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Abstract The solar wind's expansion through the heliosphere is often studied by “radial trends”—the
average trends in fluid parameters as functions of radial distance from the Sun. This study utilizes the latest
version of the Trans-Heliospheric Survey, a compilation of in-situ magnetic field and proton measurements
from 13 different spacecraft spanning over 60 years and three orders of magnitude in radial distance to explore
global changes throughout the heliosphere. These data are used to evaluate theoretical models, in particular the
Parker model of the solar wind's bulk speed and magnetic field. The Parker model matches the speed data well in
the inner heliosphere, but at roughly 0.5 au, the speed data plateaus while the model predicts an ongoing speed
increase. In contrast, the model fits the magnetic field data remarkably well across all observed solar distances
(0.06 to 79 au).

Plain Language Summary The solar wind is the hot, magnetized plasma that flows supersonically in
all directions from the Sun into deep space. Its properties—including speed and magnetic field strength—are
directly measured by spacecraft flying through it. A common means of studying the solar wind's expansion
through the solar system is to examine how its properties vary on average with distance from the Sun. The
Trans-Heliospheric Survey is a compilation of solar-wind data from 13 different spacecraft spanning over

60 years and ranging from the Sun's outer atmosphere to the outer solar system. These data were found to agree
remarkably well with the Parker model of solar-wind expansion.

1. Introduction

In-situ observations of the solar wind across large temporal and spatial scales reveal clear “radial trends”: the
average changes in fluid parameters as a functions of radial distance, r, from the Sun. The notion of radial trends
played a key role in the initial theory of the solar wind (Parker, 1958). Once the solar wind's supersonic flow was
confirmed by observations from the Mariner 2 spacecraft (Neugebauer & Snyder, 1962), interplanetary missions
became an important means by which theories of radial trends could be put to the test. Of particular note were the
Helios 1 and 2 spacecraft, which provided in-situ observations of the solar wind from » = 0.3 to 1.0 au (from
1974 to 1985 and 1976-1989 respectively). Helios data revealed, for example, the solar wind's non-adiabatic
expansion (Marsch, Schwenn, et al., 1982) and Coulomb collisional relaxation (Marsch, Rosenbauer,
et al., 1982). Likewise, spacecraft such as Pioneer 10 and 11 (1972-1997 and 1973-1995) and Voyager 1 and 2
(1977 to present), which traveled to the solar system's outer planets, showed how the solar wind continues to
evolve far from the Sun and demonstrated the effects of pickup ions on the plasma (Dyal, 1990; Kohlhase &
Penzo, 1977; Stone, 1977). While the trajectories of most of the spacecraft remained close the Sun's equatorial
plane, from 1999 to 2009 the Ulysses spacecraft's orbit carried it nearly over the Sun's poles, which enabled
studies of how the solar wind varies with both radial distance and heliographic latitude (McComas et al., 2000).

The Trans-Heliospheric Survey compiles in-situ particle and field observations from these and other interplan-
etary spacecraft to better understand the solar wind's large-scale expansion and evolution. Version 1.0 (Maruca
et al., 2023) incorporated data from 12 spacecraft: Parker Solar Probe (PSP), Helios 1 and 2, Mariner 2 and 10,
Ulysses, Cassini, Pioneer 10 and 11, New Horizons, and Voyager 1 and 2. This present study utilized the latest
version (Version 1.1) of the Trans-Heliospheric Survey, which includes additional data from PSP and New
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Horizons and (for the first time) data from Solar Orbiter. The Trans-Heliospheric Survey data spans over 60 years
and over three orders of magnitude in distance from the Sun.

The analysis that accompanied Version 1.0 of the Trans-Heliospheric Survey (Maruca et al., 2023) focused on
fitting radial trends in fluid parameters with broken power-laws. Though power laws (with and without breaks)
have been used in many prior studies of radial trends (Bavassano et al., 2000, 2001; Hellinger et al., 2011;
Maksimovic et al., 2005; Stverék et al., 2009, 2015), these models have little justification based on physical
processes. In contrast, this study fits the bulk speed and magnetic field strength data from Version 1.1 of the
Trans-Heliospheric Survey with the solar wind model introduced by Parker (1958). As detailed below, a strong
agreement is found between the data and this model of the solar wind. Section 2 overviews the Parker (1958)
solar-wind model, and Section 3 summarizes Version 1.1 of the Trans-Heliospheric Survey. The fitting of these
data with the Parker (1958) model is detailed in Section 4, and conclusions appear in Section 5.

