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ABSTRACT

The diffusive (or semiconvection) regime of double-diffusive convection (DDC) is widespread in the polar

oceans, generating ‘‘staircases’’ consisting of high-gradient interfaces of temperature and salinity separated by

convectively mixed layers. Using two-dimensional direct numerical simulations, support is provided for

a previous theory that rotation can influence DDC heat fluxes when the thickness of the thermal interface

sufficiently exceeds that of the Ekman layer. This study finds, therefore, that the earth’s rotation places

constraints on small-scale vertical heat fluxes through double-diffusive layers. This leads to departures from

laboratory-based parameterizations that can significantly change estimates ofArcticOcean heat fluxes in certain

regions, although most of the upper Arctic Ocean thermocline is not expected to be dominated by rotation.

1. Introduction

The thermohaline structure of polar oceans is known

to produce regions of double-diffusive convection (DDC)

(Schmitt 1994; Kelley et al. 2003). The convection is al-

most exclusively of the diffusive type with cool, fresh

waters overlying warmer, saltier waters. Such conditions

are often found to exhibit a double-diffusive staircase in

which the water column forms a series of homogeneous

mixed layers where small-scale convective mixing is

taking place, separated by relatively thinner density-

stratified interfaces (Fig. 1). We shall restrict ourselves

to the diffusive regime, where the heat fluxes that result

from DDC have been suggested to be an important

contribution to the upper-ocean heat budget of theArctic

Ocean (e.g., Polyakov et al. 2012; Turner 2010). DDC is

widespread throughout the Arctic Ocean, and many dif-

ferent staircase properties have been observed. For ex-

ample, temperature interface thicknesses h have been

reported to have a range of 0.05# h# 20m,with jumps in

temperature of 0.001 # DT # 0.58C, leading to heat flux

estimates of 0.02# FH # 10Wm22 (Padman and Dillon

1987, 1989; Timmermans et al. 2003, 2008; Polyakov et al.

2012; Carmack et al. 2012; Sirevaag and Fer 2012). Despite

this large variability, oceanic DDC heat flux estimates are

often based on the application of laboratory-derived laws

(e.g., Marmorino and Caldwell 1976; Kelley 1990), and it

is unclear whether oceanic conditions are appropriately

parameterized by these laws in all cases.

In this paper, we demonstrate that planetary rotation

can cause much-reduced heat fluxes that would other-

wise result from applying the laboratory-based DDC

parameterizations. At first suggestion, the influence of

planetary rotation on small-scale convective fluxes might

seem surprising, as rotational effects are usually thought

important over large length and time scales, coincident

with a balance between buoyancy and Coriolis forces.

However, it has been argued that the relevant control on

thermal convection systems is governed by rotational

effects within thin thermal boundary layers (Kelley 1987;

King et al. 2009). The transition between nonrotating and

rotationally dominated heat transfer is then determined

by the relative thickness of the Ekman and thermal

boundary layers; when the Ekman layer is small relative

to the thermal boundary layer, rotation will modify the

heat transfer within the boundary layers that supply tur-

bulent convection in the bulk.

In DDC, temperature interfaces will produce fric-

tional Ekman layers with a vertical scale on the order of

the Ekman length dE[ (n/f)1/2, where n is the kinematic

viscosity, and f is the Coriolis parameter. If the inter-

faces are assumed to be laminar, it is possible to draw an

analogy between the temperature interface in DDC and

the thermal boundary layer of thermal convection. In

this case, a condition originally developed by Kelley
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(1987), based on data from the thermal convection ex-

periments of Rossby (1969), predicts a transition to ro-

tationally dominated heat fluxes will occur when h .
BdE, where B 5 5.6 is an empirical constant.1 Because

polar oceans are characterized by 11, dE , 12 cm (i.e.,

63,BdE, 67 cm), for latitudes higher than 608, it is not
surprising that rotation may influence DDC heat fluxes

in some cases. In this paper, we provide the first test of

the Kelley (1987) theory by using a series of direct nu-

merical simulations. The results are then used to de-

termine regions where rotation is expected to play a

significant role in DDC heat transport.

