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Abstract A new data product from the Helioseismic and Magnetic Imager (HMI) onboard
the Solar Dynamics Observatory (SDO) called Space-weather HMI Active Region Patches
(SHARPs) is now available. SDO/HMI is the first space-based instrument to map the full-
disk photospheric vector magnetic field with high cadence and continuity. The SHARP data
series provide maps in patches that encompass automatically tracked magnetic concentra-
tions for their entire lifetime; map quantities include the photospheric vector magnetic field
and its uncertainty, along with Doppler velocity, continuum intensity, and line-of-sight mag-
netic field. Furthermore, keywords in the SHARP data series provide several parameters that
concisely characterize the magnetic-field distribution and its deviation from a potential-field
configuration. These indices may be useful for active-region event forecasting and for iden-
tifying regions of interest. The indices are calculated per patch and are available on a twelve-
minute cadence. Quick-look data are available within approximately three hours of observa-
tion; definitive science products are produced approximately five weeks later. SHARP data
are available at jsoc.stanford.edu and maps are available in either of two different coordinate
systems. This article describes the SHARP data products and presents examples of SHARP
data and parameters.
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1. Introduction

This article describes a data product from the Solar Dynamics Observatory’s Helioseis-
mic and Magnetic Imager (SDO/HMI) called Space-weather HMI Active Region Patches
(SHARPs). SHARPs follow each significant patch of solar magnetic field from before the
time it appears until after it disappears. The SHARP data series currently include 16 indices
computed from the vector magnetic field in active-region patches. These parameters, many
of which have been associated with enhanced flare productivity, are automatically calculated
for each solar active region using HMI vector magnetic-field data with a 12-minute cadence.
The indices and other keywords can be used to select regions and time intervals for further
study. The active-region patches are automatically identified and tracked for their entire life-
time (Turmon et al., 2014). In addition to the indices, the four SHARP data series include
the photospheric vector magnetic-field data for the patches, as well as co-registered maps of
Doppler velocity, continuum intensity, line-of-sight magnetic field, and other quantities.

Measurements of the photospheric magnetic field provide insight into understanding and
possibly predicting eruptive phenomena in the solar atmosphere, such as flares and coronal
mass ejections. For example, it is generally accepted that large, complex, and rapidly evolv-
ing photospheric active regions are the most likely to produce eruptive events (Zirin, 1988;
Priest, 1984). As such, it is an active area of research to seek a correlation (or its rejection)
between eruptive events and quantitative parameterizations of the photospheric magnetic
field. Many studies have found a relationship between solar-flare productivity and various
indices: magnetic helicity (e.g. Tian et al., 2005; Torok and Kliem, 2005; LaBonte, Geor-
goulis, and Rust, 2007), free-energy proxies (e.g. Moore, Falconer, and Sterling, 2012),
magnetic shear angle (e.g. Hagyard et al., 1984; Leka and Barnes, 2003a, 2003b, 2007),
magnetic topology (e.g. Cui et al., 2006; Barnes and Leka, 2006, Georgoulis and Rust,
2007), or the properties of active-region polarity-inversion lines (e.g. Mason and Hoeksema,
2010; Falconer, Moore, and Gary, 2008; Schrijver, 2007). However, when Leka and Barnes
(2003a) conducted a discriminant analysis of over a hundred parameters calculated from
vector magnetic-field measurements of seven active regions, they could identify “no single,
or even small number of, physical properties of an active region that is sufficient and neces-
sary to produce a flare.” Larger statistical samples show correlations between some vector-
field non-potentiality parameters and overall flare productivity (Leka and Barnes, 2007;
Yang et al., 2012), as well as correlations between the parameters themselves. Still, char-
acteristics have yet to be identified that uniquely distinguish imminent flaring in an active
region.

The SHARP data series will provide a complete record of all visible solar active regions
since 1 May 2010. SHARP data are stored in a database and are readily accessible at the Joint
Science Operations Center (JSOC). JSOC data products from SDO, as well as source code
for the modules, can be found at jsoc.stanford.edu. Continuously updated plots of near-real-
time parameters are available online (see Table 1 for URLs). We describe how the SHARP
series are created and show results for two representative active regions. We also present
examples of four active-region parameters for 12 X-, M-, and C-class flaring active regions.

2. Methodology: SHARP Data and Active Region Parameters
Data taken onboard SDO/HMI are downlinked to the ground, automatically processed

through the HMI data pipeline, and made available at jsoc.stanford.edu organized in data
series (Schou et al., 2012a; Scherrer et al., 2012). Conceptually, a JSOC data series consists
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Table 1 Listed below are URLSs relevant for finding the SHARP data, codes, documentation, and data visu-
alizations. These URLs will be maintained for at least the duration of the SDO mission.

Uniform Resource Locator Description
jsoc.stanford.edu/data/hmi/sharp/dataviewer Continuously updated plots of
near-real-time SHARP parameters
jsoc.stanford.edu/doc/data/hmi/sharp/sharp.htm Description of the SHARP data product
jsoc.stanford.edu/jsocwiki/DataSeries A complete overview of the Joint Science
and Operations Center (JSOC) data series
jsoc.stanford.edu/jsocwiki/PipelineCode Guide to HMI pipeline code and processing
notes
jsoc.stanford.edu/jsocwiki/Lev1qualBits Description of bits in QUALITY keyword
jsoc.stanford.edu/cvs/JSOC/proj/sharp/apps/sharp.c The SHARP data are created via this

jsoc.stanford.edu/cvs/JSOC/proj/sharp/apps/sw_functions.c publicly available C module (sharp.c) that
includes a library of active-region parameter
calculations (sw_functions.c)

jsoc.stanford.edu/jsocwiki/sharp_coord A technical note on SHARP coordinate
systems, mapping, and vector
transformations (Sun, 2013)

jsoc.stanford.edu/jsocwikiiHARPDataSeries Description of the HARP data series
(Turmon et al., 2014)
hmi.stanford.edu/magnetic Portal to HMI magnetic-field data, image

catalogs, coverage maps, and documentation

www.Imsal.com/sdouserguide.html Comprehensive guide to SDO data analysis

of a sequence of records, each of which includes i) a table of keywords and ii) associated
data arrays, called segments. A record exists for each time step or unique set of prime key-
word(s). Keywords and data-array segments are merged by the JSOC into FITS files in
response to a user’s request to download (or export) the data series. SHARP data for export
can be selected by time, given in the keyword T_REC, and the region number HARPNUM; ad-
ditionally, requests for data from the JSOC can also take advantage of simple SQL database
queries on keywords to select data of interest. A complete overview of JSOC data series
is available on the JSOC wiki (see Table 1). Certain HMI data series are processed on two
time scales: near-real-time (NRT) and definitive. NRT data are processed quickly, ordinar-
ily within three hours of the observation time, but with preliminary calibrations. Section 7
describes the differences between definitive and NRT SHARPs. Although most NRT data
series are not archived and go offline after approximately three months, the NRT SHARP
data since 14 September 2012 are archived. NRT data are primarily intended for quick-look
monitoring or as a forecasting tool. This section briefly describes the elements of the HMI
data pipeline necessary to create the definitive SHARP data. A more detailed explanation of
the HMI vector magnetic-field pipeline processing is given by Hoeksema et al. (2014) and
references therein.

e Ineach 135-second interval, HMI samples six points across the Fe 16173.3 A spectral line
and measures six polarization states: / £ Q, I = U, and [ &V, generating 36 4096 x 4096
full-disk filtergrams.

e To reduce noise and minimize the effects of solar oscillations, a tapered temporal average
is performed every 720 seconds using 360 filtergrams collected over a 1350-second inter-
val to produce 36 corrected, filtered, and co-registered images (Couvidat et al., 2012).
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e A polarization calibration is applied and the four Stokes polarization states [/ Q U V] are
determined at each wavelength, giving a total of 24 images at each time step (Schou et al.,
2012b), which are available in the data series hmi.S_720s.

e Active-region patches are automatically detected and tracked in the photospheric line-
of-sight magnetograms (Turmon et al., 2014). The detection algorithm identifies both a
rectangular bounding box on the CCD image that encompasses the entire region and,
within this box, creates a bitmap that both encodes membership in the coherent magnetic
structure and indicates strong-field pixels. Specifically, the bitmap array assigns a value
to each pixel inside the bounding box, depending on whether it i) resides inside or outside
the active region, and ii) corresponds to weak or strong line-of-sight magnetic field. This
coding scheme permits non-contiguous active-region patches.