2. Background: The Parker Model

A prominent model for the solar wind's expansion through the heliosphere was developed by Parker (1958, 1965).
This hydrodynamic model assumes a steady, spherically symmetric expansion of the solar wind from a source
surface a few solar radii from the surface of the Sun. The equations governing this model are derived from the
equation of motion for stationary expansion:

dv, d n,m,M
P _ ppMo
anPVPE = _a(znpkBTp) — GT, (1)

where vy, n,, m,,, and T, are respectively the proton bulk speed, number density, mass, and temperature. Likewise,
kg is the Boltzmann constant, G is the gravitational constant, and My, is the mass of the Sun. The left-hand side of
Equation 1 represents the acceleration of the solar wind, and the right-hand side includes the terms for the forces
acting on the solar wind: thermal pressure and gravity. Under the assumption of steady flow and conservation of
particles, the solar wind is also governed by the continuity equation:
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where a is the outer radius of the corona, and Ty = T},(a) is the temperature of the outer corona. Combining

Equations 1 and 2 eliminates 7, and, using these dimensionless parameters, gives

v _T)_ppd(r)_2
d_:(l_v_/)‘z‘f d§<§2> Z )

Integrating this equation under the assumption that T,,(r) is constant for 7 > a gives an implicit relation between y
and ¢&:

A 2
y/—lny/=—3—4ln§+ln§+£. (5)

This equation can be numerically solved for the explicit relation y/(&), which can then be converted into v,,(r) via
Equation 3. The result is a trend in v, that increases monotonically with r but at different rates depending on the
choice of a and T,.

Parker (1958) also introduced a model for the solar wind's magnetic field, B. Assuming that the solar wind's flow
is completely radial in the reference frame rotating with the Sun, the field lines would trace out Archimedean
spirals. The components of B in spherical coordinates are then (Burlaga, 1995),
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B, (n0.0)= Bl(n,aaﬁ - :—Q) ()

pl/ T
BQ (r’93¢) =0 (6)
B¢ (r’0’¢)=Bl<r1’9’¢_:E> @<ﬁ) sin 6.
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Here, Q is the Sun's equatorial rotation rate, and B (r;,6, ¢) is the radial component of the field at some arbitrary
reference radius ry. It is assumed that at ry, the solar wind's acceleration can be neglected and that v, remains
constant at a value vy;. The term ¢ — r€/v,,; in By accounts for the fact that as the solar wind propagates with
speed v,;, the region of the Sun that emitted the field rotates by an angle of r;Q/vy,. In the ecliptic plane
(0 = =/2), the magnitude is,

p=s(nos-"2)y (2 + 1 (2 @

Vpl r Vp 1 r

For small r-values, the B, term dominates B and causes it to scale approximately as r~2. At large r-values, By

dominates B and gives it a ¥~! dependency.

3. Data Analysis

Data in the Trans-Heliospheric Survey were taken from publicly available archives hosted on CDAWeb or
OMNIWeb. This study used the newly prepared Version 1.1, which drew on all of the data used in Version 1.0
along with additional data from PSP and New Horizons and all-new data from Solar Orbiter. The process of
combining the individual spacecraft data sets into a single data set for Version 1.1 was identical to that for
producing Version 1.0, which is detailed by Maruca et al. (2023). A brief overview is provided here for the
convenience of readers.

Figure 1 shows the radial coverage of the proton and/or magnetic field measurements from each of the 13
spacecraft used in Version 1.1. This information is also organized in Table 1 along with the maximum magnitude
of heliographic latitude (1) of each spacecraft. As was the case for Version 1.0 (Maruca et al., 2023), the Voyager
1 and 2 data sets were truncated at »r = 100 au—well past the termination shock. Likewise, since both Versions
1.0 and 1.1 focused on in-plane observations, the Ulysses data after that spacecraft's Jovian encounter were
excluded to avoid data from high latitudes.

