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Abstract. Variation of the cross polar cap potential (CPCP)
with the interplanetary electric field (IEF), the merging elec-
tric field EKL, the Polar Cap North (PCN) magnetic index,
and the solar wind-magnetosphere coupling functionEC of
Newell et al. (2007) is investigated by considering convec-
tion data collected by the Super Dual Auroral Radar Network
(SuperDARN) in the Northern Hemisphere. Winter and sum-
mer observations are considered separately. All variations
considered show close to linear trend at small values of the
parameters and tendency for the saturation at large values.
The threshold values starting from which the non-linearity
was evident were estimated to be IEF*∼E∗

KL∼3 mV/m,
PCN*∼3–4, andE∗

C∼1.5×104. The data indicate that sat-
uration starts at larger values of the above parameters and
reaches larger (up to 10 kV) saturation levels during summer.
Conclusions are supported by a limited data set of simulta-
neous SuperDARN observations in the Northern (summer)
and Southern (winter) Hemispheres. It is argued that the Su-
perDARN CPCP saturation levels and the thresholds for the
non-linearity to be seen are affected by the method of the
CPCP estimates.

Keywords. Ionosphere (Electric fields and currents) –
Magnetospheric physics (Magnetosphere-ionosphere inter-
actions; Solar wind-magnetosphere interactions)

1 Introduction

Observations show that the ionospheric cross polar cap po-
tential (CPCP) tends to saturate at extreme solar wind condi-
tions (e.g., Siscoe et al., 2004; Shepherd, 2007). The effect
has been demonstrated by consideringE×B ion drift data
from satellites crossing the polar cap (e.g., Hairston et al.,
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2003), by modeling the CPCP with AMIE technique based
on magnetometer data (e.g., Russell et al., 2001; Liemohn
and Ridley, 2002) and by analyzing the SuperDARN radar
convection maps (e.g., Shepherd et al., 2003; Khachikjan
et al., 2008). To show the saturation effect, the CPCP has
been plotted against either the interplanetary electric field
(IEF, Russell et al., 2001; Khachikjan et al., 2008) or the
merging electric fieldEKL (Shepherd et al., 2003). While
the first consideration characterizes the ionospheric output
(CPCP) and the external driver (IEF), the second consider-
ation takes into account the relationship between the exter-
nal driver and the magnetosphere/ionosphere system. Super-
DARN data seem to show the saturation effect in a more pro-
found way than the other instruments.

Ridley and Kihn (2004) investigated the AMIE-modeled
CPCP variation with the polar cap magnetic index. The po-
lar cap index (e.g., Troshichev et al., 2006) is derived from
magnetometer records at a single polar cap station. For the
Northern Hemisphere, data from the Thule magnetometer are
used, and the index is called the PCN index. For the South-
ern Hemisphere, Vostok magnetometer data are considered
and this index is called the PCS index. In the process of po-
lar cap indices calculation, measured magnetic perturbations
are correlated with the merging electric fieldEKL so that the
indices ultimately reflect the merging electric fieldEKL but
they are not exactly equivalent to it. Ridley and Kihn (2004)
demonstrated little nonlinearity in the CPCP-PCN relation-
ship, although they considered only moderately disturbed
conditions (PCN<3–4). This finding is consistent with the
almost linear relationship between AMIE-based CPCP and
IEF in a range between 0 and 10 mV/m (Liemohn and Rid-
ley, 2002).

Thus, published data show that the character of the CPCP
increase with IEF,EKL, or PCN and the saturation level
(if it exists) depend on the method of the CPCP measure-
ments/estimates and the selection of independent parameter.
Notably, the threshold value for the nonlinearity to begin and
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the CPCP plateau values vary significantly (Liemohn and Ri-
dley, 2002; Khachikjan et al., 2008).

A number of physical processes leading to the CPCP sat-
uration have been discussed (e.g., Siscoe et al., 2004; Shep-
herd, 2007), but attempts to identify the dominating mech-
anism and the relative role of others have not been success-
ful. Accumulation of experimental data on the CPCP as a
function of various parameters characterizing the electrody-
namics of the near Earth space is an urgent task. In pursuing
this goal, useful information can be inferred from plotting
the CPCP against other parameters. In terms of indices, an
interesting relationship to consider is the CPCP versus the
PCN index because the work by Ridley and Kihn (2004) did
not show strong nonlinearity, which is in contrast with, for
example, SuperDARN-based studies (Shepherd et al., 2003;
Khachikjan et al., 2008). In terms of a function characteriz-
ing interaction of the solar wind and the magnetosphere, an
interesting relationship to consider is the CPCP with the re-
cently introduced by Newell et al. (2007) coupling function
EC . TheEC is a function showing best correlation with nine
indices/parameters that are widely used in space physics.

