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Abstract. In the present study, the classical description of modes: salt finger (SF) and diffusive convection (DC). When
diffusive convection is updated to interpret the instability of cold and fresh water lies on top of warm and saline water,
diffusive interfaces and the dynamical evolution of the bot- vertical mixing is triggered by different molecular diffusion
tom layer in the deep Arctic Ocean. In the new considera-rates of heat and salt, and DC fornie(ley et al, 2003. DC

tion of convective instability, both the background salinity is characterized by a series of thermohaline staircases: a stack
stratification and rotation are involved. The critical Rayleigh of homogenous mixed layers of nearly constant temperature
number of diffusive convection is found to vary from310 and salinity, separated by strongly stratified thin interfaces.
to 10! in the deep Arctic Ocean as well as in other oceans As sketched in Fig.l, each convecting layer includes
and lakes. In such a wide range of conditions, the interfacea well-mixed layer and is bounded by two adjacent inter-
induced thermal Rayleigh number is shown to be consistenfaces. In each convecting layer of DC, the fluid properties
with the critical Rayleigh number of diffusive convection. In and flow dynamics can be described by four dimensionless
most regions, background salinity stratification is found to beparameters. The first one is the thermal Rayleigh number
the main hindrance to the occurrence of convecting layersRat = agL3AT /viT, whereg is the gravitational acceler-
With the new parameterization, it is predicted that the maxi-ation, andw, v, 1, AT, andL being, respectively, the ther-
mum thickness of the bottom layer is 1051 m in the deep Arc-mal expansion coefficient, the kinematic viscosity, the ther-
tic Ocean, which is close to the observed value of 929 m. Thamal diffusivity, the temperature difference and the typical
evolution time of the bottom layer is predicted to-bd .00 yr, length scale of the convecting layer. The second one is the
which is on the same order as that based4hisolation age  salinity Rayleigh numberRas = BgL3AS /v, whereAS
estimation. is the salinity difference angd is the haline contraction co-
efficient. The other two parameters are the Prandtl number,
Pr =v/kT, and the Lewis numberl,e = ks/xT, Wherexs is

the salinity diffusivity. As the interface is the boundary of two
adjacent convecting layers, the thermal Rayleigh number of
the interfaceRar, is proposed to be on the same order as the
critical Rayleigh number of convection, which is on the order
of 1000 (Turner, 1968 1973. This argument has been found
to work well in DC staircases in Lake Banyol&inchez and
Roget 2007).

Recently, DC staircases have been observed in the deep
ctic Ocean Timmermans et gl.2003 Timmermans and
Garrett 2006 Bjork and Winsoy 2006 Carmack et al.
3013. These thermohaline staircases exhibit several unique

1 Introduction

Double diffusion is one of the most important non-

mechanically driven mixing processes. It occurs in a fluid
in which there are gradients of two (or more) properties with
different molecular diffusivities and of opposing effects on

the vertical density distribution. This phenomenon is of great
interest to many disciplines in physical sciences and engi—Ar
neering Turner, 1973, but the most active research area
is exploration of thermocline staircases in oceans and lake
(Schmitt 1994 Kelley et al, 2003. Basically, there exist two

Published by Copernicus Publications on behalf of the European Geosciences Union.



128 S.-Q. Zhou et al.: Diffusive convection in the deep Arctic Ocean

Temperature Table 1. Mean properties of four diffusive interfaces at Mooring
@ profile ®) A between 2 October 2009 and 9 August 2010. They are potential
temperature difference\0, salinity difference A S, thicknessA#,
density ratio,R,,, buoyancy frequencyy, thermal Rayleigh num-
ber, RaT), salinity Rayleigh numbeRag|, and Taylor numbef q;.

