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Abstract. Latitudinal transitions from low to high Doppler all-sky cameras, spacecraft imagers, and meridian-scanning
spectral width in backscatter measured by the Super Dugbhotometers (Lockwood et al., 1993; Blanchard et al., 1995,
Auroral Radar Network (SuperDARN) are now routinely 1997; Sandholt et al., 1998; Moen et al., 2001; Khan et al.,
used as proxies for the polar cap boundary (PCB) in the2003), E-region electron density signatures from incoherent
cusp-region ionosphere. In this paper we perform a statisscatter radar (de la Beaujagde et al., 1994; Blanchard et al.,
tical study of the nature of similar spectral width transitions 1996, 2001), the equatorward edge of HF radar backscatter
at other magnetic local times (MLTs). This analysis illus- (Milan et al., 1999; Milan and Lester, 2001), and the Doppler
trates that these latitudinal spectral width transitions exist aspectral width boundary (SWB) from the Super Dual Auroral
all magnetic local times, and that the latitude, gradient, andRadar Network (SuperDARN) (Baker et al., 1995, 1997; Pin-
amplitude of the transitions vary systematically with MLT. nock and Rodger, 2001; Chisham et al., 2001, 2002). Each
In particular, the probability of a transition occurring at any of the different instrumental techniques has its strengths and
latitude, identified independently in each MLT sector, is con-weaknesses (for a detailed discussion, see Chisham and Free-
tinuous with MLT from the cusp, through the morning sector, man, 2003), but they compare well in the ionospheric cusp,
to the nightside. This suggests that the transition representsnder IMF B, <0 conditions (Rodger et al., 1995; Yeoman
the PCB, as this is known to be what it represents in the cuset al., 1997; Milan et al., 1999).

region. However, the picture in the afternoon sector (12:00— The Doppler spectral width of backscatter measured by the
18:00 MLT) is more complex with no clearly preferred tran- SuperDARN radars (Greenwald et al., 1995) is a measure of
sition latitudes. the spatial and temporal structure in the ionospheric electric
field on scales comparable to, or less than, the radar integra-

Key words. lonosphere (ionosphere-magnetosphere inter
actions; instruments and techniques). Magnetospheri
physics (magnetopause, cusp, and boundary layers.)

1 Introduction

The polar cap boundary (PCB) in the ionosphere is the sep-
aratrix between the footprints of closed geomagnetic flux
and open magnetic flux interconnected with the interplane-
tary magnetic field (IMF). By identifying and tracking the
location of this boundary, the electrodynamics of the magne-
tospheric system can be investigated, specifically, the mag-
netic reconnection rate (Pinnock et al., 2003) and the associ-
ated addition and removal of open magnetic flux from the
polar cap during the substorm cycle (Milan et al., 2003).
A wide range of signatures of the PCB have been identi-
fied, including particle precipitation signatures measured by
low-altitude spacecraft (Evans and Stone, 1972; Newell and
Meng, 1992, 1994), optical signatures of precipitation from
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éion period (-10s), and the spatial area of the radar obser-
vation cell ¢~~100km square). This structure is a complex
convolution of a number of factors (Arglet al., 2000b):

1. The effect of temporally varying electric fields in the
ionosphere (Andr et al., 1999, 2000a, 2002; Villain
et al., 2002); Pc1/2 wave activity is often observed in
the cusp by low-altitude satellites (Maynard et al., 1991;
Matsuoka et al., 1993) and throughout the auroral oval
(Gurnett, 1991). However, an error in the simulations of
André et al. (1999, 2000a) has recently been highlighted
(Ponomarenko and Waters, 2003), and the importance
of Pc1/2 wave activity is still unclear.

2. The geometry of the radar with respect to the large-scale
convection pattern (Villain et al., 2002). Some observa-
tion orientations are more sensitive to large-scale veloc-

ity shears in ionospheric convection.

3. The presence of meso-scale inhomogeneities of the
scale size of a range/beam celt{0-100km). Ve-
locity shears and small-scale<{26 km), short-lived

(<~4 s) vortices can result from the radial electric fields
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produced around filamentary electron precipitation (Hu- which the spectral width values are most likely to originate
ber and Sofko, 2000). from the cusp spectral width distribution, and developing an
4. The effect of microscale turbulence-10m) (Ande a;:gorithm whic'h searches poleward alo_ng a'radar beam until
et al., 2000b). this t'hresfhold is exceeded. The techmqug is no'F very accu-
' rate in this basic form, as the probability distributions of the
The spatial variation in the Doppler spectral width measuredspectral width values above and below the SWB are typically
by the SuperDARN radars is best understood in the cuspbroad and have considerable overlap. The inclusion of addi-
region ionosphere (Baker et al., 1995; Hosokawa et al., 2002tional rules in the threshold algorithm increases the accuracy
Chisham and Freeman, 2003). Under conditions of IMFof the boundary determination considerably (Chisham and
B, <0, the character of the spectral width changes markedlyrreeman, 2003).
at the equatorward edge of the cusp (as defined by Newell In this paper, we use the spectral width threshold algorithm
and Meng, 1992), from low spectral width values equator-defined by Chisham and Freeman (2003) — hereafter referred
ward of the cusp, to large, variable spectral width valuesto as the “C-F threshold technique” — to investigate the lati-
within the cusp itself. This transition typically occurs over tude, gradient and amplitude of spectral width transitions at
less than a few degrees of latitude. The distributions of specall MLTs, and the form of the spectral width distributions that
tral width values have been described as being approximatelgxist on either side of the transition. We also determine the
Gaussian (with a median value in the range of 200—400 m/sprobability of a transition occurring at any latitude and MLT.
in the cusp, and exponential (with a median value in the rangdéJnderstanding the nature of the transitions and their occur-
of 50-150 m/s) in the sub-cusp region (Baker et al., 1995). rence distributions at all MLTs will allow for more accurate
Understanding of the variation in spectral width away identification of geophysical boundaries away from the cusp
from the cusp-region ionosphere is also increasing. lono+fegion.
spheric maps of the average spectral width show moderately
high average values in an oval region similar to the auroral
oval (Andi et al., 2002; Villain et al., 2002). However, the
peak average value in this oval varies with magnetic local
time (MLT), maximising in the cusp region. In the nightside
ionosphere, a sharp SWB, similar to the transition typically

observed in the cusp region, has been observed (Woodfie@peCtral width data sets. - Chisham and Freeman (2003)

) ! L howed that spatially and temporally median filtering the
tet al.r; ZtOtha’.b’ Tgrklnséon etthgl., Zoth)_aHosv:/;\éer, Itis unCI3‘31rs,pectral width data set improved the reliability of the esti-
o what physical boundary this nightside COITESPONTS, ) tion of the SWB location using a threshold criterion.

