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Abstract
Oceanic vertical mixing of the lower halocline water (LHW) in the Chukchi Borderland and Mendeleyev Ridge was 
studied based on in situ hydrographic and turbulent observations. The depth-averaged turbulent dissipation rate 
of LHW demonstrates a clear topographic dependence, with a mean value of 1.2x10—9 W/kg in the southwest of 
Canada Basin, 1.5x10 9 W/kg in the Mendeleyev Abyssal Plain, 2.4x10 9 W/kgon the Mendeleyev Ridge, and 
2.7xl0~9 W/kg on the Chukchi Cap. Correspondingly, the mean depth-averaged vertical heat flux of the LHW is 
0.21 W/m2 in the southwest Canada Basin, 0.30 W/m2 in the Mendeleyev Abyssal Plain, 0.39 W/m2 on the 
Mendeleyev Ridge, and 0.46 W/m2 on the Chukchi Cap. However, in the presence of Pacific Winter Water, the 
upward heat released from Atlantic Water through the lower halocline can hardly contribute to the surface ocean.
Further, the underlying mechanisms of diapycnal mixing in LHW—double diffusion and shear instability—was 
investigated. The mixing in LHW where double diffusion were observed is always relatively weaker, with 
corresponding dissipation rate ranging from l.OlxlO 9 W/kg to 1.57x10 9 W/kg. The results also show a strong 
correlation between the depth-average dissipation rate and strain variance in the LHW, which indicates a close 
physical linkage between the turbulent mixing and internal wave activities. In addition, both surface wind forcing 
and semidiurnal tides significantly contribute to the turbulent mixing in the LHW.
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1 Introduction
Atlantic Water (AW) flows at intermediate depths of the en­

tire Arctic Ocean (Aagaard et al., 1981; Rudels et al., 1996). Warm 
AW contains a large amount of heat, and when it moved up to the 
surface, could melt all the sea ice within a few years (Turner,
2010). However, observations show that the upward heat trans­
fer of AW is inhibited by strong stratification of the surface and 
subsurface layers (Jackson et al., 2010; Toole et al., 2010). There­
fore, quantifying the vertical heat flux of AW is crucial in under­
standing the dynamics and thermodynamics of the Arctic Ocean 
(Zhang and Steele, 2007).

Direct measurem ents of vertical heat flux above AW in the 
Arctic Ocean remain sparse both in time and space, and the val­
ues span several orders of magnitude from O(10_1) to O(102) W/m2. 
The observed vertical heat fluxes were always less than 1 W/m2 in 
the central basin (Rainville and Winsor, 2008; Timmermans et al., 
2008; Lenn et al., 2009; Sirevaag and Fer, 2012; Guthrie et al., 
2013; Lique et al” 2014; Meyer et al., 2017), whereas reaching 
20 W/m2 over the Yermak Plateau (Padman and Dillon, 1991; D' 
Asaro and Morison, 1992) and the continental slope poleward of 
the Svalbard and Severnaya Zemlya archipelagos (Rippeth et al., 
2015). Vertical heat flux was more than 30 W/m2 in the northern

Kara Sea (Dmitrenko et al., 2014) and exceeded 100 W/m2 north 
of Svalbard (Steele and Morison, 1993; Fer et al., 2010). Accord­
ingly, within central basins, vertical diffusivity is close to molecu­
lar levels (Rainville and Winsor, 2008; Fer, 2009; Shaw and Stan- 
ton, 2014a). Lique et al. (2014) suggested that computing diffus­
ive vertical heat flux with a constant vertical diffusivity of 2x 
10~6 m2/s provides a reasonable estimate of the upward diffusive 
heat transfer from the AW layer in the central Canada Basin. In 
contrast, Rainville and Winsor (2008) found that diffusivity was 
enhanced to lxl0~5 m2/s above the Lomonosov Ridge, and Pad- 
man and Dillon (1991) calculated vertical diffusivity as large as 
2.5x 10~4 m2/s above the Yermak Plateau.