e The tracking module numbers each HMI Active Region Patch (HARP) and generates a
time series of bitmaps large enough to contain the maximum known heliographic extent of
the region. Each numbered HARP (keyword HARPNUM) corresponds to one active region
or AR complex (see Figure 1). The HARP database generally captures more patches of
solar magnetic activity than the NOAA active-region database because coherent regions
that are small in extent or have no associated photometric sunspot are detected and tracked
by our code; such faint HARPs often have no NOAA correspondence. A HARP may
include zero, one, or multiple NOAA active regions (for example, see HARP 2360 in
Figure 1); about one-third of HARPs correspond to a single NOAA region. The bitmap
array described above is in the BITMAP segment of the data series hmi.Mharp_720s. The
terms HARP and SHARP are not quite interchangeable. The HARP data series primarily
provides geometric information about the patch. The SHARP also includes cut-outs of
the observables and computed indices.

e The full-disk Stokes data are inverted using the Very Fast Inversion of the Stokes Vector
(VFISV) code, which assumes a Milne—Eddington model of the solar atmosphere, to yield
vector magnetic field data (Borrero et al., 2011; Centeno et al., 2014). Inverted data are
available in the data series hmi.ME_720s_fd10. Full-disk inversions are being computed
for all HMI data since 1 May 2010. An improvement made to the inversion code in May
2013 (Hoeksema et al., 2014) to use time-dependent information about the HMI filter
profiles introduces measurable systematic differences in inversion results. Data in the
interval from 1 August 2012-24 May 2013 were processed before the improvement.
Some care must be taken when comparing data computed with different versions of the
analysis code (see the entry under PipelineCode referenced in Table 1).

e The azimuthal component of the vector magnetic field is disambiguated using the Min-
imum Energy Code (MEO) to resolve the 180° ambiguity (Metcalf, 1994; Leka et al.,
2009). Through 14 January 2014 SHARP regions have been disambiguated individually
using £d10 data inside a rectangle that extends beyond the HARP bounding box by
the number of pixels given in the AMBNPAD keyword. Disambiguation results for each
HARPNUM at each time step are stored in the DISAMBIG segment of the hmi.Bharp_720s
data series. All pixels inside the rectangular bounding box are annealed in the patch-
wise SHARP disambiguation; however, pixels below a noise threshold are also smoothed
(Barnes et al., 2014; Hoeksema et al., 2014). Since 19 December 2013 we have disam-
biguated the entire disk and use that data set from the consistently derived DISAMBIG
segment of the hmi.B_720s data series for definitive SHARPs observed from 15 January
2014 onward.

e Finally, to complete the SHARP data series the analysis pipeline collects maps of HMI
observables and computes a set of active-region summary parameters using a publicly
available module (see Table 1 and Section 4).
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Figure 1 The results of the active-region automatic detection algorithm applied to the data on 13 January
2013 at 00:48 TAL. NOAA active-region numbers are labeled in blue near the Equator, next to arrows indi-
cating the hemisphere; the HARP number is indicated inside the rectangular bounding box at the upper right.
Note that HARP 2360 (lower right, in green) includes two NOAA active regions, 11650 and 11655. The col-
ored patches show coherent magnetic structures that comprise the HARP. White pixels have a line-of-sight
field strength above a line-of-sight magnetic-field threshold (Turmon et al., 2014). Blue ‘4’ symbols indicate
coordinates that correspond to the reported center of a NOAA active region. The temporal life of a definitive
HARP starts when it rotates onto the visible disk or two days before the magnetic feature is first identified in
the photosphere. As such, empty boxes, e.g. HARP 2398 (on the left), represent patches of photosphere that
will contain a coherent magnetic structure at a future time.

3. SHARP Coordinates: CCD Cutouts and Cylindrical Equal-Area Maps

HMI data series use standard World Coordinate System (WCS) for solar images (Thomp-
son, 2006). SHARP data series are available in either of two coordinate systems: one is
effectively cut out directly from corrected full-disk images, which are in helio-projective
Cartesian CCD image coordinates, and the other is remapped from CCD coordinates to a
heliographic Cylindrical Equal-Area (CEA) projection centered on the patch. Table 2 lists
the four available SHARP data series.
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Table 2 Four series that contain SHARP data. SHARP active-region parameters are stored as keywords for
these series. For a list of parameters, see Table 3.

Data Series Name Description

hmi.sharp_720s Definitive data with 31 map segments in CCD coordinates wherein the vector B
is comprised of azimuth, inclination, and field strength

hmi.sharp_cea_720s Definitive data with 11 segments wherein all quantities have been remapped to a
heliographic Cylindrical Equal-Area coordinate system centered on the patch,
and the vector B has been transformed into the components B, By, and By

hmi.sharp_720s_nrt Near-real-time data; otherwise same as hmi.sharp_720s
hmi.sharp_cea_720s_nrt  Near-real-time data; otherwise same as hmi.sharp_cea_720s

For standard CCD-cutout SHARPs, the pipeline module collects 31 maps, including
many of the primary HMI observable data segments (line-of-sight magnetogram, Doppler-
gram, continuum intensity, and vector magnetogram), other inversion and disambiguation
quantities, uncertainty arrays, and the HARP bitmap. Using the HARP bounding box as a
stencil, the module extracts the corresponding arrays of observable data. The first six tables
in the Appendix give a description of each of the cut-out SHARP series segment maps.

Additional processing is applied to the CEA versions of the SHARPs to convert selected
segments from CCD pixels in plane-of-the-sky coordinates to a heliographic coordinate sys-
tem in the photosphere. Table A.7 in the Appendix lists the 11 segment maps that are avail-
able in CEA coordinates.

The expression relating the final CEA map coordinate [x, y] to the heliographic longi-
tude and latitude [¢, A] follows Equations (79) and (80) of Calabretta and Greisen (2002),
compliant with the World Coordinate System (WCS) standard (e.g. Thompson, 2006). The
remapping uses the patch center as reference point, thus effectively de-rotating the patch
center to ¢ = 0, A = 0 before CEA projection to minimize distortion (see Section 2.5 of Cal-
abretta and Greisen, 2002). As a consequence, the correspondence between what are labeled
CEA degrees and the familiar Carrington latitude and longitude is complex. The Carrington
coordinates of the patch center are indicated in the keywords CRVAL1 and CRVAL2. The
SHARP CEA pixels have a linear dimension in the x-direction of 0.03 heliographic degrees
in the rotated coordinate system and an area on the photosphere of 1.33 x 10° km?. The size
in the y-direction is defined by the CEA requirement that the area of each pixel be the same,
so the pixels are equally spaced in the sine of the angular distance from the great circle that
defines the x-axis, and the step size is fixed such that the pixel dimension is equal to 0.03
degrees at patch center. In Figures 2 and 3 the axes are labeled in CEA degrees with the
center point having the Carrington longitude and latitude values. In our remapping process
the CEA grid is oversampled by interpolating the nearby CCD values and then smoothed
with a Gaussian filter to the final sampling. Details are provided by Sun (2013).

The remapping of the uncertainty images, as well as the BITMAP and CONF_DISAMBIG
maps, is done a little differently. For these the center of each pixel in the remapped CEA
coordinate system is first located in the original CCD image; then the nearest neighboring
pixel in the original image is identified, and the value for that nearest original CCD pixel is
reported.

For the CEA version, the native three-component vector magnetic-field output from the
inversion — expressed as field strength [ B], inclination [y], and azimuth [¢] in the image
plane — is transformed into the components B,, By, and B, in standard heliographic spher-
ical coordinates [e,, €y, &,] following Equation (1) of Gary and Hagyard (1990). Figure 2
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Figure 2 The first three panels, clockwise from upper left, show the inverted and disambiguated data wherein
the vector B has been remapped to a Cylindrical Equal-Area projection and decomposed into By, By, and By,
respectively, for HARP 401 (NOAA AR 11166) on 9 March 2011 at 23:24:00 TAI The color table is scaled
between =£ 2500 Gauss for all three magnetic-field arrays. The lower-left panel shows the computed contin-
uum intensity for the same region at the same time. The patch is centered on longitude 90.91°, latitude 9.59°
in Carrington Rotation 2107. CEA longitude and latitude are described in the text.
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Figure 3 Only pixels that are both within the HARP (shaded orange in map segment BITMAP, upper left) and
above the high-confidence disambiguation threshold (shown in white in the upper right panel where segment
CONF_DISAMBIG = 90) contribute to the active-region parameters (represented in the bottom panel). This
example from hmi.sharp_720s_cea shows HARP 401 (NOAA AR 11166) on 9 March 2011 at 23:24:00 TAI,
where the quantities have been remapped to a Cylindrical Equal-Area coordinate system. Black areas at the
edge of the BITMAP and CONF_DISAMBIG images fall outside the maximal CCD HARP bounding box;
therefore, the azimuthal ambiguity resolution has not been applied to these areas. As in Figure 2, the axes are
labeled in CEA coordinates, as described in the text.

