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ABSTRACT

The question of whether there is sufficient magnetic twist in solar active regions for the onset of the kink instability
is examined using a “blind test” of analysis methods commonly used to interpret observational data. “Photospheric
magnetograms’’ are constructed from a recently developed numerical simulation of a kink-unstable emerging flux
rope with nearly constant (negative) wind. The calculation of the best-fit linear force-free parameter a,q is applied,
with the goal of recovering the model input helicity. It is shown that for this simple magnetic structure, three effects
combine to produce an underestimation of the known helicity: (1) the influence of horizontal fields with lower local «
values within the flux rope; (2) an assumed simple relation between vy and the winding rate g does not apply to
nonaxis fields in a flux rope that is not thin; and (3) the difficulty in interpreting the force-free twist parameter
measured for a field that is forced. A different method to evaluate the magnetic twist in active region flux ropes is
presented, which is based on evaluating the peak « value at the flux rope axis. When applied to data from the
numerical simulation, the twist component of the magnetic helicity is essentially recovered. Both the ay.s and the
new oyea methods are then applied to observational photospheric vector magnetic field data of NOAA AR 7201.
The auyest approach is then confounded further in NOAA AR 7201 by a distribution of « that contains both signs, as is
generally observed in active regions. The result from the proposed opeak approach suggests that a larger magnetic
twist is present in this active region’s d-spot than would have been inferred from «vy., by at least a factor of 3. It is
argued that the magnetic fields in localized active region flux ropes may indeed carry greater than 27 winds, and thus
the kink instability is a possible trigger mechanism for solar flares and coronal mass ejections.

Subject headings: Sun: activity — Sun: coronal mass ejections (CMEs) — Sun: magnetic fields —
Sun: photosphere — sunspots

Online material: color figures

1. INTRODUCTION factors, including the loop geometry and neighboring/overlying
fields, but is generally agreed to be at least one full wind (see
discussions in Hood & Priest 1979; Priest 1987; Lionello et al.
1998; Baty et al. 1998; Baty 2001; Torok et al. 2004; Fan &
Gibson 2003, 2004). Recently, Leamon et al. (2003) tested the
hypothesis that “twisted coronal loops are unstable to the MHD
kink mode only if their total twist exceeds a critical value . . . not
less than 7. ~ 27”’; a further hypothesis was introduced, in
which the twist of interest was that associated with the “non-
local” large scale or average for the active region. This observa-
tional study of active regions associated with eruptive events
quantified the magnetic twist using the “best-fit” linear force-
free magnetic twist parameter ovpes (Pevtsov etal. 1995; “ag” in
Leka & Skumanich 1999), derived for the whole active region
from photospheric magnetograms, assuming that it related to the
winding rate ¢ by a simple factor of 2. Coupled with a simple
(and reasonable) model of the associated coronal magnetic loop
length / as a semicircle between the two magnetic footpoints
separated by distance d, the total twist was computed by Leamon
et al. (2003) as

While it is not yet known what process triggers solar energetic
events, certain aspects of the magnetic field, as observed at the
photospheric boundary, do appear to play a role. Numerous ef-
forts have been undertaken to establish the statistical relation of
the photospheric magnetic field to coronal mass ejections (CMEs;
Falconer etal. 2002; Canfield et al. 1999) and solar flares (Leka &
Barnes 2003), based on the hypothesis that measures derived
from the photospheric magnetic field bear a direct physical re-
lationship to the magnetic state of the corona. Establishing a
statistical correlation is only the start and does not necessarily
provide causality; the goal is to understand the requirements of
the solar magnetic atmosphere to produce an eruption: what, if
any, thresholds must be crossed and what the trigger mecha-
nism(s) is(are).

The kink instability is the process whereby magnetic twist
(winding of magnetic field lines around an axis) in a contained
flux system is abruptly converted to magnetic writhe (the
winding or deforming of the axis itself). The exact amount of
twist T'required to trigger a kink instability depends on numerous

d
T:lq:%o‘;e“. (1)
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The total twist inferred for most active regions in their sample
barely achieved T = 1.5, corresponding to field lines winding
a quarter turn about the axis (hereafter we use 7/2m; i.e., in
this case 7'/27w = 0.25). Such a small inferred total twist for a
sample of 25 CME-producing active regions lead the authors
to conclude that the results were “inconsistent with the kink
instability as the cause of solar eruptions.”

