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Abstract. The Reynolds numberRe is used as a metric to
assess whether or not a flow may contain turbulence. In a
weakly ionised gas with an external electric field imposed,
ions exert a drag on the neutral particles. Thus, a component
of the neutral motion is attributable to the ion-drag. An anal-
ogy toRe has been proposed in which the ion-drag-induced
velocity contribution to the neutral motion is used. This anal-
ogy thus represents the destabilising effect of the electric
field on the neutral dynamics. Here quantisation of this pro-
posed metric is investigated.
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1 Introduction

Various reports, e.g. Danilov et al. (1979), exist which in-
dicate that neutral air turbulence in the lower thermosphere
may be enhanced during periods of increased geomagnetic
activity. Fluctuations in the Earth’s magnetic field are invari-
ably associated with current systems in the upper atmosphere
and hence with electric fields. Hall (2000) attempted to ex-
plain the observations of, in particular, Danilov et al. (1979),
by investigating how realistic neutral wind profiles in the
lower thermosphere exhibited shears giving bulk Richardson
numbers (Ri) indicative of dynamic instability. The Reynolds
number (Re) is also used to identify situations in which flows
may become (or cease to become) turbulent. While the usual
formulation ofRe involves the bulk speed of the fluid and
a typical length scale, the turbulent Reynolds number uses
eddy velocity and size. To illustrate this, an initially lami-
nar flow may become turbulent as a result of increasing flow
speed when a certain criticalRe is reached. Only after tur-
bulence has been established may the turbulentRe be identi-
fied; subsequently, as the flow subsides for example, the tur-
bulence will cease at a certain value ofRe which need not be

Correspondence to:C. Hall (chris.hall@phys.uit.no)

the same as for turbulence instigation. In other words, differ-
ent kinds ofRe may be defined, and furthermore they often
exhibit a hysteresis. While anRe for laminar flow may ex-
ceed several hundred (dependent on geometry) before turbu-
lence sets in, the condition of turbulentRe < 1 indicates that
viscosity dominates to such a degree that turbulent eddies
cannot develop. Thus, identifying the contribution collisions
from ions make to the neutral velocity can be used to con-
struct another analogy to the classic Reynolds number. When
this number is less than some critical value, viscosity domi-
nates the dynamics such that turbulence is suppressed. Com-
bining profiles ofRi with this turbulence-possible/suppres-
sed metric would allow one to identify regions in the atmo-
sphere at which electrodynamics is capable of destabilising
the neutral flow, or at least augmenting existing turbulence.
High in the lower thermosphere the neutral viscosity (which
increases exponentially with height) is so great that neutral
air turbulence is precluded. Lower down, in the mesosphere,
although neutral air turbulence may well be present, the ion-
isation is so little that the ions are unable to influence the
neutral dynamics to any degree. Hall (2000) found that in be-
tween these regions, it was feasible for the electrodynamics
to induce or enhance neutral turbulence. It is at these inter-
mediate heights that such an effect could explain the findings
of Danilov et al. (1979).

Hall (2000) discussed some possible formulations of the
Re analogy number, which will be denotedℵ here. In this
treatise, the quantisation ofℵ will be investigated in more
detail in an attempt to arrive at a formulation that may be
experimentally tested in subsequent work.

2 The ion-drag analogy toRe

The Reynolds numberRe is usually expressed as:

Re =
UL

ν
(1)

whereU is a typical velocity,L is a typical length andν is the
kinematic viscosity. As an example, consider flow in a pipe:
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Reynolds’ classic experiment measured the average velocity
by measuring the volume of fluid which passed through the
pipe in a given time interval.L was the internal diameter
of the pipe (obviously, a transverse length); a critical num-
ber of 2000 resulted from his pipe flow experiments. In the
boundary layer, the boundary layer thickness is often used
asL (again, transverse) while in applications to jet flow in
a medium, a longitudinal length is sometimes used. In the
free atmosphere the specification of a bulkL is difficult if
not impossible and, almost no matter how they are calcu-
lated, bulk Reynolds numbers are usually so large that their
value rarely precludes turbulence. In such environments,Ri

is more often used as the turbulence metric. An alternative to
this approach is to consider time scales, therefore. The Peclet
number is defined as the ratio of molecular,Tm, to turbulent,
Tt , time scales. From, e.g. Tennekes and Lumley (1972):