Mixed layer Upper
convecting
y fayer Interface 1 2 3 4

Interface Ahf ) A6 (10*3 °C) 179 125 134 096
y b s AS (1074 6.46 511 823 526
.................................... 'f Lower AL (m) 779 629 861 532
e Ry 213 246 367 327
Mixed layer N(104sly 58 614 736 746

Rat (10°) 391 143 411 059
Rag; (10%) 833 352 151 196

. . . Ta (107) 213 091 318 046
Fig. 1. (a) A sketch of temperature distribution of a diffusive inter-

face in DC staircases, is the boundary layer thickness of a con-
vecting layer(b) A cartoon of flow pattern near the interface.

instability of the interface is discussed in comparison with
the onset thermal Rayleigh number of DC. With the new pa-
rameterization, we evaluate the thickness and evolution time
characteristics. One of them is the thick diffusive interface. It of the bottom layer in the deep Arctic Ocean.
is about 5—-8 m, which is much larger than those observed in
laboratory experimentsTgrner, 1968 Huppert and Linden
1979 Fernandp 1987, lakes Sanchez and Rogepoo7 2 Data
Schmid et al. 2010 and other ocean region¥dorhis and
Dorson 1975 Larson and Gregdl983 Padman and Dillon
1987 Anschutz and Blancl996. Associated with the tem-
perature difference across the interfagé,~ 1.3x 1073°C,
and other fluid properties, as listed in Taflbelow, the ther-

Hydrographic data were mainly obtained from the Beau-
fort Gyre Exploration Project (BGEPDstrom et al.2004
Proshutinsky et al2009. We focus on the variances of tem-
perature and salinity in the deep ocean at a fixed location in
mal Rayleigh number of the interfacRqaT, is on the order of chEOI?ﬁ] aguz)cv:se?jgglg;eegz;??ﬁ BlzsénwAZtTﬁékggp;ng?'
10%, which is much larger than the typical value reported in 3825 m, From 2 October 2009 to 9 August 2010, the tempera-

the literature Turner, 1968 1973 Sanchez and Roge&007). -
o Lo . ure and salinity between 2135 and 3080 dbar were measured
Therefore, additional understanding is needed to elumdati;y using an MMP at an interval of 8 or 11 h. This resulted in

the difference between the result in the deep Arctic Ocea 91 profiles. Typical potential temperatueand salinity,s.

and those in previous studies. , I(profiles at Mooring A are shown in Fi@®. Note that these
data measured by conductivity—temperature—depth (CTD),
not by MMP, are used here because data of CTD covers a
larger depth range. As reportedahou and Lu(2013, both

CTD and MMP detected exactly the same staircase structures
at the same depth range. The potential temperatupeofile,

bottom mixed layer Timmermans et al.2003 Bjork and
Winsor, 2006 Timmermans and GarretP006 Carmack

et al, 2012. In the Canada Basin, this isothermal and iso-
haline bottom layer reaches to approximately 1000 m thick
and extends about 1000 km across the basimfhermans . I o : -
et al, 2003. Bjork and Winsor(2006 proposed a simple IS shrc])wn n F.'gsa'@ dgcreaseZW|tdr1 |n(;]re?sz|ng depth tr:" I
one-dimensional diffusive-convection model to understandrﬁ"jlcOI esr?'mlnlmunﬂT.n,r?rOW a dept g. 400m. W gnd
the dynamics of the bottom layer. However, their proposedt € depth increases further,increases and is accompanie

. . by obvious staircases, where the mixed layer and the inter-
evolution process strongly depends on turbulent eddy diffu face are well resolved. Between 2950 m and the sea floor,

sivity, which is unavailable at the present stage, and can onl oth® and s are homoaenous and uniform. and this range
explain parts of the observation. Therefore, it is necessary t genc ' 9
rms the bottom layer. Similar step structures were observed

Zig:ﬁgg:%gggggmsms that may dominate in the deep-wat in the salinity profiles Timmermans et a12003 Bjérk and
: Winsor, 2006 Timmermans and GarreR006. These struc-