This study is aimed at further investigation of the CPCP
saturation effect. We consider CPCPs inferred from Super-
DARN HF radar convection measurements and involve the
PCN index andEC function. The thrust of the study is on
the character of the CPCP relationship upon these parame-
ters and seasonal change in its character.

2 Data selection

We consider 2-min CPCPs inferred from SuperDARN con-
vection measurements by applying the map potential tech-
nique of Ruohoniemi and Baker (1998). This method is
deemed to be reliable, first of all, if significant amount of
vectors is available for the analysis of an individual con-
vection map. Maps that we considered had at least 200
points and, for the vast majority of cases (91% winter and
70% summer time), had more than 300 points (this thresh-
old value was adopted by Khachikjan et al. (2008) whose
events have mostly been included into the present data set).
Since we wanted to consider the PCN magnetic index, the
data search was limited to the periods for which the PCN
index was visibly showing enhancements to 5–6 and up ac-
cording to the plots on the official WEB site for PCN:http://
web.dmi.dk/projects/wdcc1/pcn/pcn.html. We note that large
PCNs are not that unusual, but, frequently, the SuperDARN
coverage is poor to have a reliable CPCP estimate. In ad-
dition, we considered only those maps for which the radar
measurements were available for both evening and morning
convection foci areas. Certainly, this last criterion is some-
what subjective, but is important for selection of reliable
CPCP measurements. Application of this criterion has led
to a significant drop in a number of available maps. Despite
the fact that three years of the SuperDARN network oper-

ation were searched, 2000–2002, only∼1400 CPCP mea-
surements were found for winter (November–February) and
∼1700 CPCP measurements for summer (May–July). The
PCN values were downloaded from the above mentioned
WEB site. Since we considered 2-min SuperDARN convec-
tion maps, the corresponding IEF,EKL, PCN andEC values
were obtained by averaging over the corresponding 2-min in-
tervals.

For producing the SuperDARN convection maps and
CPCP estimates, the IMF parameters were obtained from
the ACE magnetometer instrument and the delay time of the
ACE measurements was determined according to Weimer et
al. (2003). For the data set selected, the PCN was as high
as 10 but for the majority of the CPCP data, the index was
below 6 (summer) and 8 (winter).

3 CPCP as a function of IEF

We first plot the SuperDARN CPCP versus the IEF, Fig. 1.
Khachikjan et al. (2008) investigated this relationship in de-
tail, but with the data collected during predominantly winter
time. We have two objectives: first, we would like to confirm
that the SuperDARN data selected with somewhat different
and more restrictive criteria still show the same tendencies
and, second, we go further and consider the data for winter
and summer separately. We note that although SuperDARN
coverage is generally better for winter (e.g., Koustov et al.,
2004), we selected as many events as possible for summer
observations to have comparable winter and summer data
sets.

Figure 1a (1b) is a scatter plot of the CPCP versus the IEF
for summer (winter). A quick inspection tells us that, while
the summer cloud of points is well-stretched in one direction,
thus hinting on the close-to-linear dependence, the winter
cloud of points seems to show stretching along one line for
IEFs between−2 and∼3 mV/m only. For IEF>∼5 mV/m,
the CPCPs are clustered around the constant value of∼80 kV
so that the cloud of points seems to be “bent” at IEF∼3–
5 mV/m and one can say that there is a saturation of the CPCP
at large IEFs. To illustrate this tendency more clearly, we
binned the CPCP data according to 1-mV/m bins of the IEF.
Thick black line in Fig. 1 connects the obtained binned values
of the CPCP. One can see the saturation effect at large IEFs
for winter. It is less pronounced for summer. We comment
that the summer data in Fig. 1a are somewhat inconclusive
with respect to the saturation effect because the number of
points for IEF>5 mV/m is not significant.

We also present in Fig. 1a, b a linear dependence inferred
by Liemohn and Ridley (2002) from AMIE modeling (green
line). For summer, the line is close to the binned CPCPs
(black ragged line). For winter, a clear deviation of the Su-
perDARN CPCP from the AMIE linear trend is evident at
large IEFs, starting from∼3 mV/m. Similar diversion of
AMIE and SuperDARN CPCPs was reported by Khachikjan
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Table 1. Parameters of the linear fit line CPCP=A+B·X.