Here we demonstrate that, as acknowledged in Leamon et al.
(2003), there may be ample twist available for active region
coronal magnetic fields to undergo kink instability, albeit on
smaller, localized scales. Using data from a numerical simula-
tion, an analytic model, and the observed photospheric vector
magnetic field, we examine the assumptions surrounding the
calculations using e, and the relation between the force-free
twist parameter o and the twist component of the magnetic he-
licity. It is shown in §§ 2 and 3 that relying on s and the thin
flux tube assumption leads to an underestimation of the twist,
even when applied to a constant-wind flux rope structure. We
propose in § 4 a modified method, which is shown to better
recover the twist component of the magnetic helicity in the
simulation data. In § 5, we demonstrate and discuss the differ-
ences between the ar,eq and new o, techniques in application
to observational data of an active region that included a é-spot.

2. TESTING aypese ON DATA
FROM NUMERICAL SIMULATION

Can boundary magnetic field data provide sufficient infor-
mation to interpret the state of the region above it? That is, can
the photospheric vector magnetic field be used to characterize
whether there is sufficient twist for the coronal field to become
kink unstable?

To address this, we first turn to data from numerical simu-
lations. Recently, an MHD model of a helicity-carrying magnetic
flux system emerging into an overlying potential magnetic ar-
cade was developed by Fan & Gibson (2003, 2004). During its
evolution, the emerging flux rope becomes unstable to kinking
and quickly rises, interacting with the overlying arcade in the
process. Thus, these simulation data provide a known quantity to
test; would this ““active region” be suspected to become kink
unstable were it observed on the Sun?

We focus first on a “snapshot™ at time step 45, when the flux
rope is almost completely emerged but the kinking has not yet
manifested (see Fig. 2 of Fan & Gibson 2004). The known
properties of the simulated coronal field at this time are as fol-
lows (see Table 1): the field lines in the emerged flux rope have a
nearly constant winding rate, and wind an average 1.5 times
between line-tied ends (i.e., 7/27w = 1.5). The distance d be-
tween the axis “legs” at the boundary is 0.72L, and the axial field
line follows an approximately semicircular path of length 1.11L.
(L is the length scale for the model, effectively the box length in
the p-direction; it will be used herein when referring to the
simulation data.)

Note that the above value of total twist of 7/27 = 1.5 is
obtained from the H/$? computed in Fan & Gibson (2004) at
time step 45. In computing the relative helicity H using equa-
tions (12)—(15) in Fan & Gibson (2004), the B field of the flux
rope was isolated in the domain, and the arcade field was excluded
(hence ¢ instead of total flux @) so that the computed H only
contains the tube’s self-helicity, and H/¢$? corresponds to the
total twist in the emerged tube.

We create a “photospheric vector magnetogram” (see Fig. 1)
from a cross-section of the simulation data just slightly above the
lower boundary, at a height z = 0.006L. The footpoints of the
flux tube determined by the locations of maximum vertical field
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TABLE 1
MEAasURES oF Twist IN THE FaN & Gisson (2004) MobEL

« d /
Object ) L) (L) T/2%

Time Step 45

Model field........ccccceeunnee ... 0.72 1.11 1.5

pest Method

z=0.006L:
Active region ................... -75+£13 069 109" 0.65+0.11
Flux rope.....ccooveevvvecnnenne -9.1+1.0 0.80 £+ 0.09
z=0.031L:

Active region ................... -72+07  0.695 1.09*  0.62 £ 0.06
Flux rope......cccococuvevevununnae —99+ 1.0 0.86 £ 0.09
@ peak Method
FIux rope....cccveveueerieenenns —17.5 0.72 1.13% 1.57

Time Step 30
Model field.........ccccueueee. S 0.45 0.48 0.77
Qpeak Method
FIuX rOpe€...ceveveeeiririeiinnns —18.2 0.46 0.72% 1.04
—18.2 e 0.48 0.69

? Assuming [/ = wd/2, i.e., a semicircle.

are separated by 0.69L, slightly shorter than the known axis
separation. The implied semicircular loop length is thus 1.09L,
slightly shorter than the axial field line.

