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1. Introduction
Since the 1950s, with Eugene Parker's model that firmly prescribed a stream of plasma originating from the hot 
solar corona (Parker, 1958), later confirmed by the first spacecraft measurements of the solar wind (Neugebauer 
& Snyder, 1962), there have been large advancements in accurately predicting the space plasma environment 
near Earth, driven by improvements in remote observations, in situ measurements, computing, and models. These 
advancements are driven both by scientific curiosity, and by society's increasing dependence on technologies 
susceptible to space weather events. Geoeffective solar wind-based space weather events are caused by stream 
interaction regions (SIRs) and coronal mass ejections (CMEs), where rapid changes in the solar wind, and the 
orientation of the interplanetary magnetic field, cause rapid changes in the magnetic field of Earth, triggering 
geomagnetic storms. Space weather impacts may be mitigated by improved predictions of the time of arrival of 
these large events. These predictions depend on modeling of the evolution of the nascent solar wind near the Sun, 
and the interplanetary solar wind between Sun and Earth, and the accuracy of the models are critically dependent 
on the quality and spatiotemporal coverage of observational constraints. SIRs in the ambient solar wind can cause 
distortion of the terrestrial magnetic field which is present even during low periods of solar activity (Verbanac 
et al., 2011), and solar wind models can predict these events directly. Conditions of the ambient solar wind are 
also major factors that dictate CME time of arrival at Earth (Case et al., 2008; Temmer et al., 2011), thus improve-
ments in ambient solar wind models can lead to improvements in predictions of both SIRs and CMEs.

This paper builds on a recent development that provides a novel inner boundary condition for models of the ambi-
ent solar wind (Bunting & Morgan, 2022). This boundary condition is the ambient solar wind outflow velocity 

Abstract Accurate predictions of ambient solar wind conditions are a central component of space weather 
forecasting. A recent advancement is to use the distribution of electron density at a heliocentric distance of 
8 R⊙, gained by applying coronal rotational tomography to coronagraph data, as an inner boundary condition 
for the time-dependent Heliospheric Upwind eXtrapolation solar wind model. This approach requires 
conversion of densities into solar wind velocity at the inner boundary. Based on comparison of the distribution 
of in situ measurements of density and velocities, this work finds a scaled exponential equation relating the 
density and outflow velocity at 8 R⊙, with three key parameters found as a function of time between years 
2007–2021. Based on this relationship, comparison of modeled and in situ measurements of velocities at 
Earth, STEREO A and STEREO B over the past solar cycle give a mean absolute error of 61.2, 69.0, and 
66.1 km s −1 respectively. An analysis of thousands of events (defined as solar wind streams above 450 km s −1) 
gives an accuracy score of 76%. This agreement validates the density-velocity relationship, and shows that an 
inner boundary based on coronagraph observations is a robust complement, or alternative, to commonly-used 
magnetic model constraints for solar wind modeling and forecasting.

Plain Language Summary Space weather can have damaging effects on both space-based and 
ground-based technologies, on which society is becoming increasingly dependent. The risk of damage on 
these technologies can be mitigated through accurate forecasting of the solar wind conditions. In this work, a 
statistical approach is used to derive an empirical conversion model between coronal density and solar wind 
velocities at distances close to the Sun. The resultant velocities are then used to provide an input or 'an inner 
boundary condition` for heliospheric solar wind models, where the solar wind conditions are modeled to 1 AU. 
This novel approach yields model predictions that consistently provide a strong statistical agreement with solar 
wind conditions observed at multiple locations at 1 AU.
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at a heliocentric distance of 8 R⊙. The velocity is based on the spatial distribution of electron density at this 
distance, gained from coronal rotation tomography (CRT) of coronagraph observations (Morgan, 2015, 2021; 
Morgan & Cook, 2020). See Bunting and Morgan (2022) for an overview of the CRT method. Given that one of 
the main restrictions on modeling is the shortage of direct observational constraints beyond the solar photosphere 
(MacNeice et al., 2018), this novel approach offers a potentially valuable development. It gives a constraint at a 
distance well above the complex inner corona, where the dynamics are dominated by the plasma flow, and the 
flow (and magnetic field) orientation are predominantly radial. The main procedural uncertainty of the novel 
boundary condition is the relationship between the plasma density and outflow velocity. Analysis of in situ and 
remote observations show that density and solar wind velocity are anti-correlated (e.g., Allen et al., 2020; Habbal 
et al., 1997; Schwenn, 2006), and Bunting and Morgan (2022) used a simple linear inverse relationship, with the 
range of outflow velocities found using an optimisation approach that minimized the comparison between model 
velocities (near Earth), and in situ measurements. Despite giving a good initial estimate of solar wind conditions 
at Earth up to one Carrington rotation (CR) in advance, the inverse linear relationship has significant drawbacks 
in terms of the consistency of predicting intermediate solar wind velocities. Therefore, the next logical step is to 
generate a more complex global relationship between coronal electron density and solar wind velocity at 8 R⊙, 
dictated by a small number of key parameters, by comparing their distributions, and validated by a comparison 
with in situ measurements.

As in Bunting and Morgan (2022), we use the time-dependent Heliospheric Upwind eXtrapolation model (HUXt) 
in order to propagate our inner boundary velocity conditions to interplanetary space (Barnard & Owens, 2022; 
M. J. Owens et  al.,  2020). HUXt is a physical heliospheric model which provides a valid alternative to 
three-dimensional (3D) magnetohydrodynamic (MHD) models, and offers an order-of-magnitude advantage in 
computational efficiency. HUXt reduces the complexity of MHD equations by making a number of reasonable 
assumptions. M. J. Owens et al.  (2020) showed that HUXt output predictions of solar wind velocities agreed 
within 6.4% of that from a complex 3D MHD model (HelioMAS) over a full 40 year period, while only having 
a computational time of a fraction of a second, compared with a timescale of hours for a more complex model. 
Such efficiency allows an ensemble approach which is a practical way to estimate the uncertainty of a forecast 
(Bunting & Morgan, 2022; M. J. Owens et al., 2020).