2. Simulations

The direct numerical simulations (DNS) are performed

using the code described by Winters et al. (2004), and

simulate a two-dimensional incompressible Boussinesq

fluid using a linear equation of state for the density con-

tribution of the temperature T and salinity S scalars [see

Carpenter et al. (2012a) and Flanagan et al. (2013) for

a discussion on DNS of diffusive convection]. Periodic

boundary conditions are used on all boundaries except

with mean jumps of T and S restored when fluid parcels

cross the top and bottom boundaries (i.e., the T and S

anomalies with respect to a reference profile are periodic

in the vertical). Therefore, the mean T and S differences

across the interface remain approximately constant dur-

ing the simulation, and the basic configuration consists of

a single double-diffusive interfacewith an identicalmixed

layer on either side that is within an infinitely deep stair-

case in a rotating frame of reference.

Of primary interest is the fluxof heat across this interface,

given some external measurable properties. The problem

may be formulated in terms of the dimensionless heat flux

Nu[ FHH/rcpkTDT, called the Nusselt number, which will

be determined by the following dimensionless parameters

describing a single mixed layer and interface: (i) the Ray-

leigh number Ra [ gaDTH3/nkT quantifying the thermal

forcing, (ii) the Ekman number Ek[ n/fH2 5 d2E/H
2 ex-

pressing the importance of rotation through the relative

thickness of the Ekman layer, and (iii) the density ratio

Rr [ bDS/aDT giving the relative buoyancy contributions

of T and S across the interface. In addition to the above

parameters, we can also define (iv) the Prandtl number

Pr[ n/kT, and (v) the diffusivity ratio t [ kS/kT, which are

bothproperties of theoceanwater column.Thedimensional

scales used above are thewater density r; the heat capacity

cp; the gravitational acceleration g; the thermal expansion

and saline contraction coefficients a and b, respectively;

the jumps of temperature and salinity across the interface

DT and DS, respectively; the depth of a single mixed layer

and interfaceH; and themolecular diffusion coefficients of

temperature and salinity kT and kS, respectively.

The heat flux is calculated directly from the following

definition [see Winters and D’Asaro (1996) for details]

FH [
rcp

A

ð
s
kT$T � n̂ds5

rcp

A

ð
s
kT j$Tj ds , (1)

where n̂ is the unit vector normal to the surface of in-

tegration s, taken as the central isotherm of the interface,

and A is the plane cross-sectional area (i.e., not the area

of the s surface). The second equality follows because s

is an isothermal surface. In the case of a two-dimensional

domain, the surface integral reduces to a line integral and

FH is expressed per unit width. The FH obtained in this

way were compared to the advective flux given by

Fadv
H [2rcphwTiA , (2)

FIG. 1. Representative density fields from the high–Rayleigh

number simulations (Ra 5 1.6 3 107) with density ratio Rr 5 5 at

increasing rotation rates with (a) no rotation, (b) Ekman number

Ek 5 2.5 3 1024, and (c) Ek 5 8.3 3 1025. The Ekman layer

thickness is shown as the scale on the left with (b) rotation rate

H/dE5 33 and (c)H/dE5 55. Note the nonlinear color scale used to

visualize the mixed layers and boundary layers.

1 This form was never explicitly stated in Kelley (1987) but fol-

lows directly from his analysis.
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wherew is the vertical velocity, and h�iA indicates a spatial

average over a plane area A that is taken in the center of

the mixed layer. Time-averaged estimates of FH were

found to agree to within 2% of Fadv
H on average for the

simulations that reach a steady state. Large fluctuations in

time were found in Fadv
H , resulting in a dependence on the

averaging period, which caused these differences. We

therefore use the FH computed from (1) throughout.