The Chukchi Borderland and Mendeleyev Ridge (CBLMR) is 
an extremely tortuous topographic feature, with northward Pa­
cific-origin water on the surface (Steele et al., 2004) and a circuit­
ous AW boundary current at the intermediate depths (Woodgate 
et al., 2007). In addition, it has experienced the largest increase in 
total annual solar heat input (Perovich et al., 2007). However, the 
vertical shear instability and heat flux from AW to the surface 
ocean and sea ice are not investigated well. In this study, we ob­
tained high-resolution hydrographic and vertical turbulent shear 
data from a summer expedition, and aim to estimate turbulent
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dissipation rate, diffusivity, and vertical heat flux across the lower 
halocline from the AW to the subsurface ocean, and investigate 
the underlying mechanisms.

2 Data
Hydrographic data were collected during the 7th Chinese Na­

tional Arctic Research Expedition in the summer of 2016 (CHIN- 
ARE-2016). Conductivity-tem perature-depth (CTD) profiles 
were acquired using a Sea-Bird Scientific, SBE 911 Plus system, 
where the pressure, temperature, and salinity sensors were ac- 
curate to ±5 kPa, ±2x1 〇-3°C, and ±3x1 O'3, respectively. Ocean cur­
rent data were collected using shipboard Acoustic Doppler Cur- 
rent Profiles (sADCP). The system frequency was 38.4 kHz, and 
the measurement frequency was 1/3 Hz. The corresponding first 
bin was measured at 33.55 m depth, with vertical resolution of 
16 m. And the temporal averaged interval was 2 min. The dissipa­
tion rate of the turbulent kinetic energy per unit mass (denoted 
by e) was obtained by a Vertical Microstructure Profiler (VMP- 
200). Four microstructure probes, including one micro-conduct­
ivity, one micro-thermistor, and two velocity shear probes, were 
equipped in VMP-200. Unfortunately, the micro-conductivity 
and micro-thermistor probes were damaged during the expedi­
tion; thus, only the two shear probes were used. The typical free- 
fall speed of the VMP was approximately 0.75 m /s. The noise 
level was lower than 10 11 W/kg. Good-quality measurem ents

were then averaged over two measurements, but when the relat­
ive difference between the two measurements was over a factor 
of 10, the minimum dissipation was used (Fer et al., 2018).

We defined five sections according to the CTD stations (Fig. 1). 
Section E lies on the Mendeleyev Ridge (MR). Section R is distrib­
uted from the Chukchi Cap (CCap) to the Mendeleyev Abyssal 
Plain (Mn AP) along the longitude of 170°W, with R15-R17 on the 
CCap and R18-R22 in the Mn AP. Sections PI and P2 extend from 
the west of the CCap to the western Canada Basin (CB), with 
PI 1-P15 and P21-P25 on the CCap and P16-P17 and P26-P27 in 
the western CB. Section S is located from the Chukchi shelf 
(S13-S14) to the southern CB (S15).

3 Results

3.1 Water mass
Figure 2 is the T-S diagram of all stations, and Fig. 3 shows the 

potential temperature, salinity, and buoyancy sections of Sec­
tions PI and E, for identifying the water masses. The AW existed 
at the intermediate depths over the entire CBLMR, with a poten­
tial temperature maximum, which is defined as the Atlantic Wa­
ter Core (AWC; Zhong and Zhao, 2014). In CBLMR, AW was car- 
ried by a circuitous boundary current, owning to its complex to­
pography (Woodgate et al., 2007). The upper ocean overlying the 
AW shows a distinct spatial difference. Pacific Water extends ho-

170° 160°

Ch AP: Chukchi Abyssal Plain; Nw AP: Northwind Abyssal Plain; 
Mn AP: M endeleyev Abyssal Plain; CCap: Chukchi Cap