The derivation of the empirical conversion relationship between the coronal electron particle density and 
solar wind velocity is described in Section 2.3. The optimisation and associated errors of the relationship are 
presented in Section 3.1. The solar wind conditions gained from optimized Tomography/HUXt coupled model 
are compared to the Operating Missions as Nodes on the Internet (OMNI) satellite network in Section 3.2 and 
both Solar Terrestrial Relations Observatory (STEREO) spacecraft; STEREO A and STEREO B in Section 3.3. 
Further analysis between the modeled and in situ data is shown in Section 3.4. Finally, the effect of varying the 
magnitude of the solar wind acceleration on the accuracy of solar wind predictions at Earth is undertaken and 
presented in Section 3.5. Discussion and concluding remarks are made in Section 4.

2. Method
This section gives a succinct overview of the Coronal Rotational Tomography method which is used to gain the 
coronal electron density state of the solar corona (Section 2.1), an overview of the time-dependent Heliopsheric 
Upwind eXtrapolation model used to test and validate the results (Section 2.2), followed by a description of how 
a density-velocity conversion model at 8 R⊙ is generated (Section 2.3), optimized (Section 2.4), and associated 
errors are estimated (Section 2.5). An explanation of how this relationship is tested can be found in Section 2.6.

2.1. Coronal Rotational Tomography

Coronal rotational tomography (CRT) is a method that gives an estimate of the electron density distribution of 
the solar corona. The tomography method ingests polarized brightness visible light coronagraph observations 
from the COR2 instrument from the Sun-Earth Connection Coronal and Heliospheric Investigation (SECCHI: 
(Howard et al., 2008)) suite onboard the STEREO A spacecraft (Kaiser, 2005). Observations spanning one half 
of a CR are required. The coronagraph images are first calibrated (Morgan, 2015), and CME signals are reduced 
(Morgan et al., 2012). An inversion technique, based on spherical harmonics, is then applied to gain the coronal 
electron density state (Morgan, 2019). The parameters of this inversion technique use a regularized least-squares 
approach to optimize the fit between observational and modeled polarised brightness. The final step includes a 
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narrowing of the high density streamer belt structures, as presented in Morgan and Cook (2020). This technique 
gives the coronal density on spherical shells at heliocentric distances between 4 and 12 R⊙. In this work, 8 R⊙ is 
used. An example of a tomography map for CR 2130 (November 2012) is shown in Figure 1. From these density 
maps, coronal electron densities are extracted along latitudes of interest. All available tomography data and maps 
can be accessed from the online archive at https://solarphysics.aber.ac.uk/Archives/tomography.

With the aim of generating a model relating the electron density to solar wind velocity and exploiting this as an 
inner boundary condition for a heliospheric solar wind model, we first inspect the velocity and density distribu-
tions to show a general comparison. Figure 2 shows a comparison between the distribution of the coronal electron 
densities at 8 R⊙ extracted at the latitude of Earth (blue), and in situ velocities near Earth provided by OMNI 
(orange) for all available periods between 2007 and 2021. For this work, the 5-min binned OMNI data is rebinned 
to gain an hourly average, prior to smoothing with a 10-hr sliding window average. Sporadic periods of missing 
data are replaced by linearly interpolated values.

On visual inspection, the coronal electron density and solar wind velocity have similar skewed distribution 
profiles. Both peak at lower values, and have an elongated tail at higher values. However, it is well known that 

Figure 1. An example of a tomography map showing an estimate for the coronal electron number density for CR2130 
(2012 November). The mid-date of 2012 November 16 corresponds to the middle of the half-Carrington rotation period of 
observations. Densities are shown in the color bar, in units of electrons per cubic centimeters. The coordinates are Carrington 
longitude and latitude.

Figure 2. Comparison of the distributions of coronal electron density (blue, and bottom x-axis) extracted from the 
tomography maps at the latitude of Earth at a distance of 8 R⊙, with in situ solar wind velocity provided by Operating 
Missions as Nodes on the Internet (orange, and top x-axis) at 1 AU for all available time periods between 2007 and 2021.
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the higher solar wind velocities originate from areas of the corona with a lower density and vice versa (e.g., Allen 
et al., 2020; Habbal et al., 1997; Schwenn, 2006). The main purpose of this work is to find a relationship that 
equates these two distributions, thus providing insight into the relationship between densities and velocities in the 
solar wind. Figure 2 suggests that this relationship must associate the large spread of faster solar wind velocities 
to a small range of lower densities, and vice versa.

2.2. Heliospheric Upwind Extrapolation Model

In order to investigate this relationship further, and to validate our results later, we use the HUXt solar wind model 
to predict solar wind conditions at a given location and compare to observational data. HUXt adopts a reduced 
physical approach which assumes that gravitational, magnetic and pressure gradient forces within the solar wind 
plasma can be negated. This vastly reduces the complexity of the MHD equations. Computational efficiency is 
further increased by assuming a simplistic hydrodynamic solar wind flow and constrained the model to only the 
radial domain. As presented in M. J. Owens et al. (2020), HUXt includes an ad-hoc model of the solar wind accel-
eration. Initially introduced by Riley and Lionello (2011), this ad-hoc acceleration model was derived with the 
aim to best match the acceleration profile of full MHD models between 30 R⊙ and 1 AU. The solar wind velocity 
as a function of radial distance from the Sun is given by:

𝑉𝑉 (𝑟𝑟) = 𝑉𝑉0 + 𝛼𝛼𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝑉𝑉0

[

1 − exp

(

−(𝑟𝑟 − 𝑟𝑟0)

𝑟𝑟𝐻𝐻

)]

 (1)

where V(r) is the solar wind velocity at heliocentric distance r, r0 is a reference heliocentric distance where a 
given parcel of plasma had the velocity of V0 (usually given by the inner boundary). rH is a constant scale height 
of 50 R⊙, and αHUXt is a constant residual acceleration parameter.