The parameter ape is that value of « that gives the best
agreement between a linear force-free field computed from the
observed B, and the observed horizontal field. Thus o acts as a
spatial average weighted by the horizontal field. From the pho-
tospheric vector magnetogram derived from the simulation at
time step 45, avpest = —7.5 & 1.3 L~!. Paired with the semicir-
cle loop length and the uncertainties in vy, equation (1) gives
the inferred wind number 7'/27 = 0.65 (Table 1).

As with solar active regions, there is a mix of twisted and un-
twisted magnetic field in the simulation, the latter being com-
posed of the potential-field arcade, which overlies the emerging
flux rope. Isolating the flux rope (see Fig. 1, boxed area) results
in the slightly larger apess = —9.1 £ 1.0 L™!. In combination
with the same loop length, 7/27 = 0.8, which is slightly larger
but still below the “minimum critical” 1 x27 discussed in
Leamon et al. (2003). This resulting 7'/27 wind number is also
well below the known model field discussed above (and sum-
marized in Table 1).

3. IMPLICATIONS FOR MEASURING MAGNETIC TWIST

Why do we fail to reproduce the known inputs in this blind
test? We point out three reasons.

The first concerns the assumption that oy, as a single
weighted average (Leka & Skumanich 1999), adequately de-
scribes a system in which a significant variation exists. Due to the
strong influence of horizontal fields on the calculation of avp.,
the result is dependent on an interplay between the distribution of
B., B, and J, magnitudes.

Consider o, described by the distribution of J,/B., rather
than apeq (see Fig. 2). Keeping in mind that the flux rope has
nearly constant wind, and thus the local a(x,y) o< (J./B.)(x, )
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Fic. 1.—Vector magnetic field at z = 0.006L from the numerical simulation
of Fan & Gibson (2004), at time step 45. Underlying “‘continuum image” is a
reverse-color image of B%; positive(negative) vertical magnetic flux is indicated
by white(black) solid lines at 100, 500, 1000, and 2000 G, and the magnetic
polarity inversion lines are also indicated by the gray contour. Horizontal
magnetic field is plotted at every fourth pixel. Tick marks are in units of L. The
black box outlines the subarea used when the flux rope is isolated. [See the
electronic edition of the Journal for a color version of this figure.]

stays predominantly negative, we see that where the fields are
strong and primarily vertical (close to the axis), {a.(x,y)) =
(J./B.(x,y)) = —13.3 £ 1.9 L~!, whereas in regions of more
inclined field away from the tube axis (o) = —5.8 + 3.0 L™
That is, ay,eq represents the average o away from the axis.

The presence of the potential o, = 0 arcade and the additional
dilution it brings to ap,ee; explains the difference between avpeg of
the isolated flux rope and the full “active region.” As shown in
Pevtsov et al. (1994), Leka & Skumanich (1999), and Leka
(1999), active regions can display a wide range of local a(x, ),
which generally fall on both sides of zero. Measures such as aup.g;
thus result in robust averages of nearly zero (see also Fig. 3 of
Leka & Skumanich 1999 and Fig. 9 of Leka 1999; and § 4). For
this blind test, however, the averaging effect of opposite-sign
twist is not a strong factor in the e results; the variation of
a(x, y) is primarily a function of the distance from the axis.

Why does a5 not recover the twist component of the helicity
even for a constant-wind construct? This brings us to the second
reason, for which an analytical example is illustrative. Consider a
simple Gold-Hoyle—type force-free flux tube (Gold & Hoyle
1960) with

B

B. = (1+4;2r2)’ By = qrB., (2)
which is nonlinear force free and uniformly twisted (g, the twist
per unit length, is constant with radius »; see, for example, Priest
1987, § 7.4). All field lines wind about the axis by the same
amount over a fixed distance along the tube. Evaluating o, =
J./ B, directly, a.(r) = 2q/(1 + g*r?), which peaks for the axial
field line at » = 0 but decreases with increasing . If the flux rope
is thin in the sense that the radius of the tube is small compared to
all other relevant length scales, in this case gr < 1, then «,(7) is
essentially constant, and apesy =~ v, (r) =~ 2q. If, however, the
flux rope is not thin, then at the axis a..(r = 0) = 2q, but over the
rest of the tube () varies, and taking 2g = apest = () un-
derestimates q.