It_has been suggested that the nightside_: transition represents For much of the time the SuperDARN radars work in a
either the PCB (Lester et al., 2001; Parkinson et al., 2002), O ommon mode of operation during which each radar beam
the boundary between the central plasma sheet (CPS) and tl}%mprise&?O range gates with a range separation of 45 km
plasmg sheet boundary layer (PSBL) (Dudeney eF al., 1998)and for which the radar integration time s/ seconds. In ,
WOOdf'eId etal. (2002;;1) suggested Fhat one pOSSI.b|e mechqhis mode the radar takes 2 min to perform a complete scan of
nr:sm for gener?tmg h||gh spe.ct.ral .W'd(ths on rt]he nlght5|d'e I?its field of view. The C-F threshold technique, when applied
the presence of particle precipitation (as in the cusp region . . ) '

Woodfield et al. (2002b.c) further concluded that the SWB on'© ('S Common mode data, is as follows:

the nightside can be located on closed field lines and hence, 1. Remove ground backscatter and backscatter with a
does not always represent a good proxy for the PCB. These  power of less than 3 dB from the SuperDARN data set.
studies also suggested that the relationship between different
nightside spectral width regions and the ionospheric foot-
prints of magnetospheric regions may change during sub-
storms and other dynamic magnetospheric events, and also
with MLT.

Although there has been considerable progress under-
standing spectral width variations on the nightside, there has
been little study of latitudinal variations in spectral width in
the regions of the ionosphere which map to the flank region
magnetosphere. Full statistical comparisons with other data- 3. Take the median-filtered, meridional-beam, spec-

sets are still needed to clarify what latitudinal spectral width tral width values w} j from 5 consecutive scans

2 The C-F threshold technique

In this section we outline details of the C-F threshold tech-
nigque for identifying latitudinal transitions in SuperDARN

2. For each radar scan select the meridional beam
(representing the beam most likely to show the clear-
est boundaries), and the beam on either side gitl().

For each range gate take the median of the spectral
width valuesw for these three beams to represent the
spectral width at that range gate on the meridional beam
(w; ;=Mediarfw} , _;, w}, wf,j+1])- This represents
the Initial spatial f/iltering.

transitions represent in all MLT sectors.

Identifying the SWB in the cusp region has sometimes
been subjective (Milan et al., 1999), but more objective
threshold techniques have also been used (Baker et al., 1997,
Pinnock et al., 1999; Chisham et al., 2001). These tech-
nigues involve choosing a spectral width threshold above

(n—2,n—1,n,n+1,n+2) and perform a similar
process, taking the median values of these 5 scans
(! ;=Mediarl@! 2, @, @] ,, w] T, @ T?). o
These spectral width values tI']1en represent the variation
with range for the central of these 5 scans (this repre-

sents the temporal filtering). If temporal data gaps exist
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in the data set, then at least 3 out of 5 values must exist

to provide a filtered spectral width value. O 3

o 400 F :

4. For each median-filtered beam, starting at the first spec- £ 30 E
tral width value below the chosen spectral width thresh- 200k
old valuec, search poleward up the meridional beam un- g 5

til a spectral width value that exceeds the chosen thresh- 100

old value is reached, at range gatek (w; ;>c).

500 E
5. Examine the three spectral width values poleward of the .,
estimated boundary location. If the median of these 3 e soo%
values is also greater than the chosen threshold value ™~ 2oo§
(Mediariwy ; ;, Wi 5 ;» Wi, 3 ;1>c) then a boundary © 2
. J2 k42,0 k43, = 100¢

has been identified . This process represents further spa-
tial filtering. If this criterion is not satisfied then we 0f

continue searching along the beam, repeating steps (4) 500

and (5) until a boundary is identified, or we reach the — 400: E

end of the data in the beam, in which case there is no = 5, :

boundary identification at this time. If a spatial data - 7 :

gap of more than 2 range gates is encountered during © - L

the search along a beam, then the search process restarts ' °° 3 /: . 5 3

with step (4) at the next range gate containing good data. o 3 ; p . E
500F (d)

When applying this technique to non-common mode data, . ,.,
the algorithm must be altered, depending on the mode of op- > g

: ) e ) £ 300k
eration of the radar. For intervals of high-time resolution data —
on single beams, for example, the initial spatial filtering in 5 “°°;

step (2) can be removed, and the number of scans used for thes 100 £ *

temporal filtering in step (3) can be increased, to achieve the o3 ‘ ‘ ? ‘ ? E
same level of accuracy. The choice of the optimum threshold 68 70 72 74 76
value depends on the spectral width distributions that exist on AACGM Latitude

either side of the latitudinal transition in spectral width that
we wish to locate. It should be chosen so that it is midwayFig- 1. Four possible spectral width transition scenarios (see text
between the medians of the above and below-boundary distritor full details). In each panel the blue line represents the variation
butions. However. since these distributions are not known £f the median of the spectral width distribution with latitude and

priori, the technique should be tried with a number of thresh-the grey area is the approximate half-width of the distribution. The
old véllues Repeating the technique with different spectralfour horizontal lines represent four different spectral width thresh-

. . -~ old values, 150 m/s (black), 200 m/s (green), 250 m/s (yellow), and
width threshold values allows an evaluation of the gradlentsoo m/s (red). The four dashed vertical lines represent the best esti-

and amplitude of a transition. _ _ ~_ mate of where a boundary will be determined. The question marks

Figure 1 presents four hypothetical scenarios which dis-signify a questionable or non-existant boundary determination.
play a spectral width transition from a low-latitude to a high-
latitude spectral width distribution over a few degrees of ge-
omagnetic latitude. In each scenario the blue line represents .