Figure 3 demonstrates the evolution of the solar wind velocity (V(r) from Equation 1) with radial distance from 
the Sun (r) with a range of magnitudes of the residual acceleration parameter (αHUXt), with the HUXt model initi-
ated with a constant inner boundary velocity (V0) of 200 km s −1 at a distance (r0) of 8 R⊙. A residual acceleration 
parameter of 0.15 results in a 14.7% increase (asymptoting toward the prescribed 15% increase) of solar wind 
velocity between 8 R⊙ and 1 AU. Likewise, the 0.30 αHUXt model run gives a 29.6% increase. For the following 
work, unless stated otherwise, the residual acceleration parameter is set to the HUXt default of 0.15 (M. J. Owens 
et al., 2020), as initially proposed by Riley and Lionello (2011). In this case, we can make an assumption that the 
velocities observed at 1 AU is 114.7% of that at the inner boundary height 8 R⊙ (a simplification investigated in 
more detail in Section 3.5).

2.3. Density-Velocity Conversion Model

A statistical approach is undertaken to derive an empirical relationship between tomographical densities and 
solar wind velocities at 8 R⊙. This approach includes extracting all tomographical densities at the latitude of 

Figure 3. The radial evolution of solar wind velocity with heliocentric distance, with an inner boundary condition of 
200 km s −1 and a residual acceleration parameter (αHUXt) of 0.0 (blue), 0.15 (orange) and 0.30 (green).
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Earth for all available time periods, in turn gaining the density distribution at 8 R⊙ seen in Figure 2. The extracted 
densities are input into an empirical conversion function to gain density-derived solar wind velocities at the inner 
bound ary. The empirical conversion function must show an anti-correlation between velocity and density as 
shown in previous studies (e.g., Allen et al., 2020; Bunting & Morgan, 2022; Habbal et al., 1997; Schwenn, 2006). 
The density-derived velocity distribution can then be compared with a distribution of in situ velocities observed 
during same period. An initial model that outputs a density-derived velocity distribution that best matches the 
observed velocities can then be explored and optimized further.

However, context must be taken into consideration. The observed in situ velocities, are measured at 1 AU 
and are accelerated relative to velocities at the inner boundary (8 R⊙). As this work is intended to generate a 
density-velocity relationship at 8 R⊙, the in situ velocities must be adjusted to compensate for the solar wind 
acceleration between 8 R⊙ and 1 AU. As shown in Section 2.2, under default HUXt conditions the solar wind 
velocity at 1 AU is 114.7% of that at 8 R⊙. Therefore, the initial OMNI in situ velocities are reduced by 14.7% to 
gain a “non-accelerated” solar wind velocity distribution at 8 R⊙ for the density-derived velocity distribution to 
best match during optimisation (see Section 2.4). Going forward, the reduced in situ or “non-accelerated” distri-
butions will be referred to as a “target” distribution.

It was found that a simple scaled exponential conversion function gave a density-derived velocity distribution 
that provided a close initial match to the “target” velocity distribution. This relationship relates the tomographical 
densities (ρ) and solar wind velocities (V) by:

𝑉𝑉 = (𝑉𝑉max − 𝑉𝑉min) ∗ 𝑒𝑒
−[𝛼𝛼∗𝜌𝜌𝑁𝑁 ] + 𝑉𝑉min, (2)

where Vmin and Vmax are lower and upper velocity constraints for the model respectively, and α is an exponential 
scaling parameter. ρN is the coronal electron density normalized between zero and one using the maximum and 
minimum density defined by the tomography data, or

𝜌𝜌𝑁𝑁 =
𝜌𝜌 − 𝜌𝜌min

𝜌𝜌max − 𝜌𝜌min

, (3)

where ρ is the electron density value, and ρmax and ρmin are the maximum and minimum density values at the 
latitude of Earth across all time periods.

2.4. A Quasi-Exhaustive Fitting Method

A quasi-exhaustive fitting process is used to optimize the parameters of Equation 2 to best match the modeled 
velocity and the target distributions. In order to quantify the agreement and optimize the model, we minimize the 
mean absolute error (MAE) between the two distributions, defined by

𝑀𝑀𝑀𝑀𝑀𝑀 =
1

𝑁𝑁

𝑁𝑁
∑

𝑛𝑛=1

|𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀(𝑛𝑛) −𝐻𝐻𝑂𝑂𝑂𝑂𝑂𝑂(𝑛𝑛)|, (4)

where HMod(n) and HObs(n) are the number of modeled and observed data points that lie within the velocity range 
defined by a given histogram bin (n), and N is the total number of histogram bins.

The parameters of Equation 2 are searched in order to minimize the MAE between the reduced in situ or “target” 
and the density-derived or “modeled” velocity distributions. The initial search space for the quasi-exhaustive 
method spans a wide range of Vmax (500–900 km s −1), Vmin (100–400 km s −1), and α (1–12). Each initial parameter 
space is spaced evenly into 10 bins. All possible combinations of the parameter bins are tested exhaustively by 
inputting the extracted tomographical densities into Equation 2 to gain modeled velocities. During each parame-
ter combination, the resultant “modeled” velocity histogram is calculated and is scored against the target velocity 
histogram using Equation 4. Once all parameter combinations are evaluated, the parameter combination that 
gives the smallest MAE is selected, and the parameter bin above and below the fitted value forms the new param-
eter range. The model once again splits each parameter range into 10 evenly spaced magnitudes and the process 
is repeated until the following conditions are met: the increments of both velocity ranges are ±1 km s −1 or less, 
and ±0.01 or less for alpha. Thus, for a given period of time, parameters are found that best fit the distribution 
of velocities based on coronal densities to measured solar wind velocities near Earth, based on a fixed value for 
solar wind acceleration.
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Figure 4 shows an example output of the fitting method for a window of 1 year of input data (January–December 
2016) around the mid-point of June 2016. For this specific time period the distributions are found to match best 
when α, Vmax, and Vmin (see Equation 2) are 7.204, 765.6, and 286.0 km s −1 respectively. The left panel of Figure 4 
shows the relationship between coronal electron density and solar wind velocity (Equation 2) with the afore-
mentioned optimized parameters. The right panel of Figure 4 shows the comparison of the target and modeled 
solar wind velocity distributions, with the latter derived via converting the densities into velocities through the 
optimized function shown by the left panel.

