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Abstract Differential emission measure tomography (DEMT) and white light (WL) tomography were
applied to study the three-dimensional (3D) structure of the global solar corona for two Whole Heliosphere and
Planetary Interactions campaign periods, Carrington rotations 2219 and 2223. With DEMT, Solar Dynamics
Observatory/Atmospheric Imaging Assembly images were used to reconstruct the 3D coronal electron

density and temperature in the range of heliocentric distance 1.02-1.25 R ;. With WL tomography, Solar and
Heliospheric Observatory/Large Angle and Spectrometric COronagraph-C2 images were used to reconstruct
the 3D electron density in the range of heliocentric distance 2.5-6.0 R ;. The two periods were also simulated
with the 3D-magneto-hydrodynamic Alfvén Wave Solar Model (AWSoM), and its results compared in detail
with the reconstructions. The DEMT analysis reveals a 20% less dense and 20% hotter corona than for rotations
corresponding to the solar cycle 23/24 deep minimum. The electron density and temperature of the AWSoM
model agree with DEMT results within 10% and 20%, respectively, while its electron density overestimates
results of WL tomography up to 75%. The slow (fast) component of the terminal wind speed of the model

is found to be associated with field lines characterized by larger (smaller) values of the tomographic density
and temperature at the coronal base. DEMT reconstructions reveal the coronal plasma to be ubiquitously
characterized by temperature variability of up to ~#45% over spatial scales of order ~10* km. Taking into
account this level of fine-structure by global models may be consequential for their predictions on wave
propagation in the corona.

1. Introduction

The Whole Heliosphere and Planetary Interactions (WHPI) initiative, is an internationally coordinated observa-
tion and modeling effort focused on characterizing the three-dimensional (3D) heliosphere and the Sun-planetary
relationship during the solar cycle (SC) 24/25 minimum epoch. The minimum of activity is of special interest
because it allows the study and analysis of the solar corona in its simplest state. This global effort is preceded by
the Whole Heliosphere Interval (WHI, Bisi et al., 2011) and the Whole Sun Month (WSM, Galvin & Kohl, 1999)
campaigns, focused on studying the 2008 and the 1996 minima, respectively.

Towards the WHPI objectives, solar rotational tomography (SRT) is a valuable observational technique, able to
provide a quantitative empirical description of the 3D distribution of fundamental plasma parameters of the solar
corona at a global scale. The technique was originally developed by Altschuler and Perry (1972) to reconstruct
the 3D distribution of the coronal electron density from white light (WL) coronagraph images. Later on, the
differential emission measure tomography (DEMT) technique (Frazin et al., 2009) was developed, which applied
to extreme ultraviolet (EUV) images allows reconstruction of the 3D distribution of both the electron density and
temperature of the solar corona (Vasquez et al., 2009).

In this work, both WL-SRT and DEMT were used to study two specific WHPI campaign targets, the 2019
total solar eclipse Carrington rotation (CR)-2219 (2019, 29 June through 26 July), and the Parker Solar Probe
and STEREO-A closest approach CR-2223 (2019, 16 October through 12 November). Both rotations provide
snapshots of the evolving coronal structure as the solar activity approached its SC 24/25 minimum in Decem-
ber 2019. A modern implementation of SRT (Frazin & Janzen, 2002) was applied to WL polarization bright-
ness (pB) images provided by the Solar and Heliospheric Observatory (SoHO) Large Angle and Spectrometric
COronagraph (LASCO) C2 instrument, to obtain 3D reconstructions of the electron density of the corona in the
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heliocentric height range 2.5-6.0 R ;. Also, DEMT was applied to EUV images provided by the Solar Dynamics
Observatory (SDO) Atmospheric Imaging Assembly (AIA) instrument, to obtain 3D reconstructions of the elec-
tron density and temperature of the corona in the heliocentric height range 1.02-1.25 R,.

In order to realistically and self-consistently model the solar corona and the solar wind, a common approach
for global 3D magneto-hydrodynamic (MHD) models is to include an additional source term in the momentum
equations, such as Alfvén waves as an empirical Wentzel-Kramers-Brillouin term (Ofman, 2010). An example of
this general type of models is the Alfvén Wave Solar atmosphere Model (AWSoM), which is used in this work
to model the solar corona. This global wave driven solar model considers the effect of dissipation of turbulence
due to interaction between counter-propagating Alfvén waves (Van Doorsselaere et al., 2020). AWSoM is a self
consistent 3D physics-based MHD model extending from the transition region to the upper corona and to 1 AU
(Sokolov et al., 2013; van der Holst et al., 2010, 2014). The model is subject to continuous validation with obser-
vations as it is updated and improved. Sachdeva et al. (2019) compared the results of the model during a minimum
of activity with DEMT and WL-SRT in a global fashion. The model has also been recently validated with DEMT
reconstructions in different magnetic structures by Lloveras et al. (2020). More recently Sachdeva et al. (2021)
conducted a validation study during solar maximum activity. In this work, the two selected WHPI rotations were
simulated with steady-state AWSoM runs, whose results were compared with the tomographic reconstructions.

The previous WSM and WHI campaigns have been the subject of DEMT studies complemented with potential
field source surface models of the global coronal magnetic field (Lloveras et al., 2017; Vasquez et al., 2011). In
this work, the DEMT and WL-SRT results for the WHPI campaigns were traced along the magnetic field lines
of the AWSoM model simulations, allowing to analyze the tomographic results in different magnetic structures,
as well as to validate the model in different coronal regions and ranges of heliocentric height. Lamy et al. (2019)
carried out a validation study of two 3D-MHD coronal models in a forward fashion, quantitatively comparing
pB images from various coronographs against synthetic images calculated from the 3D electron density of the
models. In this work, a similar quantitative validation of the AWSoM model was carried out by quantitatively
comparing actual EUV and pB images with synthetic images computed from the 3D electron density and temper-
ature of the model. The relationship between the terminal solar wind speed of the AWSoM model and the DEMT
reconstructed electron density and temperature at the coronal base was also investigated.

In Section 2 the relevant aspects of the tomographic techniques and the AWSoM model are summarized. Section 3
shows, in 3D detail, the results of the tomographic reconstructions and the model, and their comparison. Section 4
summarizes and discusses the main conclusions of this analysis.

2. Methodology
2.1. WL-SRT and DEMT

Both WL-SRT and DEMT make use of time series of images of the solar corona (in wavelengths for which the
corona is optically thin) taken from different view angles, as provided by solar rotation and the telescope's orbital
motion. The time series is taken over a period of =1/2 synodic rotation to observe the full corona. In the case
of the SOHO/LASCO-C2 and SDO/AIA instruments here used, both in nearly circular orbits of radius =1 a.u.,
this period is ~14 days. The time series of data allows to pose a linear inversion problem to determine the 3D
spatial distribution of specific parameters of the solar corona. The reconstruction is done over the range of heights
covered by the telescope's field-of-view (FoV) where there is adequate signal strength.