The simulations are initiated by prescribing each of

the five dimensionless numbers above together with an

initial interface thickness h0. For the majority of the

simulations we fixH/h05 11, but in one sequenceH/h0 is

varied. A random perturbation is applied to the vertical

velocity field at the initial time step in order to seed the

instabilities that develop near the interface (Carpenter

et al. 2012b). Because we are interested in determining

the condition that controls the transition to a rotation-

dominated heat flux, we have fixed Pr 5 6.25 and t 5
0.01, but vary Rr, Ra, and Ek. Polar oceans typically

have Pr ’ 13 and t ’ 0.005, and this difference should

have an effect on FH, however, it is not expected to

change the condition that determines the importance of

rotation on FH. This is supported by the rotating thermal

convection simulations of King et al. (2009), who show

that this condition is independent of Pr. The simulated

values of Pr and t are, however, characteristic of the

DDC staircase in tropical LakeKivu (Schmid et al. 2010;

Carpenter et al. 2012a; Sommer et al. 2013b) and rep-

resentative of subtropical regions.

Simulating low values of t places especially large

constraints on the computational grid and the size of the

domain. This is due to the small scales that result from

the slow diffusion of S. The Batchelor scale LB is often

used as a measure of the smallest scales that result from

the advection and diffusion of a scalar quantity in a flow.

It is expressed in terms of the volume-averaged rate of

kinetic energy dissipation �, as LB [ (nk2S/�)
1/4 for the

S field. Despite well-resolved DNS at grid spacings Dx

that are as large as 2.5LB in stably stratified mixing

layers, Carpenter et al. (2012a) have found that diffusive

convection requires Dx/LB & 2. In the present simula-

tions, the largest Dx/LB ratio at steady state was 1.23.

Flanagan et al. (2013) have suggested a different criteria

based on the length scale ‘[ (kTn/gaDT)
1/4. They found

that DNS of diffusive convection was well resolved when

Dxwas comparable to ‘t1/2, and the largest value found in

our simulations is Dx/‘t1/2 5 0.82.

In all simulations, the aspect ratio is fixed with the

horizontal domain size twice that in the vertical (Fig. 1).

Nine different values of Ek were simulated, beginning

with the nonrotating case of infinite Ek, and spaced ap-

proximately logarithmically to the strongest rotation at

Ek5 2.53 1025. BecauseNu is expected to be dependent

on Ra (Turner 1965), three values of Ra (6.53 105, 3.33
106, and 1.63 107) were simulated on evenly spaced grids

of 20483 1024 for the highest Ra, and 10243 512 for the

two lower-Ra simulations. These simulations have all

been conducted for a fixedRr5 5.However, an additional

sequence of simulations at relatively lowRr5 2 andRa5
3.3 3 106 have also been performed using the fine-grid

spacing. In dimensional terms, the simulations correspond

to scales relevant to oceanicDDCofH5 33 cm andDT5
1, 5, and 24m 8C at 248C with a grid spacing of 0.32 and

0.64mm. The FH observed in the simulations reach values

(;0.4Wm22) that are similar to those observed in both

the Canada Basin thermocline (Padman and Dillon

1987; Timmermans et al. 2008) and in Lake Kivu

(Sommer et al. 2013a,b).

The ability of 2D DNS to accurately capture the heat

fluxes that are present in the equivalent 3D simulations

was previously demonstrated by Carpenter et al. (2012a)

and recently by Flanagan et al. (2013). Carpenter et al.

(2012a) also show that the interface structure is accurately

captured with 2D simulations. However, the agreement

was only found forRr* 3. For this reason, the value of the

heat flux in theRr 5 2 simulations could be different than

for an equivalent 3D simulation. Nonetheless, the results

of the Rr 5 2 simulation are found to agree with the the-

ory, and offer insight into the physics of double-diffusive

convection.