. . . .o~~~ 0ld values are all located between the median values of these

the variation of the median of the spectral width distribution L . .

: : . . ... two distributions, and are hence most likely to be triggered
with latitude and the grey area is the approximate half-width .~ . " . :

o . . within the transition region (i.e. at the true boundary loca-

of the distribution. The four horizontal lines represent four . . . .

. . tion). Hence these four thresholds will identify almost iden-
different spectral width threshold values, 150 m/s (black),tical boundary locations
200 m/s (green), 250 m/s (yellow), and 300 m/s (red). The o y ' N _ )
four dashed vertical lines of the same colour represent the (P) This illustrates a transition with a shallow gradient
best estimates of where a boundary will be determined whef¥here no sharp boundary exists. Although there is still a
applying the technique with these threshold values (typically'arge amplitude change between the two spectral W!dth.dIStrI-
when the threshold value equals the local median of the disbutions, the four spectral width threshold values will trigger
follows: (a) This illustrates a transition with a sharp gradi- @ Sharp boundary.
ent (similar to that typically seen in the cusp region) occur- (c) This illustrates a transition with a sharp gradient (sim-
ring across a small latitudinal region{°). There is alarge ilar to a). However, in this scenario the change between
amplitude change between the high and low-latitude specthe high and low-latitude spectral width distributions is of
tral width distributions and the four spectral width thresh- a lower amplitude. Two of the chosen threshold values are



1190 G. Chisham and M. P. Freeman: Latitudinal spectral width transitions

A B C
o TR B
_76'T ||&| I, Wh' ' hl |I | |I | ‘I ‘I:Illrn | a |||| . W0
é) —74 \ # l | ’“ I||'|'|H|y' E' T |H||I|| \r| III I||I”:Z§
= (i TAmIEECH | || | o @
S | I ol -l ;‘""A (. y { gl "ﬂ* -
- || il 1 =
9 |‘ I |\| 20 =
%EJ Al I' f 80
f u'uf 40
—68 | I !m 0
g -7 :-_ AR AR 1Y LU LR Il
§ o LR R e | .f::."__, .'-.I i :__-:, i j
2 i 4 L ol 1
O i |
% =70 1 - 11
681 T
I | | | ‘ | | | ‘ | | | ‘ \_. \. | ﬂ‘
12:00 13:00 14:00 15:00 16:00

Universal Time

Fig. 2. The top panel presents the unfiltered spectral width variation observed by Halley beam 4 on August 14, 1998. The lower panel

presents the results of boundary determinations when applying different spectral width threshold values, 150 m/s (black), 200 m/s (green),
250 m/s (yellow), and 300 m/s (red). The orange lines and orange bars highlight three time intervals that are studied in detail, interval A

(12:40-13:40 UT), interval B (13:56-14:28 UT), and interval C (14:48-15:15 UT).

now larger than the high-latitude median spectral width. Theent of the transition are indeterminate as the boundary could
two lower threshold values are most likely to trigger at the be located anywhere within the data gap. As the search al-
boundary location, but the two higher threshold values maygorithm includes the condition that the beam search is initi-
not. They could trigger anywhere within the high-latitude ated only at a value below the spectral width threshold value,
spectral width region. There is also the chance that they willboundaries will rarely be identified in such a data set. When
not trigger at all if the high-latitude spectral width region is they are, they are likely to be unreliable.

limited in latitude. For this particular transition, a different

choice of thresholds (say between 100 and 200 m/s) would

provide a more accurate and better-resolved boundary ests An Example Application of the Technique

mate.

(d) In this scenario, a data gap exists between the high anth this section we present an example of the application of
low-latitude spectral width regions. The location and gradi- the technique as described above. The focus in this example
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is understanding the nature of the transition between the dif-

ferent spectral width regions; how sharp is the gradientofthe 3 20 F —15.0° to —76.0°7
transition and what is the amplitude of the change between § 15F E
the two distributions above and below the boundary? 5 10F — .
On 14 August 1998, the Halley SuperDARN radar ob- o sF %MLI_F
served a long interval of continuous backscatter from approx- © L ]
imately 12:00 to 16:00 UT (magnetic local noon is approxi- 9 28 -74.0° to 775.0":
mately 15:00 UT for Halley beam 8). During this intervalthe <0 7
radar was operating in a special mode with beams 2, 3, and g 20b M
4 operating at a high temporal resolution30 s sampling) S
and all other beams operating at a lower temporal resolution. © 102 ;
Figure 2 (top panel) presents the spectral width variation ob- o T ' _930° to —74.0° ]
served by Halley beam 4 (at high-time resolution) during this % 60 ; ]
interval. Beam 4 is directed at13° anticlockwise from the E 40 ]
geomagnetic meridional direction. Early in this interval the § >0k ]
backscatter displays the latitudinal spectral width variation © i ]
typically associated with the cusp - high, variable spectral | F 79 0° to —73.0° ]
width values poleward of a region of low spectral width val- ¢ 150 J—LL ' s
ues. The latter part of the interval (aftel4:00 UT) presents 2 100 E
a more complex picture, although there still exists a high, 3 F
variable spectral width region at higher latitudes and a low 3 20 3
spectral width region at low latitudes. - =3
We have employed the C-F threshold technique to estimate § 300 { —71.0°% to =72.0 E
the SWB location during this interval. We applied tempo- ® 00 - 3
ral median filtering only (increased to 9 scans) to the Hal- 3 E
ley beam 4 data (the initial spatial filtering is inappropriate S 100 ¢ LTIL E
for this special mode data set). The analysis was repeated 500 E ’ —
using four spectral width threshold values (150, 200, 250, § 200 J —70.0° to —71.0°
and 300m/s). The results of the boundary determinations § 300 &
are presented in the bottom panel of Fig. 2. The grey shad- 5 500 b
ing represents the region of data coverage as shown in theo 100E
top panel. The coloured horizontal line segments representO
the boundary determinations for the different spectral width 0 200 400 600 800
threshold values, 150 m/s (black), 200 m/s (green), 250 m/s Spectral Width (m/s)