The SRT technique applied in this work, for both WL-SRT and DEMT, assumes a static coronal structure.
As a result, tomographic reconstructions are affected by dynamics-induced artifacts known as “zero density
artifacts” (Frazin et al., 2009; Frazin & Janzen, 2002). ZDAs are non-reconstructed regions in the corona, and
affect a relatively small coronal volume in solar minimum conditions such as in the WHPI rotations studied in
this work. Mitigation of dynamics-induced artifacts in 3D tomography has been explored by Butala et al. (2010)
using Kalman-filtering methods (Kalman, 1960). More recently Vibert et al. (2016) also investigated the use of
spatio-temporal regularization of the solution. These methods have both been experimented in the case of WL
tomography. Exploration of the benefits of their application to EUV tomography (used by DEMT) will be the
focus of future efforts.
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The coronal volume to be reconstructed is discretized on a spherical grid of N cells, whose size is set in relation
to the resolution and FoV of the images and the cadence of the time series. The intensity values of each pixel of
every image in the time series are arranged as a very large column vector of M intensity measurements. Each of
those intensity values is the result of a line-of-sight (LOS) integral of an unknown coronal quantity times a known
weighting factor which depends on the geometry of the observation and the emission mechanism. Specifically, in
the case of WL-SRT the unknown is the coronal electron density, and in the case of EUV-SRT it is the coronal
band's emissivity. Upon discretization, the LOS integral is transformed into a sum, and the column data vector
of M intensities is equaled to a very large M X N projection matrix (containing only known terms depending on
the observational geometry) multiplied by a column vector whose N elements are the unknown values of the
coronal parameter to be found in each cell of the computational grid. The non-squared sparse projection matrix
is non-invertible. The inversion is then posed as a multi-dimensional optimization problem with N unknowns,
where the objective function is essentially the squared norm of the difference between the synthetic and actual
data. Upon solving the optimization problem, the 3D distribution of the electron density or the EUV band emis-
sivity is found in the case of WL-SRT and EUV-SRT, respectively.

In DEMT, the 3D EUV emissivity found in each of the telescope's bands is further used to solve for a local differ-
ential emission measure (DEM) problem. The local DEM, dubbed LDEM, describes the temperature distribution
of the local plasma in each cell of the tomographic grid. The LDEM of each voxel is modeled as a Gaussian
function LDEM(T) = G(T; [T, oy, al), where T, is the centroid, o its standard deviation, and a its amplitude. The
parameters of the LDEM in each voxel are found by minimizing the discrepancy between the three tomographic
values of the EUV band emissivity and the synthetic values computed from the LDEM (Vasquez et al., 2010).
Once the LDEM is determined in a given voxel, its mean-squared electron density N2, mean electron temperature
T, and temperature spread W, are found by computing its zeroth through second moments,

N2 = / LDEM(T) dT, )

1
T. = N / LDEM(T) T dT, @
w2 = % / LDEM(T) (T — T.)’ dT. 3)

In the expressions above, the integrals over temperature are carried out over the joint temperature sensitivity
range [0.5, 3.0] MK of the three bands of AIA used in this work. DEMT studies systematically reveal that the
coronal plasma is ubiquitously characterized by a significant temperature spread W, within the volume of each
voxel of characteristic linear size ~10* km (as detailed below).

For more details on SRT the reader is referred to Frazin and Janzen (2002), Vibert et al. (2016), and refer-
ences therein. For further discussion on the DEMT technique and the LDEM, the reader is referred to Frazin
et al. (2009); Vasquez et al. (2010); Nuevo et al. (2015). We detail next the specific setup used for SRT and DEMT
in the tomographic reconstructions carried out in this work.

In the case of WL-SRT based on LASCO-C2 data, or C2-SRT hereafter, the tomographic problem is solved
for the electron density of the corona. The 5122 pixels LASCO-C2 images have a radial FoV of 2.5-6.0 R, so
that the linear pixel size is d =~ 0.02 R, The size of the tomographic grid cell is set to Ar = 0.1 R in the radial
direction and A@ = A¢ = 3° in both the latitudinal (6) and longitudinal (¢) directions. The average radial cell
is located at a height (r) = 4.25 R, and its angular linear size is then (Al) = (r) X A@ =~ 0.2 R,. Taking into
account the linear pixel size, the average cell in the plane-of-the-sky is then threaded by Ar x (Al)/d* ~ 50
LOSs. Every LOS is numerically treated individually, and then a 16-fold binning is applied, so that the average
cell is threaded by three 16-binned LOSs. As for cadence, for these grid a maximum of four images per day is
possible, as the apparent rotation of the Sun is about the angular span of four angular cell sizes. In the case of
LASCO-C2 we currently use one image per day, which is the available data. In experiments of C2-SRT carried
out with different cadences, one image per day has been found to be optimal, as a larger cadence may introduce
too many unreconstructed cells (ZDAs) due to coronal dynamics, so that 14 images have been used for each of
the two rotations here studied. The pB — images used in this work were obtained from the LASCO-C2 Legacy
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Archive (http://idoc-lasco-c2-archive.ias.u-psud.fr), which provides images with the best-to-date calibration of
the instrument (Lamy et al., 2020).

In the case of DEMT, EUV-SRT is applied to the 171, 193 and 211 A bands of the AIA telescope (see Lloveras
et al., 2020, for details), and the tomographic problem is solved for the each band emissivity of the corona. The
40967 pixels ATA images are first binned down to 10242 pixels, and have a radial FoV of 1.0-1.3 R, so that the
linear pixel size is d =~ 0.0025 R . The size of the tomographic grid cell is set to Ar = 0.01 R in the radial direc-
tion and A9 = A¢ = 2° in both the latitudinal (¢) and longitudinal (¢) directions. The average radial cell is located
at a height (r) = 1.15 R, and its angular linear size is then (Al) ~ 0.04 R,. Taking into account the linear pixel
size, the average cell in the plane-of-the-sky is then threaded by ~64 LOSs. Every LOS is numerically treated
individually, and then a 16-fold binning is applied, so that the average cell is threaded by four 16-binned LOSs.
In the case of EUV-SRT a standard cadence of four images per day is used, so that 55 images have been used
for each of the two rotations here studied. The AIA images used in this work were prepared using the up-to-date
processing and calibration tools provided through the SolarSoftware package.

2.2. The AWSoM Model

AWSoM is a self-consistent 3D MHD model of the solar corona and inner heliosphere that addresses the heating
of the solar corona by including low-frequency Alfvén wave turbulence, with proton temperature anisotropy,
heat conduction, and radiative cooling to describe the solar wind. The extended MHD equations, which form
the basis of the AWSoM model are described in detail inSokolov et al. (2013) and van der Holst et al. (2014),
and validation results from an updated model can be found in Sachdeva et al. (2019) and Sachdeva et al. (2021).
The MHD equations within AWSoM are solved using the Block-Adaptive-Tree-Solarwind-Roe-Upwind-Scheme
(BATS-R-US, Powell et al., 1999). To simulate the Sun-Earth system, AWSoM comprises both the solar corona
and the inner heliosphere components of the Space Weather Modeling Framework described in Téth et al. (2012).

AWSoM is driven by the synoptic or synchronic maps derived from the observed photospheric magnetic, which
are used to specify the radial magnetic field at the inner boundary of the model. Within the model, a Potential
Field Source Surface Model (PFSSM) is used to extrapolate the 3D magnetic field from the observed photo-
spheric field. The PFSSM may be specified using spherical harmonics or by numerical solution for the potential
field. All three components of the magnetic field specify the initial conditions. The radial component specifies
the boundary condition and is fixed according to the PFSSM solution while the longitudinal and latitudinal
components of the magnetic field adjust freely according to the inner dynamics. The Alfvén wave energy density
at the inner boundary is modeled with its Poynting flux scaling with the magnetic field. In the corona, the model
considers wave reflection due to variation of the Alfvén speed along the propagation direction. Wave energy is
specified propagating away from the boundary, while wave energy that impacts the boundary is absorbed. Finally,
density and temperature are specified to be uniform.