0 500 1 000 1 500 2 000 2 500 3 000 3 500 4 000

Depth/m

Fig. 1. Hydrographic and turbulent stations of the 7th Chinese National Arctic Research Expedition in the Chukchi Borderland and 
Mendeleyev Ridge of the Arctic Ocean in the summer of 2016. CTD stations are marked as red dots, stations with quality sADCP data 
are marked as red squares, and VMP stations are marked as red circles. The colormap shows the bathymetry.
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Fig. 2. T-S diagram of all stations.
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rizontally over almost all the Chukchi Borderland, except on the 
MR. As Section PI shows, there is a prominent temperature max­
imum in the subsurface layer, with a salinity range between 30 
and 33, which is identified as Pacific Summer Water (PSW; Shi- 
mada et al., 2001; Timmermans et al., 2014). Same do Section R, 
Section P2 and Section S (not shown). There is also a tem perat­
ure minimum between PSW and AW, with salinity centered at 
33.1, which is Pacific Winter Water (PWW; Jones and Anderson, 
1986; Itoh et al” 2012). Zhong et al. (2019) also identified PWW as 
the w ater m ass betw een the isopycnal of 26.0 k g /m 3 and 
27.0 kg/m3. However, the potential temperature profile of Sec­
tion E on the MR does not present a similar feature. The subsur­
face water on the MR was colder and saltier than the other sec- 
tions. According to previous studies with CTD observations and 
additional nutrient and optical parameters, Jones et al. (1998) 
and Zhao et al. (2015) identified the subsurface water above AW 
on the MR as a mixing of Atlantic-origin and Pacific-origin water.

In the Arctic Ocean, the pycnocline between the polar mixed 
layer and the Atlantic layer is commonly called the halocline 
(Coachman and Aagaard, 1974). With the existence of Pacific Wa­
ter, the halocline in the Canadian Basin was divided into the up­
per halocline and lower halocline. The former was dominated by 
PSW and PWW, and the latter was defined as having a potential 
temperature of ̂ <0°C and salinity range of 33.6<S<34.6 (Rudels et 
al., 2004). Aksenov et al. (2011) also defined AW with 34.70 
34.95, and halocline water with <9<0°C, S<34.70. The buoyancy 
frequency sections of both P1 and E show a peak between the 
subsurface layer and lower halocline water, and the depth of this

peak corresponds well with the isopycnal of 27.0 kg/m3 and iso­
haline of 33.6. Therefore, we focus on the lower halocline water 
between the two isohalines of 33.6 and 34.6 to estimate the turbu­
lent dissipation rate, diffusivity, and vertical heat flux from At­
lantic Water to upper Pacific Water.

3.2 Richardson number
The buoyancy frequency (N2) characterizes the intensity of 

stratification, as^f2 = -(g /p )(9p /9z), where g is the gravity ac­
celeration, p is the density, and z is the vertical coordinate (up- 
ward is positive). Sectional snapshots of N2 are shown in Fig. 4a. 
A distinct peak of N2 exists just at the top of the lower halocline 
water. This strong stratification separated the lower halocline wa­
ter from the upper ocean, and acted as a barrier to prevent up­
ward and downward mixing. Regarding the depth of this stratific- 
ation peak, it was shallowest in Section E on the MR, at approx­
imately 170 m. From south to north of the MR, the depth of this 
stratification peak first deepens from E21 to E24, and then shal­
lows from E24 to E26. The distribution of this stratification peak 
in Section R was similar to that in Section E, although the depth 
in Section R was slightly deeper (the mean depth was approxim­
ately 180 m). The stratification peak in Sections PI and P2 was 
the deepest, with an average depth of 250 m. In addition, this 
stratification peak also showed spatial variation. The stratifica­
tion peak on the MR (E21-E26), Mn AP (R18-R22), and northw­
est of CCap (PI 1-P14) was strongest, from 1.9xl0~4 s~2 to 2.4x 
lO 4 s 2. It was considerably smaller in the south and east of the 
CCap and western CB (P15-P17, P21-P27), from 1.3xl0-4 s 2 to
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Fig. 3. Potential temperature (a, b), salinity (c, d), and buoyancy frequency (e, f) sections of Sections PI (left) and E (right). White dash 
lines are the isopycnals of 26 kg/m3 and 27 kg/m3.

1.7x10 4 s 2. Section S (S13-S15) showed the weakest stratifica­
tion among all sections, from l.OxlO-4 s-2 to 1.6xl0-4 s-2. The pat­
tern revealed that the water closer to the central CB (Sections PI, 
P2, and S) was accompanied by weaker stratification.