Tt = L/u (2)

whereu is a turbulent velocity scale, and

Tm = L2/γ (3)

whereγ is the thermal conductivity (we can see this is di-
mensionally correct since thermal conductivity and diffusiv-
ity have dimensionsL2T −1),

Tt

Tm

≈
γ

uL
(4)

The ratioν/γ is the molecular Prandtl number, which for air
= 0.73, but taking it as unity for our purposes we see that

Tt

Tm

≈
1

Re
. (5)

In this argument lies the intrinsic assumption that the same
length scale can be used for both processes, and this is not
usually true at highRe.

In the atmosphere, there exists a height (or possibly
heights), the turbopause, at which turbulent and molecular
diffusivities are equal. From Eq. (5) we can see that this is
the height at which turbulentRe is unity. The Hall (2000)
analogy toRe which rather than representing the ratio of
inertial (or turbulent) effects to viscosity (or molecular ef-
fects), represents the ratio of electrodynamically induced in-
ertia to viscosity. Similarly toRe, when viscosity is suffi-
ciently large, its damping inhibits inertial effects induced by
electrodynamics. Hall (2000) utilised Eq. (5) thus:

Tm = L2
B/ν (6)

Telectrodynamic= 1/νni (7)

whereLB is the buoyancy length scale,Telectrodynamicis a
time scale for electrodynamics induced inertia, andνni is
the neutral-ion collision frequency. The quantityLB may
be thought of as the largest size of an eddy (if such a struc-
ture indeed exists). The reciprocal of the neutral-ion collision
frequency represents the mean time between successive col-
lisions of a given neutral molecule with any ion. This does

not represent the time scale for acceleration of the neutrals
due to an ion motion induced by an external electric field.
While the proposal:

ℵ ≡
(ion-drag induced neutral wind)× length

kinematic viscosity
(8)

and suggested implementation:

ℵ =
Tm

Telectrodynamic
(9)

are both valid, the Hall (2000) derivation ofTelectrodynamic
needs improvement. We shall return, therefore, to formu-
lation (8).

Consider a collisional plasma in which the neutral particles
are initially at rest and the ions move with a speedvp. After
a timet , the neutral particles will have attained a speed

va = vp[1 − exp(−νnit)] (10)

(e.g. Ratcliffe, 1972, Eq. 6.39). Now for the numerator in
Eq. (8) we may substitute (ion-drag induced neutral wind)2

×

time scale, and if we utilise the Brunt-Väis̈alä periodtB as a
typical time scale we have:

ℵ =
[vp{1 − exp(−νnitB)}]2tB

ν
(11)

wherein we may obtainνni from

νni = 2.6 · 10−15ni/Mi (12)

whereni is the ion number density andMi is the ion molec-
ular weight (e.g. Ratcliffe, 1972).

While a Reynolds number analogy has been used in for-
mulating ℵ, because of the very large value of the damp-
ing force, the kinematic viscosity, and the use of the Brunt-
Väis̈alä period as the characteristic time constant of the desta-
bilisation together with the ion drag velocity, in proposing
a critical value for the transition from laminar to turbulent
flow, a Richardson type criterion may be more appropriate,
with a critical value of order 1. While this value requires
experimental verification, the assumption of a critical value
near unity is consistent with the concept of geomagnetic in-
fluence on turbopause height, as shown in the following ex-
amples. Let us then test this formulation by substituting
some realistic values. For the lower thermosphere, we shall
use a mean molecular weight of 30.5 amu. Ion density pro-
files may be obtained from the international reference iono-
sphere (IRI) (Bilitza, 1990). The MSIS-E model atmosphere
(Hedin, 1991) can be used to obtain a typical value for the
Brunt-Väis̈alä period of 300 s, and also for the kinematic
viscosity. Fujii et al. (1998) provides a source of realistic
ion wind speeds derived from incoherent scatter observations
from a series of electric field> 25 mV m−1 cases. Figure 1
shows the resulting height profile of the proposed analogy
to Re. Wherever the value falls to below unity, the viscous
damping is more important than ion-drag effects. A maxi-
mum can be seen at 115 km altitude and what is of particular
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Fig. 1. The proposed (Hall, 2000) analogy to the Reynolds number
for ion-drag induced neutral motion as a function of altitude and
using a typical neutral wind speed profile from Fujii et al. (1998).
The vertical dotted line indicates the unity condition.

interest here is that the turbopause normally occurs some-
where near this height. Depending on the critical value(s) for
ℵ, sufficient ion-drag may well enhance or even induce tur-
bulence causing the viscous cut-off to occur higher up than if
no ions were present.