@ Springer



3556 M.G. Bobra et al.

shows the three components of the vector magnetic field and the computed continuum inten-
sity for HARP 401 on 9 March 2011 at 23:24 TAI in CEA coordinates. We note that because
(e,, &y, ,) is a spherical coordinate system with the rotation axis at the pole and (é,, &, €;)
is a planar cylindrical equal-area coordinate system centered on the patch, the unit vectors
(9, €4) do not precisely align with (é,, &,) except at the center of the patch. In general, only
along the y-axis passing through patch center do &, and e, align. See Figure 2 of Calabretta
and Greisen (2002) for an illustrative example. For more information on SHARP coordinate
systems, mapping, and vector transformations, see Sun (2013).

4. SHARP Summary Parameters

The SHARP module calculates summary parameters every twelve minutes on the inverted
and disambiguated data using the vector field and other quantities in the CEA projection. The
SHARP series currently contain sixteen summary parameters, as detailed in Table 3. This
initial list parametrizes some of the features of solar active regions that have been associated
with enhanced flare productivity (e.g. Leka and Barnes, 2003a, 2007, and references therein)
and includes different kinds of indices such as the total magnetic flux, the spatial gradients
of the field, the characteristics of the vertical current density, current helicity, and a proxy for
the integrated free magnetic energy. Until now, indices based on vector-field values have not
been available with the coverage, cadence, and continuity afforded by HMI. With previously
available data, none of the parameters were found to be necessary or sufficient to forecast
a flaring event (Leka and Barnes, 2007). As of this writing, the SHARP indices focus on
low-order statistical moments of observables and readily derived quantities. As the SHARP
database develops further, new quantities will be added, including ones that characterize the
magnetic-inversion lines, the relevant fractal indices, and models of the coronal field (see
Section 9 for further discussion).

The pixels that contribute to any given index calculation are selected by examining two
data segment maps: BITMAP and CONF_DISAMBIG. The BITMAP segment, an example
of which is shown in the upper left panel of Figure 3, identifies pixels within the HARP
(BITMAP > 33). Pixels with strong line-of-sight magnetic-field strength are shown in white,
whether inside or outside the orange HARP area. The CONF_DISAMBIG segment has a high
value for clusters of pixels above the spatially and temporally dependent disambiguation
noise threshold (& 150 G, CONF_DISAMBIG = 90; see Table A.5 and Hoeksema et al.,
2014). Only data that are both within the HARP and above the high-confidence threshold
contribute to the SHARP parameter calculation; the number of contributing CEA pixels is
given in the keyword CMASK. The bottom panel of Figure 3 shows the pixels that con-
tribute to the active-region parameters for HARP 401 (NOAA AR 11166) on 9 March 2011
at 23:24:00 TAIL The indices in all four SHARP series are computed from the CEA data.

5. SHARP Parameters for an Illustrative Region: HARP 401

The SHARP indices are common active-region parameters described in the literature, as
discussed in the previous section, and the formulae are given in Table 3. Figures 4 and 5 show
the SHARP indices for HARP 401 from the time it first rotated onto the disk on 2 March 2011
through its final disappearance on 15 March. Computed quantities from Table 3 are plotted
with error bars, except for those that are areas or pixel counts. In most cases the error bars
are smaller than the size of the dots, because formal errors are small and systematic errors
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Table 3 Active-region parameters are stored as keywords in each SHARP series. This table lists each active-
region parameter keyword with a brief description and formula. The keyword for the error associated with
each parameter is given in the last column. Each parameter represents either a mean, sum, or integral of the
distribution in the high-confidence part of the HARP; this is indicated in the Statistic column. The active-
region parameters were generally adapted from Leka and Barnes (2003b) except as noted in the text. WCS-
standard keywords such as CDELT1, RSUN_OBS, and RSUN_REF, as well as fundamental constants, were
used to convert to the units specified in the eponymous column. Calculations are performed on the CMASK
high-confidence pixels in the CEA SHARP. Derivations of the errors can be found at the SHARP web page
(see Table 1). Further description of the parameters can be found in Section 5.

Keyword  Description Unit? FormulaP Statistic Error
Keyword

USFLUX Total unsigned flux Mx =) |B;|dA Integral ERRVF

MEANGAM Mean angle of field Degree 7y = % > arctan(%) Mean ERRGAM
from radial N

MEANGBT Horizontal gradi- ~ GMm™! VB = 4 3°,/(9£)2 Mean  ERRBT
ent of total field

MEANGBZ Horizontal gradient GMm™! ()BZ 24 (385;" Mean ERRBZ
of vertical field

MEANGBH Horizontal gradient GMm™! = N > (th 2+ (aali,h Mean  ERRBH
of horizontal field

: -2 Foal 9By _ 3By

MEANJZD  Vertical current mA m X 77 Z(— — —) Mean ERRJZ
density

TOTUSJZ  Total unsigned A o = 2 121 dA Integral ERRUSI
vertical current

MEANALP  Characteristic twist Mm™! Ugotal X 31297 Mean ERRALP
parameter, o z

MEANJZH  Current helicity G’m! Hex % S B, J; Mean  ERRMIH
(B; contribution)

TOTUSJH  Total unsigned GZm~ He g & > Bz J;| Sum ERRTUI
current helicity

ABSNJZH  Absolute value of G2m™ Heyoo | Bz Jz| Sum ERRTAI
the net current
helicity

BY By

SAVNCPP  Sum of the modu- A Jzgum X1 2.7% J;dA|+ >z J;dA| Integral ERRIHT
lus of the net
current per polarity

MEANPOT  Proxy for mean erg cm™3 FXes % Z(BObs - BPOI)2 Mean ERRMPOT
photospheric
excess magnetic
energy density

TOTPOT Proxy for total ergem™ ! pror Z(BObS — BPoY2 g4 Integral ERRTPOT
photospheric
magnetic free
energy density

Obs., pPot
MEANSHR  Shear angle Degree I = N Zarccos(m Mean ERRMSHA
SHRGT45  Fractional area area with shear > 45°/HARP area Fraction

with shear > 45°

4The HMI vector-magnetogram data are in units of Mx cm™2

of Gauss. Currently, the filling factor is set to unity, so the two units have the same meaning.

bConstant terms are not shown.

, whereas the active-region parameters use units
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are not reflected. We have excluded data points with poor status bits set in the QUALITY
keyword, which provides information about data reliability (see Table A.8 and Lev1qualBits
referenced in Table 1 for more information about QUALITY).

The photospheric AREA (Figure 4 Panel A1, top left) is determined by the HARP module
using the HMI line-of-sight magnetic field measurements. The AREA includes everything
inside the orange patch in the upper left panel of Figure 3. This established active region
rotates onto the disk on 2 March and grows steadily as it crosses the disk. The patch reaches
a maximum area of &~ 7500 microhemispheres on 11 March before it starts to decrease as it
rotates off the disk. The panel below (Figure 4 Panel A2) shows the total number of high-
confidence pixels that contribute to the SHARP index calculation [CMASK], i.e. the pixels
in white in the bottom panel of Figure 3. Once the region is on the disk, the number of
CMASK pixels increases from about 40000 to nearly 80 000. The number of contributing
pixels changes with the size of the region and also depends on the noise threshold that
varies with location on the disk and velocity of SDO relative to the Sun (see Section 7.1
of Hoeksema et al., 2014). A histogram of the total-field noise level (not shown) increases
and broadens near 60° from central meridian, consequently increasing the number of pixels
above the noise threshold relative to disk center.