Vertical shear S2 was obtained from sADCP measurements as 
S2 =  (du/dz )2 +  (dv/dz)2, where u and vare the zonal and me­
ridional curren ts respectively. As shown in Fig. 4b, S2 was 
strongest at CCap, and the depth-averaged value in the LHW was 
3.8xlO r, s-2 from western CCap to the western CB (Sections PI 
and P2; R15-R17). In particular, at Stations R17, P ll ,  P12, and 
P22 on the Chukchi Rise, S2 was larger than 4.9xl〇-5 s-2. Accord­
ingly, S2 on the MR (E21-E26), Mn AP (R18-R22), and southern 
CB (S13-S15) was much weaker (1.6-3.3xl0 5 s-2) than that at the 
CCap.

The Richardson number (/?/) was obtained from the buoy­
ancy frequency over vertical shear, Ri = A^/S2. As shown in Fig. 4c, 
most values of Ri in the LHW at the CCap were relatively smaller 
due to higher vertical shear, which implied that turbulent mixing 
from the AW to the upper ocean through the LHW at the CCap 
was more intensive than in other regions. The Ri in the LHW was 
relatively higher on the MR and Mn AP due to stronger stratifica­
tion. The results supported that the shear instability was not sig­
nificant with stronger stratification.

3.3 Dissipation rate, diapycnal diffusivity and vertical heatflux
We used high-frequency VMP-200 shear data to obtain the

dissipation rate of turbulent kinetic energy (t), s = — u (  —  ^ ,
2 \ 〇 z J

where u is the kinematic viscosity (Fig. 5a). The shear variance 
was obtained by integrating the wavenumber spectrum of shear

from 1 cycle per meter (cpm) to Kolmogoroff wave number based 
on the empirical mode from Nasmyth (1970). As Fig. 6a shows, 
the observed depth-averaged dissipation rate of the LHW in the 
western CB (P16-P17, P26-P27) ranged from 6 .4x l010 W/kgto 1.2x 
lO 9 W/kg. However, in S15, the depth-averaged dissipation rate 
attained 2.0xl0~9 W/kg. It is slightly higher in Mn AP than CB 
with a mean value of 1.5x10 9 W/kg. The results were close to but 
above the instrument noise level (10-11 W/kg) and comparable 
with those of previous studies (Fer, 2009; Lenn et al., 2009; Gu­
thrie et al., 2013; Rippeth et al., 2015; Zhong et al., 2018). The 
depth-averaged dissipation rates on the MR (E21-E26) and in the 
northwest CCap (R15-R17, PI 1-P14) were considerably higher 
than those in the deep basin, with a mean value of 2.4x 10 9 W/kg 
and 3.7xl0 9 W/kg, respectively.

Then, diapycnal diffusivity /cp can be deduced from the dissip­
ation rate£dSKp = 0.2eN '2 (Osborn, 1980; Gregg et al., 2018; Fig. 5b). 
The results of the depth-averaged diapycnal diffusivity Kp in the 
LHW are shown in Fig. 6b. Depth-averaged Kp in LHW is 4.3xl0 6 
m 2/s in the southwest CB (P17, P26-P27, S15), and 4 .7x l〇 6 
m2/s in Mn AP, approximately 2 times larger than that estimated 
in the central CB (Lique et al., 2014) and num erical model 
(Zhang and Steele, 2007). It increases to 5.6xl0-6 m2/s on the MR 
(E21-E26), and 7.0xl0 6 m2/s on CCap (P11-P15, P21-P25, 
R15-R17), respectively. The mean value of depth-averaged Kf) of 
all section in the CBLMR in the LHW was 5 .6x l〇-6 m 2/s. This 
value was comparable with the previous observation within the 
depth range of 200 m to 300 m in the same region in 2014 (Zhong 
et al., 2018), but about 4 to 5 times larger than that estimate in the 
central Canada Basin (Lique et al., 2014) and numerical model 
(Zhang and Steele, 2007).