X A, kV B, kV/(X) Corr. coeff. St Dev, kV

L&R (2002) PCN 58.10 7.29 – –
SD, summer IEF (55.03) 52.36 (6.26) 8.14 (0.64) 0.46 (13.22) 12.68
SD, winter IEF (59.64) 50.66 (3.65) 11.27 (0.57) 0.58 (14.20) 13.00
SD, K(2008) IEF (50.18) 40.5 (3.60) 9.5 (0.52) 0.51 (15.06) 12.5
SD, summer EKL 38.80 12.27 0.70 10.59
SD, winter EKL 41.42 10.32 0.51 13.80
SD, summer PCN 34.91 14.04 0.62 12.77
SD, winter PCN 33.00 13.38 0.68 11.43
SD, summer EC 41.17 28.03 0.67 11.66
SD, winter EC 39.90 29.47 0.69 11.99

et al. (2008) whose data were heavily dominated by winter
measurements.

To assess the CPCP-IEF relationship in more quantitative
way, we considered three different fits to the data, Fig. 1c, d.
First, we simply applied the linear fit (black line), similar to
Liemohn and Ridley (2002). Table 1 presents the coefficients
of these linear fits, placed in brackets. We also applied linear
fitting to the data by Khachikjan et al. (2008) by considering
their entire data set (in contrast to a limited IEF range in that
study). One can conclude that for summer, the SuperDARN
data are consistent with the AMIE results. For winter, the
slope of the fit line is almost 2 times lower in a case of Su-
perDARN, both for our limited data set and for the one of
Khachikjan et al. (2008). It is not a surprise that the corre-
lation coefficient and the standard deviation from the best-fit
linear line are better for summer observations.

One may argue that fitting a straight line to the cloud of
points with obvious non-linear trend (winter data) is not very
good way of assessing the data. Moreover, as will be dis-
cussed later, the SuperDARN measurements at large IEFs
may be somewhat erroneous. For these reasons, we assessed
only the linear part of the data in Fig. 1a, b by applying
straight line fitting. Parameters of such fit depend on the IEF
range that corresponds to the linear part of the trend. We
adopted the threshold from which the nonlinearity kicks in
as 3 mV/m, similar to Khachikjan et al. (2008). Parameters
of these fits are also shown in Table 1, and the corresponding
lines are shown in Fig. 1b by blue color. Clearly, the linear
fits to the increasing part of the plots are much closer to the
AMIE expectations. Also, there is not much of a difference
(for the slope) between summer and winter data. In the anal-
ysis to follow, we applied linear fits to only growing part of
each plot and plotted all lines by the same blue color.

Secondly, we performed the sigmoidal-Boltzman
fitting of the same data, primarily for a compari-
son with the Khachikjan et al. (2008) results. In
this approach, the following function was used:
CPCP=(A1−A2)/(1+ exp[(IEF−x0)/1x])+A2, where

the parametersA1, A2, x0, and 1x were found by fitting
procedure. We note that, generally,A2 reflects the saturated
CPCP value at large IEFs,1x reflects the rate of reaching
this saturation level, andx0 characterizes the IEF value for
the saturation to begin. Parameters of the Boltzman fit for
our data set and the one of Khachikjan et al. (2008) are
presented in Table 2 and the corresponding curves are shown
in Fig. 1c, d by green color.

Again, one notices that parameters of the fits for our win-
ter data are quite consistent with the ones by Khachikjan et
al. (2008). The summer fit parameters are somewhat dif-
ferent; all three parametersA2, 1x andx0 are larger here.
This means that the summer data show larger CPCP satura-
tion level, this level is reached more slowly and the saturation
begins at larger IEFs. These conclusions are consistent with
the observation of the binned CPCPs in Fig. 1c, d.

Finally, we performed least-square fitting by applying
the asymptotic exponential function used, for example, by
Liemohn and Ridley (2002): CPCP(x)=P−S exp(−(x/T ).
The results of fitting are shown as red curves in Fig. 1c, d.
We feel that this kind of function is reasonably suited for
assessing our data because the shape of the obtained curve
follows the data trends in Fig. 1 quite well. ParameterP tells
us about the saturated level of the function at large values of
the argument. ParameterT describes how fast the saturation
level is achieved.