Each spacecraft's data set was first averaged (as needed) to a uniform cadence of 1 hr. The results of the 1-hr
averaging are shown for proton speed (v,) in Figure 2 and for magnetic field strength (B = |B|) in Figure 3.
In these figures, the distance from the Sun ranges from r = 0.05 to 100 au and has been divided into 85 loga-
rithmically uniform bins. The upper plot in each of these two figures shows the number of one-hour intervals in
each r-bin for the corresponding parameter (v, or B). The middle plots of Figures 2 and 3 respectively show the
median values of v, and B for each spacecraft for each r-bin.

The top plots of Figures 2 and 3 are similar but not identical because, even on the same spacecraft, v, and B are
measured with distinct instruments. The difference is most pronounced with PSP observations, which show B-
measurements extending closer to the Sun than the v,-measurements. Following the example of Maruca
et al. (2023), this study derived its PSP measurements from the PSP COHO1HR MERGED MAG PLASMA data
set on CDAWeb. This data set took its thermal proton measurements from PSP's Faraday cup, which typically
cannot provide proton moments during the mission's later perihelia, when the bulk of the solar wind is out of the
instrument's field of view (see, e.g., Figure 9 by Kasper et al., 2016).

To address solar-cycle variations and other long-term fluctuations, Maruca et al. (2023) used “scaled” values
based on the method introduced by C. W. Smith et al. (2001). To compute a scaled value of v;, or B (respectively
denoted ¥, and B), each 1-hr average value from a spacecraft was divided by a 27-day average-value near Earth
(r = 1 au) from the OMNI data set. The particular 27-day average is specific to the time of the 1-hr spacecraft
average and accounts for the transit time to/from r = 1 au. Thus,
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Figure 1. Radial coverage of each spacecraft included in Version 1.1 of the Trans-Heliospheric Survey. Vertical dotted lines
display the semi-major axes of the orbits of the eight planets in black and three dwarf planets (Ceres, Pluto, and Eris) in gray.
White hatches in the bars for Parker Solar Probe, Solar Orbiter, and New Horizons indicate data not present in Version 1.0.

Table 1

Table of Radial Distance, r, and Heliographic Latitude, A, Coverage for

Each Spacecraft

v ,and B =

= <vp> (®)

B
Blg’
where (-++ ) denotes the 27-day average of OMNI data. The dots in the lower
plots of Figures 2 and 3 respectively show the median values of 7, and B
across all spacecraft for each r-bin. The thick vertical lines indicate the 25"-
and 75"-percentiles in each r-bin, and thin vertical lines indicate the 10%- and
90"-percentiles. The two right-most r-bins (shown in blue vs. magenta in

these lower plots) contain spacecraft data influenced by the termination
shock, and as a result have been excluded from the analysis detailed below.

In order to for any parameter (vp, B, etc.) to be scaled, a valid measurement of
the solar-wind speed is needed to correctly compute transit time to/from
r = 1 au (see Equation 4 by Maruca et al., 2023). One consequence of this is
that the data in the upper two plots of Figure 3 extend to lower r-values than
the data in the bottom plot. As noted above, the v,-values from PSP's Faraday
cup do not extend as close to the Sun as the mission's B-measurements, so the
B-measurements closest to the Sun cannot be scaled for lack of valid v,-

measurements.

4. Results

The model introduced by Parker (1958) for solar-wind speed (Equation 5)
indicates that v, increases monotonically with r. Nevertheless, Figure 2 shows
the (scaled) values of v, increasing in the inner heliosphere before leveling off

Spacecraft Fnin (2W) Fmax (A1) max(|4])
PSP 0.05 1.0 4°
Solar Orbiter 0.3 1.0 8°
Helios 1 0.3 1.0 7°
Helios 2 0.3 1.0 7°
Mariner 2 0.8 1.0 8°
Mariner 10 0.6 1.0 7°
Ulysses 1.0 5.4 5°
Cassini 0.7 10.1 3°
Pioneer 10 1.0 63.0 8°
Pioneer 11 1.0 36.3 17°
New Horizons 11.3 54.4 5°
Voyager 1 1.0 100.0 34°
Voyager 2 1.0 100.0 27°
BROWN ET AL.