These boundary conditions present limitations to accuracy of the model in two significant ways. Any synoptic
map suffers from poor visibility at the solar poles. To compensate for this limitation, we use the synoptic magne-
tograms provided by application of the Air Force Data Assimilation Photospheric Flux Transport (ADAPT, Arge
et al., 2013) model to synoptic maps of the Global Oscillation Network Group. These ADAPT-GONG maps
provide a physics-based description of the unobserved polar magnetic fields by incorporating supergranulation,
meridional circulation, and differential rotation. Like any solar coronal model, uncertainties in the observational
data used to drive the model may propagate into the solution space as well. Limitations associated with the obser-
vations of photospheric magnetic field therefore may affect the AWSoM masodel output. The ADAPT model
produces an ensemble of magnetic field maps that include uncertainty related to different model parameters. The
ensemble modeling of the solar wind solutions can provide a set of solutions that can be compared to observations
to find the best solution (see Sachdeva et al., 2019).

The proportionality constant between the Poynting flux of the outward propagating wave and the local magnetic
field at the inner boundary is a free parameter of the model. During periods of increased magnetic activity, to
reduce the excess energy deposited in the corona this factor is reduced as compared to its value of 106 W m=2 T-!
during solar minimum (Sachdeva et al., 2021). The Alfvén wave correlation length and the stochastic heating
amplitude and exponent can also be adjusted to match the observations. For computational purposes, AWSoM
makes use of an extended transition region, so that coronal conditions are achieved at heliocentric distance
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r~ 1.05 R, At the inner boundary, the initial electron and proton temperatures (both parallel and perpendicular)
are set to 50,000 K. The proton number density is overestimated and set to 5 X 10'8 m~3 for the model to be able to
replenish the plasma that depletes due to chromospheric evaporation. This leads to an extending transition region
as the AWSoM solution relaxes to equilibrium conditions slightly above the inner boundary.

Relevant to the analysis of this work is the model's 3D distribution of the electron density and temperature, the
magnetic field, and the radial component of the solar wind velocity. A limitation of the density specification
described above is that comparisons against tomographic reconstructions are possible only above r = 1.05 R,.
In its continuous development, the AWSoM model is the subject of validation efforts with observations both in
the low corona and the heliosphere. In particular, WL-SRT and DEMT have both been used as part of validation
studies (Jin et al., 2012; Lloveras et al., 2017, 2020; Oran et al., 2015; Sachdeva et al., 2019, 2021). The present
study constitutes a new contribution in this series of works.

2.3. Results Along Magnetic Field Lines

Once the products of tomographic reconstructions (either C2-SRT or DEMT) are found, and the AWSoM model
run has been calculated, the former are traced along the field lines of the latter, in order to characterize the global
thermodynamic state of the solar corona in distinct magnetic structures. The method, previously applied by
(Lloveras et al., 2020), is summarized next.

First, the geometry of sample field lines of the model is determined by numerical integration both inward and
outward from starting points set at several heliocentric distances uniformly covering the range 1.02-1.25 R in
case of DEMT, and the range 2.5-6.0 R in the case of C2-SRT. At each height one starting point is set every 2°
in both latitude and longitude. This distribution of starting points allows to set magnetic field lines that sample
the whole volume of the corona in the tomographic computational sphere.

Each traced magnetic field lines is classified as open or closed according to their full geometry. Closed magnetic
field line were separated in two segments that extend from the coronal base up to the apex. For each traced open
field line and for each segment of the closed field lines, simple functional fits are applied in order to characterize
the traced tomographic results in a simple way.

In the case of DEMT, following the previous analysis by Lloveras et al. (2020), a hydrostatic isotermic fit is
applied to the electron density as a function of height, and a linear fit is applied to the electron temperature as a
function of height, which work well at the height range covered by the DEMT grid ( < 1.25 R). Specifically,
the fits are described by the equations,

NP = Nyexp [— (h/Ax) / (7/Ro)] )
TOMD ) =Ty + ah. ©

where in Equation 4, h = r — 1 Ry is the coronal height measured from the photosphere, Ay [R,] is the density
scale height, and N, [cm~] is the electron density of the fit at 7 = 0. In Equation (5), the slope a [MK/R] is the
radial temperature gradient, and T, [MK] is the electron temperature of the fit at 2 = 0.

In the case of C2-SRT, the radial FoV covered by the instrument (2.5-6.0 R ;) makes the hydrostatic regime less
adequate to fit the electron density as a function of height. Previous works analyzing the large-scale coronal struc-
ture (Cairns et al., 2009; Guhathakurta et al., 1996; Harding et al., 2019; Kohl et al., 1998; Lobzin et al., 2008;
Morgan, 2019; Sittler & Guhathakurta, 1999; Thernisien & Howard, 2006; Wang et al., 2017) use a combination
of two or more power-law (PL) terms « 7, with different exponent values p to describe the observed trends
of N,(r) over a wide range of heights r. In some cases a term 7~ is included to describe mass conservation of a
constant speed radial outflow at very large values of r, while terms with larger exponents describe the observed
trends over smaller values of r. In this work, an optimal goodness-of-fit to the observed N (r) over the C2 FoV
was found by using a single PL,

NSOy = No (r/2.5Re)7?, ©

where N, [cm~3] is the electron density of the fit at r = 2.5 R, (the lowest height of the LASCO-C2 radial
FoV), and p is the exponent. The characteristic scale height (4y) [R], height-averaged over the radial FoV, is a
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Table 1 physicallyh meaningful guantity that can then be calculated in a straightfor-
Classification of Traced Magnetic Field Lines According to Their Geometrry ~ Ward fashion as a function of the PL exponent,
(Open/Closed), Size (Small/Large, Upon Apex Being Within/Outside the .
Range of Heights of DEMT), Their Gradient of Temperature With Height () = 1 dNe ) B _ @ _ 425Re @
(Up/Down, See Text), and the Footpoint Latitude 0, N= Ne(r) dr p

Type name Open/Closed Size

Up/Down  Footpoint latitude

Small
Small
Large
Large

Once the fits have been applied for each traced field line, the statistical anal-

Dipwic [y} < 507 ysis of the results is carried out on the set of field lines that match the follow-
Up 16,1 < 50° ing criteria:
U 16, > 40° . . . . . .
1 0> 1. The field line must go through at least five tomographic grid cells with
Up 16 > 60 reconstructed data, and there must be at least one data point in each third

of the range of heights spanned by the line. This requirement is set to
ensure a reasonably spread sample of heights along the line.
2. The confidence level of the fit to the electron density, as well as to the
electron temperature in the case of DEMT, must be larger than 90%.
3. In the case of DEMT, the correlation between temperature and heliocentric height must meet |p(7, r)l > 0.5,
to ensure a linear fit is reasonable.

Based on their geometry an thermodynamical properties, the selected magnetic field lines are then classified
in four different types, as indicated below. In the case of DEMT, closed loops are first classified as “small” or
“large” depending on their apex being below or above the maximum height of the DEMT grid (1.25 R ), respec-
tively. Also in the case of DEMT, field lines (both closed and open) are further classified as “up” or “down” upon
their fit to 7,(r) increasing or decreasing with heliocentric height r, respectively. As shown in Section 3.1 below,
the magnetically open/closed boundary of the AWSoM model for the simulated rotations is located always around
latitude ~60°. Taking this into consideration, in order to separate different coronal structures based on their field
line geometry and their thermodynamics, and similarly to the analysis by Lloveras et al. (2020), field lines are
classified in the four types indicated in Table 1.

Section 3 shows in detail the statistical results of DEMT, C2-SRT, and AWSoM for the four classes of field lines
here defined.