Inferred parameters of the exponential fit for our data and
the ones of Khachikjan et al. (2008) are presented in Table 3
(columns 3–5) where we also give values for one of the ex-
ponential fits reported by Liemohn and Ridley (2002), first
row. Winter data seem to be consistent for all three compar-
isons. For summer, the fit parameters for SuperDARN are
very different from others and indicate that the relationship
is much closer to a linear one, consistent with our conclusion
from other types of fitting. This is especially evident if one
realizes that parameterT is very large for the summer data.
ParameterP is larger for summer measurements indicating
higher level of the CPCP saturation for this season.
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Fig. 1. Scatter plot of the cross polar cap potential (CPCP) inferred from SuperDARN radar measurements versus the interplanetary electric
field (IEF) for (a) summer and(b) winter. Overlaid black thick lines connect the CPCP average values for IEF bins of 1-mV/m wide. The
light green line is the linear relationship inferred by Liemohn and Ridley (2002) by using AMIE modeling. Panels(c) and(d) show various
curves assessing the data of panels (a) and (b). Three different least square fits are considered: linear (black for the entire range of the IEF
and blue for only growing part of the scatter plot), exponential (red) and sigmoidal-Boltzmann (dark green). The bin-averaged CPCPs (from
panels a and b, respectively) and the corresponding standard deviations are also presented.

Table 2. Parameters of the Boltzman fit CPCP=(A1−A2)/(1+ exp[(IEF−x0)/1x])+A2.

A1, kV A2, kV x0, mV/m 1x, mV/m Corr. coeff. St Dev, kV

Kh (2008) 40.8 73.3 1.32 0.69 0.65 13.43
Summer 42.8 88.8 1.67 1.27 0.66 12.95
Winter 53.4 79.5 1.3 0.43 0.59 13.89

4 CPCP as a function ofEKL, PCN andEC

Now we sort the data according to theEKL, PCN magnetic
index andEC function. Results are presented in Fig. 2 in
the same format as in Fig. 1a, b, i.e. by showing the original
points and the binned values of the CPCP.

Similar to Fig. 1 data, scatter plots of the CPCP versus
EKL and PCN, Fig. 2a, c and 2b, d (summer and winter,
respectively) show an increasing part and saturation. The
tendencies are more obvious if one considers binned values

of the CPCP. The curves for both seasons show a somewhat
more linear initial part at low values of parameters and a ten-
dency to saturate at large values. Unfortunately, the summer
data are limited toEKL∼6 mV/m and PCN∼4.5 and the sat-
uration level cannot be inferred/estimated confidently. Win-
ter data show the saturation effect quite clearly. To assess
these dependencies, we performed linear fitting to the grow-
ing trend at small values of a respective parameter (obtained
fit parameters are reported in Table 1) and asymptotic expo-
nential fitting (red lines, obtained fit parameters are reported

Ann. Geophys., 27, 3755–3764, 2009 www.ann-geophys.net/27/3755/2009/
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Fig. 2. (a) Scatter plot of the SuperDARN cross polar cap potential (CPCP) versus theEKL function for summer measurements. Also
presented are the CPCP binned values (solid dots, 0.5 mV/m step) and standard deviation for each bin.(c) The same as in (a) but versus
the PCN magnetic index. The PCN bins are 0.5 units apart. The green line is the linear relationship obtained by Ridley and Kihn (2004)
through AMIE modeling. The yellow line is the linear relationship reported by Troshichev et al. (1996).(e) The same as in (a) but for the
Newell coupling function Ec. The bin width is 0.5×104. Panels(b), (d), and(f) are the same as (a), (c), and (e), respectively, but for winter
measurements. In all panels, overlaid red line is the exponential least square fit to original (non-binned) data and overlaid blue line is the
linear fits to the increasing part of the plots. Parameters of the fits are given in Tables 3 and 1, respectively.
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Table 3. Parameters of the asymptotic exponential fit CPCP(x)=P−S exp(−(x/T ).

Parameter X P, kV S, kV T, mV/m SD, kV

AMIE, L-02 IEF 166.2 134.8 4.43 –
SD, Kh-08 IEF 94.15 45.98 6.16 –
SD, summer IEF 205.38 150.50 21.88 13.19
SD, winter IEF 90.31 31.43 4.91 13.67
SD, summer EKL 93.06 57.11 2.96 11.72
SD, winter EKL 81.59 47.52 1.98 13.39
SD, summer PCN 90.04 62.94 2.21 13.03
SD, winter PCN 84.86 58.35 2.20 12.54
SD, summer EC 107.40 70.13 1.60 11.87
SD, winter EC 83.93 52.45 0.76 12.63

in Table 3) to characterize an overall nonlinearity of a depen-
dence.

While doing the linear fitting, thresholds for the linear
parts of the dependencies were selected asEKL=3 mV/m
(consistent with Bristow et al., 2004) and PCN=3 (consistent
with Khachikjan et al., 2008; Fiori et al., 2009). Obtained
slopes of the straight lines (see blue lines in Fig. 2) are some-
what larger for the PCN dependence as compared to theEKL

dependence. For both parameters, the slopes are larger than
for the CPCP dependence upon IEF. There is some difference
of inferred parameters between seasons but no clear pattern
can be inferred.