(yellow), and 300 m/s (red). The boundaries determined for

h threshold value hav n shi lightly in lati
each threshold value have been shifted slightly in latitude SOFig. 3. The distributions of spectral width from all beams of the

Lhat tzey dlo nott_ obs?urz_tf?e otf:eﬂ: resﬁlt%Whlen the es_t(ljmatt_eﬂa”ey radar measured during the interval 12:40-13:40 UT (interval
oundary locations for difierent threshoid values are iden I'A) on 14 August 1998. The distributions have been split irfto 1

cal. latitude bins from—70° to —76°. The bold vertical lines represent

In Fig. 2 we have highlighted three distinctly different in- ihe medians of each distribution.
tervals, A (12:40-13:40 UT), B (13:56-14:28 UT) and C
(14:48-15:15 UT), within which boundary determinations
have been made. These intervals are delineated by the vertspectral width distributions. During interval C it is only when
cal orange lines and the horizontal orange bars. During interusing the lower threshold values that a boundary is consis-
val A, the boundary estimates for the different thresholds ardently identified, and the boundary locations vary when em-
almost always identical, similar to the schematic representaploying different threshold values. It is possible that this is
tion in Fig. 1a. This represents an excellent boundary detera result of a shallow transition (as in Fig. 1b), or of a low
mination; a sharp transition between two contrasting spectraamplitude change between the distributions above and below
width distributions. During interval B there exists a large the boundary (as in Fig. 1c). The latter seems the more likely
data gap between the high, variable spectral width values agcenario as there are very few boundaries observed when ap-
high latitudes, and the low spectral width values at low lati- plying the higher threshold values.
tudes, similar to the schematic representation in Fig. 1d. Dur- In order to study these spectral width transitions in more
ing this interval, very few boundary identifications have beendetail we take a closer look at the latitudinal variations in
made, and those that have are unreliable. The scenario duthe spectral width distributions for each of these intervals.
ing interval C is not totally clear. Although the spectral width We use data from all the Halley beams (0-15), which are
values increase statistically with latitude, it is not clear thatall oriented within~30° of the meridional direction. Fig-
there is a sharp transition between the low and high-latitudeure 3 presents the distributions of the spectral width values
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Fig. 4. The distributions of spectral width from all beams of the Fig. 5. The distributions of spectral width from all beams of the
Halley radar measured during the interval 13:56—14:28 UT (intervalHalley radar measured during the interval 14:48-15:15 UT (interval
B) on 14 August 1998. The distributions have been split ifto 1 C) on 14 August 1998. The distributions have been split irfto 1
latitude bins from—68° to —74°. The bold vertical lines represent latitude bins from—67° to —73°. The bold vertical lines represent
the medians of each distribution. the medians of each distribution.

for interval A for the geomagnetic latitude rang&/0° to Figure 3 further illustrates that the transition between the
—76°, separated into°llatitude bins. The bold vertical line two spectral width regions in interval A is very sharp and
in each panel represents the median of the associated distihe amplitude of the change is large. The four spectral width
bution. At low latitudes the distributions have median valuesthreshold values are located between the median values of
below 100 m/s and are similar to the below-boundary distri-the above and below boundary distributions and the transi-
butions presented by Chisham and Freeman (2003) and thigon from one region to the other occurs over less than 1
LLBL distributions presented by Baker et al. (1995). At high of latitude, resulting in identical boundary estimations when
latitudes the distributions have median valug850-450 m/s  using the different threshold values. Hence we have a large
and are similar to the above-boundary distributions presentedegree of confidence that we have identified the SWB loca-
by Chisham and Freeman (2003) and the cusp distributiongion with an uncertainty-1 range gate (45 km).

presented by Baker et al. (1995). Baker et al. (1995) de- Figure 4 presents the spectral width values for interval B
scribed the below-boundary distributions as exponential andor the geomagnetic latitude range8° to —74°, separated

the above-boundary distributions as Gaussian. We use theseto 1° latitude bins. Again, the low-latitude distribution can
labels in this paper for convenience but the distributions arebe described as exponential, and the high-latitude distribu-
not actually Gaussian or exponential. The actual functionation as Gaussian. Whereas the beam 4 data presented in
form of these distributions is presently under investigation. Fig. 2 has a data gap betwee69* and—72°, some of the
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other Halley beams observe backscatter within this region, 0900 — 1100 MLT
hence the distributions in this region in Fig. 4. Although

Below Spectral Width Boundary ]

these distributions suggest a transition exists betweer(® 15001} -

and~—72°, the lack of data in the beam 4 data set means

that it is impossible to estimate a boundary location using ¢ Al B

data from this beam alone. < 250 m/s ]
Figure 5 presents the distributions of the spectral width 3 —— 0m/e