3. Results and discussion

The effects of rotation on DDC can be seen qualita-

tively in the density fields shown in Fig. 1. In all cases, the

interface acts as a source of buoyancy (and potential

energy) for the convective motions in the mixed layer

through the continual formation of small-scale buoyant

plumes. These plumes originate from a convective in-

stability of the gravitationally unstable diffusive boundary

layer that results from the more rapid diffusion of the

T interface relative to the S interface (Carpenter et al.

2012b). In the nonrotating and weakly rotating simula-

tions, the mixed layer is found to develop a large-scale

circulation that sweeps up the smaller-scale convective

plumes together (Fig. 1a). As the rotation rate is increased

this large-scale circulation cell is no longer present, and

the horizontal spacing of the plumes is found to decrease

(Figs. 1b,c). Flow in the mixed layer is increasingly dom-

inated by the tendency of rotating convection to form tall,

thin, columns in which the motion is primarily vertical

(King et al. 2009). In addition, at relatively large rotation

rates, the plumes are seen to oscillate horizontally close to

the inertial frequency.

At low rotation rates, the presence of a single large-

scale convection cell may indicate that the aspect ratio
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will have an effect on the flow. This is generally the case

when the cells that form are of a comparable size to the

computational domain. At rotation rates that approach

the transition, however, the presence of many cells in

the domain (as seen in Figs. 1b,c) indicates that the

domain size has minimal influence on the convective

motions that develop. We therefore do not expect that

the aspect ratio will affect our predictions of the

transition to rotation-dominated heat fluxes in diffu-

sive convection.

It is thought that for Rr * 2, the central core of a dif-

fusive interface is undisturbed from the mixed layer

convection, and the heat fluxes can be well approxi-

mated by molecular conduction in the vertical, that is,

Fmol
H [ rcpkThDT/his , (3)

where h[DT/(›T/›zjs) (Linden and Shirtcliffe 1978;

Carpenter et al. 2012a), and the angled brackets indicate

an average over the central isotherm as in (1). In this

case, we can approximate Nu ’ H/h, and the condition

determining the transition to rotation-dominated heat

fluxes can be written in a general form as

Nut 5CEk21/2 , (4)

where Nut is the transition Nusselt number, and C 5
B21 5 0.18 is a constant (Kelley 1987; King et al. 2009).

For Nu,Nut, rotation is expected to significantly reduce

heat fluxes. We shall refer to (4) as the Kelley condition

after Kelley (1987). An important assumption of the

Kelley condition is that the heat flux through the interface

is close to molecular, that is, that FH ’Fmol
H . The validity

of this assumption is dependent on the value of Rr and is

expected to breakdown at low Rr. Values of Rr in Arctic

Ocean staircase interfaces are generally observed to be

in the range 1.4 & Rr & 6 (Padman and Dillon 1987;

Timmermans et al. 2003, 2008; Polyakov et al. 2012;

Sirevaag and Fer 2012), and the present simulations are

performed for Rr 5 2 and 5.

We test the Kelley condition by gradually increasing

the rotation rate (measured by Ek21/2 5 H/dE) and

calculate Nu to determine the transition from non-

rotating to rotation-dominated heat fluxes (Fig. 2). The

simulations can be divided into three different types

indicated by the different symbols in Fig. 2. The first type

is those at low rotation rates that reach a steady-state

value of Nu (solid circles). This steady state follows after

an initial period in which convection is initiated through

instability of the ‘‘diffusive’’ boundary layers on the

edges of the interface (Carpenter et al. 2012b). For low

rotation rates, there is very little change in Nu from the

nonrotating values at Ek21/2 5 0. As the rotation rate

is increased and the simulations approach the Kelley

condition, Nu is found to increase above the nonrotating

values. This phenomenon is also observed in rotating

thermal convection and has been explained by an en-

hanced vertical Ekman pumping velocity within the ther-

mal boundary layer (Kunnen et al. 2006). An example of

the density field in this regime is shown in Fig. 1b.