We note that the binned CPCPs for variousEKL in Fig. 2a,
b are very close to the typical values reported by Shepherd et
al. (2003) up to∼3 mV/m. ForEKL>3 mV/m our values
are slightly larger (maximum by∼8 kV for EKL∼5 mV/m).
In Fig. 2c, d we also show the linear dependencies reported
by Troshichev et al. (1996), satellite estimates of the CPCP
(yellow line), and by Ridley and Kihn (2004), AMIE model-
ing (green line). Both summer and winter SuperDARN data
are consistent with AMIE results for PCN between 0 and∼3
and visual diversion of the data occurs starting from PCN
∼4. The line of Troshichev et al. (1996), which was ob-
tained without considering the seasonal effect, have compa-
rable slope but shifted down by∼20 kV.

Figure 2e and 2f shows variation of the CPCP withEC for
summer and winter, respectively, in the same format as the
data in Fig. 2a–d. Inferred parameters of the linear and ex-
ponential fits are given in Tables 1 and 3, respectively. The
range of theEC is comparable here for the two seasons and
one can recognize much more nonlinearity in the relation-
ship for winter measurements. This conclusion is consistent
with larger T-value for the summer data. Similar to inference
from other fits, the saturated CPCP is larger for the summer
data set. It is interesting that sorting CPCPs according toEC

gives the smallest (average for winter and summer) standard
deviation of points from the fit line. This conclusion is valid
for both the linear (Table 1) and exponential fits (Table 3).

5 SuperDARN CPCPs measured simultaneously in
both hemispheres

The data presented in Figs. 1 and 2 show differences be-
tween the summer and winter CPCPs as observed in one
hemisphere. One might think that these differences occur be-
cause winter and summer data sets correspond to quite differ-
ent geophysical conditions; after all, the sets do not overlap.
We attempted to build a third data set that would include si-
multaneous SuperDARN CPCP measurements in both hemi-
spheres. Unfortunately, the SuperDARN radar coverage in
the Southern Hemisphere is not as good as it is in the North-
ern Hemisphere. The situation is especially poor for obser-
vations during southern summer. The new data set was ob-
tained by considering all events from the northern-summer
set that would have reasonable coverage in the southern-
winter hemisphere. We required that the amount of points
was at least 300 for both hemispheres. This criterion is not
easy to achieve for the Southern Hemisphere measurements
and, for some convection maps, the foci of only one convec-
tion cell was covered by radar measurements. 143 common
CPCP measurements were found.

Figure 3 is a scatter plot of the Northern (summer) Hemi-
sphere CPCP versus the southern (winter) CPCP. An upward
shift of the cloud of points is obvious indicating that the sum-
mer CPCPs are generally larger than the winter CPCPs. This
result is consistent with observations in one hemisphere. Un-
fortunately, there are no points for large CPCPs so that one
cannot say in which hemisphere the “saturated” level of the
CPCP is larger. More work is needed to isolate events with
good coverage in both hemispheres and large CPCP in at
least one of these. This is a completely different approach
to data selection and we leave the task for future work.

6 Discussion

In this study we plotted the SuperDARN CPCP versus four
parameters characterizing the solar wind and its coupling

Ann. Geophys., 27, 3755–3764, 2009 www.ann-geophys.net/27/3755/2009/
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Fig. 3. Scatter plot of SuperDARN CPCP for the Northern (sum-
mer) Hemisphere versus SuperDARN CPCP for the Southern (win-
ter) Hemisphere.

with the magnetosphere: IEF,EKL, PCN index andEC cou-
pling function. We adopted more stringent criteria to individ-
ual SuperDARN maps for inferring the CPCP as compared to
Khachikjan et al. (2008) matching the approach of Shepherd
et al. (2003) who used theEKL coupling function to charac-
terize the SuperDARN CPCP. In contrast to previous studies,
we considered summer and winter measurements separately
and also considered a limited set of simultaneous observa-
tions in both hemispheres.

We note that in addition to investigating the SuperDARN
CPCP variation with IEF andEKL(these have been reported
in the past) we involved the PCN magnetic index. The objec-
tive was that this index is widely used for research in space
physics and it would be important to sort out the data ac-
cording to it. Generally, PCN is considered to be a good
proxy for EKL (Troshichev et al., 2006). However, we kept
in mind the fact that although correlation between them is
high (Troshichev et al., 2006), still these parameters are of-
ten not quite the same as evident from Fig. 10 of Troshichev
et al. (2006). We should say that the reported SuperDARN
CPCPs versusEKL (Fig. 2a, b) are very close to the ones for
the PCN index, Fig. 2c, d, but the relationships as assessed
by fitting are not quite the same.

