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Abstract

We present the solar wind plasma parameters obtained from the Wind spacecraft during more than nine years, encompassing

almost the whole solar cycle 23. Since its launch in November 1994 Wind has frequently observed the in-ecliptic solar wind upstream

of the Earth�s bow shock. The WIND/WAVES thermal noise receiver was specially designed to measure the in situ plasma thermal

noise spectra, from which the electron density and temperature can be accurately determined. We present and discuss histograms of

such measurements performed from 1994 to 2003. Using these large data sets, we study the density and core temperature variations

with solar activity cycle and with different regimes of the solar wind. We confirm the anticorrelation of the electron density with the

sunspot number, and obtain a positive correlation of the core temperature, with the sunspot number.

� 2005 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Knowledge of the solar wind electron density Ne and

core temperature Tc is essential to study the solar and
heliospheric activity and its variations with time and

space. A good opportunity to get such parameters con-

tinuously and at high time resolution has been offered by

the Wind spacecraft, which has observed the solar wind

plasma for ten years, in the ecliptic plane upstream of

the Earth�s bowshock, near 1 AU. From the thermal

noise receiver (TNR) of the WAVES experiment on

Wind, several plasma parameters can be determined
using the quasi-thermal noise (QTN) spectroscopy

(Meyer-Vernet and Perche, 1989). This method mainly

yields Ne with an accuracy of a few percent, and Tc.
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In the following, we briefly describe the TNR on

Wind and the data reduction based on the QTN spec-

troscopy. The present work is an extension of the paper

of Salem et al. (2003) based on a restricted data set.
Here, we present the histograms using a ten-year data

set of Ne and Tc, acquired on Wind between 1994 and

2003, and also perform the solar wind speed histogram

measured by particle analyzer. In addition, we focus

on their variations with the sunspot number over the so-

lar cycle 23.
2. Observations and data reduction

We use radio spectra acquired by the TNR, which is a

part of the WAVES experiment (Bougeret, 1995) on

Wind. This receiver is connected to the 2 · 50-m thin

wire electric dipole antenna in the spacecraft spin plane.

The TNR was mainly designed to measure the thermal
ved.
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Fig. 1. (Left) 2-D histogram scatterplot of Ne deduced from the neural

network nnn and the fitting procedure nQTN, during almost ten years of

the mission. One can see that the agreement is very good since the

correlation coefficient is 0.99. (Right) Histogram of the difference DNe

(see text). Ntot indicates the total number of data used to make the

histogram while Nmax indicates the number of points at the peak of the

distribution.
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electric noise in the solar wind around the electron plas-

ma frequency fp, where fp ðkHzÞ ’ 9
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
N e ðcm�3Þ

p
. Most

of the time, TNR measures the thermal noise spectrum

on 96 frequency channels logarithmically spaced be-

tween 4 and 256 kHz and acquired simultaneously in

4.5 s.
The QTN method consists in measuring the electro-

static fluctuations produced on the antenna by the ther-

mal motion of the ambient electrons and protons. Since

the theoretical spectrum depends directly on the particle

velocity distribution functions (VDF), for the electrons

we assume a sum of two isotropic Maxwellian distribu-

tions, a core (density Nc, temperature Tc) and a halo

(density Nh, temperature Th). This model for the elec-
tron VDF has shown to be a good approximation for

the observed electron distribution in the solar wind

(Feldman et al., 1975). For the protons, we assume a sin-

gle drifting Maxwellian (solar wind speed Vsw, tempera-

ture Tp). The fit of the QTN model to each measured

spectrum gives the six mentioned parameters:

Ne = Nc + Nh, Tc, Nh/Nc, Th/Tc, Vsw and Tp. In particu-

lar, it yields an accurate determination of Ne, since it re-
lies essentially on the location of fp in the spectrum,

which is nearly independent of the receiver gain calibra-

tion. In addition, this method can provide accurate Tc

measurements (Issautier et al., 2001). Specific applica-

tions of this method on Wind were described by Maksi-

movic et al. (1998) and by Salem et al. (2001, 2003). A

typical example of the voltage power spectrum observed

by Wind along with the fitted model spectrum is shown
in Fig. 1 of Salem et al. (2003).