2.5. Bootstrap Error Analysis

Uncertainties in each parameter of Equation 2 are estimated via a bootstrapping method. A bootstrapping meth-
odology was introduced by Efron (1979) which resamples parameters in order to find standard errors and best fit 
parameters. In the context of the present study, bootstrapping is used to evaluate the standard errors of the model 
parameters only. Following Byrne et al. (2013), we

1.  Calculate both the optimized model velocity histogram (HMod) and the target velocity histogram (HObs), as 
described in Section 2.4

2.  Calculate residuals for each histogram bin (ΔH)
3.  Randomly reorder the residuals (ΔH*)
4.  Define a modified model histogram where the randomly ordered residuals are added to the initial model histo-

gram: 𝐴𝐴 �̂�𝐻𝑀𝑀𝑀𝑀𝑀𝑀 = (𝐻𝐻𝑀𝑀𝑀𝑀𝑀𝑀 + Δ𝐻𝐻∗) > 0 . The positivity constraint is required to prevent unstable results.

5.  Apply the quasi-exhaustive fitting to the modified model histogram 𝐴𝐴 �̂�𝐻𝑀𝑀𝑀𝑀𝑀𝑀 , and record the fitted parameters.
6.  Repeat steps three to five 400 times.

Once completed, the standard deviation of the distribution of each fitted parameter (i.e., Vmax, Vmin, and α) gives 
the standard error for that parameter. In certain cases, the random ordering of residuals in step 4 results in nega-
tive values of 𝐴𝐴 �̂�𝐻𝑀𝑀𝑀𝑀𝑀𝑀 , in which case the negative bins are set to zero. A threshold of 400 runs gives a statistically 
significant distribution within a reasonable computational time. An example of the resultant distributions for α, 
Vmax, and Vmin for the 2016 example period is shown in Figure 5.

Figure 5 shows an example of the bootstrapping results for each parameter for a 1 year window centered on June 
2016. This is a typical example of the bootstrapping results. In the case of α (left panel of Figure 5), the standard 

Figure 4. left: The optimized empirical exponential relationship between coronal electron density and solar wind velocity 
for a one year window centered on June 2016 where α, Vmax, and Vmin are 7.204, 765.6, and 286.0 km s −1 respectively. right: 
Comparison between the target solar wind distribution at 8 R⊙ (black) with the density-derived model velocity distribution 
(blue).
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distribution is 0.231, and therefore set as the error for this parameter for this specific time period. An interest-
ing comparison can be drawn between the Vmax and Vmin distributions (shown in the middle and right panel of 
Figure 5). The Vmax distribution has a much greater range (∼150 km s −1) compared to that of the Vmin distribution 
(∼20 km s −1). This results in the Vmax parameter having a much larger associated error (21.87 km s −1) compared 
to that of Vmin (1.84 km s −1).

2.6. Validation

Once a density-velocity conversion relationship has been defined and optimized via the statistical based approach 
described in Section 2.4, the next step is to implement and test it in a solar wind forecasting context. This is done 
by extracting the coronal electron densities along a single line of latitude (i.e., latitude of Earth) from a single 
tomography map. The optimized parameters for Equation 2 are then used to give solar wind velocities at 8 R⊙. 
This forms an inner boundary condition for HUXt. The HUXt model is then run for a simulation period of one 
CR (∼27 days), and the evolution of the solar wind velocity with time at the location of Earth is compared with in 
situ OMNI data. This is completed for all available tomography maps representing a 15 year period and the results 
are presented in Section 3.2. This model can be tested further when applied to spacecraft at alternative locations 
such as the STEREO A and B spacecraft, as presented in Section 3.3. The comparison between modeled and in 
situ velocities are quantified with point to point metrics, which include the MAE and Root-Mean Square Error 
(RMSE). We calculate RMSE by

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

√

√

√

√
1

𝑁𝑁

𝑁𝑁
∑

𝑛𝑛=1

[𝑉𝑉𝑅𝑅𝑀𝑀𝑀𝑀(𝑛𝑛) − 𝑉𝑉𝑂𝑂𝑂𝑂𝑂𝑂(𝑛𝑛)]
2
, (5)

where N is the number of data points, and VMod(n) and VObs(n) are the modeled and observed velocities at a given 
timestep n.

Another approach for testing the accuracy of the modeled velocity is a binary event analysis. In this approach, 
a boolean mask is applied to each time step.  If at a given time step, the magnitude of either the modeled 
or observed solar wind is greater (or lower) than a fixed threshold the time step is perceived as an “event” 
(“non-event”) and labeled “True” (“False”) (M. Owens, 2018). We choose a threshold of 450 km s −1 (Bailey 
et al., 2021; Reiss et al., 2020), thus times of fast wind are considered “events.” A cross-correlation is performed 
between the modeled and observed boolean masks, where each time step is assigned to one of four cate-
gories: event observed and predicted (True positive, TP), event observed but not predicted (False negative, 
FN), non-event observed and non-event predicted (True negative, TN) and finally non-event observed and 
event predicted (False positive, FP). Furthermore, the True Positive Rate (TPR) and False Positive Rate (FPR) 
metrics, when coupled with point-to-point metrics, provide a comprehensive overview of the forecasts perfor-
mance. TPR is calculated by TP/Pobs and FPR is calculated by FP/Nobs where Pobs and Nobs are the number of 
observed events and non-events respectively. For a forecast that perfectly matches the observational data, the 
TPR would be equal to 1 and FPR would be equal to 0. Finally, an overall accuracy score can be calculated by 
[(TP + TN)/N] × 100, where N is the total number of data points. The results of the event analysis are presented 
in Section 3.4.