Once the rotation rate is increased further and the

Kelley condition is crossed, the Nu drops as rotation

strongly decreases heat fluxes. This finding parallels

similar results in rotating thermal convection (Rossby

1969; King et al. 2009) and in salt finger convection

(Schmitt and Lambert 1979). In these simulations (de-

noted by the hollow squares in Fig. 2) the Nu was not

found to reach a steady state over the integration period.

At the end of these simulations the T and S interfaces

are still growing in thickness, and the Nu shown in Fig. 2

therefore represents only an upper bound for each

simulation. An example of the density field for the high

Ra simulation in this rotation-dominated regime is shown

in Fig. 1c. It should be noted that for the two lower Ra

simulations the convection in this regime was extremely

ordered and cannot be called turbulent. Further increases

in the rotation rate were found to completely stabilize the

instability of the boundary layers, preventing convection

from taking place (Fig. 2, triangles), and this takes place

FIG. 2. Dimensionless heat flux (Nu) versus Ek21/2 5 H/dE for

a series of simulations at different Ra. Solid circles indicate simu-

lations that have reached a steady state, whereas hollow squares

indicate that a steady state has not been reached, and therefore rep-

resents an upper bound on Nu for these particular simulations. Gray

represents the region of parameter space in which the fluxes are ex-

pected to be strongly influenced by rotation, with the thick black line

denoting the Kelley condition. For all simulations, H/h0 5 11.

292 JOURNAL OF PHYS ICAL OCEANOGRAPHY VOLUME 44



at relatively lower Ek21/2 at lower Ra. A Nu of unity is

found in these simulations corresponding to amotionless,

purely conductive heat transfer.

Most of the simulations in the rotation-dominated

regime have not reached a steady state by the end of the

simulation because of the long integration times required

for the slow thickening of the S interface by molecular

diffusion. It is possible that these simulations eventually

reach an Nu of unity, in which case the transition would

not be resolved by our simulations. However, drawing an

analogy with rotating thermal convection, we expect that

steady-state interface thicknesses do exist close to the

transition. The experiments of Rossby (1969) and simu-

lations of King et al. (2009) demonstrate these steady

states in rotating thermal convection. This is most likely

not observed in our simulations because the resolution in

Ek is not fine enough to resolve the relatively rapid drop

in Nu. Therefore, we expect that it is possible for DDC

staircases to exist that are governed by rotation-reduced

heat fluxes.

The simulations can also be used to test the assump-

tion of the Kelley condition that the fluxes through the

interface are close to molecular. We do not expect that

Kelley’s criterion holds when the flux through the in-

terfaces is turbulent. In this case, the Ekman lengthmust

account for the turbulent exchange of momentum, which

is usually accomplished by an increase in the viscosity

above the molecular value. In Fig. 3, the FH /F
mol
H ratio is

plotted as a function of the dimensionless rotation rate

Ek21/2. It can be seen that the Rr 5 5 simulations are all

within 15%ofmolecular fluxes, indicated by FH /F
mol
H 5 1.

The general trend is for rotation to bring FH closer to the

molecular values. This is particularly evident in the low-Rr

simulations, where the nonrotating FH /F
mol
H 5 2:38, but

close to the transition FH is within 20% of Fmol
H (Fig. 3).

This characteristic of rotating DDC to bring the inter-

facial heat fluxes close to molecular values ensures that

the Kelley condition is valid even for low-Rr interfaces

that exhibit a significant ‘‘turbulent’’ heat transfer across

them when rotation is not present. The Kelley condition,

therefore, is able to predict the transition to a rotation-

dominated FH for the low Rr simulation, as is shown in

Fig. 2.