4 of 10

85U8017 SUOLUWIOD SAIIa.D) 9]qedt[dde ay) Aq peusenob ke ssjoie YO 8sn Jo s J0j Aleiqiauluo AS]1/M UO (SUONIPUOD-pUe-SLLB) ALY A8 | Alelq 1jpul|uo//SdNy) SUONIPUOD PuUe SWe | 8U)38S *[S202/20/LT] uo AriqiTauliuo A8|IM ‘pieppos eseN Aq 98TSTT 195202/620T OT/I0p/Wod A3 (1M Aeidijpuljuo'sgndnBe//sdny wouy pspeojumod ‘2T ‘S202 ‘2008776T



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geophysical Research Letters 10.1029/2025GL115186

10% 5 Az BRI N
L It AP
N aA PRI «
% 103 ] A AAAA". <;"m.:| Q:Qt: ‘41 <<< -
> 00&“’. 1ol + “‘“ﬁsl < R ER AT .
2 (24 M + 30000 - )
] 102 4 +" * N =m * *
ot
+
700 1
600
z + [
«
i ° « R I IR
= 500 ) R PEE R e,
> . '« lt 00® - < e . ; . : .
I A TT7 NG DRI N5 ORI SN S0
400 A N L e onm opp ® R R -
a | PR omy dg ! Hox < ide *h *e
i PR IR S ":‘ -SeCLRER L] . ..
E RRRTAL N oo ’
2. 300 XA
wn *
=]
Q
=
2 200 A
a9
*e
100 A + PSP Helios 2 = Mariner 10 Pioneer 11 ¢ Voyager 2
e Solar Orbiter o Ulysses « Cassini +» New Horizons
s Helios 1 + Mariner 2 < Pioneer 10 = Voyager 1
T —--
1 -
1.6 ! Prigs
1 L
1 ="
1 Piid
1 -
1.4 4 | g
D : IRl
= : i
= 1.2 1 r
Ng
a L
= 1.0 \MH‘ H l U) ”) 1]
Q.
5}
o 08 T 1
L h
o 1
= 1
0.6 !
) 1
o} 1
E i
& 0.4 1 i
1
1
1
0.2 i
i
1
0.0 ——T —

T T T T T T L T AL |
10! 10° 10! 102

Distance from Sun, r [au]

Figure 2. Analysis of proton bulk speed, v,,, versus radial distance, r. The top plot shows the number of one-hour intervals of
vp-data in each r-bin from each spacecraft. The middle plot shows the median v,-value for each r-bin for each spacecraft. The
bottom plot shows the scaled proton bulk speed, ¥, (Equation 8) across all spacecraft; circular markers indicate the median
values, thick vertical bars indicating the 25"- and 75%"-percentiles, and thin vertical bars indicating the 10"™- and 90™-
percentiles. The solid blue curve shows the fit of the piecewise Parker model (Equation 9), and the dashed blue line shows the
continuation of the Parker model past the break point r,, (vertical dashed cyan line). Vertical dotted lines across all plots indicate
the semi-major axes of the orbits of the eight planets in black and three dwarf planets (Ceres, Pluto, and Eris) in gray.

ata steady value until the termination shock. To fit the radial trend in the median ,-values, a piecewise model was

chosen:

vp(r) _ vParker(r) r< rO’ (9)

VParker (7‘0) n<r

where Vpye (1) is from the solution of Equation 5.
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Figure 3. Analysis of magnetic field strength, B = |B|, versus radial distance, r. The top plot shows the number of 1-hr
intervals of B-data in each r-bin from each spacecraft. The middle plot shows the median B-value for each r-bin for each
spacecraft. The bottom plot shows the scaled magnetic field strength, B (Equation 8) across all spacecraft; circular markers
indicate the median values, thick vertical bars indicating the 25"- and 75"-percentiles, and thin vertical bars indicating the 10%-
and 90"-percentiles. The solid blue curve shows the fit of the Parker model (Equation 7). Vertical dotted lines across all plots
indicate the semi-major axes of the orbits of the eight planets in black and three dwarf planets (Ceres, Pluto, and Eris) in gray.