In the context of the simulation data, the model flux rope is
not thin, and thus invoking the thin flux tube approximation in
order to measure 7'/27 using the 2g = cvpest assumption (eq. [1])
underestimates the total twist. In the case of Leamon et al.
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Fic. 2.—Scatter plot of «, = J/By vs. a; = J./B. for heights z = 0.006L
( purple and green diamonds, respectively) and z = 0.031L (red and yellow plus
signs, respectively). The points for near-axis more vertical fields are those with
generally larger |a;| ( purple and yellow symbols), compared to those for fields
more inclined toward the horizontal and within the flux tube but away from the
axis ( green and red symbols). The apest = —9.1L7" derived for the flux rope is
indicated by a large black “X.” Of note: (1) the influence of the inclined-field
regions on . is clear as the distinct difference between «, for the more vertical
and more inclined regions (purple vs. green for z = 0.006L; yellow vs. red for
z =0.031L); (2) «, has little relation to «, at z = 0.006L (diamonds), indicating
that the layer is not force free. At z = 0.031L, however ( plus signs), there is a
direct relation between the directed current/flux ratios, implying that the layer is
force free and that the parameter « can be related to the twist present.

(2003, 2004), the 2g = apest assumption was invoked for entire
active regions, and the twist—even the large-scale twist—was
underestimated.

The third reason we fail to reproduce the inputs is that o, in the
photosphere, derived by whatever means, may bear little re-
semblance to the true magnetic twist due to the fact that the field
is not force free, i.e., J x B # 0. This is distinctly the case at
z = 0.006L near the line-tied lower boundary in the simulation
(see Fig. 2), where a.; = J,/B, does not well represent the sit-
uation for o, = J, /By (similarly for y). Thus, o computed in a
forced layer cannot represent a force-free twist parameter.

Using the simulation data, a “chromospheric vector mag-
netogram” is created at z = 0.031L, where now indeed J || B
(Fig. 2). The results for ay are not significantly different (see
Table 1). Thus, even though the field is force free, a(x, y) still has
a wide variation, and ay,e Still acts as an average, but now there
is a unique relation between «, and « such that the state of the
field might be interpreted from an observed (single-height)
vector field boundary.

4. RECOVERING THE TWIST: THE apex APPROACH

The twist component of the total magnetic helicity in a uni-
formly wound flux tube is Tw = (¢//2m)®2, with ¢ and / defined
as above and ® the magnetic flux (Moffatt & Ricca 1992;
Longcope & Klapper 1997; Longcope et al. 1998). Assuming
constant winding, it was demonstrated above that ¢ can be re-
covered using « derived from a boundary vector magnetic field
on the axis of the tube. That is, if there is no writhe and ¢ is
constant, the axis should correspond to the region of largest «,
and using that value rather than an average « should recover
T = gl more readily.

Using the “chromospheric magnetogram” atz = 0.031L, the
peak «, = J./B. near the axis is —175L Y and [ = 1.13L71,
giving Tw/®2 = T/2rw = 1.6 for the twist component of the
magnetic helicity. This result almost exactly agrees with the total
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Fic. 3.—Same as Fig. 1 but for time step 30. The peak B, locations are
marked with “B,” and the locations of peak o are marked with “«.” The
locations of & e coincide with the known flux rope axis locations (to within the
size of the locations marked with “«”). [See the electronic edition of the Journal
for a color version of this figure.)

helicity at time step 45, as calculated in Fan & Gibson (2004) by
the volume integral of the field and vector potential; the agree-
ment is not unexpected since there is yet little if any writhe at this
time step. Thus, for this time step, if the v, at the flux rope axis,
1.€., 0t peak, 18 Used, and constant winding rate is assumed, the twist
is estimated well.

With the acknowledgment that time step 45 is a bit special
(almost fully emerged with coincident peak B,,«, but with no
writhe), we test the significantly earlier time step 30 with this
method. The axis location is known, described by the numerical
model; it coincides closest now to peqi and is displaced from
both the peak B, (Fig. 3) and |B| locations (not shown, but
located slightly offset from the peak B, and from the known axis
location). We find that avpeac = —18.2L7! at two locations
d = 0.46L apart; the resulting 7/27 = 1.04 (from eq. [1]). The
true length of the axis is roughly 50% less than / derived from the
semicircle approach, and correcting for that yields 7/27 = 0.69,
avery close estimate of the total winding for those field lines near
the emerged axis (see Table 1). This estimate of the magnetic
wind differs from H/®2 = 0.5 at time step 30 (see Fig. 3 of Fan
& Gibson 2004) because the latter is measured for the emerged
flux rope as a whole, and at this time step some of the outer
winding field lines have not emerged, and their winds are trun-
cated by the lower boundary.