All of the simulations used to construct Fig. 2 had the

same initial interface thickness ofH/h0 5 11, and if dE is

sufficiently small we observe reduced Nu ’ H/h, and

therefore thicker interfaces. An important question that

we now address is whether it is possible to ‘‘push’’ an in-

terface into the rotation-dominated regime by beginning

with an initially thick interface. In Fig. 4, we choose four

different H/h0 5 (2.5, 4.0, 8.0, 11) with all other parame-

ters fixed, and plot the time evolution of a quantity that is

approximately a normalized interface thickness, given by

CNu21Ek21/2 ’ h/BdE. This normalization is chosen so

the Kelley condition corresponds to CNu21Ek21/2 5 1,

with rotation-dominated fluxes expected above this

level. The lowest (black) curve in Fig. 4 corresponds to

the high-Ra simulation with the largest Nu in Fig. 2,

with the density field shown in Fig. 1b. In each simu-

lation there is an initial increase in interface thickness

through molecular diffusion, with h(t) } (kTt)
1/2. This

growth is reversed when the diffusive boundary layers

break away from the interface and convection is ini-

tiated. In all but the largest h0 simulation, the con-

vection is able to erode the interface toward the

steady-state value observed in the H/h0 5 11 simula-

tion (Fig. 2 and Fig. 4), which is not in the rotationally

dominated regime. Although this steady state is not ob-

served for the H/h0 5 4.0 simulation, it is assumed that

it will eventually reach this state. For the H/h0 5 2.5

simulation, the convection is very weak, and it appears

likely that it will remain in the rotationally dominated

regime. Therefore, it is possible to push an interface

into the rotation-dominated regime if the initial in-

terface thickness is sufficiently large. In an oceano-

graphic context, DDC interfaces may be thickened

through some externally forced mixing event such as

internal wave breaking or shear instability. Alterna-

tively, it is possible for an interface to be pushed into

the rotation-dominated regime, and then recover back

to the nonrotating regime.

FIG. 3. The FH /F
mol
H ratio for all simulations that reach a steady

state. The plot has been ‘‘broken’’ to fit the large value of the

nonrotating, low-Rr simulation.
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4. Oceanic implications

Results of the DNS show support for the Kelley con-

dition in determining the location of a rotation-induced

transition to significantly reduced heat fluxes. Given this

support, we can now address the question raised in the

title of this paper, of whether rotation influences double-

diffusive fluxes in polar oceans. This was previously dis-

cussed in Kelley (1987) using typical order-of-magnitude

values from known double-diffusive staircases at that

time, however, we revisit this question in light of recent

observations of DDC in the Arctic Ocean.

A number of previous studies in polar regions have

speculated on staircases in which the heat fluxes appear

to be significantly less than the laboratory-derived laws

(Howard et al. 2004; Timmermans et al. 2003; Polyakov

et al. 2012; Carmack et al. 2012). A number of mecha-

nisms may be important for the observed flux reduction,

such as a mean shear present across the interfaces

(Polyakov et al. 2012) or lateral effects (Kelley et al.

2003). Here, rotation is suggested as a possible mecha-

nism for reducing heat fluxes below the laboratory-

derived parameterizations in some of these staircases.

We discuss five examples of staircase observations, from

the Arctic Ocean and tropical Lake Kivu (Carpenter

and Timmermans 2012); three in which rotation is ex-

pected to be an important influence, and two in which it

is not.

The first example occurs in the;2600-m-deep double-

diffusive staircase of the Canada Basin, Arctic Ocean.

Both an approximate heat budget (Timmermans et al.

2003; Carmack et al. 2012) and an overturn analysis of

the interfaces (Timmermans et al. 2003) indicate that FH

is less than that predicted using the parameterization of

Kelley (1990), however, it is not known by exactly how

much. Interface thicknesses within the deep staircase

are generally reported to be within the range of 2, h,
20m (Timmermans et al. 2003; Carmack et al. 2012)

showing that they are much thicker than BdE 5 63 cm,

based on the molecular value of n 5 1.833 1026m2 s21.