㈧ s/
x
o
u
3
n
b
3
J
J

 

x
u
U
E
X
O
n
g

o

 

o

 

o

 

o

 

o

0

 

o

 

o

 

o

 

o

1

 

2

 

3

 

4

 

5

l
u
/
q
l
d
s

u
o
/
3
J
5
2
3
d
u
!
3
1

A

-a
i

”
 

S
/
X
3
s
n
b
3
.
y

 

x
u
U
E
X
O
n
g

E
/q

ld
3
Q

J

l

d

u

a

U
I
/
q
J
d
lu
Q



Lin Long et al. Acta Oceanol. Sin., 2021, Vol. 40, No. 11, P. 39-49 43
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Fig. 4. Buoyancy frequency N2 (a), vertical shear S2 (b) and Richardson number Ri (c) of each section. Upper red line is the isohaline 
of 33.6, and lower red line is the isohaline of 34.6.

Finally, we computed the vertical heat flux as Fh
dT

pc， 一 ，

where p is the sea water density, cp is the heat capacity of seawa­
ter, and k  is the vertical diffusivity. FH is positive upward. Depth-
averaged vertical heat fluxes are shown in Fig. 6d. In the southw-

est CB (S15, P17, P26-P27), the mean vertical heat flux in the 
LHW is 0.21 W/m2. It is slightly higher in Mn Ap than in the CB, 
with a mean value of 0.30 W/m2. These values of vertical heat flux 
in the deep basin corresponded well with previous studies (Tim-
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Fig. 6. Spatial distribution of depth-averaged dissipation rate e (a), diapycnal diffusivity Kp (b), temperature gradient dT/dt (c), and 
vertical heat flux FH (d) in LHW for each section. The unit of r, is W/kg, and the unit of Kp is m2/s.

mermans et al., 2008; Lique et al., 2014; Zhong et al.; 2018). The 0.39 W/m2 on the MR and 0.46 W/m2 on the CCap, respectively, 
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temperature profile, and LHW in temperature profile is marked with red color. The unit of e  is W/kg, and the unit of Kp is m2/s.
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Fig. 7. Profile of double diffusive staircase potential temperature (a), salinity (b), and diffusivity comparison between observation 
(blue) and parameterization (red) in R20 in Mn AP (c).
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0.28 W /m2 in S15 in the southern CB, 0.85 W /m2 in E23 on the 
MR, and 1.3 W /m2 in P14 on the CCap, which was ascribed to 
either strong surface (S15, E23, and P14) wind forcing or strong 
semidiurnal tidal energy (E23). However, the temperature gradi­
ent between the PSW and PWW is reversed, when compared with 
that it in the LHW. As a result, we suggest that the upward heat 
released from AW through the lower halocline could hardly con­
tribute to the surface ocean.

3.4 Mechanisms of the diaypcnal mixing in LHW
Carmack et al. (2015) sum m arized that two mechanism s 

—double diffusion and shear instabilities—were thought to be 
responsible for most upward diapycnal fluxes from AW. Double- 
diffusive staircases were observed in 8 stations, including P26 in 
the Canada Basin, E24-E26 on MR, and R19-R22 in Mn AP. With­
in them, 5 stations were measured by VMP. This staircase struc­
ture between PWW and AWC is believed to be m aintained by 
double-diffusive convection, when colder and fresher Pacific wa­
ter lies above warmer and salty Atlantic water (Timmermans et 
al., 2008). Here, we only focused on the double diffusion in LHW. 
The depth averaged dissipation rate in double-diffusive stair­
cases in LHW ranges from l.OlxlO-9 W/kg to 1.57xl0-9 W/kg 
(Table 1). It is relatively smaller than that in most of other sta­
tions where there are no double-diffusive staircases.

We also compared the diffusivity between VMP observation 
and parameterization. Diffusivity of double-diffusive can be de­
scribed by a relationship of the form, k1=k0{l-R -R p) '3/2 with 
A:0=3.9xl〇-6 m2/ s. Rp=^AS/aM  is the density ratio, where a andP 
are thermal expansion coefficient and saline contraction coeffi­
cient, respectively, and AS and A6 are changes in potential tem ­
perature and salinity across the stair interface (Shaw and Stan- 
ton, 2014b; Flanagan et al., 2014). As Fig. 7 and Table 1 show, the 
observed diffusivities in double-diffusive staircases ranged from 
6.69x l 〇-6 m2/s2 to 9.55x lO 6 m2/s2. It was usually 1.3 to 1.6 times

larger than it by the parameterization, except in E26. Generally, 
the double-diffusive staircase always represents weak diapycnal 
mixing.