For comparison, Figure 4 Panel A3 shows the area of the strong active pixels determined
from the line-of-sight field during the initial identification of the HARP region. This area
[AREA_ACR] associated with the white pixels inside the orange patch on the upper left of
Figure 3, is smaller than the area associated with the high-confidence pixels in the center
panel of that figure. The area of strong field shows a steady 40 % increase during the new
flux emergence on 7 — 8 March. The total unsigned flux [USFLUX] computed from the radial
component of the vector magnetic field appears in Figure 4 Panel A4, at the bottom of the left
column. The total flux, initially about 3 x 10?2 Mx, decreases by 20 % on 6 March, recovers
by a similar amount late on 7 March, and then gradually builds to about 5 x 10?> Mx on 13
March. Variations in USFLUX in this time interval do not exactly track changes in the area of
the region, the number of pixels in the computation, or the strong-pixel area, indicating that
the strength of the field in the region is also changing. Correlated daily variations in USFLUX
and CMASK are associated with SDO’s geosynchronous orbital velocity. The episode of flux
emergence during 7 and 8 March is reflected in a number of the quantities. The largest flare
produced by HARP 401, an X 1.5 flare, peaked at 23:23 TAI on 9 March, about the time
that the active-pixel area first reaches a maximum. Numerous C-class and M-class flares
occurred during the lifetime of the region.

The systematic change in the transverse-field noise level is reflected in the trend of the
mean value of the inclination angle [MEANGAM] shown in Panel B1 at the top right of
Figure 4. The plot shows both the evolution of the region and a position-dependent trend that
results from the different strengths and noise levels in the circular and linear polarization
signals. (See Borrero and Kobel (2011) for a relevant discussion of the effects of noise
on the interpretation of vector-field measurements.) At disk center, the vertical magnetic-
field component [B,] is closest to the lower-noise line-of-sight direction that depends on
the stronger Stokes-V; the horizontal component [By] reflects the sensitivity to noise in
Stokes- Q and -U . In weak-field pixels this tends to bias the inclination angle away from 0°.
The relative contributions of noise to the vertical- and horizontal-field components change
with center-to-limb angle [1]. As a consequence, the ratio B,/ B, in the weak-field pixels
increases, decreasing the horizontal bias in the reported inclination. MEANGAM reaches a
maximum of &~ 60° from radial near disk center and shows two broad minima at 45° and 40°
when the region is near the east and west limbs, respectively, where the noise contributions
to the vertical and horizontal field components are roughly the same.
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Figure 4 SHARP active-region parameters for HARP 401, 2—15 March 2011. Column A on the left
shows four quantities: Panel A1, AREA; A2, CMASK; A3, AREA_ACR; and A4, USFLUX; Column B on the
right shows five quantities: Panel B1, MEANGAM; B2, MEANSHR; B3, SHRGT45; B4, MEANPOT; and BS,
MEANJZD.
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Figure 5 Additional SHARP active-region parameters for HARP 401, 2—15 March 2011. Column A on
the left shows five quantities: Panel Al, TOTUSJH; A2, TOTPOT; A3, TOTUSJZ; A4, MEANGBT; and AS,
MEANGBH. Column B on the right shows five quantities: Panel B1, MEANJZH; B2, ABSNJZH; B3, SAVNCPP;
B4, MEANALP; and B5, MEANGBZ.
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The mean shear angle [MEANSHR] in Figure 4 Panel B2 shows a similar variation across
the disk, with a maximum a little over 50° near central meridian passage and broad minima
below 40° and 35° in the East and West, respectively. The shear angle is calculated by deter-
mining the angle between the observed field [ B°*] and a potential field [ B*']. To compute
the parameters that require a potential-field model, we used the discretized Green’s func-
tion based on Equation (2.14) of Sakurai (1982), which is the potential due to a submerged
monopole at a depth of A /+/27. In that case, A is the size of a pixel, which preserves the
total flux of B,. However, using that depth yields a B, map that is blurry compared with the
original observational data, which, in turn, yields blurry calculated B, and B, maps. There-
fore, we chose a smaller A that corresponds to 0.001 pixels. Since this yields a sharper B,
map, with a resolution similar to the original observational data, the calculated B, and B,
maps are of a higher resolution as well. We preserved the original observational data for
the z-component of the potential magnetic field. Figure 4 Panel B3, the fraction of CMASK
pixels with shear greater than 45° [SHEARGT45], shows a pattern very similar to the mean
shear and mean inclination angle. Trends in the large-scale averages are affected by what
is happening in the weak and intermediate field-strength pixels near the noise level and the
systematic change in reported field direction from center to limb. There is a few percent de-
crease in the fraction of strong-shear pixels over the course of 9 March, prior to the X-class
flare, which may or may not be significant.

Figure 4 Panel B4 presents the mean value of the free-energy density averaged over
the patch [MEANPOT]. MEANPOT shares evolutionary characteristics of the shear and incli-
nation angle. Figure 4 Panel BS (bottom right) shows the evolution of the mean vertical-
current density [MEANJZD]. The point-to-point scatter and the uncertainties in this quantity
are relatively larger than for most of the other SHARP parameters. The mean vertical-current
density more than doubles from about 0.1 to 0.25 mA m~2 on 7 March when new flux be-
gan to rapidly emerge. The vertical current is computed using derivatives of the horizontal
magnetic-field components. To compute any of the parameters that require a computational
derivative, we used a second-order finite-difference method with a nine-point stencil cen-
tered on each of the CMASK pixels.

We now consider Figure 5, which shows additional SHARP parameters for the same
HARP 401. Figure 5 Panels Al and A2 on the upper left show the total unsigned current
helicity [TOTUSJH] and a proxy for the integrated total free-energy density [TOTPOT]. Both
quantities show a sustained increase on 7 March when new flux was emerging. The total
current helicity showed a sharp increase from 3100 to 3900 G2 m~! on 9 March leading up to
the X-class flare. The integrated free-energy density is the difference between the observed
and potential magnetic-field energy integrated over the region. TOTPOT nearly doubles from
5% 108 to 9 x 10% erg cm~! on 7 March; however, no obvious signal associated with the
flare or its immediate aftermath is reflected in the free-energy density plot. In fact, TOTPOT
continues to increase gradually until 11 March.

The total unsigned vertical current (TOTUSJZ in Figure 5 Panel A3) changes dramatically
during the life of HARP 401. Like the current helicity and integrated free-energy density, it
reaches a plateau on 5 March and then increases rapidly on 7 and 8 March from 4 x 103 to
7 x 10" A. A dip and rapid rise occur on 9 March before the X-class flare, after which the
current stabilizes for several days.

Figure 5 Panels A4, A5 (bottom left), and B5 (bottom right) show the temporal depen-
dence of the horizontal gradients of the field. Each index is the mean value of the gradient
computed at the CMASK pixels in the patch. Figure 5 Panel A4 shows the mean horizontal
gradient of the total field magnitude [MEANGBT]. There is a fairly clear daily periodicity as-
sociated with the spacecraft velocity and the number of pixels in CMASK. The daily variation
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Figure 6 SHARP active-region parameters for HARP 2920, 1 - 14 July, 2013. Column A on the left shows
four quantities: Panel A1, CMASK; A2, ACR_AREA; A3, USFLUX; and A4, TOTUSJZ. Column B on the right
shows four quantities: Panel B1, MEANGAM; B2, ABSNJZH; B3, MEANPOT; and B4, MEANGBT.

is superposed on a broad peak near central meridian at about 100 GMm™!. The same shape
is evident in Figure 5 Panel A5, which shows the horizontal gradient of the horizontal com-
ponent of the field [MEANGBH]. The peak is a little sharper, ranging from ~ 20 -65 G Mm !
during the disk passage of the region. Figure 5 Panel B5 (on the lower right) shows that the
horizontal gradient of the vertical component of the field [MEANGBZ] is less sharply peaked
near central meridian and has a more pronounced daily variation. Consideration of other re-
gions (see the discussion of HARP 2920 and Figure 6) suggests that the broad shape tends to
follow that of CMASK and AREA; so, perhaps the mean gradient of the vertical field is more
heavily influenced by the contributions of the variable number of weak-field pixels than are
the means of the total or horizontal field gradient.