3. Results
3.1. DEMT Reconstructions and the AWSoM Model

For CRs 2219 and 2223, Figure 1 shows latitude-longitude maps of the electron density N, and temperature T, of
both the DEMT analysis and the AWSoM model. Maps are shown at a sample heliocentric height r = 1.105 R,
in the middle of the range of heights covered by the DEMT computational grid. In the DEMT reconstructions, the
larger density and temperature values that characterize the lower latitudes (101 < 60°) correspond to the equatorial
streamer belt, and the lower density and temperature at larger latitudes correspond to the coronal holes (CHs).

For both rotations, there is an overall good consistency between the AWSoM and DEMT maps, both in terms of
shape and size of the streamer belt and the CHs, as well as in the characteristic values and their dynamic range. In
the northern hemisphere, the location and shape of the open/closed (O/C) boundary of the AWSoM model closely
matches the transition of the DEMT N, from larger values in the streamer belt (red/yellow colors) to smaller
CHs values (green/blue colors). The characteristic ratio of electron density between the streamer and the CHs
is 2. Also across the O/C boundary, the DEMT temperature transitions from larger values within the streamer
(T, 2 1.3 MK) to lower values in the CHs (T, < 1.1 MK). The characteristic values of both electron density and
temperature, detailed in Figures 6 and 7 below, are consistent with those found in DEMT analysis or rotations
selected from the previous two solar minima (Lloveras et al., 2017, 2020). In the southern hemisphere, also for
both rotations, the agreement between DEMT results and the AWSoM model is similarly good in the range of
Carrington longitudes ~200-360°, but is less satisfactory in the range of Carrington longitudes ~0-200°.

The value of the mean electron density N, and temperature T, in each voxel are found from the LDEM by means
of Equations 1 and 2 which, as shown in Figure 1, result in different characteristic values in the streamer and
CH regions. It is interesting to examine the typical LDEM temperature spread W, in both regions as well, as

0 Closed
1 Closed
I Closed
III Open
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Figure 1. Latitude-longitude maps of electron density N, and temperature 7, for CR-2219 (left panels) and CR-2223 (right panels) at heliocentric height 1.105 R, from
differential emission measure tomography (DEMT) (top two panels) and from the Alfvén Wave Solar atmosphere Model (AWSoM) model (bottom two panels). Black
pixels on DEMT maps correspond to non-reconstructed regions. In all maps, the thick-black curves indicate the boundaries between magnetically open and closed
regions, based on the AWSoM model.
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Figure 2. Left panel: characteristic example of LDEM in a tomographic cell corresponding to the streamer (solid line-style)
and the CHs (dashed line-style). Over-plotted diamonds highlight the LDEM values at their respective mean electron
temperature 7, while the horizontal lines indicate the temperature spread 7, + W, of each LDEM. Right panel: statistical
distribution of the relative temperature spread is W,/T, for all the tomographic voxels in both the streamer (solid line-style)
and the CHs (dashed line-style).

determined from Equation 3. The left panel of Figure 2 shows a typical example of LDEM from the streamer
(solid line-style) and from the CHs (dashed line-style). The over-plotted diamonds highlight the LDEM values at
their respective mean electron temperature 7, while the horizontal lines indicate the temperature spread T, + W,.
of each LDEM. While the LDEM in voxels within the streamer are typically peaked at a temperature >1.3 MK,
the LDEM in voxels within the CHs monotonically decrease with increasing temperature, due to the relatively
dominating emissivity of the 171 A band in that region. Indeed, in voxels of the CHs the LDEM best predicts the
tomographic EUV emissivities by means of a Gaussian model with a negative centroid, as to match the progres-
sively smaller emissivities of the 171, 193 and 211 A bands. The Gaussian LDEM model is successful in the
whole DEMT computational volume, predicting the tomographic emissivities to accuracy $1% in streamers and
<10% in CHs.

The right panel of Figure 2 shows the statistical distribution of the LDEM temperature spread W, relative to the
LDEM mean temperature T, for all the tomographic voxels in both the streamer (solid line-style) and the CHs
(dashed line-style). The ratio W,/T, represents the characteristic variability of the electron temperature between
different spatial points within a voxel. The characteristic (median) relative temperature spread is W,/T, = 25% in
voxels of the streamer and ~45% in voxels of the CHs. A similar degree of relative variability is expected to char-
acterize the distribution of electron density within each voxel, whose scale height along magnetic field lines is
proportional to the electron temperature. The plots in Figure 2 correspond to CR-2223, with results for CR-2219
being virtually the same.

Comparison of synthetic images derived from models against actual data is an important validation test. For all
three EUV bands, Figure 3 shows AIA images as well as synthetic ones, and their comparison. The synthetic EUV
images were computed using the (either DEMT or AWSoM) 3D electron density and temperature, the instrumen-
tal passbands, and the atomic database and plasma emission model CHIANTI V9 (Del Zanna et al., 2015). The
DEMT synthetic images are systematically (and significantly) more consistent with actual AIA images than the
AWSoM synthetic images, as quantified by the comparative histograms. In these specific images, the East limb
longitude corresponds to Carrington longitude ~155°, in the center of the region where there is a larger discrep-
ancy between the southern hemisphere O/C boundary of the AWSoM model and the DEMT density/temperature
structure. It is evident that the location of the streamer/CH boundary of the images (clearly seen in both the 193
and the 211 A bands) is faithfully reproduced by the DEMT images, while the AWSoM images show this bound-
ary shifted to lower latitudes in the southern hemisphere. This indicates that the O/C boundary of the model is
not accurate in the southern hemisphere. The location and shape of the O/C boundary of the model is highly
sensitive to the specific synoptic magnetogram used as boundary condition. This discrepancy is indicating that,
for these rotations, the ADAPT-GONG magnetograms are not able to reproduce the large-scale structure of the
CH boundary in this specific region of the southern hemisphere.

LLOVERAS ET AL.

8 of 20

8518017 SUOUIWIOD 3A 81D 8|qeoljdde ayy Aq pausenob afe ssppiie YO ‘8sn JO S3INJ 10} Aeiq 1T 8UIUO /8|1 UO (SUOTIPUOD-PUR-SLLBYWI0D A8 |IMAReiq | Ul |UO//Sd1Y) SUORIPUOD pue swie | 8y} 88s *[7202/c0/T] uo ArelqiTaulluo A8 11M ‘NSNISINOA!E [Bwod A 900E0VEZZ02/620T OT/10p/woo A 1m Areiq1jeuliuo'sgndnBe;/sdny wouy papeojumoq ‘9 ‘220z ‘20766912



I ¥ell . .
M\I Journal of Geophysical Research: Space Physics 10.1029/2022JA030406

ADVANCING EARTH
AND SPACE SCIENCE

AlA [arb. units]

o

171 A

193 A

Synthetic Tom. Synthetic AWSoM log (1) I'synth. Tom./ Ipata

@@ 2.0
1.5
1.0
0.5
0.0

ISynth. Awsom/ I pata
0.1 m=0.92

0.2
1.5 m=0.98

sd=0.15 | sd=0.99 1§

1.0 g
1=

058 0.1 0.05! 2
0.0 ;
i 18

-0.5 &

0.0 .