Figure 5. Distribution of the 400 fitted parameters for left: α, middle: Vmax, and right: Vmin given by the bootstrapping method, for a 1-year window centered on 2016 
June. The standard deviation of each distribution, or the uncertainty in each parameter, is 0.231, 21.870, and 1.841 km s −1 for α, Vmax, and Vmin respectively.
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3. Results
3.1. Relationship Between Density and Velocity Over a Solar Cycle

A period spanning more than a whole solar cycle is investigated: 15 years, from 2007 to 2022. The method 
is applied for periods spanning one year, and this 1-year period is advanced by 3-month increments, giving a 
“sliding window” over the 15 years data set, with the optimisation and bootstrapping method applied for each 
“window” of data. The fitting results for the α, Vmax, and Vmin parameters from Equation 2 are shown as a relation-
ship with time in the top, middle and bottom panels of Figure 6 respectively. The optimized magnitudes for the 
density-velocity conversion parameters are derived via the quasi-exhaustive search outlined in Section 2.4, with 
errors calculated via the bootstrapping method described in Section 2.5.

The α and Vmax parameters, seen in Figure 6 top and middle panels respectively, show a possible weak relationship 
with the solar cycle. α peaks at ∼11 during 2008–2009 which corresponds to solar minimum, and slowly decreases 
with time until 2014 (near solar maximum) where α is ∼4 before again increasing to 9 around 2018–2019. A 
similar pattern is seen in the Vmax parameter. This behavior also occurs in the Vmin parameter (see the bottom panel 
of Figure 6), albeit with far smaller variance. The range of Vmin is ∼40 km s −1 compared to ∼450 km s −1 for the 
Vmax parameter. However, given the large variance of these parameters with time, and the missing data during the 
peak of solar maximum (2014–2016), there is no clearly consistent relationship with the solar cycle.

Vmax values are large close to the solar minimum of 2008, and decrease to smaller values near solar maximum in 
2013. α also has a significant peak spanning solar minimum from 2008 to mid-2009. We believe this behavior is 

Figure 6. Results of the sliding window quasi-exhaustive fitting process with associated errors for top: α, middle: Vmax and 
bottom: Vmin. The grayed area is the period when STEREO A was approximately behind the Sun relative to Earth, leading to 
insufficient data for tomography.
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due to the changes in distribution of equatorial slow and fast wind between 
solar minimum and maximum. We expect the occasional presence of very 
high-speed solar wind streams originating from polar coronal holes near 
the equator during solar minimum: tomographical density results show a 
high-density (low-speed) streamer belt during solar minimum that is very 
narrow in latitude, and small latitudinal meanderings of this belt allow 
regions of very low density that extend from the poles to the equator (e.g., 
Morgan & Cook, 2020; Morgan & Habbal, 2010). This may allow equatorial 
regions of very high speed wind during solar minimum, which do not occur 
during solar maximum due to the additional complexity of the distribution of 
streamers, and the reduced area of polar coronal holes.

The OMNI data, despite hourly binning and smoothing over 10 hours, will 
contain CME signatures, with an increased frequency at solar maximum. 
CMEs cannot be modeled within the tomography, and despite steps in the 
tomography method to reduce their impact, they can degrade the results. This 
is one source of uncertainty in our results since CMEs are present in the 
target solar wind velocity distributions that are used in the fitting method.

Figure 7 shows the comparison of the target velocity distribution (seen in 
black) and the density-derived velocity distribution (seen in blue) summed 
over all available time periods. Each individual CR is modeled using unique 
α, Vmax, and Vmin parameters that are obtained via linear interpolation in time 

of the three-monthly optimized parameters shown in Figure 6. The density-derived solar wind distribution gives a 
very good approximation of the target distribution, even with the sources of uncertainty mentioned above, giving 
confidence in this model.

Assuming that the density—velocity relationship is valid at higher latitudes, we show an example of the density 
state and resultant solar wind velocity map at 8 R⊙ in the top and bottom panels respectively of Figure 8 for 
CR2145 (end of 2013) and CR2210 (late 2018). These dates are chosen to show the difference between the state 
of the corona near solar minimum and near solar maximum. The exact parameters used for the density-velocity 
conversion are calculated by linearly interpolating each parameter dependent on time. For the examples shown 
in Figure 8, the optimized parameters for CR2145 and CR2210 respectively are: α = 6.10, 6.84, Vmin = 212.39, 
272.17 km s −1, and Vmax = 605.69, 611.13 km s −1. Such velocity maps, constrained by our method near the equa-
tor and extrapolated throughout the corona, may be validated in future work using in situ data from spacecraft at 
higher latitudes.

Figure 7. Comparison between the target solar wind distribution at 8 R⊙ 
(black) with the optimized density-derived velocity distribution (blue) summed 
over all available time periods.

Figure 8. Tomography map (top panel) and derived velocity map (bottom panel) for (a) CR2145 (2013 December) and (b) CR2210 (2018 November).
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3.2. Forecasting Space Weather Conditions at Earth

In this section, the optimized parameters presented in Section 3.1 are linearly interpolated with time to provide 
each tomography map (representing a period of one CR) with unique α, Vmin, and Vmax values. Inner bound-
ary conditions are then generated and solar wind conditions at Earth are predicted via the steps outlined in 
Section 2.6. Figure 9 compares the HUXt output at Earth (blue) with OMNI in situ data (black) for all available 
time periods. Years 2014 and 2015 were not included in this Figure due to frequent data gaps in the STEREO 
coronagraph data, preventing clean tomography reconstruction.