Figure 5 Panel B1 (upper right) shows the mean of the contribution to the current helicity
from the vertical components of the magnetic field and the current density [MEANJZH]. We
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cannot calculate the other terms that contribute to the total helicity because HMI cannot
determine the field gradient in the vertical direction. The mean current helicity is generally
negative for this region through much of its lifetime and shows relatively strong variability
while the region is evolving rapidly from 6—11 March. Starting 12 March, the helicity
was relatively large in magnitude, at —0.004 G?> m~!, but stable. Indices plotted in the next
three panels, B2, B3, and B4, are related to physical quantities associated with helicity, and
thus all share a similar temporal profile. The sum of the absolute values of the net current
helicity [ABSNJZH] is shown in Figure 5 Panel B2; the sum of absolute values of the net
current determined separately in the positive and negative B, regions [SAVNCPP] appears in
Figure 5 Panel B3; and the mean of the magnetic-field twist [«] of the region [MEANALP]
is in Figure 5 Panel B4. All exhibit some degree of daily variation. Periodic variations are
particularly strong on 6, 7, 9, and 11 March. All experience a steep increase in magnitude
on 11-12 March, after which the indices remain fairly stable. The sum of the net currents
in the two polarity regions [SAVNCPP] peaks above 2 x 10'* A on 13 March.

The average twist parameter [MEANALP] posed a challenge. The simple definition of
twist [@ = J,/B.] is noisy for individual pixels when the field is low and near the noise level
(cf. Leka and Skumanich, 1999). Simply averaging the computed « in the high-confidence
SHARP region pixels results in a meaningless scatter of points from one time step to the
next, suggesting that a higher threshold may be more appropriate. Instead we calculated a
parameter intended to reflect the mean twist of the field in the entire active region. A variety
of methods have been proposed (Pevtsov, Canfield, and Metcalf, 1995; Leka et al., 1996;
Leka and Skumanich, 1999; Falconer, Moore, and Gary, 2002) based on fits to differences
from a linear force-free field, moments of the distribution of «, and taking ratios of spatial
averages determined in parts of the active region. None of the methods is clearly superior.
For the SHARP index MEANALP we adopted the BZ-weighted o method proposed by Hagino
and Sakurai (2004) in which one simply computes the sum of the product of J, B, at the
CMASK pixels and divides by the sum of Bzz.

6. Selected Parameters for a Second Region: HARP 2920

Considering a single active-region complex does not provide sufficient context to understand
how regions differ from each other or how much of the variation in a quantity depends
on disk position or other typical evolutionary characteristics. To illustrate the differences
between regions, Figure 6 shows selected SHARP indices for HARP 2920 from the time that
it first rotated onto the disk on 1 July 2013 through its final disappearance on 14 July. HARP
401 was energetic and large, but had reasonably simple large-scale topology. HARP 2920
was larger and more complex, ultimately including three NOAA regions: 11785, 11787, and
11788. HARP 2920 produced numerous C-class flares; the largest, class M 1.5, occurred at
07:18 UT on 3 July while the region was still near the east limb. Figure 6 Panel A1 (CMASK,
upper left) shows the number of high-confidence CEA pixels that contribute to the indices.
Panel A2 shows the area associated with strong pixels [AREA_ACR]. The region grows as
it rotates onto the disk, and then on 3 and 4 July its size nearly doubles from about 1400
microhemispheres on 2 July to 2100 on 3 July, as a second activity complex (AR 11787)
rotates over the limb, and then to 2800 by the end of 4 July as new flux emerges. In the NRT
HARP this appearance and nearby emergence results in the merger of two regions. The size
of the region remains fairly stable as it continues to rotate across the disk. The active pixel
area [AREA_ACR] starts to diminish on 10 March, but the size of the high-confidence pixel
area [CMASK] only begins to decrease rapidly starting on 12 July as the HARP rotates off the
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limb. Compare this with the strong emergence of new flux within the existing flux system
seen in HARP 401 on 8 -9 July.

The evolution of the total unsigned flux [USFLUX] appears in Figure 6 Panel A3. The
change in CMASK pixel number creates broad peaks near 60° from central meridian on 4
July and 12 July in the USFLUX. The variations of CMASK and USFLUX were also correlated
for HARP 401, but the evolution across the disk was very different. The trend also seems
to be reflected in an inverse fashion in the mean inclination angle [MEANGAM] plotted in
Figure 6 Panel B1 (top right). A similar inverted trend appears, with a broad peak near
central meridian on 8§ —9 July, in the measures of shear angle and the mean vertical-current
density (not shown). The similarity of the MEANGAM profile for 401 and 2920 confirms that
significant effects due to the relative noise levels in Stokes Q, U, and V are important.

Figure 6 Panel B2 shows the modulus of the net current helicity [ABSNJZH]. There is a
strong rise on 2—4 July and again on 5 July followed by a sharp decline on 6 and 7 July.
The mean-current-helicity, net-current-per-polarity, and mean-twist parameters (not shown)
have a similar profile. Compare this with the weaker and relatively less volatile behavior of
HARP 401 (note the difference in plot scale) even though 401 was emerging much more
new flux. The mean free-energy density [MEANPOT, Figure 6, Panel B3] remains fairly
stable at 7000 ergs cm ™3 from the time the region appeared until a steady decrease begins on
9 July. The mean free-energy density of HARP 401 was significantly greater and increased
by ~30 % during its disk passage before beginning a similar decline. The variations of
the total unsigned vertical current [TOTUSJZ, Figure 6 Panel A4] are representative of the
total unsigned current helicity and integrated free-energy density proxy. Unlike HARP 401,
these quantities in HARP 2920 do not follow the evolution of the unsigned flux or the area.
There is an interesting small excursion in the vertical current on 6 July just after the helicity
measures reach their peak and begin their rapid decline. No similar relationship is seen in
HARP 401.

Finally, Figure 6 Panel B4 plots the mean of the horizontal gradient of the total field
strength [MEANGBT], which is indicative of the evolution of the mean gradients of the other
field components. The broad hump on the MEANGBT curve that occurs on 9—10 July is not
apparent in any of the indices unrelated to field-strength gradients. Otherwise the evolution
is very smooth, much smoother than for HARP 401. All gradient indices exhibit a short-
term (12-hour) variation that is related to the sensitivity of the vector-field measurement
to the orbital velocity of the spacecraft (Hoeksema et al., 2014). The general profile of
the mean gradient of the horizontal-field component (not shown) for HARP 2920 has a
broad peak near central meridian passage, as does the area of the strong-field elements.
The mean gradients of the total and vertical field (not shown) follow the flatter shape of
the total area more closely, with additional broad increases appearing near 60° from central
meridian associated with the increase in the number of weak- and intermediate-strength
pixels, although both start to decrease steadily on 10 July.

7. Definitive and Near-Real-Time (NRT) SHARPs

The definitive HARP processing module groups and tailors the identified regions accord-
ing to their complete life history. The definitive HARP geometry is determined only after
an active-region patch has crossed the face of the disk. At each time step the rectangular
bounding box of a definitive HARP on the CCD encloses the fixed heliographic region that
encompasses the greatest geometric extent attained by the patch during its entire lifetime.
The temporal life of a definitive HARP starts when it rotates onto the visible disk or two
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days before an emerging magnetic feature is first identified in the photosphere. The HARP
expires two days after the feature decays or when it rotates completely off the disk. The cen-
ter of the HARP at central meridian passage is uniformly tracked at the differential-rotation
rate appropriate for its latitude, given in keyword OMEGA_DT. There is necessarily a delay
of about five weeks before definitive SHARPs can be created.