-1.0MM%§’ 2.0 0.0 1.0 2.0
£

sd=0.11 | 18

o>

(=]

T

S

] ig

[

% 0

i€

o

[*2]

18

v

1
&

10

ks

7. 7.0

Figure 3. Comparison of actual Atmospheric Imaging Assembly (AIA) images (taken on 2019-10-25 UT 03) against synthetic ones, for bands 171, 193 and 211 A
(from tom to bottom). The images are masked (black color) outside the field-of-view radial range 1.02-1.25 R ;. From left to right: AIA image, differential emission
measure tomography (DEMT) synthetic image, Alfvén Wave Solar atmosphere Model (AWSoM) synthetic image, and histograms of the pixel-by-pixel ratio /qyyr/
Ipara for DEMT and AWSoM, respectively.

For both rotations, DEMT and AWSoM results were traced along the magnetic field lines given by the MHD
model. Figure 4 show the latitude-longitude location (at heliocentric height r = 1.105 R)) of the field lines
for which the criteria (a)—(c) of Section 2.3 is met. Using a four-color code, type O, L, II, and III field lines (see
Table 1) are shown in blue, orange, red, and cyan color, respectively. Figure 4 shows that the streamer belt is
characterized by the presence of magnetic loops of type 0 (down loops), similarly to previous DEMT studies
of solar minima rotations (Nuevo et al., 2013; Lloveras et al., 2017, 2020). The MHD model is not able of

CR-2219 DEMT Physical location of leg CR-2223 DEMT Physical location of leg

o o
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Figure 4. Latitude-longitude position of traced magnetic field lines at heliocentric height r = 1.105 R, for CR-2219 (left
panels) and CR-2223 (right panels), for which criteria (a), (b), and (c) of Section 2.3 are met. The location of lines of type 0,
I, II, and III (see Table 1) is shown in blue, orange, red, and cyan color, respectively.
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Figure 5. Average fits to N,(r) (top panels) and T, (r) (bottom panels) for field lines of type O (blue), I (orange), II (red), and
III (cyan), for CR-2219 (left panels) and CR-2223 (right panels). Solid lines correspond to differential emission measure
tomography (DEMT) results while dashed lines correspond to the Alfvén Wave Solar atmosphere Model (AWSoM) model,
which does not have type O lines.

reproducing down loops. In these specific rotations, the fractional population of down loops is significant but
smaller (about half) of what was found during rotations of the SC 23/24 deep minimum epoch, as reported by
Lloveras et al. (2020).

To provide a summary of the 3D results for both rotations, Figure 5 shows the average fits to N (r) and T,(r), as
given by Equations 4 and 5, within the AIA FoV for each type of field line defined in Section 2.3, as derived
from DEMT (solid lines) and the AWSoM model (dashed lines). For both rotations, the electron density results of
the AWSoM model are highly consistent with tomographic reconstructions, both in terms of absolute value and
scale height. Also for both rotations, the electron temperature of the AWSoM model is very consistent with the
tomographic results, both in terms of absolute value and radial gradient, with the model systematically exhibiting
temperature values ~15% smaller than the tomographic results.

For the different types of field lines, Figures 6 and 7 show the statistical distribution of results for CRs 2219 and
2223, respectively. Tomographic results are shown in solid line style and the AWSoM model results in dashed
line style. The left and middle panels show the electron density at the coronal base (specifically at » = 1.055 R,
where the AWSoM model reaches coronal values) and the density scale height. In a similar fashion, the right
panels show the field line averaged electron temperature (T:). These plots reveal in 3D detail the density and
temperature structure of both the DEMT reconstructions and the AWSoM model, being both highly consistent
in all regions. From top to bottom, the left and middle panels of Figures 6 and 7 show how the electron density
at the coronal base decreases (and the scale height increases) when moving from the core region of the streamer
(type 0 and I field lines) to its outer layers (type II field lines). Also, the coronal base density and scale height
decrease when moving from the streamer out to the open region (type III field lines). Similarly, the right panels
show how that the electron temperature increases when moving from the streamer core to its outer layers, and
then decreases when moving out to the open regions. These trends are observed for both the DEMT results and
the AWSoM model.
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Figure 6. Statistical distribution of the results for CR-2219 from differential emission measure tomography (solid lines) and Alfvén Wave Solar atmosphere Model
(AWSoM) (dashed lines) traced along magnetic field lines of type 0, I, II and III (from top to bottom and using the same color code as in Figure 5). From left to right:
electron density at the lowest coronal height of the AWSoM model N (r = 1.055 R), electron density scale height Ay within the Atmospheric Imaging Assembly
field-of-view, and field line averaged electron temperature (7). In each panel the median values m are indicated.

Table 2 summarizes a quantitative comparative analysis between the results of the AWSoM model and the DEMT
reconstructions. Error bars of the DEMT products due to their dominating sources of uncertainty (radiometric
calibration and tomographic regularization) were determined by Nuevo et al. (2015) and Lloveras et al. (2017).
Statistically, the electron density at the coronal base of the AWSoM model matches the reconstructed values
within &1 — 13% accuracy (depending on the specific region and rotation), a difference comparable to the DEMT
uncertainty level AN ~ 10%. Similarly, the density scale height of the AWSoM model is systematically smaller
than the tomographic result within &4 — 19% accuracy , differences well beyond the DEMT uncertainty level

LLOVERAS ET AL.

11 of 20

8518017 SUOUIWIOD 3A 81D 8|qeoljdde ayy Aq pausenob afe ssppiie YO ‘8sn JO S3INJ 10} Aeiq 1T 8UIUO /8|1 UO (SUOTIPUOD-PUR-SLLBYWI0D A8 |IMAReiq | Ul |UO//Sd1Y) SUORIPUOD pue swie | 8y} 88s *[7202/c0/T] uo ArelqiTaulluo A8 11M ‘NSNISINOA!E [Bwod A 900E0VEZZ02/620T OT/10p/woo A 1m Areiq1jeuliuo'sgndnBe;/sdny wouy papeojumoq ‘9 ‘220z ‘20766912



AP~ . .
NI Journal of Geophysical Research: Space Physics 10.1029/2022JA030406
ADVANCING EARTH
AND SPACE SCIENCE

CR-2223 - Type 0 CR-2223 - Type 0 CR-2223 - Type 0
012 ' ' ' ' ' 0.10f P
g 0.10F DEMT —m=1.03 ] g 0.06 DEMT — m=0.073 c
s s S o0.08} ]
5 0.08} 1 ) 5
g ] ] 2 0.04 1 B 0.06f 1
2 0.06 2 2 o
g 004t ] g 0.02 ] g
L 0.02F ] w L o0.02f ]
0.00 . . 0.00 . . 000t oA o &
0.5 1.0 15 005 010 015 0.0 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
N,(r=1.05Rg,) [10%cm™] Ay [Reund <T.> [MK]
CR-2223 - Type | CR-2223 - Type | CR-2223 - Type |
' ' ' ' ' ' 0.14F AR AR AR | AR
£ 0.08f 1 £ 0.15 ] £ 0.12} ]
g g S o.10f 1
[=)] (2] (=]
_8 0.06 ._% 0.10 ] '% 008k ]
T 004} ] T T o0.06}f 1
g g 0.05 ] 8 004} :
i 0.02f 1 i i 0'02_ ;
: . . 0.00f . L . . 0.00b o e e
0.5 1.0 15 005 010 015 0.20 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
N,(r=1.05Rg,) [10%cm™] M [Rsund <T.> [MK]
CR-2223 - Type Il CR-2223 - Type Il CR-2223 - Type I
i " ' ' ] 0.14 ' i ' E oqab T AT
015 pEmT ¥ — m=0.79 042k DEMT —m=0.11 ] o1l DEMT 2 m=1.59 ]
§ AWSOM . - m=0.69 § o10f AWSoM | -~ M=0.096 ] § %12 Awsom L 1.43
g 0.10f L 1 S ‘ g o.10¢ 1
@ 2 0.08 1 © 0.08f 1
z = 006 : T 006} ;
g 0.05¢ 1 £ 0.04 2 004} o ]
0.02 0.02} : 1
0.000 =, . 0.00 Lo e 0.00b . . .- ..
0.5 1.0 15 005 010 015  0.20 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
N4(r=1.05Rgy) [10%cm™] M [Reund <T.> [MK]
CR-2223 - Type Il CR-2223 - Type IlI CR-2223 - Type llI
' ' ' 0.4 ' ' ' 3 ' RasaaasEaRe
0.15} 1
5’ S ,8) 0.10} ]
2 010} i 2o poE°
g g 5
2 oo0sf ] 2 0.1 1 2 0.05¢ 1
0.000 i v i 0.0f . ... . A A 0.00f sy i S
0.5 1. 1. 005 010 015 0.0 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0
N,(r=1.05Rgy) [10%cm™] Ay [Rend <T.> [MK]
Figure 7. Same as Figure 6 for CR-2223.