(@)}
o
o

values for interval C for the geomagnetic latitude ran@a®
to —73°, separated into°llatitude bins. The variation in the
distributions presented here is very different to the previous .,
intervals. At the lowest latitude we still see the exponen-

tial distribution, and at the highest latitude we still see the 800
Gaussian distribution. However, the gradient of the latitudi- 8
nal transition between the two regions is not as sharp as ing
interval A and the amplitude of the change between the low 5 400
and high-latitude distributions is much reduced. It is most
likely that this scenario matches that presented in Fig. 1c.
This explains the variable locations of the boundary identifi- ‘
cations when applying the different spectral width threshold 0 200 400 600 800
values to the data. Spectrol Width (m/s)

i Above Spectral Width Boundary
[} 1 4

600

200

Fig. 6. The distribution of spectral width values below (equatorward

4 Magnetic Local Time Differences in Spectral Width of) and above (poleward of) the spectral width boundary determined
Distributions by applying the C-F threshold technique to 5-years worth of spectral

width data from beam 8 of the Halley SuperDARN radar. Only data

The example presented above illustrates the variety of spedfom the 09:00-11:00 MLT region, and from within 10 range gates

ral wiihransiions that may be observed and how the ap7] 15 ST T LEn e hout, T P T

gllrzi?grne Omu:g\)/l’e thresholds m‘f"y.be used to prObe .thelrwidth threshold values (150, 200, 250, and 300 m/s) to identify the
. perform a statistical study to 'nveSt'gateboundary.

how these spectral width transitions differ at different MLTs.

Previous statistical studies of this type (Aadet al., 2002;

Hosokawa et al., 2002; Villain et al., 2002; Woodfield et al., ically characterised by low Doppler velocity and low

2002c) have presented spectral width distribution character-  Doppler spectral width (Chisham and Pinnock, 2002).

istics in a fixed geomagnetic coordinate reference frame. Be- ]

cause the latitude of the boundary location varies with time, 4- E-region backscatter at low ranges (ange gate 10)

this method of presentation intermixes the spectral width dis- ~ Was removed.

tributions from different geophysical regions close to the av-

erage boundary location i.e., the above and below boundary

distributions are intermixed for a wide range of latitudes.

This reduces the sharpness of the transitions in the statis- 6. The C-F threshold technique was applied blindly to the

tical picture. In this study, we compile the spectral width complete 5-year data set using multiple spectral width

distributions at all MLTs with respect to the locations of the thresholds.

actual latitudinal spectral width transitions (rather than with

latitude, as in the studies cited above). The C-F threshol

technigue was applied to five year’s worth of spectral width MLT regions: the 09:00-11:00 MLT sector (which typifies

data (from 1997 to 2001 inclusive) from the meridional beamthe cusp region), and the 15:00-17:00 MLT sector (which

(beam 8) of the Halley SuperDARN radar. The statistics were, ~. . L .
compiled in the following way: typifies the afternoon sector). Statistical studies of the spec-

tral width transitions in these regions will help the under-
1. We used common mode data only. This ensured that thetanding of the diverse nature of the transitions at different
radar was running exactly the same program for all thepmLTs.
intervals in the database and that the processing of the We focus first on the 09:00-11:00 MLT sector, which
data was consistent. we have chosen as being representative of the cusp region.
2 T dat wer processed using e same version df, £ .42 PSS e etoons of e pecta v
th DARN dat i ft . ) ) .
e Super data processing software of the SWB when applying the technique with four spec-
3. Data flagged as ground backscatter during the raw dat&al width threshold values (150, 200, 250, and 300 m/s).
processing were removed; ground backscatter is typ-Only the spectral width values from within 10 range gates

5. Backscatter with a signal power of less than 3dB was
removed.

lthough statistical distributions were determined for all
LTs, we choose to focus initially on two contrasting 2-h
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Fig. 7. The distribution of spectral width values ordered by range from the spectral width boundary, determined by applying the C-F threshold
technique to 5-years worth of spectral width data from beam 8 of the Halley SuperDARN radar. Only data from the 09:00-11:00 MLT region
are shown. The results are presented for four different spectral width threshold values, (a) 150 m/s, (b) 200m/s, (c) 250 m/s, and (d)
300 m/s. The horizontal orange line represents the boundary location. The black on white lines represent the variations of the medians of the
distributions with range from the boundary.
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(450 km) of the estimated boundary location were used in 1500 — 1700 MLT
the compilation of these distributions. These distributions 2500 i ‘
are very similar to those determined by Chisham and Free- :
man (2003) (see their Fig. 15); their database comprised

Below Spectral Width Boundary
2000 F

one year’s worth of Halley data from the 08:00-12:00 MLT % 1500 - > %Z
range. These distributions represent the best approximations 250 m/s
to those found in the cusp (above boundary) and sub-cusps 990 300 m/s

(below boundary) regions. However, the fact that the distri-
butions for different thresholds are not identical suggests that i
they do not always identify the boundary at the same range ,5n,
gate (this is the case even for relatively sharp boundaries, as :
shown in the earlier example). 2000

500 H

Above Spectral Width Boundary
1

for each of the threshold values employed, 150 m/s (Fig. 7a),
200 m/s (Fig. 7b), 250 m/s (Fig. 7c), and 300 m/s (Fig. 7d).
The figures illustrate the spatial variations in the spectral
width distribution relative to the estimated boundary loca-

tion (range 0 in Fig. 7), up to a maximum of 10 range gatesFig. 8. The distribution of spectral width values below (equatorward

above, and below, the boundary. The distribution at each rel'of) and above (poleward of) the spectral width boundary determined

