early summer, the drainage of melt ponds substan-
tially increased the strength of the summer halocline and 
increased the survivability of the NSTM. These conditions 
made formation of the early summer NSTM virtually inevi-
table, as it would have taken a strong storm event to erode 
the summer halocline stratification (Figure 16a–b) in 
this high Richardson number environment (Figure 13e). 
Comparison of the early and late summer NSTMs shows 
that the early summer case heats nearly twice as fast as the 
late summer case during initial development (Figure 15f). 
This enhanced heating was a consequence of the rapid 
shallowing by the surface mixed layer in response to strong 
buoyancy fluxes, which brings the residual mixed layer 
closer to the solar source (Figure 15d–e). Furthermore, 
the strength of the early summer halocline reduces the 
number of turbulent events that can penetrate the NSTM 
layer, allowing it to continue to accumulate solar input. 
The survivability of this accumulated heat storage is well 
documented (Jackson et al., 2010; Steele et al., 2011; 
Jackson et al., 2012; Timmermans, 2015) and confirmed 
in the late summer observations of this study (Figure 3). 
Along with the initial buoyancy increases provided by 
melt pond drainage, the persistence of the early summer 
halocline allows basal meltwater to be stored in the thin 
surface mixed layer and further enhances summer halo-
cline stratification. In addition to these processes, Ekman 
pumping in the Canada Basin (Proshutinsky et al., 2009) 
adds additional freshwater to the summer mixed layer 
and deepens the NSTM further from ice-ocean interface 
stresses. These well-timed seasonal events in the ice-ocean 
system ensure development and preservation of the early 
summer NSTM which can then be a source of heat to the 
fall/winter ice-ocean boundary layer.

In late summer, the limited freshwater inputs from 
the sea ice greatly reduced the strength of the summer 
halocline and survivability of the NSTM. Freshwater fluxes 
were generally constrained to the collection of freshwa-
ter in leads due to lateral melt (Paulson and Pegau, 2001; 
Hayes and Morison, 2008), and basal melt due to ocean-
to-ice heat fluxes. Basal melt rates during the MIZ-KOPRI 
Ice Camp were small (LTC model melt rate at C5 was ~ 0.7 
cm day–1) due to the large areal coverage of sea ice, low 
melt pond fraction, light winds, and reduced solar input 
in late summer. However, 6 cm of freshwater was intro-
duced to the boundary layer prior to NSTM formation and 
was likely a result of meltwater mixed down from the sur-
rounding leads during the YD 223.4 wind event. This wind 
effect is consistent with SHEBA observations and model 
studies which show that the surface fresh layers of leads 
mix out when winds increase to 6–7 m s–1 and wind stress 
approaches 0.1 N m–2 (Skyllingstad et al., 2005). In addi-
tion to freshening from above, observations and model 

results show that salt was entrained upward from the 
early summer halocline (Figure 7d), which further tight-
ened the near-surface isohalines (Figure 4b). This further 
tightening suggests that the presence of the deeper early 
summer halocline may have assisted development of the 
late summer halocline. Nevertheless, the large disparity 
between early and late summer freshwater inputs made 
the late summer halocline and NSTM a marginally stable 
system. These results suggest that the late summer halo-
cline and NSTM are transient features that can only be sus-
tained during periods of weak winds.

6. Conclusions
Although the late summer NSTM was admittedly incon-
sequential from a heat storage perspective, the timely 
development of this feature within a comprehensive set 
of ice-ocean sensors provided an excellent laboratory for 
studying NSTMs in general. This study shows that a weak 
late summer NSTM can develop over a deeper, established, 
early-summer NSTM during weak wind conditions. As 
found in previous studies, our results show that the pri-
mary source of heating to the NSTM layer is penetrating 
solar radiation. However, the major findings of this study 
focus on the less studied background conditions that facil-
itate NSTM formation and the turbulent boundary layer 
processes that sustain or erode the NSTM.

Results from this study show that summer season 
buoyancy and wind events within the Canada Basin air-
ice-ocean system facilitate the development of shallow 
haloclines and NSTMs. In early summer, rapid melt pond 
drainage supplies the buoyancy required to support the 
immediate development of the early summer halocline. 
The substantial buoyancy forcing provided by this melt-
water generates a high Richardson number environment 
in the summer halocline that is able to endure elevated 
levels of ice-ocean interface stresses. Numerical model 
results show that the early summer NSTM continues to 
survive despite wind increases of 50% above the observed 
conditions. Furthermore, the strength of the early sum-
mer halocline prevents substantial turbulent fluxes from 
transporting heat out of the NSTM layer and ensures its 
survivability into late summer and fall.

In late summer, freshwater fluxes from the sea ice decrease 
considerably; however, during periods of weak winds, shal-
lower haloclines may form above the early summer halo-
cline. However, the weaker freshwater inputs in late summer 
permit only gradual shoaling of the surface mixed layer 
resulting in a 50% reduction in NSTM warming during initial 
development. The late summer halocline was less protective 
and permitted turbulent eddies to penetrate the NSTM layer, 
even during weak wind forcing. However, turbulence meas-
urements from inside the late summer halocline and NSTM 
suggest that these turbulent eddies contracted in size and 
intensity and were not energetic enough to transport signifi-
cant amounts of heat out of the NSTM layer. Wind and buoy-
ancy sensitivity studies showed that the late summer NSTM 
was easily mixed out by wind increases above observed con-
ditions even when buoyancy forcing was increased by 50%. 
These results show that the reduced availability of freshwater 
makes the late summer balance between interfaces stresses 



Gallaher et al: Field observations and results of a 1-D boundary layer model for developing 
near-surface temperature maxima in the Western Arctic

Art. 11, page 19 of 21

and buoyancy tenuous, and the survival of the late summer 
NSTM primarily dependent on local wind conditions.

Overall, the magnitude and fate of the NSTM depends 
on the strength and depth of the protective overlying 
summer halocline and wind forcing. The observations 
from MIZ cluster 5 show that multiple NSTMs can form 
and store heat in the Canada Basin upper ocean; however, 
the observations of Gallaher et al. (2016) and the numeri-
cal simulations of this study suggest that most of this 
heat resides in the early summer NSTM which forms fol-
lowing the drainage of melt ponds. This buoyancy event 
generates the persistent multi-seasonal summer halo-
cline which acts as a mechanism for delivering summer 
absorbed solar heat to the fall/winter surface mixed layer 
and potentially delaying the onset of freezing.
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