Recently, Fiori et al. (2009) presented the SuperDARN
CPCPs as a function of PCN, but the data were limited to
small PCNs<2 by virtue of considering more recent ob-
servations with the Canadian polar cap SuperDARN radar
at Rankin Inlet. Results of this paper are only relevant to
the linear part of the CPCP-PCN dependence. Importantly,
the radar data coverage for the events considered by Fiori et
al. (2009) was not as good as in the data sets of the present
study. In terms of the variation with the PCN, the present
work has a superior SuperDARN data quality and we cover

larger range of PCN. It is interesting that despite of differ-
ent data sets considered, the linear trends reported by Fiori et
al. (2009) are consistent with what we present.

All plots of Figs. 1 and 2 show the linear trend at small
values of parameters and tendency for the CPCP to satu-
rate at large values. This is very consistent with previ-
ous studies that investigated the SuperDARN CPCP relation-
ship with EKL (Shepherd et al., 2003) and IEF (Khachik-
jan et al., 2008). The linear part of the SuperDARN-
based curves for summer is quite consistent with the re-
sults of AMIE modeling by Liemohn and Ridley (2002)
and Ridley and Khin (2004). Indeed, for the CPCP-
IEF dependence, Liemohn and Ridley (2002) reported a
slope of 7.29 kV/(mV/m) (for all seasons) while we have
6.26 kV/(mV/m) and 3.65 kV/(mV/m) for summer and win-
ter, respectively, if the linear fitting is applied to entire data
set. Such a procedure is probably not good for the winter
data. Linear fitting to the growing parts of the scatter plots
gives slopes of 8.14 and 11.27 kV/(mV/m), summer and win-
ter, respectively. These numbers are close to the ones of
Liemohn and Ridley (2002).

In terms of variation with PCN, Ridley and Kihn (2004)
reported the slopes of 16.22 kV/PCN and 15.5 kV/PCN, for
summer and winter, respectively. If the CPCP-PCN depen-
dence is simply fit with a straight line, the corresponding
slopes for our data would be 10.3 kV/PCN and 5.1 kV/PCN.
The smaller slope for the winter data is because the Super-
DARN data show clear saturation effect for PCN>4 while
the AMIE data do not. The slopes for the “linear” parts of
the CPCP-PCN variation for SuperDARN (Table 1) and the
AMIE computations of Liemohn and Ridley (2002) do not
differ significantly. One also has to note that the Ridley and
Kihn (2004) work is limited to PCN<4-5 for winter and<3–
4 for summer and this could account for some differences
with our results. In terms of the linear slope, the SuperDARN
data reported here are also consistent with the satellite-based
CPCPs of Troshichev et al. (1996) who reported the value of
19.35 kV/PCN.

For the nonlinear part of the SuperDARN plots con-
sistency with measurements by other techniques is much
weaker. Assessment of the SuperDARN data, both visual
and with Boltzman and exponential fits (Tables 2 and 3),
indicates that the nonlinearity in the dependences starts at
relatively small values of the parameters. Visual estima-
tion of the thresholds gives IEF∗

∼3 mV/m, PCN∗
∼3–4 and

E∗

C∼1.5×104. These are the numbers that we adopted as the
limits of the “linear” domain in the scatter plots. The AMIE
modeling shows much larger IEF threshold of∼10 mV/m
(Liemohn and Ridley, 2002). Not much of the saturation can
be seen for the CPCP-PCN data of Ridley and Kihn (2004).
Our plots of the SuperDARN CPCPs versusEKL give the
threshold for the nonlinearity of the order of 3 mV/m.

To assess the threshold values for saturation to begin in a
more rigorous way, we considered derivative of the Boltz-
man fit for each data set. Maximum derivative would mean
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such a value of the independent variable starting from which
the slope of the linear fit line would start to decrease and,
eventually, saturation would be achieved. Estimated in this
way threshold values for the saturation to begin for sum-
mer (winter) are IEF∗=1.5 (1.1) mV/m,E∗

KL∼1(1) mV/m,
PCN∗=0 (2.1), andE∗

C=0 (∼6000). We comment that sum-
mer variations with PCN andEC showed declining slopes
starting from around zero and, thus, assessing these curves
with derivatives is problematic. Obtained threshold values
are about 2 times smaller than the ones inferred visually, but
they show the same tendencies.