In the specific case of Wind with its high time resolu-

tion data acquisition, to improve the speed of the QTN

fit procedure we fix the Vsw and Tp parameters with their

values measured by the proton electrostatic analysers

from the 3-D Plasma (3-DP) experiment (Lin et al.,

1995). Moreover, the identification of the plasma line

fp is done by the neural network, specially developed
for TNR (Richaume, 1996). It is important to note that

the neural network only uses the location of the cut-off

of the plasma line in the noise spectrum, independently

of any electron distribution model. It is used as a

guessed value of fp to enhance the speed of the fitting

procedure. Combined with the Vsw and Tp from 3-DP,

this improves the overall fitting process and the accuracy

on the resulting parameters. It is noteworthy the neural
network density nnn is in good agreement with the value

obtained by the fit nQTN. As an illustration, a 2-D histo-

gram scatterplot of nQTN and nnn is plotted in Fig. 1.

Their excellent accordance is shown by the correspond-

ing correlation coefficient, which is close to 1. The

associated regression line (dotted line in Fig. 1) is given

by nnn = 0.97nQTN + 0.86. Also, the histogram of the

difference DNe/Ne = 100(ne(nn) � ne(QTN))/ne(QTN), which
quantifies the agreement of the two data sets, has a

mean around �0.46% and a standard deviation of
4.31%. Note that 95% of the data are between �9.5%

and +6.3%.

For the present study, we use the TNR data acquired

near 1 AU between 11 November 1994 and 31 Decem-

ber 2003, including the 1996 solar minimum and the
2001 solar maximum of the solar cycle 23. In the data

reduction process, we only consider 4.5-s spectra taken

every minute, and time intervals when Wind (at the

GSE position X, Y, Z) was reliably upstream of the

Earth�s bow shock, i.e., X > Xshock. For Xshock, we as-

sumed a model X shock ¼ 30ð1� ðY 2
GSE þ Z2

GSEÞ=50
2Þ that

is much further from Earth than the usually observed

shock positions (all lengths are expressed in Earth�s ra-
dii). In order to minimize pollution from non-thermal

emissions, a numerical algorithm is first applied to auto-

matically eliminate any portions of spectra that are af-

fected. Finally, upper limits are imposed on the fit rms

error r and parameter uncertainties for the data to be re-

tained for analysis: r < 5% for all data; in addition for

Ne, rN e
< 12% and for Tc, rT c

< 40%.
3. Histograms of plasma parameters

On Wind, we have obtained a large data set of nearly

2 millions of measurements acquired in the solar wind

near 1 AU, over almost the whole solar cycle 23. This

large data set is therefore well suited to statistically

study the different regimes of the solar wind in the eclip-
tic plane. Fig. 2 shows the resulting histograms of Ne

and Tc, measured by the QTN, and Vsw measured by

the 3-DP. One can see that the histograms have a com-

plex distribution. In Fig. 2, the shape of the Ne and Tc

histograms strongly suggests to fit them with a sum of

3 Gaussian distributions; the resulting fits are shown

by solid lines. Attempts to fit both Ne and Tc distribu-

tions with only 2 Gaussians significantly increase the
v2 or rms error r of the fit. On average, the Ne histogram

has a mean of 9.4 cm�3, and the Tc histogram has a



Fig. 2. Histograms of Ne, Tc and Vsw obtained from November 1994 to December 2003. We indicate the total number of data used to make the

histogram (Ntot), the number of points at the peak (Nmax), and the mean of the parameter over the whole period. The 3-Gaussian fit to the observed

histograms is shown by a continuous line and individual Gaussians by dotted lines (see Table 1 for the result summary). The Vsw histogram is fitted

with 2 Gaussians corresponding to the fast and slow wind, respectively.
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mean of 1.27 · 105 K. Table 1 summarizes the results of

the 3-Gaussian fits to the observed histograms. From

Fig. 2, the mean values of Tc are compatible with those
obtained by Salem et al. (2003), whereas the mean values

of Ne are larger than those reported by these authors.

The shapes of individual 1-year histograms of Ne,Tc,

and Vsw (not shown) remain similar over solar cycle

23. However, it is worth noting that the histograms of

Tc obtained in 1996, 1997, 2001 and 2003 could not be

fitted with 3 Gaussians, the third population being too

small to be significantly fitted.
Our multi-Gaussian fit to the observed Ne and Tc his-

tograms points to a classification of the solar wind flow

into 3 main populations in Ne and 3 main populations in

Tc, as already discussed in Salem et al. (2003) for ineclip-

tic observations. The density populations are likely to be

associated with 3 major classes of solar wind: (i) the

�quiet� undisturbed wind with lower mean values of Ne

(Gaussian 1); (ii) the denser heliospheric plasma sheet
with intermediate values of Ne (Gaussian 2); (iii) the

overdense �disturbed wind� with interplanetary shocks,

density compressions regions, etc. (Gaussian 3), with

higher mean values of Ne. The histogram of Vsw reveals

only two main types of flows in the ecliptic plane over

solar cycle 23, in agreement with previous works (e.g.

