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Abstract Recent in situ observations of the solar wind show that charge states (e.g., the O7*/05* and
C+/C>*+ abundance ratios) evolved through the extended, deep solar minimum between solar cycles 23
and 24 (i.e., from 2006 to 2009) reflecting cooler electron temperatures in the corona. We extend previous
analyses to study the evolution of the coronal electron temperature through the protracted solar minimum
and observe not only the reduction in coronal temperature in the cycles 23-24 solar minimum but also a
small increase in coronal temperature associated with increasing activity during the “mini maximum” in
cycle 24. We use a new model of the interplanetary magnetic flux since 1749 to estimate coronal electron
temperatures over more than two centuries. The reduction in coronal electron temperature in the cycles
23-24 protracted solar minimum is similar to reductions observed at the beginning of the Dalton Minimum
(~1805-1840). If these trends continue to reflect the evolution of the Dalton Minimum, we will observe
further reductions in coronal temperature in the cycles 24-25 solar minimum. Preliminary indications in
2013 do suggest a further post cycle 23 decline in solar activity. Thus, we extend our understanding of
coronal electron temperature using the solar wind scaling law and compare recent reductions in coronal
electron temperature in the protracted solar minimum to conditions that prevailed in the Dalton Minimum.

1. Introduction

The deep solar minimum between cycles 23 and 24 and the activity in cycle 24 differed significantly from
those of the prior cycle [Schwadron et al., 2011; McComas et al., 2013]. In the solar minimum, the fast

wind was slightly slower, was significantly less dense and cooler, had lower mass and momentum fluxes
[McComas et al., 2008], and weaker heliospheric magnetic fields [Smith and Balogh, 2008]. In the rise of
activity in cycle 24, the mass flux of solar wind remained low [McComas et al., 2013] and the magnetic flux of
the heliosphere remained at significantly lower levels than observed at previous solar maxima in the space
age [Smith et al., 2013]. The current “mini” solar maximum of cycle 24 shows only a small recovery in particle
and magnetic fluxes [McComas et al., 2013]. Therefore, the cycle 24 mini solar maximum is far more like the
protracted solar minimum than previous maxima observed during the space age.

Ulysses observations showed that the charge state ratios 0’* /0% and C6* /C>* and the abundance ratio
Fe/O significantly decreased during the cycles 23-24 minimum [Zhao and Fisk, 2010]. The charge state ratios
07+ /08" and C8* /C>* are commonly used to infer electron freezing-in temperatures set low in the corona
(within ~ 3R,, where R, is one solar radius) where the solar wind drags ions out more rapidly than ionization
and recombination can equilibrate them to the local electron temperature. Schwadron et al. [2011] found
that (for a given solar wind speed) the coronal electron temperature (as derived from O’* /05* and C&+ /C>+
measurements from ACE) decreased during the cycles 23-24 solar minimum.

Kasper et al. [2012] showed that for relatively narrow bins of solar wind speeds (bin widths of 50 km/s), the
coronal electron temperature derived from solar wind charge states dropped through the deep cycles 23-24
minimum. The reductions in coronal temperature were associated with significant reductions in the solar
wind He abundance. Mcintosh et al. [2011] found that the (supergranular) network emission length scale var-
ied with that of the helium abundance and the degree of iron fractionation in the solar wind. The decrease
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in the helium abundance and the degree of iron fractionation (approaching values of the photosphere) in
the fast wind indicated a significant change in the loading of material into the fast solar wind. Lepri et al.
[2013] also studied solar wind charge states during the deep protracted minimum and concluded that coro-
nal heating was significantly reduced compared to previous minima. The observation of [Kasper et al., 2012]
that coronal temperature dropped for a roughly fixed speed of solar wind was pivotal as it clearly showed
that some other factor in addition to coronal electron temperature must control the speed of solar wind.
According to the solar wind scaling law [Schwadron and McComas, 2003], the particle flux also plays a major
role in controlling the solar wind speed. The energy-per-particle lost through downward heat flux scales

as T,Z,/z/(foL) where T, is the maximum coronal electron temperature at or below a scale height, f is the
particle flux near the base of the flux tube, and L is the length along a flux tube to the maximum electron
temperature T,,. Therefore, lower particle fluxes near the base of a flux tube cause more significant energy
losses from heat flux conduction.