In this paper, we explore the instability of the diffu- . L . .
sive interface using hydrographic data measured by McLan(%.res are less pronounced in the salinity profiles, as shown in

Moored Profilers (MMP) at a fixed location in the Canada '9. .3b’ due to the instrument resolutio_n. As analyzed ‘T‘ our
Basin. The classical description proposedTayner (1968 previous work Zhou and Ly 2013, the interface properties

1973 is extended here by considering the influences ofCOUId be determined with an averaging technique.
background salinity stratification and rotation. Then the
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Fig. 3. Profiles of(a) potential temperature@] and(b) salinity (S)
measured by conductivity—temperature—depth (CTD) at Mooring A
on 28 Septermber 2010. The dashed line is the linear fit of the DC
staircases in the salinity profile.

Fig. 2. Map of the Canada Basin in the Arctic Ocean. Isobaths are
plotted using the ETOP data. The location of Mooring A is marked
by a star.

In Fig. 3a, four DC steps can be identified from the po- 1981)). Basically, two modes may occur at the onset of con-
tential temperatures, profile, which are referred to as the vection; one is steady convection and the other is oscillatory

1st, 2nd, 3rd and 4th steps from the bottom to the top, re-convection. In the case of the ocedre (~ 0.01), it has been
spectively. Each step includes a mixed layer and its overlyingfound that the onset Rayleigh number of steady convection
interface. Note that the mixed layer of the first step is the bot-2PP€ars to be less than the value for oscillatory convection

tom layer. Usually, two parameters are used to characteriz§UPPertand Moorel 976. This implies that the steady con-

the susceptibility of water columns to DC staircases. One ivection mode is responsible for convective instability in DC

the density ratik,, (Turner; 1965, which is expressed as staircases. In terms of linear stability analyJiarfher, 1973,
the convection occurs when the thermal Rayleigh number,

B0S/0z RaT, exceeds a critical valu®ac. Rac is written as
p= : 1)
«d0/92
Pr+Le Le 2774
R, is the ratio of the stabilizing force due to the salinity gra- Rdc = —5——-Ras+ A+ Lo+ ) —— 3)

dient and the destabilizing force due to the temperature gra-

dient. The other one is the buoyancy frequency, which hadn the case of homogeneous fluiglgs = 0 andLe = 0, and

the form the equation is reduced to the onset Rayleigh number of
Rayleigh—Bénard convectioRac = %’4.

In the deep Arctic Ocean, the DC staircases are thick and

N shows the stability of the stratification of water columns, the corresponding Coriolis frequency, is large; one may

It has been proposed that the shape of DC structures an@XPect that the rotation influences the occurrence of con-
the vertical heat transfer strongly depend on these paramé.ection. Tr;e rotation is characterized by the Taylor number,
ters (see the review paper §élley et al, 2003. In the case Ta = 4(%)2. In linear stability analysis, it has been found
of well-developed DC steps, where the mixed layer is homo-that the rotation inhibits the onset of convective instability
geneous in temperature and salinidys/9z and30/9z are  (Pearlstein 1981). When the rotation strongly affects DC,
reduced to the salinity and temperature gradients across thie onset Rayleigh numbéakac, would be in the form of
interface. According to the definitions &at and Ras, R,

can be rewritten a® , = Ras/Rat. For detailed analysis of e Pr+Le
the determination of the diffusive interface properties, read- ©  Pr+1

ers are referred tdhou and Lu2013. The mean properties . o ]
of the four interfaces are listed in Talle Equation (4) implies that the convection occurs when the

heat-induced buoyancy force gradient overcomes the resis-
tance produced by the salt stratification and rotation. In the

N =[g(ad6/dz— 35/02)1/2. )

Le 27n% 1 >
RaS+(1+L€)(1+E)( 7 )3Tas. (4)