We further explored the underlying mechanism of the depth- 
averaged turbulent dissipation rate in the LHW with the internal 
wave activities, which can cause shear instability and lead to gen­
eration of turbulence. Halocline strain variance ( (^ ) )  is always 
considered as a surrogate for internal wave activity, which can be 
estimated from buoyancy =  (A/2 — A/2) /N 2, where mean strati­
fication N2 is based on quadratic fits to each profile segment 
(Polzin et al” 1995; Kunze et al” 2006; Qiu et al” 2012). Herein, a 
segment of 20 m was applied. And we took the depth-averaged 
strain variance within the LHW. In general, the turbulent dissipa­
tion rate increases with the increasing strain variance (Fig. 8). For 
most stations, the strain variance in the LHW was less than 0.011. 
However, it reached 0.018 and 0.029 in P14 and P12, respectively. 
The turbulent dissipation rate and CTD-derived halocline strain 
variance were significantly correlated (at a confidence level of 
greater than 95%), with a correlation coefficient of 0.55 and 
^<0.003. This result dem onstrates a close physical linkage 
between the turbulent mixing and internal wave activities.

Wind and tides are two main sources of kinetic energy, in ­
volved in driving turbulent mixing in the ocean. Sea surface for­
cing by surface winds can contribute to deeper ocean turbulent 
mixing by generating near-internal currents within the surface 
mixed layer, which then penetrate downward (Nagasawa et al., 
2000; Alford, 2003; Liu and Lozovatsky, 2012; Lincoln et al., 2016; 
Yang et al., 2017; Qiu et al., 2019). We further explored the con­
nection between the turbulent dissipation rate and surface wind 
stress. The to tal surface stress of sea-ice-covered ocean in 
CBLMR at each station was calculated based on in situ 10 m sur­
face wind, and sea ice concentration data derived from Ad­
vanced Microwave Scanning Radiometer 2 (AMSR2; Spreen 
et al., 2008), which was suggested by Yang (2009) as r totai =

Table 1. Comparison of the depth averaged diffusivity between observation and parameterization where double diffusion occurred in 
LHW

Station name Observed dissipation rate 
^/(lO^Wkg-1)

Diffusivity derived from observed 
dissipation rate /c/(10-6 m2*s-2)

Diffusivity based on double-diffusive 
theory ac/(10-6 m2-s-2)

E24 1.57 7.90 5.16
E26 1.14 6.69 6.49
R20 1.47 7.89 5.38
R21 1.44 9.55 5.90
P26 1.01 6.75 5.05
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stairs 
no stairs

Fig. 8. Depth-averaged dissipation rate (blue) and strain variance in lower halocline water (red) of each station. Black pluses mark 
where double-diffusive staircases were observed.

(1 -a) r air-water + «7ice-water» where a is the average sea ice concen­
tration around the station within a radius of less than 50 km. 
7air-water =  PairCd | ws| usr where p air =  1-25 kg/m3 is the air dens­
ity, Cd=0.001 25 is the drag coefficient, and u s is 10 m surface
wind. T ice . water =  Pw ater^iw  | ( ^ice — ^ o c ean ) | ( ^ ice — “ ocean)，where
Pwater=l 〇24 kg/m3 is the sea water density, CiW=0.005 5 is the ice- 
water drag coefficient (Hibler III, 1979), and uxce — uocean is sim­
plified as 2% of surface wind (Thorndike and Colony, 1982). The 
connection between the turbulent dissipation rate and surface 
wind stress was evident, with a correlation coefficient of 0.45 and 
p<0.02 (Fig. 9). In P12, P14, and E23, the observed surface wind 
velocity  was m ore th a n  10 m /s  and  w ith  su rface  s tress  
rto tal >  〇.2, which resulted in a dissipation rate more than 5xl0 9 
W/kg. For most stations where r total < 〇• 15, the turbulent dissip- 
ation rate was no more than 2x1 〇-9 W/kg. However, for some sta- 
tions, such as E25 and E24 on the MR with r totai > 0.25, the dis­
sipation rate remained at a lower level of ~2x 10-9 W/kg, despite 
stronger surface wind forcing. To some extent, this still implies 
that the surface wind supplies energy to turbulent mixing at in­
termediate depths.