Ay = 2%. Also, the temperature of the AWSoM model is systematically smaller than the tomographic result
within ~6 — 14% accuracy, a difference comparable or larger than the uncertainty in the DEMT temperature
AT, = 5%.

As a closing remark, it is interesting to quantify the degree of departure of DEMT results for electron density
and temperature from the values expected for an isothermal hydrostatic plasma. For such a regime, the values of
Ay listed in Table 2 imply electron temperature values that differ from the corresponding listed values of (T;) by
5%-20%, with the larger departure corresponding the open field region. These differences are relatively small,
which is expected at the low heights analyzed by DEMT (r < 1.25 R,)), where the wind speed is either negligible
(closed region) or rather small (open regions), as analyzed in detail by Lloveras et al. (2017).
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Table 2 3.2. C2-SRT Reconstructions and the AWSoM Model

Median Value (Indicated as “Md”) of the Statistical Distribution of
Neg=N,(r=1.055 R,), Ay and (T.) Shown in Figures 6 and 7

Md(Np) Md(2y) Md (T¢))

Type [108 cm™?] [R,] [MK]
CR-2219

0 1.02 0.075 1.29

I 1.00 (—2%) 0.092 (=4%)  1.46 (=12%)

I 0.70 (+1%) 0.120 (—17%) 1.57 (=6%)

I 0.46 (+13%) 0.089 (-17%)  1.12 (=12%)
CR-2223

0 1.03 0.073 1.29

I 0.94 (—3%) 0.094 (-11%) 143 (=14%)

1I 0.79 (—13%) 0.110 (-13%)  1.59 (—10%)

I 0.47 (+2%) 0.090 (=19%)  1.13 (-12%)

Note. DEMT values are expressed in absolute terms, while AWSoM results

are expressed relative to the corresponding DEMT value.

For CRs 2219 and 2223, Figure 8 shows latitude-longitude maps of the elec-
tron density N, of both the C2-SRT analysis and the AWSoM model. Maps
are shown at a sample heliocentric height » = 2.5 R, the lowest height of the
LASCO-C2 radial FoV. For both rotations, there is an overall good consist-
ency between the AWSoM and the C2-SRT maps, both in terms of shape and
size of the streamer belt and the CHs, as well as in terms of characteristic
values and their dynamic range. The AWSoM model exhibits density values
systematically somewhat larger than the tomographic results, as detailed
below. The location and shape of the O/C boundaries of the AWSoM model
reasonably match the transition of the C2-SRT N, from larger values in the
streamer belt (red/yellow colors) to smaller CHs values (green/blue colors).

As in the previous section, comparison between synthetic images (derived
from either C2-SRT or AWSoM) against actual data, constitutes a good
validation test for both the reconstruction and the model. Figure 9 shows an
example of a LASCO-C2 image as well as synthetic ones, and their compari-
son. C2-SRT images are again systematically more consistent with the actual
LASCO-C2 images than the AWSoM synthetic images, as quantified by
the comparative histograms. As an example of comparison of smaller-scale
features among these images, note that in this specific case the East limb of

the LASCO-C2 image, which corresponds to Carrington longitude ~270°, shows a doubled peaked streamer.
This feature is more faithfully reproduced by the C2-SRT synthetic image, while the AWSoM synthetic image
shows only one peak.

For both rotations, C2-SRT and AWSoM results were traced along magnetic open field lines given by the MHD
model, in the range of heights covered by the LASCO-C2 FoV. To provide a summary of the 3D results for both
rotations, Figure 10 shows the average power law fits to N (r), as given by Equation 6, for the open field lines

traced in the northern hemisphere (red color) and the southern one (blue color) separately. The C2-SRT results

are plotted in solid line style and the AWSoM model results in dashed line style. For both rotations is evident

CR-2219 C2-SRT: Ne[10°cm™] at 2.500 Ry, CR-2223 C2-SRT: Ne[10°cm™] at 2.500 Ry,
7 7
[ 6
§ 50 5 § 50 5
= 7 = m 4
LE -50 G 5 -50 :
il il
0 0
0 100 200 300 0 100 200 300
Carrington Longitude [deq] Carrington Longitude [deg]
CR-2219 AWSoM: Ne[10°cm™] at 2.505 Ry CR-2223 AWSoM: Ne[10°cm®] at 2.505 Ry,
7 7
6 6
= 50 5 = 50 5
) 4 < — 4
2 S = S
E -50 f E -50 f
0 0
0 100 200 300 0 100 200 300
Carrington Longitude [deg] Carrington Langitude [deg]

Figure 8. Latitude-longitude maps of electron density N, for CR-2219 (left panels) and CR-2223 (right panels) at the
heliocentric height r = 2.5 R, from Large Angle and Spectrometric COronagraph-C2 tomography (C2-SRT, top panels) and
from the Alfvén Wave Solar atmosphere Model (AWSoM) model (bottom panels). In each panel, the over plotted thick-white
curves indicate the open/closed boundaries according to the AWSoM model.
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Figure 9. Comparison of an actual Large Angle and Spectrometric COronagraph (LASCO-C2) image (taken on 2019-10-16 UT 09) against synthetic ones. The images
are masked (black color) outside the field-of-view radial range 2.5-6.0 R . From left to right: LASCO-C2 pB-image, C2-solar rotational tomography (SRT) synthetic
image, Alfvén Wave Solar atmosphere Model (AWSoM) synthetic image, and histograms of the pixel-by-pixel ratio Igynpy/Ipara for C2-SRT and AWSoM, respectively.

that, compared to the tomographic results, the AWSoM model overestimates the electron density values in both
hemispheres, as well as underestimates its scale height.

Figures 11 and 12 show the statistical distribution of results for CRs 2219 and 2223, respectively. Tomographic
results are shown in solid line style and the AWSoM model results in dashed line style, with red curves indicating
results for the northern hemisphere and blue curves corresponding to the southern hemisphere. Left panels show
the electron density at the lowest height of the LASCO-C2 FoV, that is, N (r = 2.5 R ), while right panels show
the height-averaged density scale height (4y) of the fit, as indicated by Equation 7.