Schwadron et al. [2011] used the solar wind scaling law [Schwadron and McComas, 2003] to show that cooler
coronal electron temperatures are naturally associated with lower particle fluxes during the protracted min-
imum [McComas et al., 2008; Schwadron and McComas, 2008] because downward heat conduction must be
reduced to keep the average energy loss per particle fixed. The results of the scaling law suggested that the
evolution of the solar wind is linked to the solar dynamo, which caused the coronal magnetic field strength
to decrease in the deep, extended minimum. Further, Schwadron et al. [2011] utilized the scaling law to
project coronal electron temperatures backward in time throughout the space age and found that these
temperatures have been decreasing in successive temperature maxima since 1987, but had been increasing
in successive temperature maxima from 1969 to 1987.

The solar wind scaling law [Schwadron and McComas, 2003] used by Schwadron et al. [2011] relates a solar
wind stream’s 1 AU speed to coronal electron temperature and the particle flux near its source. The energy
budget of any coronal heating model can be understood using the scaling law. Higher coronal electron
temperatures at the source of a flux tube may be the result of higher heating rates.

The physical principles on which the Schwadron and McComas [2003] scaling law is based are well known:
the strong dependence of the solar wind speed on coronal electron temperature is due to coronal heat con-
duction, which sets pressure in loops [Rosner et al., 1978] and the inner boundary conditions of solar wind
[e.g.,, Hammer, 1982; Leer et al., 1982]. In regions where conductive losses are small, the 1 AU wind speed
achieves its maximum steady state value u,,, of roughly 800 km s™', mu2 _ /2 = mv2 — GM;m/R; and the
coronal source electron temperature is cool, as observed in coronal holes.

This article extends the analysis of Schwadron et al. [2011] in several respects. We are able to explore obser-
vations made during the rise of cycle 24 to test whether the prediction holds that the increase of solar wind
flux and magnetic flux during increasing activity also cause increased coronal electron temperatures. We will
see that these natural predictions of the solar wind scaling law are confirmed by recent charge state obser-
vations from the Solar Wind lon Composition Spectrometer on ACE. Further, we make use of new estimates
of magnetic flux since 1749 [Goelzer et al., 2013] to develop estimates of coronal electron temperatures over
centuries. This first-time historic reconstruction of coronal electron temperatures allows us to contextu-
alize of recent anomalies observed in coronal and solar wind properties over the protracted cycles 23-24
minimum and the “mini” cycle 24 maximum.

2. Observations and the Solar Wind Scaling Law

A key question in the cycle 24 maximum is how the Sun recovers from the protracted cycles 23-24
minimum. ACE data has been reanalyzed to glean any possible information about increasing coronal tem-
peratures from charge states in cycle 24. Figure 1 shows what is largely a reanalysis of Schwadron et al. [2011]
including all available charge state data (including data in 2010 and beyond) and a number of additional
improvements including removal of coronal mass ejections (CMEs) identified by Cane and Richardson [2003],
inclusion only of model results with fractional uncertainties less than 25% and observations of flux made for
10 or more consecutive 1 h intervals. In addition, we define tighter 0.75 year time-bins, which are essential
for resolving statistically significant increases in coronal temperature associated with activity in cycle 24. As
in Schwadron et al. [2011], we compare coronal temperatures from charge states (solid lines) to the results of
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where O; represents an observation, and E; an
expectation value for the O7+/0%* or C&+/C>*
charge state ratio produced by our model. We cal-
culate the relative RMS departures from the scaling
law model and from the mean of observations.
700 . . . Table 1 shows these results. Departures from the
600 scaling law model are generally smaller than the
500 E ]\!/H\H/H\H“H“H\i\/H departures from the mean values in each speed
400F |y iyt g bin, particularly for the O7*/O°* ratio. The excep-
300 tion is in the lowest speed bin (300-400 km/s) of
2000 2005 2010 .
Year the C*/C>* ratio where the mean value fits the
data as well or better than the scaling law model.