Tides also play a key role in global ocean circulation through 
the supply of m echanical energy to turbulence that stirs the 
ocean, thereby prom oting mixing (Munk and Wunsch, 1998; 
Simmons et al., 2004; Lozovatsky et al., 2013; Yang et al., 2017). 
Rippeth et al. (2015) showed that the enhanced levels of turbu­
lent dissipation rate observed over the Arctic Ocean continental 
shelf break are correlated to the rate of conversion of tidal energy. 
CBLMR lies slightly north of the critical latitude, at which the loc­
al inertial period matches the period of the semidiurnal tides (M2 
and S2). To clarify the connection between the turbulent dissipa­
tion rate and the intensity of the regional semidiurnal tides, we 
extracted the M2 and S2 tidal current information from the out­
put of the Arctic Ocean Tidal Inverse Model (Arc5km2018, 
Erofeeva and Egbert, 2020). We calculated the depth-average tid­

al energy as Ej K = - p  ( m2 + i / ) ,  where p  is the seawater density, 
and u and v are the model outputs of the tidal velocities. The res­
ults show that the turbulent dissipation rate and semidiurnal tid­
al energy are also well correlated, with a correlation coefficient of 
0.44 and p<0.02 (Fig. 10). The semidiurnal tide is relatively strong 
at stations on the MR and in the western of CCap, leading to a lar-
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Fig. 9. Depth-averaged dissipation rate in lower halocline water and surface wind stress.
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ger turbulent dissipation rate. In western CB and Mn AP, where Thus, the semidiurnal tide also significantly contributes to turbu- 
semidiumal tide is weak, the dissipation rate is relatively smaller. lent mixing in the LHW.
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Fig. 10. Depth-averaged dissipation rate in lower halocline water and semidiurnal tidal energy. The unit of e is W/kg, and the unit of 
Ej K is J/m.

4 Summary
Oceanic vertical mixing of the LHW above the AW was invest­

igated using hydrographic and turbulent data over the CBLMR 
during the summer of 2016. The shipboard ADCP showed that 
the vertical shear in LHW was remarkable over the CCap, moder­
ate over the MR, and relatively weak in the surrounding deep 
basin.

The observed depth-averaged dissipation rate of the LHW 
ranged from 6.4xlO ,0 W/kg to 1.2xl0~9 W/kg in the west Canada 
Basin, app rox im ate ly  1 .5x l0  9 W /kg in the Mn AP, 2.4x 
lO-9 W/kg on the MR, and 3 .7x l0-9 W/kg in the northwest of 
Chukchi Cap. Correspondingly, the depth-averaged vertical heat 
flux is 0.21 W /m2 in the southwest Canada Basin, 0.30 W /m2 in 
Mn Ap, 0.39 W/m2 on MR, and 0.46 W /m2 on the Chukchi Cap. 
However, in the presence of PWW, the upward heat released 
from Atlantic Water through the lower halocline could hardly 
contribute to the surface ocean.

Two mechanisms—double diffusion and shear instability—of 
the turbulent mixing in LHW were investigated. The double diffu­
sion were observed in 8 stations, and always accompanied by 
weak mixing with dissipation rate range from l.OlxlO 9 W/kg to 
1.57xl0~9 W/kg. And, there is a significant connection between 
the dissipation rate and strain variance of the LHW, which indic­
ates that the mixing in LHW induced by shear instabilities could 
be ascribed to internal wave activities. In addition, both surface 
wind stress and semidiurnal tidal energy have considerable con­
tribution to the turbulent mixing in the LHW.
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