3 The classical description of DC instability oceanLe ~ 0.01 andPr ~ 4—13; Egs. (3) and (4) are then
simplified to

The instability of DC has been extensively studied based on

the results in laboratory experimentfe(onis 1965 Turner, PrRas 277*

1973 Caldwell 1974 Huppert and Moorgl976 Pearlstein Rac = Pr+1 + 4 ®)
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for Ta < 103, and
1
107" £ 3
PrRas 2774 1 2 E 2
Rac = 3Ta3, 6 a 3]
= pryr g ) © .
for Ta > 10°. 9
~ 1072 3
4 Results and discussions
There is not much work to address the instability of DC in
the ocean because the involved convective flow state is typ-
ically far beyond the onset convection regin@a(penter et 107 N sl ) sl N sl ; '10 "'""'“' '12 -
al, 2012). However, findings about the instability mechanism 10° 107 10° 10 107 107 10°% 10~
of DC in previous laboratory experimentsldward 1964 Ra

Turner, 1968 Huppert and Linden1979 may actually help o

to understand the characteristics of diffusive interface and thesig. 4. Probability density functions (PDFs) of the thermal Rayleigh
bottom layer in the deep Arctic Ocean, both of which are dis-number,RaT;, of the four diffusive interfaces. Data of the first, sec-

cussed next. ond, third and fourth interfaces are plotted using the dashed lines
with solid circles, open circles, solid down triangles and open tri-
4.1 Diffusive interface angles, respectively. The log-normal fitting of the PDF of the first

interface is shown as a gray curve.

For the diffusive interface in the deep Arctic Ocean, the cor-
responding thermal Rayleigh numbg&g, is obtained from
its definition, with the typical scalé and temperature differ-
enceAT being identified by the interface thicknea® and  convecting rolls. The thermal boundary layer thickness is de-
temperature differencad. As Ak and A6 vary with time  fined as a small region between the boundary and the mixed
(Zhou and Ly 2013, the deducedrar is a function of time  layer (Lui and Xia 1998. In DC, the temperature gradient
too. Its temporal distributions (shown in Fig). indicate that is the largest around the middle of the interface, and it gets
the Rat) of each interface is distributed approximately log- smaller and smaller as it approaches the edges of the inter-
normal, which suggests thdtat is strongly intermittent.  face. By analogy with Rayleigh—Bénard convection, each in-
Similar distributions have been found in vertical heat flux, terface indeed consists of two boundary layers, as shown in
eddy diffusivity and other propertieZliou and Ly 2013. Fig. 1, which are the top boundary layer of the lower convect-
These results imply that the deep Arctic Ocean exhibits cering layer and the bottom one of the upper convecting layer.
tain turbulent behaviorsFfisch 1995. The meanRar of Here, we still use this definition of the boundary layer thick-
each interface, as listed in Tatlgis on the order of- 10°. ness. To the first-order approximation, the boundary layer

Although the diffusive interface is the internal boundary thickness g, and the corresponding temperature difference,
of two adjacent convecting layers, how to relate the inter-A9s, can be taken a8 ~ Ah/2 and A9s ~ A9/2. Conse-
face to the boundary layer is arguableufner, 1973 Lin- quently, the boundary layer thermal Rayleigh numies;s,
den and Shirtcliffe1978 Padman and Dilloyi1989. Linden is Rats ~ Rat)/16. The same consideration is also applied
and Shirtcliffe (1978 proposed a boundary layer model. In to the salinity Rayleigh numbeRass, and the Taylor num-
this model, the boundary layse¥, is defined as = (Aht — ber, T as, of the boundary layer. Typical values 8fir5s and
Ahs)/2, whereAht and Ahs are the thicknesses of inter- Tas in the deep Arctic Ocean are listed in TaBle
face based on temperature and salinity. This model has been In Rayleigh—-Bénard convection, it is assumed that the
further employed in some studies, e @lprster(2004, and Rayleigh number based on the boundary layer thickness,
Carpenter et a(2012. Ras, is on the order of the critical value, nameRgts ~ Rac