The exercise using time step 30 also illustrates the uncertainty
in estimating the twist due to the uncertainty in estimating the
axis field-line length. Indeed a lower bound of / = d could be
used, and a lower bound of twist could be estimated. There is
little to limit the upper bound, and as such, a semicircle is ap-
propriate. If the axis field line is longer due to significant writhe,
we take the position that some kinking has already occurred. The
Oipeak @pproach is thus most appropriate for small, coherent flux
ropes and their magnetically connected footpoints rather than the
large-scale writhed coronal sigmoid structures.

Thus, to the extent that the axis field-line length can be de-
termined and the assumption of a uniform wind rate is valid (not
strictly true for the flux rope), we demonstrate that cpeqr can
recover the wind of the relevant field lines and thus be used to
evaluate the fields’ susceptibility to the kink instability.

5. DEMONSTRATIONS USING OBSERVATIONAL DATA

NOAA AR 7201 (1992 June) has been extensively studied in
the context of the emergence of a small nonpotential §-spot and
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Fic. 4—Continuum image of NOAA AR 7201 observed 1992 June 19 with the
NSO/HAO Advanced Stokes Polarimeter. Contours and arrows are as in Fig. 1.
Tick marks are approximately in Mm. The black box outlines the subarea used for

@

consideration of the emerging 6-region only; points marked with “«” indicate the
locations of avpeak. [See the electronic edition of the Journal for a color version of
this figure.]

the region’s subsequent eruption (Lites et al. 1995). The mag-
netic data, from the National Solar Observatory (NSO)/High
Altitude Observatory (HAO) Advanced Stokes Polarimeter
(Elmore et al. 1992; Skumanich et al. 1997), are of high spatial
resolution and very low noise. When observed on 1992 June 19
(Fig. 4), the active region consisted of a large leading sunspot, a
plage area to the northeast, and a small emerging flux region, the
6-spot. Images from the chromosphere and corona (Lites et al.
1995) show a variety of shapes and structures, including neutral-
line filaments and large-scale coronal loops with substantial
writhe. This region was not observed to erupt by kinking spe-
cifically; nonetheless it did produce a number of small flares
(Lites et al. 1995; National Geophysical Data Center 2004).

The photospheric vector magnetogram of NOAA AR 7201 as
a whole (Table 2) produced apess = —0.01 £ 0.03 Mm™!, in-
distinguishable from a potential, or untwisted, configuration.
The brightest coronal structures presented in Lites et al. (1995)
are consistent with the general active region scale, and as such, a
rough distance of d = 40 Mm is assigned; this implies a repre-
sentative loop length / = 63 Mm. The latter quantity is not im-
portant, since given the uncertainty in ape, the inferred twist
following equation (1) could be 7/27 = 0, implying no twist, or
as high as 7/2m = 0.37, consistent with the largest value found
in the Leamon et al. (2003) database.

Isolating the emerging §-spot region (Fig. 4, boxed area)
gives apest = —0.28 £ 0.03 Mm™!, more than an order of mag-
nitude larger; this is not unexpected, as demonstrated above and

TABLE 2
MEeasures ofF TotaL Twist IN AR 7201 (1992 June 19)

@ d /
Object (Mm™1) (Mm) (Mm) T/2x

Qpest Method

Active region ..... —0.01 £ 0.03 40 62.8°
O-SPOt..eveirininnns —0.28 +0.03 10.2 16.02°

0.11 £ 0.26
0.36 = 0.04

Qpeak Method

O-SPOLt...ceeeieinann —-0.72+£03 105+ 0.5 16.5+0.78" 0.94 + 0.41

? Assuming / = wd/2, i.e., a semicircle.
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in Leka 1999 and acknowledged in Leamon et al. (2003). The
flux-weighted polarity centers give d ~ 10 Mm, or a semi-
circle length / = 16 Mm (Table 2). Combining this and again
assuming qvpesy = 2g gives T'/2m ~ 0.36, or about a third of the
T/2m = 1.0 considered ““baseline” critical. But is there more?