Another issue of the non-linear part of the curves is the
level of the CPCP saturation. The data for some plots did not
cover the range required to see the saturation confidently, es-
pecially for the summer measurements. However, estimates
can be inferred from the fits. Tables 2 and 3 indicate that
summer parameterA2 (Boltzman fitting, reflects the satura-
tion level) is larger than the winter one by 9 kV for the IEF
plots, and summer parameterP is larger by 1 kV for the PCN
plots (exponential fitting), by 23 kV for theEC plots (expo-
nential fitting), and by 8 kV for theEKL plots (exponential
fitting). Larger SuperDARN CPCPs for the summer obser-
vations have been mentioned by Shepherd (2007).

To further explore the summer-winter difference in the
CPCP of saturation, we selected from our data set a number
of events for which reasonable (>300 points) SuperDARN
coverage was achieved in the Southern Hemisphere simul-
taneously with observations in the Northern Hemisphere.
We showed (Fig. 3) that the summer (Northern Hemisphere)
CPCPs are larger than winter (Southern Hemisphere) ones
by ∼10 kV.

Assessment of the SuperDARN CPCP plots by applying
various analytical forms of the relationship is not easy be-
cause of a significant data spread. We adopted an exponential
fit to describe, in relative terms, the change in the parameters
from summer to winter and to compare dependencies for IEF,
EKL, PCN andEC . While seasonal changes are mostly dis-
cernible for each parameter (such as IEF), inter-comparison
of dependencies for the CPCP versus different parameters
hardly makes sense, as inferred fit parameters differ signifi-
cantly.

The SuperDARN CPCPs reported here and elsewhere
(e.g., Shepherd et al., 2003; Khachikjan et al., 2008; Fiori
et al., 2009) are generally consistent with each other and,
in this sense, they represent robustly what the SuperDARN
radars are showing on a daily basis. Typical CPCP val-
ues of<100 kV are inconsistent with much larger possible
values reported in DMSP measurements and AMIE model-
ing. Figure 7 of Khachikjan et al. (2008) showed that Su-
perDARN CPCPs begin to divert from AMIE expectations
starting from IEF∼5 mV/m. Data by Hairston et al. (2003)
from the DMSP satellites show saturation values of∼150–
180 kV. Troshichev et al. (1996) considered EXOS-D satel-
lite measurements of the ion drift for the polar cap cross-
ings and reported essentially a linear CPCP relationship upon

the PC index up to∼5.5 which would roughly correspond to
IEF∼5 mV/m.

Differences between CPCPs obtained for similar solar
wind conditions but with different techniques is certainly a
concern. Unfortunately, the exact reason for this is currently
not known; this is an area of active research. For example,
Ruohoniemi et al. (2006) selected about 100 DMSP passes
over the high-latitude ionosphere for the events with reason-
able SuperDARN radar coverage and found that the radars
show smaller potentials, although only by∼15–20%. These
were preliminary results and further validation work on the
SuperDARN CPCP is ongoing.

As our instrument in this study is the SuperDARN radars,
we comment on several aspects of radar measurements that
definitively contribute to the CPCP differences, mostly un-
derestimation. Smaller SuperDARN CPCPs as compared to
the DMSP measurements is expected because the velocity
of F-region echoes at HF tends to be smaller than theE×B

plasma drift component along the beam, as measured by in-
coherent scatter radars and by ion drift meters on board of
DMSP satellites (e.g., Xu et al., 2001; Drayton et al., 2005).
The effect is clearly detectable at large drifts of>1 km/s.
Xu et al. (2008) statistically compared the DMSP veloc-
ity vectors and SuperDARN-inferred convection vectors and
showed that the radar velocities are typically smaller than
the DMSP ones. Several explanations for the differences
have been proposed, including the fact that temporal and spa-
tial resolution of the instruments is not the same. One is a
∼500 km difference in the height of plasma velocity mea-
surements by radars and on satellites. This factor can lead
to ∼10% smaller SuperDARN velocities (Sofko and Walker,
2006). The second factor is improper measurement of the
Doppler velocity in the routine SD data handling that as-
sumes that the scatter occurs in vacuum. Deviation of the
index of refraction from 1 can lead to effective underestima-
tion of the reported SuperDARN velocity by 10–15% (Gillies
et al., 2009). If one accepts that the observed SuperDARN
velocities are 20% below theE×B drift magnitude, it would
mean underestimation of the electric field by∼5 mV/m for
an average electric field of 25 mV/m. Over a distance of
3000 km, these would lead to the CPCP underestimation by
15 kV. This number doubles for stronger E-field of 50 mV/m.
The value of 30 kV is still not enough to explain the differ-
ences between SuperDARN and DMSP-based CPCPs.