7 " ; ' This departure from the scaling law in the lowest
07+/06* and C8+/C5* charge state ratios (solid curves) in .
the speed bins shown and in 0.75 year time-bins. The anal- speed solar wind may reflect nonsteady processes
ysis used here is similar to Schwadron et al. [2011] with key (such as opening loops, the injection of material
differences being (1) the addition of new data in 2010 and from the tips of the helmet streamer, or other pro-

beyond, (2) smaller time-bins to resolve increases in coronal cesses invo|\/ing interchange reconnection to form
temperatures associated with cycle 24 activity, and (3) the the slow solar wind)

use of the Cane and Richardson [2003] CME list to identify
and remove anomalous behavior due to CMEs. The key observational result that stands out in
Figure 1 is that coronal temperatures do increase
in the cycle 24 maximum. However, coronal temperatures do not recover to their previous highs in cycle
23. Figure 2 shows extended analysis of the scaling law into cycle 24 using OMNI data. We find not only the
increase in coronal temperatures of cycle 24 but also a drop of coronal temperatures in the most recent data.
This result suggests not only that we may have already extended through the cycle 24 maximum in 2013,
but also that we have begun descent into the cycles 24-25 minimum for the 400-500 and 500-600 km/s
speed bins. Coronal temperatures continue to show remarkably low values indicative of the anomalous lack
of solar activity in the era that began approximately in 2005.

C+6 /C+5

<vel> (km/sec)

Figure 1. Coronal freezing-in temperature deduced from

In recent work, insights into the evolution of the interplanetary magnetic flux [e.g., Schwadron et al., 2010]
were used to determine its time history based on sunspot number since 1749 [Goelzer et al., 2013]. The
Schwadron et al. [2010] theory treats two components of the interplanetary magnetic field: the magnetic

Table 1. RMS Relative Deviations (A) of Model (A ,,qe1) @nd Means of Charge State
Ratio (A ean) for Each Velocity Bin?

Type 300-400 (km/s)  400-500 (km/s)  500-600 (km/s)
Anodel (07/0°, %) 37 24 32
Anean (07/08, %) 47 52 53
Anean/Amodel (07/0°) 1.3 2.2 1.6
Amogel (C/C°, %) 29 23 29
Armean (C8/C°, %) 16 25 33
Amean/Amodel (€2/C°) 0.6 1.1 1.2

aBold text emphasizes the significance of deviations with respect to the mean.
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Figure 2. (bottom) Results of the scaling law for O
freezing-in temperature derived from the scaling

law. The curves shown here are in the same speed

bins as Figure 1. In this case, we utilize OMNI data
(http://omniweb.gsfc.nasa.gov/) for the (middle) 1 AU
particle flux, bin by speed and form 1 year medians and
uncertainties. Also shown is the (top) unsigned radial
magnetic field strength, which serves as a proxy for the
magnetic flux in solar wind.

flux associated with ejecta and the magnetic flux
associated with the steady solar wind. Schwadron et
al. [2010] write the rate of CME-associated flux (@)
as follows:

1T 1 1
= f(1 = D)oy — @y <T—

ic

ej

dt

where f is the rate of CME injection as a function of
time, D is the fraction of CME flux reconnected imme-
diately after release, ¢y is the flux content of a
typical CME, 7,. is the interchange time scale between
ejecta-associated flux and open flux, 7, is the time
scale for disconnection and loss of ejecta-associated
and open magnetic flux, and 7, is the time scale

for “opening”—the conversion of ejecta-associated
into open flux. Schwadron et al. [2010] details these
time scales further. One additional equation is intro-
duced to account for the rate of change of open
magnetic flux:

do,

O_

_—CI)O — Py + %
dt

To

Td
where @, allows for a minimum “floor” for the
open flux [Wang et al., 2000; Owens et al., 2008;
Zhao et al., 2009; Lockwood et al., 2009; Crooker and
Owens, 2010], which Goelzer et al. [2013] sets to zero.
Following Smith et al. [2013], Goelzer et al. [2013]

scales the frequency of CME ejection (f) with sunspot number (from the NOAA Geophysical Data Center
(NGDCQ)) and specifies the constants D=1/2, 7;.=20 days, 74=6 years. The result is a model of the helio-
spheric magnetic field strength as a function of time with primary input being the solar sunspot number.
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Figure 3. The O freezing-in temperature (red, green, and

blue curves) from the solar wind scaling law plotted with
monthly sunspot number (black lines) (http://www.sidc.be).