Neugebauer (2001)). It is fitted with two Gaussians, cor-

responding to the slow and fast wind, respectively. In-
deed, some structures of the solar wind may have
Table 1

Wind histograms for the solar wind electron density, core temperature, and

Parameters of Gaussian distribution

functions fitted to histograms

Gaussian 1

Mean Standard deviation

Density Ne (cm
�3) 5.52 1.88

Temperature Tc (10
5 K) 1.05 0.18

Speed Vsw (km/s) 385 42

We indicate the mean and the standard deviation for each fitted Gaussian.
similar speed characteristics for a given density and/or

temperature data set.Note that theway inwhich the char-

acteristics of these populations varies over the course
of a solar cycle will be further discussed in the next

section.

While the 3 Gaussian components of the histogram

of Ne correspond to different types of structure in the

solar wind, the 3 Gaussian components of the histogram

of Tc are more difficult to associate to specific struc-

tures. In particular, many interplanetary events from

Ne populations 2 and 3 could be associated with Tc pop-
ulations 1, 2, or 3. Salem et al. (2003) have discussed

ways to examine the relationship between Ne and Tc.

Fig. 3 shows distributions of Tc for 3 populations of

Ne determined, corresponding to the mean value ± the

standard deviation of the 3 Gaussian components listed

in Table 1. These three distributions of Tc do not resem-

ble the three Gaussian components of Tc from Fig. 2.

Instead, these populations appear to have a non-Gauss-
ian distribution and are slightly separated, with their

peak values ranging around 105 K and slightly decreas-

ing with denser Ne distributions (slight anticorrelation

between Ne and Tc). For Tc, the mean values are around

1.18 · 105 K (for density range 1), 1.08 · 105 K (for

range 2) and 1.02 · 105 K (for range 3). Doing the same

analysis for Vsw, we find a well-known anticorrelation

between Ne and Vsw: the lower values of Vsw correspond
to the higher values of Ne and vice-versa. For Vsw, the
solar wind speed measured from 1994 to 2003

Gaussian 2 Gaussian 3

Mean Standard deviation Mean Standard deviation

10.68 3.8 18.90 8.30

1.43 0.33 2.10 0.66

512 96
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Fig. 3. Histograms of Tc and Vsw for the 3 fitted Gaussians in Ne obtained for nine years (labelled density range 1, range 2 and range 3, respectively),

normalized by the total number of data in each histogram. For each histogram we consider the population for which Ne is within the interval [mean

value ± standard deviation] as given in Table 1. For Tc, the mean values of the histograms are around 1.18 · 105 K (for density range 1), 1.08 · 105 K

(for density range 2) and 1.02 · 105 K (for density 3). For Vsw, the mean values of the histograms are around 448 km/s (for range 1), 394 km/s (for

range 2) and 373 km/s (for range 3).
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mean values are around 448 km/s (for density range 1),

394 km/s (for range 2) and 373 km/s (for range 3). Note

the larger spread and the higher peak value of the Vsw

histogram associated with the lower values of Ne (solid

line): at solar minimum and at high latitudes Ulysses

has confirmed the solar wind structure reduces essen-

tially to a single population in Ne and Tc, corresponding

to the fast steady-state wind flowing from polar coronal
holes (Issautier et al., 1998).
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Fig. 4. Time variations of the yearly averaged Ne, Tc and Vsw (black

solid line) during the first nine years of the Wind mission at 1 AU. The

mean values of each Gaussian of Fig. 2 are also displayed. Statistical

errors are given as vertical bars on each averaged data.
4. Variations of solar wind parameters with solar cycle