ative range gate.has been normalised using the tqtal nur‘r‘By applying the C-F threshold technique to 5-years worth of spectral
ber of spectral width values measured at that location. Theyjgth data from beam 8 of the Halley SuperDARN radar. Only data
horizontal (orange) line in each plot represents the estimate@om the 15:00-17:00 MLT region, and from within 10 range gates
boundary location. The black on white bold line representsof the estimated boundary location, are shown. The four different
the variation of the median of the distribution with distance histograms represent the results from using four different spectral
from the boundary. This method of presentation of the specwidth threshold values (150, 200, 250, and 300 m/s) to identify the
tral width distributions is similar to that used by Hosokawa boundary.
et al. (2002) and Woodfield et al. (2002c). However, whereas
their statistical distributions were ordered by geomagnetic
latitude and the transition consequently smoothed, this orderthe spectral width values observed below (equatorward) and
ing by distance to the estimated boundary location illustratesgtbove (poleward) the SWB when applying our standard four
better the statistical structure of the transition. spectral width thresholds. The distributions have been com-
Figure 7a presents the spectral width distributions wherpiled in the same way as in Fig. 6. The major difference
a threshold value of 150 m/s is applied to the data. Morebetween this MLT sector and the 09:00-11:00 MLT sector is
than three range gates poleward of the boundary the distrithat we do not understand how the observed latitudinal tran-
butions are very similar with a median vals&00-330m/s.  sitions in spectral width relate to the PCB, or to any other
Similarly, more than three range gates equatorward of thdonospheric projections of the magnetospheric system. How-
boundary the distributions are very similar with a median ever, we still identify latitudinal transitions in spectral width
value~50-80 m/s. This illustrates the large amplitude of the in this MLT region. One of the major differences between
change between the distributions that we typically see within the distributions presented in Fig. 8 and those measured in
and equatorward of, the cusp region. However, the region irfhe 09:00-11:00 MLT sector (as presented in Fig. 6) is the
between (from -3 to +3 range gates) represents a region ofeduction in the size of the distributions (area under the his-
transition where the distribution is changing gradually from tograms) with increasing threshold value. This is a result
the below boundary to the above boundary distribution. Theof decreasing numbers of boundaries being identified by the
sharpest change occurs at the observed boundary locatidgchnique as the threshold value is increased.
where the median value changes frem30 to ~220 m/s. In order to study why this is the case, we present, in Fig. 9,
Hence, the transition in this MLT region occurs statistically contour plots of the spatial variations in the spectral width
over~6 range gates. As we increase the value of the threshdistributions relative to the estimated boundary location (as
old employed (see Figs. 7b-d) then we see that the boundaryas done for the 09:00-11:00 MLT sector in Fig. 7). Fig-
determination is placed increasingly at the higher latitude endure 9a presents the spectral width variations when a threshold
of this transition, culminating in Fig. 7d (300 m/s) where the value of 150 m/s is employed. Whereas the data presented
spectral width transition occurs wholly equatorward of the in Fig. 7a showed the presence of a transition acre§s
estimated boundary location. range gates, this figure suggests that, statistically, a sharper
We now focus on studying the distributions in the 15:00— SWB transition occurs in this MLT range (the size of the
17:00 MLT sector. In Fig. 8 we present the distributions of jump at the observed boundary is a larger percentage of the

In order to study the statistical nature of the transition in & 1500 : :
this MLT range we now examine the variation in the spectral g . 5
width distributions with distance from the estimated bound- & 1000} “\
ary location. In Fig. 7 we present four contour plots, one °© F !

500 F

400 600 800
Spectral Width (m/s)
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Fig. 9. The distribution of spectral width values ordered by range from the spectral width boundary, determined by applying the C-F threshold
technique to 5-years worth of spectral width data from beam 8 of the Halley SuperDARN radar. Only data from the 15:00-17:00 MLT region
are shown. The results are presented for four different spectral width threshold @alu&s0 m/s,(b) 200 m/s, (c) 250 m/s, and (d)

300 m/s. The horizontal orange line represents the boundary location. The black on white lines represent the variations of the medians of the
distributions with range from the boundary.
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overall transition). More than 1 range gate poleward of the o171
boundary the distributions are very similar with a median
value ~190-230m/s. More than 1 range gate equatorward
of the boundary the distributions are also very similar with
a median value~70-120m/s. Hence, another major dif-
ference between these distributions and those seen in thé
09:00-11:00 MLT sector is that the amplitude of the change %
between the above and below boundary distributions is much,,
less. The difference between the above and below-boundang .
distribution medians here is80-140 m/s as compared to a ™
difference 0f~220-280 m/s in the 09:00—11:00 MLT sector.

This reduction in amplitude means that it is more difficult -10
to distinguish between spectral width data from above and  00:00 06:00 12:00 1800 24:00
below the boundary. The scenario is very similar to that pre- Magnetic Local Time

sented in Fig. 1c, where the transition is sharp but the am-_ o ) ] )

plitude of the transition between the spectral width distribu-f':r'c?r'r]lt%e-rggl}’:(;zt'on of median spectral width with MLT and range
tions is small. In this case, the application of threshold val- Y-

ues greater than-200 m/s would seem to be inappropriate

for accurately identifying the location of the transition. 1300 to 1400 MLT

I T I T I I I I I I T }:

40

oundary

Median Spectral Width (m/s)

This observation explains the reduction in the number of
transitions observed (and hence, the reduction in the area un-
derneath the distribution curves) with increasing threshold
value. For threshold values greater than the median of the
above-boundary distribution (i.e. thresholds-200 m/s in
this case), the likelihood of satisfying the algorithm crite-
ria is low if the spectral width values are independent and
identically distributed. The likelihood could be higher only
if large spectral width values tend to be grouped in space ors
if the median of the above-boundary distribution from anin- s
dividual radar scan is sometimes greater than the median of?
the distribution for all radar scans. Figures 9b-d suggest thate , .
the latter does occur in a limited amount of cases. These ob-»
servations suggest that lower threshold values (in the range?® 1000
100-200 m/s) are appropriate for an accurate boundary de-s
termination in this MLT sector. E

Measured Boundaries
o
o

ries

4000

3000

(o4]