Operational space-weather forecasting requires more timely data and would need to rely
on the HMI NRT data stream. We outline below three primary differences between the NRT
data and definitive SHARP data. Note that the HARPNUM for a particular region will be
different for the definitive and NRT SHARP series. The NRT SHARPs are offered “as is”;
i.e. there is no plan to necessarily correct the NRT data series when updates are made to the
definitive SHARPs. The NRT SHARP archive begins 14 September 2012, but because of the
inferior quality of the NRT data, we strongly recommend against use of the NRT data except
for forecasting and development of forecasting tools.

i) The NRT and definitive observables input data differ in completeness and calibration.
Roughly 4 % of the data are delayed more than one hour; delays tend to be more clus-
tered than random. Calibrations and corrections to the NRT data rely on predicted con-
ditions or on calibration information that may be increasingly out of date as the day
progresses. Effects of cosmic rays are not corrected. The differences are generally mi-
nor or localized. For a detailed summary of calibration procedures and the differences
between the NRT and definitive input data, see Hoeksema er al. (2014).

ii) NRT HARP geometry is determined as soon as possible, before the full life-cycle of the
region is known. For that reason the photospheric area enclosed by the box bounding the
active region can grow (but will never shrink) with time. In addition, the heliographic
center of the NRT HARP bounding box may shift in time as a region evolves. In general,
the size and shape of the patch itself is the same in NRT and definitive HARPs. It is im-
portant to note that NRT HARPs may merge, resulting in the termination of one HARP
and the continuation of another HARP, but augmented by the content of the terminated
HARP. This will typically cause a major discontinuity in the NRT SHARP indices at that
time step. The H_MERGE keyword is set when such a merge occurs, so that merging can
be taken into account when the discontinuities are observed. The H_MERGE keyword is
also carried over into the definitive HARPs, but in this case the region configuration is
consistent before and after the merge (the entire future of all regions is available), so for
definitive HARPs, the relic H_MERGE keyword is not particularly significant. At least
one merger occurred during the lifetime of 494 of the first 3213 HARPs. Note again that
the NRT and definitive HARPNUM will not be the same.

iii) For NRT processing, the annealing parameters for the disambiguation code are adjusted
to enable faster computation (Barnes et al., 2014) and a smaller buffer outside the HARP
is used to compute the potential-field starting point. The keyword AMBNPAD gives the
size of the buffer and is reduced to 50 currently for NRT SHARPs from the 500 used
for definitive processing. To investigate how these input parameters affect the active-
region indices, we disambiguated a five-day cube of inverted data for HARP 401 using
the two different sets of disambiguation parameters. The resulting active-region indices
generally differ by less than a percent. For example, the typical difference in the total
field gradient was less than 0.05 % with a maximum difference of 0.3 %. Starting on
15 January 2014, the definitive SHARPS rely on full-disk rather than patch-wise disam-
biguation.

Hoeksema et al. (2014) presented a detailed comparison between the definitive and
quick-look total unsigned flux parameter for SHARP 2920 and found that the typical dif-
ference is about 1 % (see their Figure 5). The differences have some systematic periodic
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components, most likely attributable to differences in calibration. The differences increase
to a few percent when SHARPs are near the limb. By far the largest difference (=30 %) is
due to a merger.

8. Sources of Uncertainty

The vector-magnetogram data used in this study have uncertainties and limitations that were
discussed at length by Hoeksema et al. (2014). Many of these issues are more significant
in weak-field regions, which do not contribute directly to the computation of active-region
parameters, except that in intermediate field-strength regions near the noise threshold the
number of pixels can change appreciably. Systematic errors remain, the largest are associ-
ated with the daily variation of the radial velocity of the spacecraft inherent to the geosyn-
chronous orbit (e.g. small periodic variations in Figures 4 —7). For each index we charac-
terize the formal random error in the computed active-region parameter. The inversion code
provides estimates of uncertainties at each pixel, including x2, the computed standard de-
viations, and certain correlation coefficients of the errors in the derived parameters. They
effectively provide a way to estimate a lower limit on the uncertainties. We use the uncer-
tainty determined for each component of the vector magnetic field and formally propagate
these error estimates per pixel per unit time per quantity for each SHARP index. The un-
certainty keyword is listed in the last column of Table 3. To test the results, we verified our
formal error propagation at a relatively early stage in the vector field pipeline using a Monte
Carlo analysis in which we varied the input Stokes parameters according to the error esti-
mates. The variability found in the final SHARP indices is consistent with the formal error
propagation results.

9. Sample Data and Discussion

For illustrative purposes, Figure 7 shows the evolution of a few SHARP parameters for se-
lected active regions associated with X-, M-, and C-class flares (Table 4). A more complete
analysis with comprehensive statistics is left for a future publication. Region selection was
based on the following criteria: i) to minimize the effects of the increased noise in limb-ward
data, we required that (a) the active region must be within 45 degrees of central meridian
during the GOES X-ray flux peak, and (b) for active regions that produced multiple flares,
we chose the flare that occurred while the region was closest to disk center. ii) In some cases
the identification and extraction algorithm (Turmon et al., 2014) identifies as one coherent
magnetic structure — i.e., one HARP — a region associated with multiple NOAA active re-
gions. For simplicity, such HARPs were excluded from this sample. iii) To make a good
comparison we identified the largest class of flare associated with each active region. Thus
a C-class region would not have produced any M- or X-class flares. For each flare class
we then arbitrarily selected just four regions to show in Figure 7 as a demonstration of the
currently available SHARP parameters.

Figure 7 shows temporal profiles for each active region, color-coded by flare class, for the
unsigned flux, the absolute value of the net current helicity, the mean of the absolute value
of the inclination angle, and a proxy for the total free-energy density. These and other active-
region parameters appear as keywords in the SHARP data series and so can be displayed,
retrieved, or used in a query with the JSOC data-handling tools without having to retrieve
the image data. A link to examples that can be used interactively with the JSOC lookdata
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Figure 7 Clockwise from top left, temporal profiles of the total unsigned flux [USFLUX], the modulus of the
net current helicity [ABSNJZH], the mean value of the inclination angle [MEANGAM], and the integrated total
free-energy density per active region [TOTPOT]. The entire sample is color coded: active regions associated
with X-class flares are represented with red-purples, M-class by blue-greens, and C-class by yellow-browns.
For clarity a larger symbol is plotted every three hours, i.e. every 15th point. The legend is in the top-left
panel. The time profiles are adjusted to align the flare peaks shortly after the start of Day 5, as denoted by
the red dotted—dashed line. Error bars are plotted for all points; however, in most cases, they are smaller than
the point size. Scatter in the active-region parameters for NOAA AR 11429 for a few points following the
flare peak is due to poor data quality following an eclipse: thermal changes in the HMI front window affect
the focus. Periodicities in some of the parameters, most prominently in some temporal profiles of unsigned
flux, are systematic effects due to the daily variation of the radial velocity of the spacecraft inherent to the
geosynchronous orbit.
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Table 4 The following active regions that produced X-, M-, and C-class flares were used in our sample data.
We list the time and position of the active region during the GOES X-ray flux peak; however, we analyzed a
five-day time series of data per active region. The latitude and longitude are given in Stonyhurst coordinates
and correspond to the latitude and longitude of the flux-weighted center of active pixels at the time of the
GOES X-ray flux peak. These correspond to keywords LAT_FWT and LON_FWT.

Flare Peak [TAI] Class HARP NOAA AR Lat., Lon. [Degrees]
2011.02.15_01:56:00 X2.2 377 11158 —20.20, 12.77
2011.03.09_23:23:00 X1.5 401 11166 8.86,10.30
2011.09.06_22:20:00 X2.1 833 11283 15.13,14.19
2012.03.07_00:24:00 X5.4 1449 11429 17.72, —25.90
2012.11.21_15:30:00 M3.5 2220 11618 7.88,—5.19
2012.11.27_21:26:00 M1.0 2227 11620 —13.40,41.18
2013.01.13_00:50:00 M1.0 2362 11652 19.49,12.28
2013.02.17_15:50:00 M1.9 2491 11675 12.43,-22.75
2012.12.25_06:43:00 Cl1.8 2314 11635 11.07, 6.60
2013.01.01_09:06:00 Cl.2 2337 11640 27.21,—-0.38
2013.01.31_04:34:00 Cl.1 2420 11663 —10.96,9.63
2013.02.03_18:01:00 ClL.5 2433 11665 10.66, —2.94

program can be found at the magnetic-field portal (see Table 1). The temporal profiles are
adjusted to align the flare occurrence time to a little after the start of Day 5, as indicated
by the red dotted—dashed line. The SHARP data can be used to create temporal profiles of
the parameters for any active region since 1 May 2010. Note that at the time of writing, the
HMI analysis pipeline is running as fast as practical to close the remaining gap in SHARP
coverage by mid-2014.