The 6-spot in NOAA AR 7201 strongly resembles the time
step 30 magnetogram. Applying the pcar approach we find that
a, = J,/B, (box-car smoothed to effectively 2”) peaks in two
small regions, one near each flux center, which average to ., =
—0.72 4 0.30 Mm™!. Both peaks are slightly off of the locations
of peak B, and away from the magnetic neutral line (Fig. 4). These
Qipeak locations are approximately 10.5 4= 0.5 Mm apart, which,
assuming constant winding as above and a semicircular axis
length, implies Tw/®2 = T/27 = 0.94 + 0.41 (see Table 2).
Notwithstanding the uncertainties in ovpeak and the axis field-line
length, the unknown amount of writhe in the -region’s fields, its
rapid evolution (Lites et al. 1995), its flare history, etc., the twist
portion of the magnetic helicity as estimated here approaches
“critical” and could be an order of magnitude larger than results
using o peg-

6. CONCLUSIONS

In this study, we perform a “blind test” of a method commonly
used to infer twist in active region magnetic fields. The parameter
Qpest 18 calculated for data arising from a numerical simulation of
a helicity-carrying flux tube that emerges into an overlying
potential-field arcade, and in which the kink instability criterion
is breached. The results from the simulations’ “magnetograms”
are complemented by a parallel analysis of observational photo-
spheric vector magnetic field data of the well-studied NOAA AR
7201 obtained during the emergence of a §-spot.

We wish to illustrate two crucial facts. First, while it is well
known that portions of solar active regions routinely contain
significant magnetic twist, aues calculated for an entire active
region fails to detect highly twisted areas. This is noted by
Leamon et al. (2003). But even when a highly twisted area is
isolated, aupeg is strongly influenced by the distribution of hori-
zontal fields. This is clear from the test of applying e to the
simulation data, which fails to reproduce the “known” situation.
Further, we reiterate through demonstration that apey = 2¢ is an
assumption only valid for a thin flux rope, which is not appli-
cable for an active region. If o, varies, i.e., even if the tube is
uniformly winding but not necessarily thin (as with the flux rope
in the simulation data), then the simple ratio between o, and
winding rate ¢ only holds at the flux rope’s axis, and inferring the
wind rate from o Will underestimate the former. Therefore we
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propose that inferring the vulnerability of entire solar active re-
gions to the kink instability by measuring twist with a method
based on the thin flux tube approximation provides at best a
lower limit.

But the lower limit of what? The second fact is that in a forced
region, when J x B # 0, the twist inferred from J,/B, may have
little relation to the total magnetic twist carried by the magnetic
field. If, on the other hand, the vector field is measured in a force-
free boundary, localized measures of o, will reflect the localized
total magnetic twist. While it is still the case that avpeg Will un-
derestimate the magnetic twist in anything but a thin flux tube,
the results can at least be interpreted directly as a force-free twist.

We propose that by using a slightly different set of assump-
tions and a measure of «v, derived as an appropriate peak of J. /B,
near associated footpoints, one may better recover the twist
component of the magnetic helicity and thus derive a better es-
timate of the relevant total twist. This “cvpeqa” approach is dem-
onstrated to recover the input to the numerical simulation data at
two time steps with different magnetic morphologies. When the
Qipeak approach is applied to the 6-spot of NOAA AR 7201 we
find that 7'/27 approaches unity: at least triple the implied total
twist derived from the ay,es; approach and possibly indicative of
fields susceptible to the kink instability.

The argument concerning event-trigger mechanisms must be
refocused to the question of whether large-scale magnetic aver-
ages and their inferred connection to large-scale coronal fields
are, in fact, the relevant quantities to study. It may be that the
detection of small, kink-susceptible areas is most appropriate.
We do not argue that the kink instability is the cause of all solar
eruptions, but we do argue that many active regions probably
carry magnetic twist beyond unity winding number (see Régnier
& Amari [2004] for evidence of a highly twisted flux rope with
T/2m > 1 from a nonlinear force-free extrapolation of photo-
spheric vector magnetogram data). A study of “cypeq” in various
active regions, ideally with chromospheric vector field data, is
the logical next step. In the meantime, we contend that the kink
instability is, in fact, a possible trigger mechanism for solar en-
ergetic events and CME:s.

The authors thank Bruce Lites and the helpful referees for their
comments on this manuscript. This work was funded by con-
tracts F49620-02-C-0191 and F49620-03-C-0019 with the Air
Force Office of Scientific Research. The National Center for
Atmospheric Research is sponsored by the National Science
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