It is currently believed that as magnetic activity increases,
the number of SuperDARN echoes decreases and they tend
to be located at short radar ranges. Under these condi-
tions, the SuperDARN CPCP estimates are strongly driven
by the startup convection model and, as a result, are some-
what underestimated. For our data set, the typical number of
points in individual convection maps was∼650 for PCN=0-
2 and∼400 for PCN=6–8 for the winter measurements (the
number of points for the summer measurements was roughly
half of the winter ones). For echoes at short radar ranges,
the danger is that they might be coming from the E region.

Ann. Geophys., 27, 3755–3764, 2009 www.ann-geophys.net/27/3755/2009/



A. V. Koustov et al.: SuperDARN CPCP saturation 3763

Several studies showed that the SuperDARN E region ve-
locity is well below theE×B component along the radar
beam (e.g., Makarevitch et al., 2004; Koustov et al., 2005).
However, usually, the amount of E-region echoes is not large
enough to strongly affect the CPCP estimates. In our analy-
sis, E-region echoes have been excluded from the analysis.

The data presented in Figs. 1–3 show that SuperDARN
CPCPs can be significantly larger than the average binned
values of∼80 kV in the saturation regime so that, one might
think that, potentially, larger CPCPs are possible if the data
search is not limited to cases of large PCN index, one of the
main constrains of the present study. To investigate whether
this is a correct notion, we processed all SuperDARN 2-min
maps for 2002 and inferred maximum CPCP values for each
hour irrespective of how many points were available for map
processing. In this way, cases with very poor coverage have
been considered. We found that although there were cases
with CPCP as high as 140 kV, maximum values usually did
not exceed 120 kV which we consider as a typical maximum
CPCPs that the SuperDARN radars would report. Impor-
tantly, these values were achieved for the maps with signif-
icant data coverage so that one cannot relate large Super-
DARN CPCPs with the startup convection model. In addi-
tion, we run the SuperDARN map potential code by consid-
ering only the startup convection models (currently, 3 mod-
els are implemented). We found that the maximum CPCP
values of∼75 kV are achieved forB−

Z andB+

Y combination.
Thus the SuperDARN model CPCPs are significantly smaller
than maximum reported values. Clearly, to further clarify
the reasons for differences between the SuperDARN CPCPs
and measurements/estimates by other methods/techniques, a
joint validation work is needed.

7 Conclusions

Results of this study can be summarized as follows. Based on
∼1700 CPCP estimates for summer and∼1400 CPCP esti-
mates for winter, all in the Northern Hemisphere, we showed
that

1. The SuperDARN CPCP shows close-to-linear increase
for relatively small values of four parameters widely
used to characterize the CPCP: IEF,EKL, PCN index
andEC coupling function of Newell et al. (2007). The
linear part of the relationship is consistent with AMIE
modeling and satellite measurements. For large values
of all these parameters, the SuperDARN CPCP tends to
saturate.

2. A transition to the nonlinear regime becomes evident at
IEF∗

∼E∗

KL∼3 mV/m, PCN∗
∼3–4 andE∗

C∼1.5×104.
The threshold values are smaller for winter conditions.
Estimated threshold values for the nonlinearity to be-
gin might be affected by the SuperDARN method of

the CPCP estimation so that these values can be consid-
ered as thresholds starting from which the SuperDARN
CPCPs are underestimations of the true CPCP.

3. The SuperDARN CPCP saturation level is slightly (∼1–
10 kV) larger for summer conditions. In terms of vari-
ation with the IEF,EKL, PCN andEC , the saturation
level is achieved faster during winter; this is a match
with smaller winter thresholds for the nonlinearity to
kick in. Generally smaller winter CPCPs are also found
for limited data set of simultaneous SuperDARN mea-
surements in the summer and winter hemispheres. The
average “saturation level” of the SuperDARN CPCP is
significantly smaller than the CPCPs reported by other
techniques. However, the maximum observed in this
study SuperDARN CPCPs of∼120 kV are typical max-
imum CPCPs that SuperDARN reported for the entire
2002. The maximum SuperDARN CPCPs are well
above the values that the SuperDARN startup convec-
tion model would give and they were measured for the
maps with good radar coverage.

4. Sorting SuperDARN CPCPs according to theEC gives
the best clustering of the data as evaluated from the stan-
dard deviation of the data from the best fit (exponential
type) curve.
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