Visually, Figure 9 shows that the modeled solar wind velocity at Earth gives a good estimate of the in situ solar 
wind conditions observed by OMNI across most time periods. The model performs worse during periods closer 
to solar maximum (2012–2013). This is expected as the corona is active and more variable. This leads to the 
tomography giving a worse physical representation of the corona compared to solar minimum. Also, CMEs are 
more frequent during solar maximum. CME events are absent from the tomography data and therefore the model 
predictions of space weather conditions, but are present in the in situ data. The model performs well during peri-
ods of particularly variable solar wind (i.e., latter half of 2016 and 2020). During these periods the model shows 
good agreement with both the magnitude and time of arrival of the high speed streams. The model also performs 
relatively well during periods of prolonged slow solar wind (i.e., April 2020–August 2020). This shows that the 
current model is robust during both active, and quiet periods.

We quantify the comparison using point to point metrics. Statistically, the MAE and RMSE across all time peri-
ods is 61.20 and 83.96 km s −1 respectively. This confirms the visual impression of strong agreement between the 
modeled and in situ data throughout the time period shown in Figure 9. The Pearson correlation coefficient is 
0.61. Further point to point metrics are given in Table 1.

Figure 10 shows the relationship between the modeled and in situ velocities at Earth. With a perfect prediction 
(i.e., where modeled velocity is equal to observed), all points will lie on the red line. This Figure shows a larger 
number of cases for which the modeled velocities are greater than the observed velocities, showing that the model 
is prone to velocity overestimation. The histograms along each axis exhibit similar shapes with a sharp increase in 
frequency to a most probable velocity at ∼370 km s −1, with an elongated tail at higher values.

3.3. A Multi-Spacecraft Approach

In order to further test the model, we extract and compare model predictions to the in situ data collected by the 
PLAsma and SupraThermal Ion Composition (PLASTIC) instrument package on board both STEREO spacecraft 
(Galvin et al., 2008). For this section, the tomography density data is extracted at the latitude of each spacecraft 
individually, but no further optimisation process was made to estimate model parameters of Equation  2: the 
values found using OMNI data (presented in Section 3.1) were used here to convert the densities and generate 
inner boundary conditions for HUXt to model the velocities at the location of both STEREO spacecraft. The 
comparison of modeled solar wind velocities to in situ data are presented in Figures 11 and 12 for STEREO A 
and STEREO B respectively.

Figure 11 shows strong visual agreement between the modeled solar wind velocity and the STEREO A measure-
ments. This is confirmed by the MAE and RMSE being 94.6 and 69.0 km s −1 respectfully (see Table 1). These 
metrics are 10% higher for STEREO A then that of the OMNI data. A similar increase is also found for the 
comparison with STEREO B seen in Figure 12, with the MAE and RMSE being 66.2 and 93.5 km s −1 respec-
tively. The higher point-to-point metrics at both STEREO spacecraft compared to the OMNI data are likely due 
to the model being optimized for OMNI data only. The STEREO spacecraft are at different latitudes, and slightly 
different distances, to Earth. In this work, it is assumed that there is no latitudinal dependence on the parameters 
of the density-velocity relationship. However, the STEREO spacecraft can be separated from Earth by upwards 
of 10° in latitude, and this may have an impact during certain periods. We note also that the OMNI data is a 
model-dependent extrapolation of measured solar wind values upstream from Earth.

Figure 13 shows the relationship of modeled and observed velocities for STEREO A and STEREO B. For both 
spacecraft, the distribution around the red line which corresponds to a “perfect” forecast is visually wider than 
that of the OMNI data shown in Figure 10. This is confirmed by the slightly worse statistics for STEREO space-
craft presented in Table 1. Despite this and slightly degraded metrics, the results show that our approach can still 
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Figure 9. Comparison of modeled solar wind velocity at Earth with interpolated model parameters (blue), and in situ data 
(black) for all available time periods.
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provide a reasonable forecast of ambient solar wind conditions at locations 
distant from Earth.

3.4. Event Analysis

One advantage of an event analysis is increased robustness to outliers 
compared to point to point metrics. Another advantage is a greater empha-
sis on event timing (M. Owens, 2018), thus closer to the priorities of space 
weather forecasting. An event analysis when coupled with point to point 
metrics offers a more comprehensive picture of the agreement between 
model and data. A threshold of 450 km s −1 defines the minimum velocity 
threshold in order for the solar wind to be perceived as an event (Bailey 
et al., 2021; Reiss et al., 2020), and the event analysis is completed as stated 
in Section 2.6. Table 2 shows the results of the event analysis for the OMNI, 
STEREO A and STEREO B studies.

For all measurement locations, both the FPR and TPR metrics are very similar. STEREO B gives the highest TPR 
(0.63) with STEREO A giving the lowest (0.60). The comparison with OMNI gave the best results of FPR (0.17) 
with STEREO A giving the highest (0.19).

3.5. Solar Wind Acceleration

Until this stage, an assumption has been made that the residual acceleration parameter (αHUXt), which is inbuilt 
into HUXt, is physically accurate. However, as seen in Figure 3, a change in the acceleration parameter can cause 
a substantial difference in the predicted velocities at Earth. This section aims to explore the impact of αHUXt on 
the optimisation of the model (i.e., Equation 2 parameters), as well as the accuracy of the solar wind predictions 
made at Earth. Three different values of the acceleration parameter are used; 0.0 (no acceleration), 0.15 (used as 
default in HUXt, in previous sections of this study, and proposed by Riley and Lionello (2011)), and 0.30 (double 
the acceleration parameter used in previous sections).