Figure 3 compares estimated freezing-in tem-
peratures and sunspot numbers. Note that the
reductions in sunspot number do appear associ-
ated with lower freezing-in temperature in 2013.
While this again supports the concept that we
have begun descent in solar activity, we also see in
cycles such as 23 the presence of a double peak in
sunspot numbers. Time will tell if we have in fact
gone beyond solar maximum in 2013.

The Goelzer et al. [2013] time history of magnetic
flux is used to estimate solar wind particle flux
using the direct scaling between particle and
magnetic flux [Schwadron and McComas, 2008]:
M, /®g=1.25mg s~ Wb~ where M,, solar wind
mass loss and @ is the solar wind magnetic
flux. With particle flux estimated in this way,

we solve for coronal electron temperature (the
equivalent of the oxygen freezing-in tempera-
ture) since 1749 using the solar wind scaling law
(Figure 4, left).

SCHWADRON ET AL.

©2014. American Geophysical Union. All Rights Reserved.

1489


http://www.sidc.be

@AG U Journal of Geophysical Research: Space Physics 10.1002/2013JA019397

Sunspot Number based — 300 km/s Solar Wind Be10 based

reconstruction of Magnetic reconstruction of Magnetic
Field Field
. T — ——750 km/s . . . T
2E+6} ) F ]
1.8E+6
1.6E+6
1.4E+6
1.2E+6
1E+6
8E+5F y
6E+5 ' J

1750 1800 1850 1900 1950 2000 1800 1850 1900 1950 2000
Year Year

O Coronal Freezing-in Temp (K)

Figure 4. The O freezing-in temperature since 1749 from the solar wind scaling law using solar wind particle
flux scaled from interplanetary magnetic field strength. We show both the results when using the magnetic field
reconstruction based on (left) sunspot number by Goelzer et al. [2013] and (right) reconstruction based on 10Be
measurements by McCracken and Beer [2007]. The model of the interplanetary magnetic field is derived from a
rate balance equation taking into account that the total flux of the interplanetary magnetic field evolves over
the solar cycle due to a combination of flux that extends well outside of 1 AU and is associated with the solar
wind, and additionally, transient flux associated with coronal mass ejections (CMEs). In addition to the CME erup-
tion rate, there are three fundamental processes involving conversion of magnetic flux (from transient to wind
associated), disconnection and interchange reconnection that control the levels of each form of magnetic flux in
the interplanetary medium [Schwadron et al., 2010; Smith et al., 2013]. The CME rate is based on the history of
sunspot numbers, which allows us to derive the time history of interplanetary magnetic flux over hundreds of years
[Goelzer et al., 2013].

There is a wide array of sunspot-based and geomagnetic reconstructions of the heliospheric magnetic
field [e.g., Solanki et al., 2000; Lockwood, 2013, and references therein]. In principle, the techniques
employed here to reconstruct coronal temperatures could be applied using any reconstruction of the
heliospheric magnetic field. Therefore, it is informative to consider a second example in which we esti-
mate historic coronal temperatures using a reconstruction of the heliospheric magnetic field based on
10Be, a radionuclide that is deposited into polar ice due to spallation reactions with galactic cosmic rays
in the atmosphere and subsequent precipitation. During lower solar activity, enhanced fluxes of galactic
cosmic rays produce larger numbers of radionuclides that become trapped in polar ice. Ice core sam-
ples are used to determine the level of solar activity down to an ~1 year resolution. Through comparison
with sunspot data and recorded heliospheric magnetic field strength, it has been shown that sunspot
minima and the corresponding changes to the heliospheric magnetic field correlates with increases

in the '°Be levels [McCracken and Beer, 2007; McCracken et al., 2013]. These studies depend on the cal-
ibration of Caballero-Lopez et al. [2004] for '°Be versus heliospheric magnetic field strength. Figure 2
(right) shows the results using the '°Be reconstruction [McCracken and Beer, 2007] of the heliospheric
magnetic field.