Table 3 summarizes a quantitative comparative analysis between the AWSoM model and the results of C2-SRT
reconstructions. The uncertainty level of C2 pB values is estimated to be ~15% (Frazin et al., 2012; Lamy
et al., 2020). The uncertainty in the electron density introduced by the tomographic reconstruction is =10%,
estimated from the spread of the Iqyypy/Ipara histogram for C2-SRT shown in Figure 9. Considering those esti-
mates, the uncertainty of the electron density from the C2-SRT is AN, = 20%, which implies for the scale height
of the fitted power-law an uncertainty A(/y) ~ 15%. In both rotations the electron density of the AWSoM model
at height 2.5 R is #20-75% larger than that of the reconstruction (depending on the hemisphere and rotation),
differences that are 2-3 times the uncertainty level of the C2-SRT electron density. The density scale height of
the model is 10-20% smaller than that of the reconstruction, a difference that is comparable to the uncertainty of
the C2-SRT scale height.

As a closing remark, from the median value of the histograms of the height-averaged scale height (), and
Equation 7, the characteristic values of the exponent of the power law fits are ~2.8 and =3.3 for the C2-SRT
reconstructions and the AWSoM model, respectively. Finally, we also highlight that the characteristic values of
Ay from the C2-SRT analysis are far from consistent with a isothermal hydrostatic regime, for which 4, ~ 1.5 R
implies 7, ~ 22 MK, a clearly non-physical result in these coronal structures. It is expected that the solar wind
electron density could not be approximated well by the hydrostatic regime approximation over the LASCO-C2
radial FoV, 2.5-6.0 R , as anticipated in Sec. 2.3 in discussing the power law in Equation 6.

CR-2219 - Radial Profile CR-2223 - Radial Profile
1.0 1 1.0k 1
& Solid: C2-SRT Solid: C2-SRT
e 080 Dashed: AWSoM; o= 08P Dashed: AWSOM?
z : = O
L 0.6 L 0.6
= 2
> 04 > 04
0.2 0.2
0.0 . . . ) . 0.0 . . . . .
25 3.0 35 40 45 50 55 25 3.0 35 40 45 50 55
r [Reunl I [Rsunl

Figure 10. Average power law fits to N (r) along open field lines traced in the northern CH (red) and the southern CH (blue)
for CR-2219 (left panel) and CR-2223 (right panel). Solid lines correspond to C2-solar rotational tomography (SRT) results
while dashed lines correspond to the Alfvén Wave Solar atmosphere Model (AWSoM) model.
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Figure 11. Statistical distribution of the results for CR-2219 from C2-solar rotational tomography (SRT) (solid lines) and
Alfvén Wave Solar atmosphere Model (AWSoM) (dashed lines) traced along open field lines of the northern hemisphere
(NH, top panels and red color) and the southern hemisphere (SH, bottom panels and blue color). The left panels show the
electron density at the lowest heliocentric height of the Large Angle and Spectrometric COronagraph (LASCO-C2) field-of-
view (FoV) N (r = 2.5 R), while the right panels show the electron density scale height (1), height-averaged over the
LASCO-C2 radial FoV. In each panel the median values m are indicated.
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Figure 12. Same as Figure 11 for CR-2223.
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Table 3 3.3. Terminal Wind Speed and DEMT Results

Median Value (Indicated as “Md”) of the Statistical Distribution of
N,(r=2.5R,) and (Ay) Shown in Figures 11 and 12

The correlation between the terminal wind speed of the AWSoM model

and the electron density and temperature of the low corona as derived from

T llz)/gd(N 033 Mdl(QMN» DEMT was investigated. Open field lines were traced from the coronal base
e [10% em™ Ro] up to a maximum height r,, = 20 R, where the model essentially reached
CR-2219 its terminal properties. In order to evenly thread the volume of the open
NH 0.72 (+40%) 1.43 (=10%) region, N = 90 x 180 = 16, 200 starting points were uniformly set in longi-
SH 0.56 (+75%) 1.63 (=20%) tude and latitude (with a 2° spacing) at an intermediate heliocentric height of
CR-2223 r, = 6 R, where closed field lines of the model are essentially absent. For
each of the N starting points, the field line passing through that location was

NH 0.60 (+73%) 1.56 (-16%) .
traced both inwards down to the coronal base as well as outwards up to r,,.

SH 0.70 (+21%) 1.45 (-9%)

For each traced field line, the DEMT field line averaged electron temperature

Note. NH, northern hemisphere; SH, southern hemisphere. C2-SRT values (T.) and the coronal base electron density N (r = 1.05 R ) were determined,

are expressed in absolute terms, while AWSoM results are expressed relative as well as the AWSoM model terminal wind speed V (r,,).
to the corresponding C2-SRT value. ’

As shown by Figure 1, some open field lines of the model thread locations

where the DEMT electron density is characteristic of the streamer belt
region. As shown by the analysis of Figure 3, this discrepancy is most probably due to lack of accuracy of the
ADAPT-GONG maps, and the DEMT electron density results at the coronal base can be used as a proxy to
discern locations that belong to the streamer belt from those within the CHs. As in the previous sections, only
field lines of type III were selected for analysis, as those are the ones which effectively thread CH regions accord-
ing to the DEMT reconstructions.

The top panels of Figure 13 show latitude-longitude maps of the AWSoM model radial solar wind speed V (r,,)
for all selected open field lines, where the white regions correspond to non-selected field lines. For all field lines
indicated in the top panels, middle panels show the scatter plots of the DEMT coronal base electron density
N.(r = 1.05 R,) versus the terminal radial wind speed V,(r,,) signed by B, (i.e., multiplied by Sgn(B,)) to separate
results of the Northern and Southern hemispheres as positive and negative values, respectively. Similarly, the
bottom panels show the scatter plots of the DEMT field line averaged electron temperature (7. ) versus Sg(B,)
V (7). In middle and bottom panels the straight lines indicate the best Theil-Sen linear fit to the data in each
hemisphere. The data points in the scatter plots are colored by the absolute value of the latitude of the field line

at Ty

These plots show that the model field lines threading the CHs exhibit a mean trend of anti-correlation between their
terminal wind speed and both the DEMT electron density near the coronal base and the characteristic (field line
averaged) DEMT electron temperature, for for both hemispheres of the two analyzed rotations. The vertical spread
of the data points around the observed trends (both for the density and temperature plots) is in the range ~25-45%,
depending on the rotation and hemisphere. This is consistent with the characteristic LDEM temperature spread W
within each voxel, which as discussed in relation to Figure 2 is ~#45% in CHs. Note also that slower terminal speeds
tend to be found along field lines that terminate at lower latitudes, near the heliospheric current sheet (HCS),
whose shape and location is bounded by the white contours in Figure 8. On the other hand, in general, the larger
the terminal wind speed the larger the terminal latitude of the field line, except for localized regions (exhibiting
the largest terminal speeds) in the Northern hemisphere of CR-2219 and the Southern hemisphere of CR-2223.

4. Discussion and Conclusions

The 3D thermodynamic structure of the global corona was studied for two WHPI campaign periods, CRs 2219
and 2223. Tomographic reconstructions of the electron density and temperature were carried out using EUV
and WL images. Also, steady-state 3D MHD simulations of the two rotations were computed using the AWSoM
model and compared in detail with the reconstructions.