We chose the four parameters in Figure 7 to suggest possible uses of SHARP indices for
quickly and easily comparing regions of interest. Magnetic flux has been well correlated
with flaring activity (e.g. Barnes and Leka, 2008; Komm et al., 2011; Welsch, Christe, and
McTiernan, 2011; and Georgoulis, 2012), although the line-of-sight magnetic-field data are
known to suffer from bias. Region 11429 was much greater in both total unsigned flux (upper
left panel of Figure 7) and in flare magnitude (Class X 5.4). Small flux regions showed little
flare activity. It is easy to track the growth rate of total flux, e.g. Region 11620 grows rapidly
during its disk transit. Statistical studies of flare-related magnetic-field configurations, in-
cluding the best determinations of the true total magnetic flux, have been performed with
vector magnetic data (e.g. Leka and Barnes, 2007; Barnes and Leka, 2008; Barnes et al.,
2007), albeit with the recognized limitations of ground-based data sources, many of which
are now ameliorated with the SDO/HMI SHARP series. Several studies used line-of-sight
magnetogram data to show that the photospheric magnetic field can store up to 50 % of the
total magnetic energy (e.g. Priest and Forbes, 2002 and references therein); however, this
percentage may change when considering the transverse component of the vector magnetic
field. The integrated free-energy density [TOTPOT], shown in the lower-left panel, seems
to increase significantly for most, but not all, of the large-flare regions; the exception was
region 11283. Fan (2009) and Fang et al. (2012) suggested that some eruptive flares re-
sult in an imbalance of magnetic torque at the photosphere; this may have implications for
the photospheric current helicity. Two of the largest regions, 11429 and 11158, had a high
net current helicity and showed abrupt changes at the time of their X-class flares (upper
right panel). C 1.8-class region 11631 also had reasonably high net current helicity. A more

@ Springer



SHARPs — Space-Weather HMI Active Region Patches 3569

comprehensive analysis is required to see whether a significant relationship exists. Hudson,
Fisher, and Welsch (2008) noted that explosive events should decrease coronal magnetic en-
ergy and thus lead the coronal field to contract, increasing the inclination angle or the angle
between the vertical and horizontal photospheric field. Indeed, several studies (Liu et al.,
2005; Petrie, 2012, 2013; Sun et al., 2012; Wang, Liu, and Wang, 2012) showed that the
horizontal component of the magnetic field changes within select areas of an active region —
in particular, near the polarity-inversion line. However, the mean inclination angles shown in
the lower-right panel give no indication of an obvious systematic relationship to flare size or
timing. Such field changes may not be detectable in the large-scale SHARP averages shown
in Figure 7.

‘We have implemented an interface to automatically submit SHARP parameters, as well as
HARP geometry and location keywords, to the Heliophysics Events Knowledgebase (HEK:
Hurlburt et al., 2012). The HEK is a web-based tool designed to aid researchers in finding
features and events of interest. Various features extracted or extrapolated from HMI data,
such as the location of sunspots, polarity-inversion lines, and nonlinear force-free numerical
models, are already available in the HEK (see Sections 13 —15 of Martens et al., 2012).

The set of active-region parameters in the SHARP data series is by no means exhaus-
tive. We plan to include additional parameters, including those that characterize polarity-
inversion lines and field morphologies of varying complexity. Several studies show a re-
lationship between flaring activity and properties of the polarity-inversion line. For ex-
ample, Schrijver (2007) defined a parameter [R] that measures the flux contribution sur-
rounding polarity-inversion lines. After determining R for 289 active regions using line-
of-sight magnetograms from the Solar and Heliospheric Observatory’s Michelson Doppler
Imager (SOHO/MDI), he found that “large flares, without exception, are associated with
pronounced high-gradient polarity-separation lines.” Mason and Hoeksema (2010) devel-
oped a similar parameter, called the Gradient-Weighted Inversion Line Length (GWILL),
applied it to 71 000 MDI line-of-sight magnetograms of 1075 active regions, and found
that GWILL shows a 35 % increase during the 40 hours prior to an X-class flare. Falconer,
Moore, and Gary (2008) devised a similar parameter [WL,] and computed it for 56 vec-
tor magnetic-field measurements of active regions. Using WL, they were able to predict
CME:s with a 75 % success rate.

Two additional approaches have been widely used to characterize active regions in the
context of energetic-event productivity. One is to model the coronal magnetic field from the
observed photospheric boundary and parametrize the results to gauge the coronal magnetic-
field complexity and morphology. Examples of relevant parameterizations include descrip-
tions of the magnetic connectivity (e.g. ¢;; from Barnes and Leka, 2006, and B¢ from Geor-
goulis and Rust, 2007), and topological descriptions (Barnes and Leka, 2006; Barnes, 2007;
Ugarte-Urra, Warren, and Winebarger, 2007; Cook, Mackay, and Nandy, 2009). The results
are fairly convincing that parameters based on models of the coronal magnetic field can add
unique information to what is otherwise available from characterizing the photosphere. Sec-
ondly, the fractal spectrum and related parameterizations of the photospheric field provide
additional measures of the magnetic complexity, although the event-predictive capabilities
of such measures require additional research. While McAteer, Gallagher, and Ireland (2005)
and Abramenko and Yurchyshyn (2010) found a relation between fractal dimension and the
range of multifractality spectra and flare productivity, respectively, Georgoulis (2012) found
that “both flaring and non-flaring active regions exhibit significant fractality, multifractality,
and non-Kolmogorov turbulence, but none of the three tested parameters manages to dis-
tinguish active regions with major flares from the flare-quiet ones.” More study is required
using these analysis approaches. As the database of SHARP active-region parameters grows,
it will include parameters derived from these and other relevant studies.
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10. Summary

The four SHARP data series provide a systematic active-region database of patches of photo-
spheric vector magnetic field, Doppler velocity, continuum intensity, and line-of-sight mag-
netic field extracted and tracked to mitigate cambersome handling of full-disk data. At each
12-minute time step, the SHARP pipeline module automatically calculates sixteen indices
that characterize active regions. The parameters have been chosen because they are repre-
sentative examples of the types of quantities linked to active-region flare productivity in the
literature. These and other keywords can be used to identify and select regions of interest.
Definitive data are available a few weeks after regions complete their passage across the disk;
quick-look data for forecasting purposes are available within a few hours of being observed.
We compared temporal profiles of four SHARP indices for 16 selected regions at the times
of flares of various classes. We expect to add several more parameters to the database. The
SHARP database can enable a more thorough investigation of these parameters as statistics
accumulate.
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Appendix: SHARP Data Segment Descriptions

The hmi.sharp_720s and hmi.sharp_720s_nrt data series, which are in CCD coordinates,
include 31 data arrays, or segments. Table A.1 describes the segments associated with maps
of the line-of-sight HMI observables. Table A.2 describes the BITMAP segment associated
with geometry of the HARP data series. Table A.3 describes the segments associated with
the vector-field inversion, including the vector magnetic-field data as inclination, disam-
biguated azimuth, and field strength. Segments that provide estimates of the uncertainties
are listed separately in Table A.4. Table A.5 describes two data segments associated specif-
ically with the disambiguation module. Table A.6 describes three segments that contain bits
set by either the inversion or disambiguation module.

Table A.1 Line-of-sight observables.

Segment name Unit Description

2

MAGNETOGRAM Mxcm™ The MAGNETOGRAM segment contains HARP-sized line-of-sight

magnetic-field strength data from the series hmi.M_720s
DOPPLERGRAM ms— The DOPPLERGRAM segment contains HARP-sized line-of-sight
velocity data from the series hmi.V_720s
CONTINUUM DNs™ The CONTINUUM segment contains HARP-sized computed continuum
intensity data from the series hmi.lc_720s
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Table A.2 HARP BITMAP information.
Name Description
BITMAP The dimensionless BITMAP segment defines the bounding box and identifies which pixels are

located within the HARP, and which are above the HARP noise threshold, by labeling each
pixel with the following:

0
1
2
33
34

Off-disk

Weak field, outside the HARP
Strong field, outside the HARP
Weak field, inside the HARP
Strong field, inside the HARP

Table A.3 To solve the inverse problem of inferring a vector magnetic field from polarization profiles, the
Very Fast Inversion of the Stokes Vector (VFISV) module solves a set of differential equations that fit the

parameters below.