Fig. 4 represents the variations with time of the mean

values of Ne, Tc and Vsw obtained every year (black solid

line). In addition, we plot the mean value of each fitted

Gaussian of the yearly histograms by a grey dotted line

for Gaussian 1, a grey dashed line for Gaussian 2 and a

grey dash-dotted line for Gaussian 3, respectively. For

Ne (top panel), Gaussian 1 (grey dotted line) and Gauss-
ian 2 (grey dashed line) vary with time. After 1998 the

intermediate population, mainly the heliospheric plasma

sheet (grey dashed line), merges into the mean average

density (black solid line). For the fitted Gaussians of

Tc (middle panel), Gaussian 1 and Gaussian 2 follow

the same variation in time as the yearly averaged value

(black solid line). One can see an increase of the mean

values for both Gaussians after 2000. As previously dis-
cussed, since the 3-Gaussian fit could not be done every

year, there is no mean values for the Tc Gaussian 3

(dash-dotted line) in 1996, 1997, 2001 and 2002. The

temperature is on average cooler near solar minimum,

with a 20% variation from minimum (in 1996) to maxi-

mum (in 2001). The bottom panel shows the variation of

the solar wind speed. Both fitted Gaussians follow the

same weak variation as the mean value (black solid line).
Our results can be compared to large-scale variations of
the mean proton density and solar wind speed, reported

by Richardson and Wang (1999), combining IMP8,

Voyager 2 and Ulysses measurements from 1988 to

1998.
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Fig. 5. Correlation of the fitted Gaussians of the solar wind Ne, Tc, and Vsw with sunspot number of solar cycle 23. The 1-year averaged parameters

are plotted. The three columns a, b and c correspond to the three Gaussians 1, 2 and 3.
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Fig. 5 shows the correlation of the Ne, Tc and Vsw

yearly averages for each fitted Gaussian distribution

with the sunspot number. Considering Ne, we note its

well-known anticorrelation with solar cycle (Schwenn,

1983): the top panels reveal that the most dilute popula-

tion of Ne (Gaussian 1) and the intermediate one
(Gaussian 2) significantly depend on solar cycle. Indeed,

Gaussian 1 is partially attributed to the fast and dilute

wind coming from high-speed wind originating from

coronal holes (Issautier et al., 2004). The location and

shape of coronal holes are indeed very dependent on so-

lar activity (Luhmann et al., 2002). The mean values of

these Ne distributions are higher at solar minimum (low

sunspot number) than at maximum (high sunspot num-
ber). In the ecliptic plane the solar wind is thus denser

near solar minimum than near solar maximum. This

conclusion is less clear for the third population (labelled

(c) on the Figure). Note that it is important to separate

the different populations for this study, the anticorrela-

tion being less clear for the global mean value. With re-

gard to Tc (middle panels), we find some correlation

with solar cycle, more or less for the 3 fitted Gaussians.
In the ecliptic plane, the solar wind appears hotter near

solar maximum than near solar minimum. It is impor-

tant to note that the strongest correlation is for the hot-

ter population (Gaussian 3 in Table 1). This population

contains overdense disturbed wind, including density

compression regions, solar transient events, etc. These
high temperature events are indeed more frequent dur-

ing solar maximum due to solar activity. Considering

the solar wind speed, we do not find any clear correla-

tion with sunspot number although one might see a

spread into 2 populations in the bottom panel (b).
5. Conclusion

Since its launch in 1994, the Wind thermal noise recei-

ver has frequently recorded in-ecliptic solar wind radio

spectra, from which accurate measurements of the total

electron densityNe and core temperature Tc are obtained

using the QTN spectroscopy. The large sample ofNe and

Tc data points (�2 millions) allows us to study the solar

wind structure with the solar activity. In the ecliptic
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plane the solar wind reveals a complex distribution for

both Ne and Tc pointing to a mixture of different regimes

of wind. On average, we found that the solar wind is

cooler (by 20%) and denser (by 15%) at solar minimum

than at solar maximum, in agreement with studies of

Salem et al. (2003) and Issautier et al. (2004). Note that
large-scale variations combining IMP-8, Ulysses and

Voyager 2 proton density and speed measurements are

reported by Richardson and Wang (1999) from 1988 to

1998. We have confirmed an anticorrelation of the elec-

tron density with the sunspot number during solar cycle

23 for the most dilute population. Note the importance

to separate the different populations of density, the

anticorrelation being less clear for the global mean value.
In addition, we have obtained a positive correlation for

Tc with the sunspot number. The mean value of Tc

is about 1.23 · 104 K near the 1996 solar minimum

whereas it is around 1.44 · 104 K near the 2001 solar

maximum. The strongest correlation is obtained for the

hottest population of the solar wind. This latter popula-

tion includes overdense disturbed wind events, which are

indeed more frequent during solar maximum due to solar
activity.
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