The similarity between the evolution of sunspot numbers in cycles 23 and 24 has allowed Goelzer et al.
[2013] to estimate how cycle 24 will decline. Goelzer et al. [2013] predict the coming 10 years of sunspot
numbers by noting that early in 2013 marks the peak in the solar cycle. Prior to this the onset of the Dalton
Minimum closely resembles the last 15 years, and at this point the sunspot number is comparable to what
was seen during the first reduced maximum of the Dalton Minimum. The years following 1805 thereby serve
as a prediction for the coming 10 years of solar activity. With the 10 year predictions of sunspot number, the
theory of Schwadron et al. [2010] is applied to determine the levels of interplanetary magnetic flux [Goelzer
et al., 2013]. The conversion of magnetic flux to particle flux and application of the solar wind scaling law

to infer coronal temperature is performed in the same manner as indicated previously. Figure 5 shows the
results for coronal electron temperature (oxygen freezing-in temperature) in the years leading up to 2013
and then the resulting prediction for the coming solar minimum computed using the Dalton Minimum years
1805 onward. Specifically, the prediction using this projection of sunspot number is that coronal
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temperatures will fall to levels even lower
than observed in the protracted cycles
23-24 minimum. There are preliminary

300 km/s Solar Wind

o 750 km/s | ] indicatio'n's of po§t cycle 24 decline in
< | solar activity in Figure 2.

= [ MY ]

E 1.8E+6 !j‘.;:"‘f’m : ] 3. Summary

£ 1.6E+6 ;Q;&; We have extended the study of

g) - Schwadron et al. [2011] by showing that
'g 1.4E+6| the solar wind scaling law agrees with
o observations in the deep solar mini-

w 1.2E+6} mum between cycles 23 and 24 and the
§ e, 1 slight increase in solar activity in the mini
o 1E+6 o Ty, . ] maximum of cycle 24. We observe fur-
8 e e ther preliminary indications in 2013 of
(@) 8E+5} T declining activity following the cycle

2000 2005 2010 2015 2020 24maximum.
Year The solar wind scaling law follows from
scaling injected Poynting flux and par-
ticle flux based on large-scale magnetic
flux in the heliosphere. The scaling law
takes into account energy losses in the
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Figure 5. The estimated O freezing-in temperature from 1997 to
present and projected out to 2020 (shaded region) from the solar wind
scaling law using solar wind particle flux scaled from projections of the
interplanetary magnetic field strength [Goelzer et al., 2013]. The model
of the interplanetary magnetic field is derived from a rate balance
equation [Schwadron et al., 2010; Smith et al., 2013] with CME rate esti- . .
I tional potential. As a result, our model
mated from sunspot numbers [Goelzer et al., 2013]. The projection of . .
sunspot numbers beyond 2013 is estimated from sunspot number evo- predicts changes in the solar corona
lution during the Dalton Minimum, which showed remarkable similarity based on the evolution of the helio-

to the evolution from cycles 23 to 24. spheric magnetic field. A significant

strength of the scaling law is that it
applies not only for the evolution of fast and slow wind in previous (normal) solar cycles, but also during
the abnormal mini maximum of solar cycle 24. The additional years of analysis extended from Schwadron
et al. [2011] through the mini maximum therefore provides significantly stronger support for the solar wind
scaling law.

The Goelzer et al. [2013] model of heliospheric magnetic flux is derived by scaling the rate of coronal mass
ejections in proportion to sunspot numbers. This provides the basis to estimate heliospheric magnetic flux
since 1749. The solar wind scaling law is applied here to estimate coronal temperatures over hundreds of
years. We observe a similar reduction in coronal temperatures during the cycles 23-24 minimum as we find
during the period near the beginning of the 1800s at the start of the Dalton Minimum. This suggests that
the next solar minimum may continue to show declining coronal temperatures and further reductions in
solar wind particle flux.

In summary, we have shown that the evolution of coronal freezing-in temperatures over the solar cycle
observed with the ACE spacecraft is consistent with the solar wind scaling law. Reduction in coronal tem-
peratures and particle flux over the cycles 23-24 minimum and their small increase in the mini maximum
of cycle 24 are related to the evolution of the heliospheric magnetic field. The projection of the scaling law
backward in time since 1749 suggests that the abnormally low coronal temperature and particle flux in the
mini maximum of cycle 24 may be similar to conditions that prevailed near the beginning of the Dalton
Minimum in the early 1800s.