In the preceding example, we had used measured wind sta-
tistical values associated with an unknown electric field, and
a nominal Brunt-V̈ais̈alä period (since Fujii et al., 1990, used
data from many dates). Let us now take the electric field as
the starting point and use the MSIS-E temperature profile to
better estimate the Brunt-V̈ais̈alä period. The ion speedvp

in the lower thermosphere may be expressed by

vp =
eE

νinmi

(13)

wheree is the electronic charge,E is the strength of the ex-
ternal electric field,νin is the ion-neutral collision frequency
and mi is the ion mass. Since the models used are time-
dependent, it has been possible to examine both summer and
winter cases. TheRe analogy is shown for both summer (Fig.
2a) and winter (Fig. 2b) and for three different external elec-
tric field strengths. The greatest electric field, 60 mV m−1

represents disturbed conditions. Even greater values might
occur in reality but these would probably be shorter lived
than the response time of the neutral gas. It can be seen that
a well-defined region around the nominal turbopause height
occurs, but only in the summer, and for field strengths of
around 25 mV m−1 and greater, does theRe analogy indicate
dominance of electrodynamic driving over neutral viscosity.
Figure 3 shows a 3-dimensional representation for a range of
electric fields for the summer case (in winter theRe analogy
is always small). The shading in the figure indicates the re-
gion where theRe analogy exceeds unity and it can be seen
that the maximum lies around 105 km altitude.

 

 

Fig. 2. The proposed analogy to the Reynolds number as a function
of height. Different electric field strengths are used to derive corre-
sponding plasma velocity profiles.(a) Summer case and(b) winter
case. The vertical dotted lines indicate the unity condition.

3 Conclusion

An analogy to the Reynolds number has been proposed, in
which the component of the neutral atmosphere inertia as in-
duced by ion drag is compared with its kinematic viscosity.
Often, turbulence is associated with high Reynolds numbers,
but in this case it is more appropriate to consider the inverse:
that sub-unity turbulent Reynolds numbers represent cases in
which the kinematic viscosity is sufficient to damp out inertia
effects before turbulent eddies have had chance to form. The
ion-drag analogy to the Reynolds number should also be used
in this way, although the critical value below which ion-drag
driven neutral air turbulence is precluded has yet to be deter-
mined experimentally. The number is intended to represent
only the influence by the ion drag on the neutral dynamics,
and it should be remembered that, especially where the kine-
matic viscosity is small, other mechanisms come into play
to determine whether turbulence can survive. Neither should
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Fig. 3. The proposed analogy to the Reynolds number as a function
of height and electric field strength, for summer conditions. The
shaded area indicates where the metric exceeds unity.

the ion-drag Reynolds number analogy alone be used as an
indicator of turbulence. If shears are present in the flow that
exhibit Richardson numbers of< 0.25, the Reynolds num-
ber analogy (and indeed the Reynolds number itself) deter-
mines whether the viscous damping is unimportant enough
to allow turbulence to form. It would appear that ion drag
is most efficient at inducing neutral air speeds sufficient that
inertial effects overcome those of viscous damping, in an at-
mospheric layer peaking around 105 km altitude. Below this
peak, the effect decreases with lessening altitude because ion

concentrations decrease. Above the peak, the effect decreases
with altitude due to the increasing kinematic viscosity. How-
ever, the height regime in which the ion-drag effects are sig-
nificant coincides with the normal turbopause height, and
therefore these effects may indeed be responsible for induc-
ing or enhancing turbulence and therefore explaining the ob-
served (Danilov et al., 1979) increases in turbopause height
during periods of high geomagnetic activity.
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