On the other hand, many studies follow the classical(Howard 1964 Siggig 1994. This assumption has been
boundary layer definition in diffusive convectiourner, confirmed to be marginally correct in experiments (eCgs-
1968 1973 Padman and Dillon1989 Sanchez and Roget taing et al, 1989 Lui and Xia 1998. Analogously, the same
2007 Zaussinger and Spryi2013, which is similar to that  argument has been employed to study the diffusive interface
in Rayleigh—Bénard convection. In Rayleigh—-Bénard con-instability by Turner (1968 1973. This argument has been
vection, two thermal boundary layers exist near the top andound to work well in the DC staircases of the Arctic Ocean
bottom ends. At the boundary, the temperature gradient i§Padman and Dilloyil989 and Lake BanyolesSdnchez and
the largest. Away from the boundary, the temperature gradiRoget 2007). However, in the deep Arctic OceaRaT Of
ent becomes smaller and smaller till it reaches zero in thenterfaces is on the order of 10°; then the deduce®ar;
mixed layer. Such a temperature distribution is the result ofis 10°, which is much larger than the observed valuelQ®)

Ocean Sci., 10, 127:34, 2014 www.ocean-sci.net/10/127/2014/
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Table 2. Data used in the analysis. The average values are listed when more than one data set are included in the data source. There are tt
temperature difference\6, salinity difference A S, thicknessA#n, and Prandtl numbePr, of the interface; saline buoyancy frequenti,

based on the background salinity profile; Taylor numiess, thermal Rayleigh numbeRaTs, and salinity Rayleigh numbeRa’SS, of the

boundary layer. Deep Arctic — data of the present work; Upper Arctic — average data measured by the Ice-Tethered Profiler (ITP) 2 in the
Beaufort Gyre observation system (BGOS); Atlantis Il 1 — Fig. An$§chutz and Blan¢1996); Atlantis Il 2 — Fig. 4 ofSwift et al.(2012);

Lake Kivu — Fig. 1 and Table 2 dbchmid et al(2010; Lake Banyoles — Figs. 2 and 8 8finchez and Rogé2007); and the Bahamas —

Fig. 2 ofLarson and Greg@1983.

Location A6 (°C) AS Ah(m) Pr Ns(sY) Rars Rag, Tas

Deep Arctic 00012 000063 674 133 000031 13x10® 62x107 95x10°
Upper Arctic 0044 Q016 062 133 00056 17x10° 13x10° 620
Atlantis Il 1 4.082 3008 170 38 014 63x1019 094x100 37x103
Atlantis Il 2 4.436 3009 192 43 017 12x101 29x10'! 6.6x103
Lake Banyoles (860 Q073 Q018 62 - 17x10® 551 89x107°
Lake Kivu 00045 - 019 62 00086 35x10* 43x10* 25x10°3
Bahamas m47 0026 Q069 64 0018 22x10* 38x10° 68x10°3

in Rayleigh—Bénard convectio€éstaing et al1989 andin ~ shown in Fig.3b, the background salinity gradient is ob-
DC (Sanchez and Roge2007). tained by the linear fitting to all DC staircases in salinity pro-
One may expect that the influences of salt stratification orfiles, resulting ing—j =1.3x10"°m~1 and the corresponding