The solid blue curve in the lower plot of Figure 2 shows the best fit of Equation 9 to the median ¥-values. Overall,
this piecewise model shows very good agreement with the data. The model contained two free parameters. The
first, the location of the break point, had a best-fit value of r, = 0.530 = 0.052 au. The second, the outer
coronal temperature (implicit in the definition of y; see Equation 3) had a best-fit value of 9.36 + 0.22 x 10° K.
Initially, third free parameter was considered: the outer radius of the corona, a (Equation 3). However, repeated
fits consistently produced uncertainties in a that far exceeded its best-fit value, which suggested a weak sensitivity
of the data to the value of a. Thus, following the example of Parker (1958), its value was fixed at a = 10° m.
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Table 2 The Parker (1958) model for the magnitude of magnetic field (Equation 7)

Table of Best-Fit Values From the Fits of ¥, and B

was used to fit the median B -values. Each value was assumed to have an

uncertainty proportional to itself so that the fitting algorithm would give equal

Parameter Fit data Best-fit value

T, Y 9.36 + 0.22 x 10° K
To p 0.530 + 0.052 au
Blrl2 B

Vp1 B

weight to data from the inner and outer heliosphere. The best-fit curve, shown
in solid blue in the lower plot of Figure 3, shows excellent agreement with B -
data across three orders-of-magnitude in r without any break points. This fit
3.001 + 0.095 nT au? had two free parameters. First, the product Blrf was found to have a best-fit

413 + 33 km/s value of 3.001 =+ 0.095 nT au®. Second, the solar-wind speed had a best-fit

value of v,; = 413 = 33 km/s. The best-fit values from the fits of ¥, and B
are summarized in Table 2.

5. Conclusion

Figures 2 and 3 show a remarkable agreement between the latest version of the Trans-Heliospheric Survey data set
and Parker's theoretical model of the solar wind (Parker, 1958).

The observed radial trend in proton speed, v,(r), aligns well with the Parker model in the inner heliosphere to a
distance of ry =0.530 = 0.052 au, at which point the speed plateaus out to the termination shock. An outer-
heliospheric departure of v,(r) from the Parker model is expected, since a limitation of the model is that it
predicts unbounded growth in speed. Despite this, interpreting the precise location of r, is complex. Recent
observations show that both Alfvén wave energy deposition (Rivera et al., 2024) and thermal pressure gradients
(Rivera et al., 2025) accelerate solar wind from different sources. The maximum speeds to which these mech-
anisms accelerate solar wind and the distances over which they operate are unknown. The Trans-Heliospheric
Survey's coverage of solar activity is nonuniform, which impacts the solar wind sampled from the different
source regions. Understanding the nonuniformity of the Trans-Heliospheric Survey's coverage, and its impact on
1y s the subject of ongoing work. Nevertheless, the similarity in r, with the radial distance of Solar Orbiter during
the radial conjunction of PSP and Solar Orbiter studied by Rivera et al. (2024) is striking.

Another limitation of the Parker (1958) model of the solar wind is its assumption of an isothermal temperature. In-
situ solar wind observations show that T}, falls off appreciably (though not as quickly as would be expected from
adiabatic expansion) with increasing r throughout the inner heliosphere (Marsch, Schwenn, et al., 1982; Maruca
et al., 2023). Despite this inconsistency with 7, measurements, the Parker (1958) model still produces an
excellent fit of the v,(r) close to the Sun and for B(r) throughout the heliosphere. This suggests that the speed and
magnetic field of the long-term-averaged steady-state solar wind behaves closely to the predictions of
Parker (1958). Nevertheless, T, measurements warrant a more exhaustive study that explores more complex
models of the solar wind that better account for the observed trends in temperature. Some of these models may
also be able to account for the plateau in v,(r) past 7, observed in this study. In contrast, the Parker (1958) model

predicts that v,(r) continue its monotonic increase throughout the heliosphere.

As Figure 2 shows, the solar wind experiences substantial, ongoing acceleration—well outside of the Alfvén
region and almost to Earth's orbit—which complements the well established result of the solar wind's ongoing
heating (Marsch, Schwenn, et al., 1982) and acceleration (Alterman, 2025; Rivera et al., 2024, 2025). Though
many studies of solar-wind heating and acceleration often focus on processes occurring in the solar corona, these
or other processes clearly extend beyond the corona and into the inner heliosphere. Further studies—including
multi-point observations and simulations—are clearly warranted to improve understanding of the solar wind's
evolution on its way to Earth and beyond. Quantifying the thermodynamic processes occurring in the inner
heliosphere's “background” solar wind more accurately may serve to better simulations of the CME and space-
weather events that propagate through this region.