However, the density ratio of these interfaces is low

(Rr ’ 1.6 on average), raising the possibility that the

heat fluxes through the interface may be turbulent

(Timmermans et al. 2003; Johnson and Garrett 2004).

This question was addressed in some detail by Johnson

and Garrett (2004), where they concluded that over-

turns observed in T profiles measured with a standard

CTD were indistinguishable from instrument noise.

Therefore, it is possible that the interfacial fluxes in

the deepArctic staircase are close to molecular values,

and that they are in the rotation-dominated regime. It

is also interesting to note that we could use a turbulent

eddy viscosity Kn, in the definition of the Ekman thick-

ness. Timmermans et al. (2003) have estimated an eddy

diffusivity for T, which we take to be equivalent to Kn,

that is, we assume that the turbulent Prandtl number is

unity (sometimes referred to as the Reynold’s analogy).

Based on the mean interface T gradients and an upper

bound for FH, they arrive atKn ’ 43 1025m2 s21. Using

this value of Kn, shows that BdE 5 3m, and Kelley’s

condition requires that h . 3m for rotation to signifi-

cantly decrease heat fluxes. However, just how to define

h for a turbulent interface is not clear, and we should not

expect Kelley’s condition to be valid in this case.

A second example of DDC interfaces that may be

affected by rotation comes from the thermocline of the

Laptev Sea slope region of the Arctic Ocean. Polyakov

et al. (2012) report measurements of interface thick-

nesses that are in the range 1, h, 5m at values of 1.5,
Rr , 3.5, and once again it is unclear whether the in-

terfaces may be turbulent. Polyakov et al. (2012) have

addressed this question by calculating turbulent fluxes

within the interfaces of a representative DDC staircase,

measured in this region by Lenn et al. (2009) with a mi-

crostructure profiler. Using the common turbulent

mixing parameterization for the temperature diffusivity

KT 5 G�/N2, where G 5 0.2 is the mixing efficiency and

N is the buoyancy frequency, Polyakov et al. (2012) find

FH ’ 1Wm22 through the thick interfaces [the Kelley

(1990) parameterization gives approximately 5 times

larger FH]. Based on a mean T gradient within the

FIG. 4. Time evolution of CNu21Ek21/2, which is approximately

equivalent to the normalized interface thickness h(t)/BdE. Each of

the curves represents a simulation with a different h0 as shown. The

time t has been nondimensionalized by the scale (H/gaDT)1/2. As in

Fig. 2, gray denotes the region of parameter space in which the

fluxes are expected to be strongly influenced by rotation, with the

Kelley condition shown by the black line. For all simulationsEk21/25
33,Rr 5 5, and Ra5 1.63 107. TheH/h05 11 curve corresponds to

the high-Ra simulation at Nu 5 9.8 in Fig. 2.
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interfaces of h›T/›zi 5 0.09258Cm21 [see Polyakov

et al. (2012), their Fig. 7], we can estimate KT 5 FH/

rcphdT/dzi ’ 2.4 3 1026m2 s21. Taking Kn 5 KT leads

to an eddy viscosity value that is only marginally larger

than the molecular value, that is, Kn 5 1.4n. It is also

possible to calculate the buoyancy Reynolds number

Reb [ �/nN2 ’ 7, where this low value implies that the

flow is in a transitional state that is close to molecular

mixing levels (Ivey et al. 2008). Taking dE 5 (Kn/f)
1/2

gives a Kelley condition of h. 74 cm, and we conclude

that rotation could be responsible for lower FH esti-

mates in this DDC region. It should be noted that most

existing CTD measurements do not have sufficient reso-

lution to allow us to rule out the presence of smaller

staircases that may be ‘‘sandwiched’’ inside these larger

interfaces, and this has been found to be the case in some

instances. If this is the case then FH would again be re-

duced from earlier estimates.