rotation must be involved, that is, Eqs (5) and (6) can be useg}\fs —31x10%s1 Meanwhile, more data in the oceans
to explain the results here. However, as listed in Tdbl®  and lakes have been collected to check the applicability of the
each interface, the salinity Rayleigh numldarg, is always  argument. These data include the field observations in the up-
larger thanRary. Thus, whemRass (~ Rasi/16) is employed  per layer of the Canada BasiBGOS 2013, deep Red Sea
in Egs. (5) and (6), the obtainelac would be larger than  (Anschutz and Blancl996 Swift et al, 2012, Lake Kivu
Rarts (~ Rari/16), which may mean that the assumption of (Schmid et al. 2010, Lake Banyoles $anchez and Roget
Rars ~ Rac does not work heréCarpenter et a(2012 sug- 2007, and the Bahamas.érson and Greggl983. Typical
gested that Egs. (5) and (6) cannot apply to the instability ofinterface properties of these data sources are listed in Zable
diffusive convection of large density rat®, (R, > 1.15). In terms of Egs. (6) and (7), the thermal critical Rayleigh
An alternative consideration can be found in a previousnumber, Rac, is obtained here from thé-based salinity
laboratory study byfurner(1968. In this study, Eq. (5) was  Rayleigh number,Rag;, and thes-based Taylor number,
used to interpret the onset of the convecting layer in DC.74;. Note that Eq. (5) is used whefu < 1000. Within the
When the breakdown of the unstable boundary layer is decollected data, the thermal critical Rayleigh numbiare, is
scribed, it is further argued that the original Salinity gradi— found to vary in awide range from 3 the Lake Banyo|es
ent remains unchanged because the salt diffuses much mogg 10! in the deep Red Sea, as shown in Fg. Figure5a
slowly than heat. In other words, the salinity Rayleigh num- also shows that the calculated thermal critical Rayleigh num-
ber, Rag, is in the form of ber, Rac, is very close to thé-based thermal Rayleigh num-
N2L4 ber,Rarts, in almost all the collected data. As some data were
S” 7) captured from the published figureSdnchez and Roget
VKT 2007 Larson and Gregdl983), the limited accuracy would
. be the most probable reason responsible for the data scatters
In Eq. (7), Ns=_\/_gﬂ%§ is the buoyancy frequency based ;, kg 54 ‘When the set of data is large enough to have good
on the initial salinity gradient before being heated. This ar-gtatistics, e.g., those in the Upper Arci®G0S 2013, Rac
gument has been supported by the measurement of the ag iy good agreement witRars. As far as we know, this is
vancing boundary layer in another laboratory experimentine first time that the classical description of DC has been
(Huppert and L_|nden1979. In the laboratory, however, th_e applied to interpret instability of diffusive interfaces in the
calculatedRag is found to be very small due to the thin 5cegns.
boundary layer, and it is reasonable to neglect it. Conse- |, addition, we examine the influences of background
quently, Rac is reduced to the ordinary critical Rayleigh gainity stratification and the rotation on the onset of convec-
number based on heat alorii(ner, 1968. _ tion. The comparison between the first and the second terms
It is expected that the same idea can be applied to the, £q. (6) is plotted in FigSb. In the deep Arctic Ocean, the
case of interest here. As it is impossible to obtain the ini-;,fuence of rotation is supposed to be the largest because

tial salinity gradient of the deep Arctic Ocean, the back- ot the thickest diffusive interface and the largest Coriolis
ground salinity gradient is alternatively used in Eq. (7). As