In the region beyond r, the average speed data differ substantially from Equation 9. These values are due to
circumstances and processes not included in the Trans-Heliospheric Survey's global model. First, the anoma-
lously high speeds shown between r &~ 45—60 au, noted by Maruca et al. (2023), are due to the high-latitude
position of Voyager 2 during solar minimum conditions (C. W. Smith et al., 2006). During this time, the
average solar wind speed is latitudinally organized, with high-latitude speeds much faster than those at low
latitude (McComas et al., 2008). When scaled with respect to the average speed in the low-latitude OMNI data at 1
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Table 3 au, the speeds measured at Voyager 2 give consistently high values. This
Table of Spacecraft Citations effect disappears on average during solar maximum, when the persistent
Spacecraft Citation latitudinal structure becomes disrupted. At that time, the Voyager 2 spacecraft
P has reached r> 60 au. Second, the reduced speeds shown beyond 60 au are
PSP N. E. Papitashvili (2020)

Solar Orbiter
Helios 1
Helios 2
Mariner 2
Mariner 10
Ulysses
Cassini
Pioneer 10
Pioneer 11
New Horizons
Voyager 1
Voyager 2
OMNI

N. Papitashvili (2024)
Nes and Mariani (2021a)
Ness and Mariani (2021b)
N. Papitashvili (2025a)
N. Papitashvili (2025b)

due to the net deceleration of the solar wind from momentum loading by
interstellar pickup hydrogen (Holzer, 1972; Isenberg, 1986; Isenberg
et al., 2010). This is strictly an outer heliosphere effect, also not considered in
the Trans-Heliospheric Survey's global model.

The radial trend in magnetic field strength, B(r), agrees very closely with the
Parker model across three orders of magnitude in —from the closest avail-

Balogh and Mcomas (2021) able observations of PSP out to the termination shock. As noted above, one of

Dougherty (2021)

E. J. Smith et al. (2023a)

E. J. Smith et al. (2023b)
Elliott et al. (2019)

E. J. Smith et al. (2023b)
Ness et al. (2023)

King and Papitashvili (2020)

the free parameters in the Parker model for B(r) is the average solar-wind bulk
speed, for which the data in Figure 3 have the best-fit value of
413 =+ 33 km/s. For comparison, the 60-year median v,-value in OMNI
data was found to be 412 km/s (Maruca et al., 2023). The close agreement of
these values is all the more remarkable given that they are derived from
measurements made with entirely different instruments: magnetometers in of
the fit parameter and particle instruments in the case of the OMNI average
(Verscharen et al., 2019).
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The consistency between the observed v,(r) and B(r) trends and the Parker

model is especially noteworthy given the simplicity of that model. Parker
developed his model without the benefit of any in-situ observations of what he would only later dub the “solar
wind.” Partially for this reason, his model contained many assumptions that are now well known not to hold true.
For example, the model assumes a steady, isotropic flow, though the solar wind has long been observed to consist
of distinct and interacting streams of plasma with widely varying properties (see, e.g., Pizzo, 1978; Marsch, 1999;
Marsch, 2006; Richardson, 2018, and references therein). Far from being steady, solar-wind plasma ubiquitously
hosts strong fluctuations (e.g., waves and turbulence). The Trans-Heliospheric Survey data, though, have been
heavily averaged (Maruca et al., 2023)—first to a one-hour cadence, and then across days or even years in the
radial binning. With the original in-situ measurements spanning more than six decades, all of this averaging
effectively smooths the vast majority of these fluctuations and transient phenomena. The results of this study
indicate that what remains after this averaging—the “background” solar wind—is largely consistent with Parker's
original predictions for speed and magnetic field strength.

Thus far, the Trans-Heliosheric Survey has focused on the solar wind's overall average behavior, but the radial
trends likely exhibit significant variation both with solar-wind type (speed) and solar cycle. Both of these po-
tential variations are currently being investigated and will be presented in forthcoming publications.

Data Availability Statement

The spacecraft data used for the Trans-Heliospheric Survey are from publicly available archives on CDAWeb and
OMNIWeb Plus. For the specific dataset used for each spacecraft, see Table 1 of Maruca et al. (2023), who also
provide the synthesized dataset for Version 1.0 of the Trans-Heliospheric Survey. Citations for the individual
spacecraft datasets and OMNI data are organized in Table 3.
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