Another possible DDC staircase that could be influ-

enced by rotation comes from the thermocline region of

the Amundsen Basin (200–260-m depth). The recent

temperature microstructure survey by Sirevaag and Fer

(2012) in this region shows that heat fluxes, measured

using two independent methods, are smaller than the

Kelley (1990) parameterization by an order of magni-

tude. Although interface thicknesses are not reported in

Sirevaag and Fer (2012), we can determine an average h

through the relation hhi5 rcpkThDTi/hFmol
H i, using av-

erage values of hDTi5 0.0628C(based on their Table 2 and

weighted by interface number) and hFmol
H i5 0:05Wm22.

This leads to an average hhi5 71 cm, which is slightly

greater than values of BdE 5 63 cm for these latitudes.

They also find close agreement between Fmol
H through the

interfaces and FH calculated using a mixed layer turbu-

lence technique. This is to be expected becauseRr5 3 for

this staircase on average. We therefore conclude that

rotation may be responsible for the large discrepancy

between the measured and parameterized FH in the

Amundsen Basin staircase.

Using the present simulations, it is difficult to make

quantitative predictions of the decrease in FH when

DDC is in the rotation-dominated regime. In fact, there

is considerable debate over the form of the heat transfer

law in rotating thermal convection, expressed as Nu }
RaaEkb, with various studies proposing different values

of the scaling exponents a, b [see Julien et al. (2012) and

King et al. (2012) for a recent discussion]. Recent studies

using different boundary conditions, and in different

parameter regimes have found that 1& a# 3 and 1.5&

b# 4 (Schmitz and Tilgner 2009; King et al. 2012; Julien

et al. 2012). The large value of the exponents in the heat

transfer law shows that Nu is very sensitive to Ra and Ek,

and Nu decreases rapidly in the rotationally dominated

regime [see also Kelley (1987)]. In the case of DDC, all

that can currently be said is that FH is strongly reduced

once the Kelley condition is crossed, and it is conceiv-

able that the discrepancy between estimated fluxes and

the nonrotating parameterizations in the Arctic Ocean

staircases just identified can be attributed to rotational

effects.

Finally, we discuss two DDC staircases in which rota-

tion is not expected to significantly influence heat fluxes.

The shallow (;300m deep) CanadaBasinDDC staircase

has been observed using a microstructure profiler by

Padman andDillon (1989) andTimmermans et al. (2008).

They report that the T interfaces satisfy h , 40 cm, in-

dicating that rotation is not expected to significantly af-

fect heat fluxes, because BdE ’ 63 cm at these latitudes.

This conclusion is also supported by the analysis of

Timmermans et al. (2008), who show that the molecular

heat flux through the interfaces agrees well with the

laboratory-based parameterization of Kelley (1990). It is

noteworthy that the Kelley (1990) parameterization also

works well in equatorial waters, and a similar analysis has

been performedby Schmid et al. (2010) and Sommer et al.

(2013a,b) for theDDCstaircase inLakeKivu, locatedat 28S
in tropical Africa. Once again, the microstructure-based

estimates of molecular heat fluxes show good agreement

with the Kelley (1990) parameterization, and the inter-

face thickness distribution with h , 1m, does not ap-

proach the Kelley condition of BdE 5 2.3m.

5. Conclusions

In summary, we have performed the first series of

experiments quantifying the effects of rotation on heat

fluxes in the diffusive (semiconvection) regime of double-

diffusive convection of oceanic relevance. The results

support a previous theory by Kelley (1987) stating that

significantly reduced heat fluxes will result when the

Ekman layer thickness is sufficiently smaller than the

thermal interface thickness—an idea also shown by King

et al. (2009) to apply in thermal convection. The scaling

law implied by this condition is applied to relevant DDC

staircases in the Arctic Ocean, where we predict the

possibility of significantly reduced, rotation-dominated

heat fluxes in the DDC staircases of the deep Canada

Basin, near the continental slope in the Laptev Sea ther-

mocline, and in the Amundsen Basin.
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