Rag=

Www.ocean-sci.net/10/127/2014/ Ocean Sci., 10, 1234 2014
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0 — As the model proposed jérk and Winsor(2006§ cannot
102 f ® Deep Arctic E explain the dynamics of the bottom layer well, we attempt to
Lol ™ Upper Arctic .,,,3, find other mechanisms instead. Recently, more evidence has
1010 | : Atlantis IT 1 e ; been collected that geothermal heating plays an important
10° F o é;‘;‘:;:}y;es /,’ 1 role in the hydrographic configuration of deep water in the
< 10° F v LakeKivu _z® 3 Arctic Ocean Timmermans et al2003 Bjork and Winsor
® 107 | A Bahamas o ] 2006 Timmermans and GarreR006 Carmack et a).2012
105 | ,‘ E Zhou and Ly 2013. The situation that the weakly stratified
105 , /’ , deep Arctic Ocean is being heated by geothermal heating is
10 | }f‘ v E similar to those studied in the laboratory experiments and
103 r ‘tH/]A (a) 1 numerical simulations, where DC occurred in salt-stratified
102 Eocoowd vomnd oo o ool ol ol ol 0 fluid heated from belowTurner, 1968 Huppert and Linden
102 10° 10* 10° 105 107 10° 10° 10'010' 1012 1979 Fernandp 1987). Thus, it is interesting to examine
Ra whether the results obtained from the laboratory experiments
" Te can be applied to the deep ocean and whether they can shed
}812 r' YT T T T T 1 more light on the deep water dynamic process.
10! "‘ E In the laboratory experiments where a salt-stratified fluid
2 1010 b E was heated from belowT(rner, 1968 1973 Huppert and
= 100 kb 1 Linden, 1979 Fernandp 1987, it has been found that the
E‘,: 108 ..0 L bottom layer is much thicker than the overlying staircases,
i 10; r ’l z which is similar to the observation in the deep Arctic Ocean.
o }85 : : In Turner’s (1968) theoretical work, he suggested that the ho-
T 10tk f‘ E mogeneous bottom layer reaches a critical thickness before a
& 108 | A E second convecting layer appears on top of it. This maximum
102 o (b) 1 thickness was proposed to be in the form of
10(1) { DI 1 1 1 1 1 1 1 15 1 3
100 Bl sl vl sl vl sl sl i 1
10 102 10" 10° 10' 102 10° 10* 105 10° hc1=<4R‘;;“Z°>%. (8)
kTNg

(27n4/4)1/3T352/3
Here ¢o is the buoyancy flux, which is derived ag =
Fig. 5. (a) Comparison between the calculated onset thermal®gF/poc,, andF is the heat flux supplied from the bottom
Rayleigh numberRac, based on Egs. (5) and (6) and the bound- boundary. Eq. (8) has been verified in Turner’s laboratory,
ary layer thermal Rayleigh numbeRats. (b) Comparison be- — except that the fitteckae was about~ 2.4 x 10*, which is
tween the first term,PrRags/(Pr+1), and the second term, larger than the ordinary value-(1000). As discussed in the
(27,14/4)1/3“5/3, in Eqg. (6). last subsection, the instability of DC follows the arguments
based on Egs. (5), (6) and (7). Then we can evaluate the bot-
tom layer thickness in the Arctic Ocean by using Eq. (8).

frequency in all the data. Even so, the contribution of ro- In the deep Arctic Ocean, geothermal heating is taken as
tation is found to be about 1000 times smaller than that ofF’ ~ 50 mWn12 (Langseth et al.1990. At Mooring A, the

the salinity stratification. In other regions, the contribution Physical properties of sea water are respectivedy 1.27 x

of rotation is even smaller. Therefore, background salinityl0*°C™!, f=7.5x10"% v=186x10°m’s!, k1 =
stratification would be the main hindrance to the occurrencel-39x 10" m?s™t, ¢ =9.8ms2, p, = 10413kgm 3, and

of convective flow in the ocean. The influence of the salin-¢, = 38991 Jkg* °C~1. With the related properties of the
ity stratification, however, is not always important. In Lake first interface, as listed in Tablg, A1 is calculated to be
Banyoles, as shown in Figb, it is found thatRag; ~ 55; 526 m, which is smaller than the observed value of 929 m
thus, the inherent mechanism of thermal convection plays 4Zhou and Ly 2013. However, as found in the laboratory
dominating role there, which results R, ~ 1000 Ganchez ~ experiment{urner 1968, the fittedRac was about 20 times

and Roget2007). the ordinary value, and so was close to the interface thermal
Rayleigh numbeRarT. If Rac is replaced byRaT) in Eq. (8),
4.2 Bottom homogenous layer h¢1 is found to be 1051 m, which is much closer to the ob-

served value.
As introduced in Sect. 1, the thick homogenous bottom layer In another laboratory studyernando(1987 found that
is a unique feature of the deep Arctic Ocedim(mermans the bottom mixed layer still grows upwards even after the
et al, 2003 Bjork and Winsor 2006 Timmermans and second mixed layer forms. Based on the assumption that
Garrett 2006 Carmack et a).2012 Zhou and Ly 2013. the kinetic and potential energies of turbulent eddies are