Table 1 
Point to Point Metrics, Including Mean Square Error (MSE), Root-
Mean Square Error (RMSE), Mean Absolute Error (MAE), and Pearson 
Correlation Coefficient (PCC), Between the Modeled and In Situ Data 
for Earth (Operating Missions as Nodes on the Internet), STEREO A and 
STEREO B

Observer MSE (km s −1) RMSE (km s −1) MAE (km s −1) PCC

OMNI 7049.835 83.963 61.201 0.607

STEREO A 8945.895 94.583 68.999 0.537

STEREO B 8736.465 93.469 66.181 0.564

Figure 10. The relationship of the modeled velocity at Earth versus in situ velocity observed by Operating Missions as 
Nodes on the Internet with corresponding histograms.
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Before the quasi-exhaustive fitting method is applied, care must be taken in order to obtain an accurate target 
distribution for each αHUXt value for optimisation. As seen in Figure 3, an acceleration parameter value of 0.0 will 
provide no change in velocity between 8 R⊙ and 1 AU. In this case the ideal modeled velocity distribution should 
be identical to the in situ distribution for the same period. Under this circumstance, the unchanged in situ velocity 
distribution becomes the target distribution. In the case of the αHUXt value of 0.15, the in situ distribution must 
be altered to account for the solar wind acceleration between 8 R⊙ and 1 AU. As stated in Section 2.4, the target 
distribution is calculated by reducing the observed velocities by 14.7% to account for the increase in solar wind 
acceleration between the inner boundary height and Earth. Likewise, when the acceleration parameter is 0.30, the 
reduction of the in situ velocities would need to be greater (∼29.6%) to form a target distribution that accounts for 
the greater amount of acceleration that takes place. For this section, the time period is limited to the year 2016.

Once the correct target distribution has been generated for each individual αHUXt value, the quasi-exhaustive 
fitting method is then applied as stated in Section 2.4 to gain the optimized values for the Vmax, Vmin, and α param-
eters seen in Equation 2. These optimized values are shown in Table 3.

Figure 11. Comparison of modeled solar wind velocity (orange), and STEREO A measured velocities (black).
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As seen in Table 3, there is very little change in the α parameter with different acceleration values, with all opti-
mized α parameters agreeing within 0.05 (∼0.7%) and the value with no residual acceleration and the default 
residual acceleration agreeing completely. Larger differences are seen in the Vmax and Vmin parameters. Both 
the Vmax and Vmin terms decrease as the residual acceleration parameter increases, which is as expected as these 
parameters are effectively scaling values for the exponential. However, this decrease does not seem to change 
linearly with the residual acceleration parameter.

Figure 12. Comparison of modeled solar wind velocity (green), and STEREO B data (black).

Figure 13. (a) The relationship of the modeled velocity versus in situ velocity observed by STEREO A with corresponding histograms. (b) As (a) but for STEREO B.
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The next step once the optimized parameters for the density-velocity exponential are calculated, is to generate 
inner boundary conditions for HUXt and evaluate the model solar wind velocity at 1 AU. This is completed as 
stated in Section 2.6. The statistical comparison between the HUXt solar wind conditions and the observational 
data can be found in Table 3 and a visual comparison between each optimized model run, and observations can 
be seen in Figure 14.

As seen in Figure 14, the optimized parameters for different acceleration values, shown in Table 3 yields results 
that are very similar at all times throughout the 2016 period, and at some periods are visually indistinguishable. 
This suggests that the exponential conversion model approximates the relationship between coronal electron 
density and solar wind velocity well. There is also little difference in the statistical metrics seen in Table 3, 
with Mean Square Error agreeing to within ∼8% and RMSE and MAE both agreeing within 3%. This strong 
agreement between optimized model runs for different residual acceleration (αHUXt) parameters ultimately show 
that the model results that are in agreement with in situ observations at 1 AU, independent of the magnitude of 
the αHUXt value. The strong agreement between model runs is expected as the acceleration differences have been 
corrected for in the derivation of the target distribution within the optimisation step.

In this section, the assumption has been made that the acceleration model represented within HUXt (as shown 
in Equation 1) is physically accurate. This, in addition to the knowledge that the slow and fast winds have differ-
ent acceleration profiles (Schwenn, 1990), suggests that a further study is needed to test the accuracy of the 
constant-acceleration approximation used by HUXt. A physically accurate solar wind acceleration model will 
provide a significant advancement in space weather forecasting and will, in theory, provide accurate solar wind 
forecasts for heliocentric distances other than 1 AU. This will be the basis of future work.

4. Discussion and Conclusions
In the above study, we have found a general relationship between coronal electron density and solar wind velocity 
at 8 R⊙. This relationship was generated and optimized by matching the distribution of velocities arising from 
the application of Equation 2 to tomographical densities at 8 R⊙ with a target distribution of modified in situ 
velocities. This process was applied to 1 year of data at a time, and used a sliding window approach to find opti-
mized parameters over a solar cycle. During the calculation of the target distribution, we necessarily used a fixed 
value for residual solar wind acceleration. Different values for acceleration were investigated, which was shown 
to have minimal effect on the overall accuracy of predictions of solar wind velocity at Earth. However, it is well 
known that there are stark differences in the fast and slow solar wind acceleration, and the distances at which they 

Table 2 
Results of Event Analysis Where the Total Number of Data Points (N), Number of True Positives (TP), Number of False 
Negatives (FN), Number of False Positives (FP) and True Negatives (TN), Number of Observed Events (Pobs) and Number 
of Predicted Events (Pmod)

Observer N TP FN FP TN Pobs Pmod TPR FPR Accuracy (%)

OMNI 113,887 19,287 12,327 13,900 68,373 31,614 33, 187 0.61 0.17 77.0

STEREO A 557,029 106,728 70,326 72,887 307,088 177,054 179, 615 0.60 0.19 74.3

STEREO B 351,254 53,508 31,941 47,376 218,429 85,449 100, 884 0.63 0.18 77.4

Note. Followed by the true positive rate (TPR), false positive rate (FPR) and overall accuracy score for an event threshold 
of 450 km s −1.