References

Caballero-Lopez, R. A, H. Moraal, K. G. McCracken, and F. B. McDonald (2004), The heliospheric magnetic field from 850 to 2000 AD
inferred from '0Be records, J. Geophys. Res., 109, A12102, doi:10.1029/2004JA010633.

Cane, H. V, and I. G. Richardson (2003), Interplanetary coronal mass ejections in the near-Earth solar wind during 1996-2002, J. Geophys.
Res., 108(A4), 1156, doi:10.1029/2002JA009817.

Crooker, N. U,, and M. J. Owens (2010), Impact of coronal mass ejections, interchange reconnection, and disconnection on heliospheric
magnetic field strength. ArXiv e-prints.

SCHWADRON ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1491


http://dx.doi.org/10.1029/2004JA010633
http://dx.doi.org/10.1029/2002JA009817

@AG U Journal of Geophysical Research: Space Physics 10.1002/2013JA019397

Goelzer, M. L., C. W. Smith, N. A. Schwadron, and K. G. McCracken (2013), An analysis of heliospheric magnetic field flux based on
sunspot number from 1749 to today and prediction for the coming solar minimum, J. Geophys. Res. Space Physics, 118, 7525-7531,
doi:10.1002/2013JA019404.

Hammer, R. (1982), Energy balance of stellar coronae - Part two - Effect of coronal heating, Astrophys. J., 259, 779, doi:10.1086/160214.

Kasper, J. C., M. L. Stevens, K. E. Korreck, B. A. Maruca, K. K. Kiefer, N. A. Schwadron, and S. T. Lepri (2012), Evolution of the rela-
tionships between helium abundance, minor ion charge state, and solar wind speed over the solar cycle, Astrophys. J., 745, 162,
doi:10.1088/0004-637X/745/2/162.

Leer, E., T. E. Holzer, and T. Fla (1982), Acceleration of the solar wind, Space Sci. Rev., 33, 161-200.

Lepri, S. T, E. Landi, and T. H. Zurbuchen (2013), Solar wind heavy ions over solar cycle 23: ACE/SWICS measurements, Astrophys. J., 768,
94, doi:10.1088/0004-637X/768/1/94.

Lockwood, M. (2013), Reconstruction and prediction of variations in the open solar magnetic flux and interplanetary conditions, Living
Rev. Sol. Phys., 10, 4, doi:10.12942/Irsp-2013-4.

Lockwood, M., M. Owens, and A. P. Rouillard (2009), Excess open solar magentic flux from satellite data: 2. A survey of kinematic effects,
J. Geophys. Res., 114, A11104, doi:10.1029/2009JA014450.

McComas, D. J., R. W. Ebert, H. A. Elliott, B. E. Goldstein, J. T. Gosling, N. A. Schwadron, and R. M. Skoug (2008), Weaker solar wind from
the polar coronal holes and the whole Sun, Geophys. Res. Lett., 35, L18103, doi:10.1029/2008GL034896.

McComas, D. J., N. Angold, H. A. Elliott, G. Livadiotis, N. A. Schwadron, R. M. Skoug, and C. W. Smith (2013), Weakest solar wind of the
space age and the current “mini” solar maximum, Astrophys. J., 779, 2, doi:10.1088/0004-637X/779/1/2.

McCracken, K., J. Beer, F. Steinhilber, and J. Abreu (2013), The heliosphere in time, Space Sci. Rev., 176, 59-71,
doi:10.1007/s11214-011-9851-3.

McCracken, K. G., and J. Beer (2007), Long-term changes in the cosmic ray intensity at Earth, 1428-2005, J. Geophys. Res., 112, A10101,
doi:10.1029/2006JA012117.

Mcintosh, S. W., K. K. Kiefer, R. J. Leamon, J. C. Kasper, and M. L. Stevens (2011), Solar cycle variations in the elemental abundance of
helium and fractionation of iron in the fast solar wind: Indicators of an evolving energetic release of mass from the lower solar
atmosphere, Astrophys. J., 740, L23, doi:10.1088/2041-8205/740/1/L23.