Ocean Sci., 10, 127:34, 2014 www.ocean-sci.net/10/127/2014/
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balanced when the mixed layer grows to a critical height, anthermal Rayleigh numbeRar, is alternatively employed in
alternative expression for the layer thickness has been prathe old parameterization of Eq. (8), the predicted maximum

posed, thickness of the bottom layer is 1051 m, which is close to the
g0 .1 observed value of 929 m. The evolution time of the bottom

heo =415(—)2. (9)  layer,z, is predicted to be- 100 yr, which is on the same or-
Ns der as thé*C isolation age estimate. As several layers overlie

With the properties of the interface, the thicknégsis found ~ the bottom layer, the evolution time of water in the deep Arc-
to be 29 m, which is much smaller than the observation. Thistic Ocean must be longer than andz can be taken as the

suggests that the assumption of energy balance cannot efawer bound of the residence time.
p|ain the formation of the bottom |ayer_ In the formation of deep Arctic water, one perhaps can-

In a study of14C isolation age, the deep water of the notexclude the effects of other instabilities, e.g., thermobaric

Canada Basin is estimated to be about 500 yrMladdqdonald ~ convection Carmack et aJ.2012) or topographic Rossby
et al, 1993. According to the laboratory study afurner ~ Wwaves formed as a result of instability of a strong current

(1968, the evolution time of the bottom layer can be pre- (Timmermans et al2010. Nonetheless, according to the re-
dicted by sults in this study, the main evolution mechanism of the deep

water would be similar to that in the laboratory experiments
. (Nsh)? (10) where salt-stratified fluid was heated from beldturper,
2q0 1968 1973 Huppert and Linden1979 Fernando 1987).
Therefore, when the classical description of DC is updated,

before the formation of the secondary convecting layers. . . .
Supposing that the bottom layer thickneds, is about :;:;’;2 gi:grﬁ)“ed to interpret the flow dynamics of the deep

1000 m, the time is calculated to be = 109 yr. In observa-
tions, however, there are more than four thermohaline steps

qverlying the bottom layer, which means that the evolution AcknowledgementsiVe gratefully acknowledge Mary-Louise Tim-
time of the bottom layer must be longer thanlr! SOME€  mermans for her support and generosity in sharing valuable
senser can be taken as the lower bound of evolution time of communications of the data set in the Arctic Ocean. We thank

the bottom layer. Martin Schmid for sending the raw data of Lake Kivu. This work
Based on the above results, it is suggested that the maiwas supported by China NSF grants (41176027 and 11072253),
evolution mechanism of the deep water in the deep Arc-the SFrategic Priority Research Program of the Chinese Academy
tic Ocean is similar to that in the laboratory experimentsof Sciences (XDA11030302), and an LTO grant (LTOZZ1304).
(Turner 1968 1973 Huppert and Linden1979 Fernando The data were collected and made available by the Beaufort Gyre
1987). The homogenous bottom layer is the result of geother-EXPloration Program based at the Woods Hole Oceanographic
mal heating under salinity stratification. Its maximum thick- Institution (ttp://www.whoi.edu/beaufortgyyein collaboration
ness can be described by Eq. (8) WhEt.ﬁ is alternatively with researchers from Fisheries and Oceans Canada at the Institute
. (8), I ;
. . of Ocean Sciences.
used. The timeg, is inferred to be on the same order as that
gstimated from thé“(_: isolation age detectior_l. Both results Eggited by: J. M. Huthnance
imply that the evolution of the bottom layer is mainly con-
trolled by the convective instability mechanism.
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