The DEMT reconstructions, which use AIA/SDO images, cover the range of heliocentric distance 1.02-1.25 R,
and their results are quantitatively summarized in Table 2. For both rotations, the DEMT analysis shows that
progressively outer layers of the equatorial streamer belt exhibit decreasing coronal base density, increasing
density scale height, and increasing electron temperature. In transitioning from the closed region of the streamer
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Figure 13. Top panels: latitude-longitude maps of the radial component of the Alfvén Wave Solar atmosphere Model (AWSoM) model terminal solar wind speed
V(r,,=20R) [km 1], for CR-2219 (left panel) and CR-2223 (right panel), where each dot corresponds to a traced open field line that effectively threads a CH
according to the differential emission measure tomography (DEMT) reconstructions (see text in Section 3.3). Middle panels: scatter plots of the DEMT coronal base
density N (r = 1.05 R ) versus the AWSoM model terminal wind speed V,(r,,) signed by B, (i.e., multiplied by Sgn(B,)), for all field lines indicated in the top panels.
Abscissa negative values correspond to the southern hemisphere and positive ones to the northern hemisphere. Bottom panels: scatter plots of the DEMT field line
averaged electron temperature (T ) versus Sg(B,) V,(r,,), for the same field lines. In the middle an bottom panels, straight lines indicate the best Theil-Sen estimator
linear fit to the data in each hemisphere. The colorbars indicate the module of the heliocentric latitude of the field line at heliocentric height r,,.

out to the open regions of the CHs, the electron density at the coronal base and its scale height decrease, as
well as the electron temperature. These trends are all in accordance with previous DEMT studies (Lloveras
et al., 2017, 2020) that analyzed CRs 2081 and 2082, during the SC 23/24 deep minimum epoch. Compared to
those rotations, the WHPI targets exhibit a & 20% lower coronal base density, a ~ 20% larger scale height and
a =~ 20% larger electron temperature. Also, for both WHPI rotations the overall O/C structure of the AWSoM
model agrees quite well with the density and temperature structure of DEMT reconstructions, except between
Carrington longitudes ~0-200° in the southern hemisphere, where the match is poorer. Comparison of synthetic
images, computed from the DEMT reconstructions and from the AWSoM model, against actual AIA data shows
that those derived from tomography are significantly (and systematically) a better match, strongly suggesting that
the adapt-GONG maps (here used as boundary conditions for AWSoM) are not accurate in the mismatch region.
Quantitative comparison of the AWSoM model against the DEMT reconstructions shows that the electron density
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at the coronal base agree with the tomographic results within their ~#10% uncertainty. The scale height and elec-
tron temperature of the model are systematically ~5-20% smaller than the reconstructed values (depending on
the rotation and coronal region), differences up to fourfould their $<5% uncertainty.

While quite successful matching the large-scale structure of the DEMT reconstructions, the AWSoM model
(used in its latest version for this study) does not reproduce small-scale coronal features systematically revealed
by DEMT. First, loops with temperature decreasing with height (known as “down loops”) were found in the
low latitudes within the streamer belt, as in previous DEMT solar minima studies (Huang et al., 2012; Lloveras
et al., 2017, 2020; Nuevo et al., 2013). Such structures are expected where heating is strongly enhanced at the
coronal base. This has been explored by Schiff and Cranmer (2016), who used a 1D model to simulate down loops
by including coronal heating dissipation of compressive waves formed by mode conversion from an initial popu-
lation of Alfvén waves, a physical mechanism originally proposed by Nuevo et al. (2013). Second, as in previous
DEMT studies, the reconstructions reveal that the coronal plasma is ubiquitously characterized by a significant
local temperature spread within the ~10* km linear size of the tomography computational cell (Vasquez, 2016).
As shown in this study, the characteristic temperature spread of the LDEM (characterizing the temperature distri-
bution of the plasma within an individual cell) is found to be ~#25% in streamers and ~45% in CHs. Furthermore,
streamers also exhibit multi-modal LDEM, resulting in even larger temperature dispersion within the tomo-
graphic cell's spatial scale (Nuevo et al., 2015). Except across specific localized regions, such as the O/C bound-
aries, 3D-MHD models such as as AWSoM do not exhibit such fine structure (Shi et al., 2022). The LDEM is a
measure of the temperature distribution across a large number of thermally isolated magnetic flux tubes threading
any given individual tomographic cell. Its spread implies a similar degree of fine structure in the density within
the cell, so that significant Alfvén speed gradients perpendicular to the field direction can be expected within that
same spatial scale. We speculate that taking into account this level of fine-structure by global 3D-MHD models
may be significantly consequential for their predictions on dynamics of phenomena in the solar corona, such as
Alfvén wave propagation.

The WL-SRT reconstructions, wich use SOHO/LASCO-C2 pB images, cover the range of heliocentric distance
2.5-6.0 R, and their results are quantitatively summarized in Table 3. For the two rotations analyzed in this
work, the reconstructed electron density exhibits similar values and trends with height as those found in WL
tomographic reconstructions and global models of rotations selected from the SC 23/24 minimum epoch (Morgan
& Cook, 2020; Sachdeva et al., 2019; Vibert et al., 2016; Wang et al., 2017). Quantitative comparison of the
AWSoM model against the C2-SRT reconstructions shows that the electron density of the model is 20-75%
larger (depending on the hemisphere and rotation) than the reconstructed values at the inner boundary of the
LASCO-C2 radial FoV, a difference up to threefold their uncertainty. Also, within the C2 FoV, the scale height
of the electron density of the model is systematically 10-20% smaller than the reconstructed values, a difference
comparable to their ~#15% uncertainty. Synthetic images computed from C2-SRT reconstructions compare to
actual LASCO-C2 data significantly better than those computed from the AWSoM model, strongly suggesting
that the model overestimates the electron density in the FoV of LASCO-C2 by up to 75%. This is likely due to
the acceleration of the model being more gradual and extended (with acceleration up to 15 R or more) than what
is observed in large coronal holes. Future planned enhancements of the AWSoM model include a multi-fluid
description and improvement of the energy cascading process, which can both significantly affect the heating and
acceleration of the solar wind model. In addition, we will include model validation from various observational
data products including tomography.

We conclude discussing the results of the joint analysis of the DEMT reconstructions and the solar wind velocity
field of the AWSoM model. For both hemispheres of the two analyzed rotations, model's field lines were traced
threading the whole volume of the CHs. It is found that the model's terminal wind speed along field lines is
anti-correlated with their DEMT reconstructed values of density and temperature at the low corona. It is also
found that the terminal latitude of the field lines tends to be larger for larger terminal speeds, with the exception
of specific localized regions of very high speed streams. This analysis constitutes an interesting 3D validation
of the AWSoM wind model, showing that its slow component is associated with field lines that exhibit larger
electron density and temperature near the streamer brightness boundary, forming the so called “streamer's legs”
(Suess et al., 2009), that terminate near the HCS. On the other hand, the fast component of the wind model is
found to be associated with open field lines exhibiting relatively lower values of DEMT density and temperature,
and terminating at larger latitudes, deeper into the CHs. These results are consistent with the scenario in which,
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during solar minima, the slow solar wind originates along open field lines closest to the streamer belt while the
fast wind originates from the CHs (Y. M. Wang & Sheeley, 1990).

This work is the third one of a series of tomographic studies aiming at characterizing in 3D detail the global
structure of the corona during the last three minima of solar activity (Lloveras et al., 2017, 2020). In the context
of the two specific WHPI periods chosen for study, this work also demonstrates the value of tomographic recon-
structions for validation of 3D-MHD models. As new space borne and ground based solar telescopes are coming
into operation, further opportunities for development and application of tomographic techniques will arise.
Future projects will involve analysis of rotations selected from epochs different than minima, over the current
and previous SCs.

Data Availability Statement

The 3D tomographic reconstructions and 3D magneto-hydrodynamic simulations of the solar corona and solar
wind of Whole Heliosphere and Planetary Interactions targets CR-2219 and CR-2223 used in the article are avail-
able at zenodo.org via https://doi.org/10.5281/zenodo.6470700 (Lloveras et al., 2022).
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