Owens, M. J,, N. U. Crooker, N. A. Schwadron, T. S. Horbury, S. Yashiro, H. Xie, O. C. S. Cyr, and N. Gopalwamy (2008), Conservation of open
solar magnetic flux and the floor in the heliospheric magnetic field, Geophys. Res. Lett., 35, L.20108, doi:10.1029/2008GL035813.

Rosner, R., W. H. Tucker, and G. S. Vaiana (1978), Dynamics of the quiescent solar corona, Astrophys. J., 220, 643.

Schwadron, N. A, and D. J. McComas (2003), Solar wind scaling law, Astrophys. J., 599, 1395-1403.

Schwadron, N. A., and D. J. McComas (2008), The solar wind power from magnetic flux, Astrophys. J. Lett., 686, L33-L36,
doi:10.1086/592877.

Schwadron, N. A, et al. (2010), Earth-Moon-Mars Radiation Environment Module framework, Space Weather, 8, SOOE02,
doi:10.1029/2009SW000523.

Schwadron, N. A, et al. (2011), Coronal electron temperature from the solar wind scaling law throughout the space age, Astrophys. J.,
739, 9, doi:10.1088/0004-637X/739/1/9.

Smith, C. W., N. A. Schwadron, and C. E. DeForest (2013), Decline and recovery of the interplanetary magnetic field during the protracted
solar minimum, Astrophys. J., 775, 59, doi:10.1088/0004-637X/775/1/59.

Smith, E. J., and A. Balogh (2008), Decrease in heliospheric magnetic flux in this solar minimum: Recent Ulysses magnetic field
observations, Geophys. Res. Lett., 35, 122103, doi:10.1029/2008GL035345.

Solanki, S. K., M. Schiissler, and M. Fligge (2000), Evolution of the Sun’s large-scale magnetic field since the Maunder minimum, Nature,
408, 445-447, doi:10.1038/408445a.

Wang, Y.-M,, J. Lean, and N. R. Sheeley Jr. (2000), The long-term variation of the Sun’s open magnetic flux, Geophys. Res. Lett., 27(4),
505-508.

Zhao, L., and L. Fisk (2010), Comparison of two solar minima: Narrower streamer stalk region and conserved open magnetic flux in the
region outside of streamer stalks, in SOHO-23: Understanding a Peculiar Solar Minimum, Astronomical Society of the Pacific Conference
Series, vol. 428, edited by S. R. Cranmer, J. T. Hoeksema, and J. L. Kohl, pp. 229-236, Astronomical Society of the Pacific, San Francisco,
California.

Zhao, L., T. H. Zurbuchen, and L. A. Fisk (2009), Global distribution of the solar wind during solar cycle 23: ACE observations, Geophys.
Res. Lett., 36, L14104, doi:10.1029/2009GL039181.

SCHWADRON ET AL.

©2014. American Geophysical Union. All Rights Reserved. 1492


http://dx.doi.org/10.1002/2013JA019404
http://dx.doi.org/10.1086/160214
http://dx.doi.org/10.1088/0004-637X/745/2/162
http://dx.doi.org/10.1088/0004-637X/768/1/94
http://dx.doi.org/10.12942/lrsp-2013-4
http://dx.doi.org/10.1029/2009JA014450
http://dx.doi.org/10.1029/2008GL034896
http://dx.doi.org/10.1088/0004-637X/779/1/2
http://dx.doi.org/10.1007/s11214-011-9851-3
http://dx.doi.org/10.1029/2006JA012117
http://dx.doi.org/10.1088/2041-8205/740/1/L23
http://dx.doi.org/10.1029/2008GL035813
http://dx.doi.org/10.1086/592877
http://dx.doi.org/10.1029/2009SW000523
http://dx.doi.org/10.1088/0004-637X/739/1/9
http://dx.doi.org/10.1088/0004-637X/775/1/59
http://dx.doi.org/10.1029/2008GL035345
http://dx.doi.org/10.1038/408445a
http://dx.doi.org/10.1029/2009GL039181

	Coronal electron temperature in the protracted solar minimum, the cycle 24 mini maximum, and over centuries
	Abstract
	Introduction
	Observations and the Solar Wind Scaling Law
	Summary
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