In Fig. 10, we present the variation of the median spectral
width with respect to the estimated boundary location, across
the full 24 h of MLT, when using a spectral width threshold
value of 150 m/s (as in Figs. 7a and 9a). This illustrates the
statistical nature of the transition at all MLTs. The cusp re-
gion is clearly visible (centred around 09:00-11:00 MLT),
characterised by a large amplitude change between the above ‘ ‘ ‘ ‘
and below boundary distributions. However, the gradient ~70 75 -80 _85
of the statistical boundary varies with MLT. Another region AACGM latitude
where a large amplitude change exists is on the nightside
(centred on 01:00-03:00 MLT), although in this case thefig. 11. The latitudinal variation of different boundary location
statistical transition is more shallow. The MLT variations statistics in the 13:00-14:00 MLT rangd¢a) The aggregate oc-
on the nightside agree with the observations of Woodfieldcurrence distribution of observed boundary locations (red), and the
et al. (2002c) who showed that, in the nightside ionospheresame distribution smoothed by the application of a 5-range gate
broader spectral widths were observed after 22:00 MLT, andnoving average (black)b) The aggregate occurrence distribution
into the early morning sector. In the afternoon sector, theof the total number of possible boundary identificatiorfs) The

change in amplitude between the above and below-boundar&mbabi"ty distributionl pf ot.)se.rve(.j boundary locations (red), and
distributions is very low (as was illustrated in Figs. 8 and e smoothed probability distribution of observed boundary loca-

9), although the transition between these two regions appeart'sons (black).

to have a sharp gradient (i.e. it occurs almost wholly at the
boundary location).

()]

~

Percentage

N
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5 Magnetic Local Time Distribution of Boundary Loca- 3. The normalisation results in the true probability dis-
tions tribution of observed boundary locations. Figure 11c
presents this probability distribution for the 13:00—

In this section we take a look at the statistical distribution 14:00 MLT sector, the red histogram representing the
of the boundary locations determined from applying the C-  trye observed variation, and the black histogram repre-

F threshold technique to the 5-year Halley database. Here,  senting the smoothed variation. This clearly shows the
we only show the results obtained when applying a spectral  effects of the normalisation of the distribution; the peak
width threshold value of 150 m/s (this threshold appears best  ground~—70° has been removed and the probability

applicable for the complete 24-h MLT range). We determine  djstribution is approximately flat across a large latitude
the probability distribution of boundary locations as follows: range (from~—69° to —80°).

1. We determine the aggrega_\te occurrence (_Jllstr_lbunon of In Fig. 12 we present the smoothed probability distribution
measured boundary Iocatl(_)ns bmnet_j Iat|tud|nz_illy by extended to all MLTs. Boundaries are at least three times as
range gate and separated. m'Fo 1.'h wide MLT P'”S- .Inlikely to be located in the red-shaded regions as in the blue.
Fig. 11a we present the distribution observeq N & SIN"The most clearly-defined preferred boundary locations are in
gle MLT sector (13:00_14:(.)0 .MLT)' The red histogram the cusp/late-morning sector where the peak occurrence (at
presents the observed variation of the total OCCUITeNCe__ 70 is hordered at both low and high latitudes by re-

of measured boundaries. Although showing clear trendsgions of very low occurrence. The peak in occurrence forms

with latitude, there is often a large range-to-range vari- o ntinyous line through the early morning sector and into

ability. Th(;l: alre a Eumbedr of ints)tanc;es where(;/vg Ob'éhe nightside, where the peak region extends from72° to
Serve a suddenly enhanced number of measured bound: _ gz (the equatorward edge of our field of view). In actu-
aries at one latitude followed immediately by a drop in

: o ality it may extend to even lower latitudes on the nightside.
the n_umber_of boundaries at the next. This is almOStThis continuous line of peak occurrence continues round to
certainly an instrumental effect in the Halley radar data, ;.00 MLT. Between~12:00 and~18:00 MLT there ap-
prgbably dge to the occurrence of less good autocorre, ears to be less order to the statistics and the picture is char-
lation functions at certain range gates due t9 aspects Ogcterised by multiple occurrence peaks with latitude. It may
the radar P“'Se pattern. These often result in en'hance e that lower spectral width thresholds need to be applied
spectral width values which would Iea_d tq a slightly to identify the SWB clearly in this sector. However, it may
enhanced number of bounda_ry determlnat_lons at theSBe that there are physical factors which preclude the obser-
range gate; followed by a slight dropout n b.oundary vation of a more consistent boundary location in this sector.
determinations at the next range gate. This is cIe_arIyAn interesting feature in the noon sector (frori1:00 to
f”‘pp"’“e”‘ (at nearly all MLTS) for range gate 23 which 14:00 MLT) is the occurrence of a preferred boundary re-
is located at~ —71.% AACGM latitude. In order to ion at high latitudes around—80°. Itis possible that these

reduce the impact of these instrumental effects we ha\/Egoundc";lries relate to measurements made under northward
determined a 5-range gate moving average of the NUM\E conditions

ber of measured boundaries. This is presented as the
black histogram in Fig. 11a. The error bars on this his-
togram represent the statistical uncertainty in the mea-
surements. The smoothed histogram is clearly peake
around~ —7Q latitude in this MLT range.

Discussion

In this paper we have investigated the application of the C-F

2. We normalise the aggregate occurrence distribution afhreshold technique to the determination of latitudinal tran-
all range gates and MLTs by dividing by the occurrence sitions in SuperDARN spectral width data sets. Both the ex-
distribution of the total number of possible boundaries ample event and the statistical results have shown that, if an

that could have been measured at each location. for th@ccurate determination is required, inspection of the spectral

complete 5-year data set. A boundary can potentiaIIyWidth distributions is crucial in order to determine the opti-

be identified at a location if 5 range gates with good MUM spectral width thresholds that need to be used when ap-

spectral width data exist within a series of 7 consec-Plying the technique. T_h_e results pre_sente_d here have shown
utive range gates (see steps (4) and (5) in section 2)t_h_at r_arely can a trgn5|t|0r_1 be fl_JIIy mvestlgated_ by the ap-
Figure 11b presents the latitudinal variation of the to- plication of an algonthm with a single spgctral v_wdth thresh-
tal number of possible boundary identifications in the Old: @ most studies tend to assume. Using a single threshold
13:00-14:00 MLT sector. The spatial variation is very value implies that we are assuming that our boundary is well-

similar to that in Fig. 11a, being peaked around-69° approximated by an infinitely sharp transition. By applica-
latitude. tion of the C-F threshold technique with multiple threshold

values, we have shown how it is possible to estimate the un-
certainty in the boundary location, which can alternatively be
viewed as a measure of the thickness of the boundary transi-
tion.
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Fig. 12. The probability distribution of observed boundary locations determined within the 5-year Halley database using the C-F threshold
technique, smoothed by the application of a 5-range gate moving average.