Table 3 
The Optimized Parameters of Equation 2 (α, Vmax, and Vmin), Mean Square Error, Root-Mean Square Error, MAE, and 
Pearson Correlation Coefficient Between Modeled and In Situ Velocities at Earth, for Three Different Values of HUXt 
Residual Acceleration (αHUXt) for Year 2016

αHUXt Vmax (km s −1) Vmin (km s −1) α MSE (km s −1) RMSE (km s −1) MAE (km s −1) PCC

0 872.8 328.0 7.204 7432.657 86.213 66.703 0.650

0.15 765.6 286.0 7.204 7352.655 85.748 66.294 0.660

0.30 698.4 253.6 7.160 8006.235 89.478 68.652 0.662
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accelerate (Schwenn, 1990). Halekas et al. (2022) also demonstrated this with observational Parker Solar Probe 
(PSP) data, where it is modeled that a velocity of ∼150 km s −1 at a height of 8 R⊙, reaches a velocity of approx-
imately 220 km s −1 at 50 R⊙. This suggests approximately a 50% increase in solar wind velocity between 8 and 
50 R⊙ for the slow solar wind. Furthermore, Morgan and Cook (2020) also suggested a velocity of 160 km s −1 at 
8 R⊙ must accelerate to approximately 350 km s −1 by 40 R⊙ in order to agree with PSP observational data, or a 
velocity increase of over 100% between 8 and 40 R⊙. Both of these observational studies suggest that the residual 
HUXt acceleration parameter of 0.15, which gives a 14.7% increase in velocity between 8 R⊙ and 1 AU, is under-
estimated for the slow wind. It is known that the faster solar wind reaches its final velocity at distances closer to 
the Sun, while the slower solar wind continues to accelerate. Breen et al. (2002) showed that the fast solar wind 
had reached its final speed by 10–12 R⊙, and (Sanchez-Diaz et al., 2016) hypothesized that the slow solar wind 
is continuing to accelerate tens of solar radii from the Sun. However, as stated by Riley and Lionello (2011), 
“Since we are primarily interested in mapping the streams from one point (30R⊙) to another (1 AU), the value of 
[parameters] and the profile of the curve between the end-points is not crucial.” This statement is also applicable 
to this work, as the primary focus is solar wind forecasting at 1 AU based on input boundary conditions at 8 R⊙. 
Future work will include modeling solar wind conditions at distances much closer then 1 AU using PSP data, and 
a more focused study of the solar wind acceleration.

The model was optimized on in situ data at Earth provided by the OMNI network. During the optimisation 
process, CME signals were still included in the target distribution. As only the ambient solar wind conditions 
are modeled in this study, this could have had an adverse effect on the parameter optimisation, most susceptible 
is the Vmax followed by the α parameter. However, the agreement between the tomography/HUXt modeled solar 
wind velocity and in situ solar wind velocities show that the exponential conversion factor is a good approxi-
mation, despite possible CME contamination. This is shown statistically by the MAE and RMSE of 61.30 and 
83.16 km s −1 respectively. Another test was to test the model solar wind conditions against in situ data from 
other locations than 1 AU. With in situ data from both STEREO spacecraft showing a strong agreement with the 
modeled data (MAE of 69.0 km s −1 and 66.2 km s −1 and RMSE of 94.6 km s −1 and 93.5 km s −1 for STEREO 
A and STEREO B respectively), it can be stated with confidence that the Tomography/HUXt model is a robust 
model of the solar wind velocity at 1 AU. STEREO spacecraft both have worse point to point metrics compared 
to that of OMNI, for the sole reason that the model was optimized on OMNI data. The robustness of this model 
was also tested using an event analysis of OMNI, STEREO A and STEREO B observational data. The results 

Figure 14. Predicted solar wind velocity at Earth for the year 2016, with the optimized parameters as shown in Table 3, for 
αHUXt of 0 (blue), 0.15 (orange) and 0.30 (green) compared with Operating Missions as Nodes on the Internet data (black).
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of this analysis demonstrated that the model successfully predicts an event or non-event at Earth 77.0% of the 
time. The reliability of the model is clear when looking at the success rate at STEREO A (74.3%) and STEREO 
B (77.4%).

There are other potential sources of error:

1.  Incorrect coronal rotation rate. Within the HUXt model, the coronal rotation rate is constant at the Carring-
ton rate. However, recent studies have shown that the equatorial corona can vary significantly from this rate 
(Morgan, 2011a, 2011b). It has also been shown that the relationship between the true and CR rates have a 
relationship with the solar cycle (Edwards et al., 2022).

2.  In the time series data, CME signals are still present within the in situ data at all locations. This will have 
an impact on both the point to point metrics as well as the event analysis. As the focus in this study is solely 
on the ambient solar wind two options present themselves. (a) use the built in “cone” CME model (Odstrcil 
et al., 2004) to attempt to model the CME events, however, this contains large uncertainties. (b) Identify and 
omit the CME signals from the in situ data, leaving only the ambient solar wind conditions (e.g., Turner 
et al., 2022).

3.  In this work, the static tomography method is as described in Morgan  (2019). It has been shown that a 
time-dependent tomography method would better represent the constantly changing corona. However, further 
work is needed before this time-dependent method can be applied over longer time periods (Morgan, 2021).

The accurate prediction of solar wind conditions at Earth and both STEREO spacecraft are a reasonable valida-
tion of the density-velocity relationship. This exponential relationship between coronal density and velocity has 
applications to both ambient solar wind, and CME propagation models, and is included within the CORTOM 
module of the Solar Wind Empirical Ensemble Package project which will provide a new operational space 
weather forecasting package for the UK Met Office in the near future.

The relationship of Equation 2, along with the optimized parameters give a strong empirical constraint for more 
advanced hydrodynamic, and magnetohydrodynamic, models of the solar corona. If we require these models to 
approximate the true corona, the velocities and densities within the models need to follow a similar exponen-
tial relationship. Furthermore, the exponential relationship is also saying something fundamental regarding the 
nature of the solar corona. The availability of tomography maps at a range of coronal distances (4–8 R⊙), and over 
a solar cycle, will allow a more thorough investigation of this relationship in coming years.

Data Availability Statement
HUXt model source code written in the Python programming language can be downloaded from https://doi.
org/10.5281/zenodo.4889327 and developed openly at https://github.com/University-of-Reading-Space-Science/
HUXt. The tomography data used in the study are openly available via an archive hosted by the Solar Physics 
group at Aberystwyth University at https://solarphysics.aber.ac.uk/Archives/tomography/cor2a/.
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