We have shown that the statistical boundary transition ob-the changes in the spectral width distributions in response to
served in the 09:00-11:00 MLT sector (as presented in Fig. 7fhanges in the IMF conditions. It will also be interesting to
extended across6 range gates. This observation could be study the finite thickness of the transition in comparison with
explained in a number of ways: other data sets to determine how aspects of the transition re-

(1) The typical boundary transition in this MLT range oc- late to the ionospheric projections of the central plasma sheet
curs across-4—6 range gatesy(1.5-2.3 of latitude) and the  (CPS), the low-latitude boundary layer (LLBL), the cusp and
sharper boundary presented in our example (Figs. 2 and 3) ithe mantle, as defined by the particle precipitation regions
an exception to the norm. regularly observed by low-altitude spacecraft (Newell and

(2) Mixing results from all geomagnetic conditions has Meng, 1992, 1994).
smeared the statistical transition and it may be sharper un- The 24-h MLT statistics have shown that the spectral width
der specific IMF/solar wind conditions (e.g., at times of pre- distributions, and their means and medians, vary consider-
vailing southward IMF). Woodfield et al. (2002c) showed the ably with both latitude and MLT. Hence, the spectral width
large effect that season has on spectral width and mixing datéhresholds employed when applying the technique must be
from all seasons may also have affected the distribution ofadjusted to suit the transitions typically observed in each
boundary locations that we have observed. MLT region. However, although SWBs can often be iden-

(3) A lot of boundary motion is expected in the cusp re- tified at all MLTs using this technique, how these bound-
gion due to the effects of reconnection. The use of temporahries relate to geophysical boundaries in the magnetospheric
median filtering may have smeared the statistical boundarysystem away from the cusp region is still unclear. The pic-
location if these boundary motions are rapid and often. ture is particularly complex in the 12:00-18:00 MLT sector.

The thickness of these transitions requires further studyFurther work continues on correlating SWBs with indepen-
including subdividing the data by the prevailing IMF and dent observations from other instrumentation e.g. precipita-
seasonal conditions. Further studies will attempt to clarifytion boundaries observed by low-altitude spacecraft.
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The observation of a clearly preferred boundary loca- 1. For what range of MLT does the SWB represent the
tion (presented in Fig. 12) that is continuous from noon PCB, and what does it represent at other MLTs?
(12:00 MLT), through the morning sector and the nightside,
to ~18:00 MLT, is very interesting. It suggests that this SWB
represents the PCB, as this is known to be what it represents
in the cusp. A large-scale comparison of the boundaries de-
termined here with those identified in other independent data

sets ,ShOUId resolve this questiop._ o 3. How do spectral width characteristics relate to the PCB
This study has presented statistical distributions of spectral ;4 other boundaries (in the cusp and elsewhere) under
width data from the Halley SuperDARN radar only. Different northward IMF conditions?

SuperDARN radars often show different spectral width prob-

ability distributions, at the same geomagnetic locations, due These questions are presenﬂy under investigation_
mainly to the orientation of their fields-of-view and their ge-

ographic location. Although the spectral width distributions

are generally of the same functional form, the MLT varia- 7 Conclusions

tion of the medians of the distributions varies for different ) ) B )
radars. Some of the factors which result in these differenced? this paper we have determined the probability of observing

between radars are still poorly understood. Because of thes® latitudinal spectral width transition as a function of latitude
differences, changes to the technique (specifically the spec@nd MLT. We conclude that:

tral width thresholds that are applied) are needed to address | aiitydinal spectral width transitions can be observed at
these differences when trying to locate a SWB. Hence, no any MLT.

presumption should be made about the best threshold values

to apply. It is also the case that, in the cusp region, some 2. The gradient and amplitude of these transitions changes
radars rarely measure a below-boundary distribution, and as  with MLT. High amplitude and high gradient transitions

a result, in many studies the equatorward edge of the cusp  are seen in the cusp. High amplitude and low gradient
backscatter is taken as a proxy for the PCB. Although case  transitions are seen on the nightside. Low amplitude
studies have shown that this backscatter boundary compares and high gradient transitions are seen in the afternoon
favourably with the PCB identified by other techniques (Mi- sector.

lan et al., 1999), there is still a question mark concerning its
reliability as a PCB proxy, as was discussed earlier in this
paper. It needs to be proved statistically (again by compar-
ison with other independent data sets) that this represents a
reliable proxy for the PCB.

In this study we have restricted our analysis to the use of
meridional radar beams or those aligned close to the merid-
ional direction. The m(?rldlonal begm ,tends to most Clear!yAcknowIedgementSNe are extremely grateful for helpful discus-
_ShOW any SWB transitions tha_t exist n the _data set. It 'Ssions with, and suggestions by, M. Pinnock. We are grateful to R.
important to understand variations which might occur dueyippins, N. Edwards, and T. Trypiniotis for database and software
to variations in the direction of the radar beam being usedsssistance. The Halley radar was developed under funding from
in the analysis. For beams which are directed some disthe NERC(UK) and the NSF(US). Operations are supported by the
tance from the meridional direction there are often poten-NERC(UK).
tial sources of high spectral width which are uncorrelated  Topical Editor M. Lester thanks E. Woodfield and M. L. Parkin-
with the footprints of specific magnetospheric regions (Vil- son for their help in evaluating this paper.
lain et al., 2002). This must be a consideration in the in-
terpretation of high spectral width values in studies which
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