Segment name

Unit

Description

INCLINATION

AZIMUTH

FIELD

VLOS_MAG

DOP_WIDTH

ETA_O

DAMPING

SRC_CONTINUUM

SRC_GRAD

ALPHA_MAG

Degree

Degree

Mxcm™

2

The INCLINATION segment contains the magnetic-field inclination
with respect to the line-of-sight

The AZIMUTH segment contains the magnetic-field azimuth. Zero
corresponds to the up direction of a column of pixels on the HMI
CCD; values increase counter-clockwise. The AZIMUTH in the SHARP
series has been disambiguated. Keyword CROTA2 give the angle
between up on the CCD and North on the Sun

The FIELD segment contains the magnetic-flux density. Currently, the
filling factor is set equal to unity, so this quantity is also representative
of the average magnetic-field strength. The uncertainty (see
FIELD_ERR in Table A.4) accounts for noise in both the line-of-sight-
and transverse-field components. Values of ~ 220 Mx cm™2 or less
(20) are generally considered to be noise

The VLOS_MAG segment contains the velocity of the plasma along the
line-of-sight from the VFISV inversion. Positive means redshift. [Note:
These data are in cms ™!, whereas the Dopplergram data are in ms™ 1

The DOP_WIDTH segment contains the Doppler width of the spectral
line, computed as if it were assumed to be a Gaussian

The ETA_O segment contains the center-to-continuum absorption
coefficient

The DAMPING segment contains the electron dipole oscillation
approximated as a simple harmonic oscillator. In the current version of
the VFISV code, this parameter is constant and set to 0.5

The SRC_CONTINUUM segment contains the source function at the
base of the photosphere. In the Milne-Eddington approximation, the
source function varies linearly with optical depth

The SRC_GRAD segment contains the gradient of the source function
with optical depth. By definition, SRC_CONTINUUM + SRC_GRAD =
observed continuum intensity

The segment ALPHA_MAG is defined as the portion of the resolution
element that is filled with magnetized plasma. In the current version of
the VFISV code, this parameter is constant and set to unity
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Table A.4 The following segments contain formal computed standard deviations and correlation coefficients
of the uncertainties derived during the inversion that can be used to determine the statistical errors of the vector
magnetic field. The standard deviations are the single-parameter quantities; the correlation coefficients are the
double-parameter entries. The calculated uncertainties and covariances are only reliable if the VFISV solution
is close to an absolute minimum.

Segment name

Unit or description

INCLINATION_ERR Degree

AZIMUTH_ERR Degree

FIELD_ERR Mx cm ™2

VLOS_ERR cms™!

ALPHA_ERR Filling factor error, currently set to unity by VFISV
FIELD_INCLINATION_ERR Cross-correlation of errors in field strength and inclination

FIELD_AZ_ERR

Cross-correlation of errors in field strength and azimuth

INCLIN_AZIMUTH_ERR Cross-correlation of errors in inclination and azimuth

FIELD_ALPHA_ERR

Cross-correlation of errors in field strength and filling factor (set to unity)

INCLINATION_ALPHA_ERR Cross-correlation of errors in inclination angle and filling factor (set to
unity)

AZIMUTH_ALPHA_ERR Cross-correlation of errors in azimuth and filling factor (set to unity)

CHISQ A measure of how well the profiles are fit in the VFISV least-squares

iteration. CHISQ is not normalized

Table A.5 Disambiguation module segments.

Segment name

Description

CONF_DISAMBIG

DISAMBIG

The CONF_DISAMBIG segment identifies the confidence assigned to the final
disambiguation solution for each pixel. The confidence value nominally ranges from
0-100 and depends on the field strength in the pixel compared with the estimated
noise mask or proximity to strong-field areas. Currently, only the values 90, 60, 50,
and 0 are assigned. For patch-wise disambiguated SHARPs only three values are
assigned: 90, 60, or 0.

90 Highest confidence: clusters of pixels with transverse field strength that exceeds
the disambiguation noise threshold by DOFFSET.

60 Intermediate confidence: pixels adjacent to strong-field regions. For patch-wise
disambiguated SHARPs (those based on hmi.Bharp_720s and all NRT SHARPs),
all pixels in the SHARP that do not exceed the noise threshold are considered in-
termediate. For full-disk disambiguation (SHARPs processed beginning 15 Jan-
vary 2014 that use hmi.B_720s), pixels within AMBNPAD = 5 of a strong-field
pixel.

50 Lower confidence: in full-disk disambiguation only, the weak-field pixels not
within AMBNPAD = 5 pixels of a strong-field pixel in either x or y.

0 Not disambiguated, e.g. off-disk pixels

The DISAMBIG segment encodes information about the results of the
disambiguation calculation in three bits. Each bit represents a different
disambiguation solution in weak- and some intermediate-confidence pixels, as
described below. The three bits are identical for high-confidence pixels and for
intermediate-confidence patch-wise disambiguations computed after August 2013.
A bit is set when 180° needs to be added to the AZIMUTH returned by the VFISV
£d10 inversion module. The SHARP module has added 180° to the reported
azimuth value according to the rules described below.
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Table A.5 (Continued.)

Segment name

Description

For all high-confidence pixels (CONF_DISAMBIG = 90) the HMI pipeline
determines the azimuth disambiguation using the minimum-energy method and
records the result in bit 0.

For the intermediate-confidence pixels (CONF_DISAMBIG = 60), the
minimum-energy disambiguation is determined and spatial smoothing is applied to
the result and stored in bit 0.

The SHARPs use the results in bit 0 to adjust the value in the AZIMUTH map
segment for high- and intermediate-confidence pixels.

For lower confidence pixels (CONF_DISAMB = 50) the results of three solutions are
provided

Bit 0 (lowest bit) gives the result of a potential-field model solution.
Bit 1 (middle bit) assigns a random disambiguation for the pixel.
Bit 2 (higher bit) gives the radial-acute-angle solution.

The results for the radial-acute-angle solution (bit 2) are used in the SHARPs for
lower-confidence pixels.

In some cases for intermediate-confidence patch-wise SHARPs disambiguated
before August 2013 bits 1 and 2 of DISAMBIG will include the results of the random
or radial-acute-angle solution. Use of these bits for intermediate-confidence pixels is
deprecated

Table A.6 Per pixel information about the status/quality of inversion or disambiguation processing.

Segment name

Description

CONV_FLAG

CONFID_MAP

These values are set by the VFISV Code.

0 Reached convergence criteria (Xgl a— X,%ew <eé).

1 Continuum intensity not above required threshold. Pixel not inverted.

2 Reached maximum number of iterations before convergence.

3 Reached maximum number of iterations and finished with too many consecutive
non-improving iterations (not used by the current £d10 code).

4 Not-a-Number (NaN) in the computation of xz.

5 Not-a-Number in Singular Value Decomposition of Hessian matrix

The CONFID_MAP segment identifies the confidence index of the inversion output.
The index value at each pixel will take the integer value from O (best) to 6 (worst),
defined as the highest item number satisfying the following conditions:

0 No issue found in the input Stokes.

1 Signals for the transverse-field component in the input Stokes parameters [Q and
U] were weak.

2 Signal for the line-of-sight-field component in the input Stokes parameters [V ] was
weak.

3 Magnetic-field signals of both LoS and transverse component were weak.

4 The ME-VFISV inversion did not converge within the iteration maximum of 200.

5 If the difference between the absolute value of the line-of-sight-field strength de-
rived from magnetogram algorithm and the absolute value of the LoS compo-
nent from the VFISV inversion |B cos(inclination)! is greater than 500 Gauss,
we expect the inversion did not solve the problem correctly.

6 One (or more) of the 24 input Stokes arrays had NaN value
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Table A.6 (Continued.)

Segment name Description

INFO_MAP The dimensionless INFO_MAP segment identifies the quality index of the inversion
output at each pixel. The 16 bits in the top 4 hex digits are set by the inversion
module, while the 16 bottom bits are updated during the disambiguation step. The
meaning of the bits is defined as follows (a star indicates an arbitrary number):

Set by Disambiguation

0x**#*0000 Not disambiguated.

Ox**#*0001 Weak field, not annealed (only for full disk, filled with potential field,
radial acute, or random solution).

Ox***#*(0)003 Weak field, annealed.

Ox**#*+0007 Strong field, annealed.

Set by VFISV Inversion

0x0000**** Pixel with no recorded inversion issue.
0x0{0-5}00**** Same as the three bits of the convergence index in CONV_FLAG.
0x0800**** Bad pixel, defined using the same criteria as 5 of CONFID_MAP.

The following bits do not necessarily indicate errors:

0x1000%*** Low Q or U signal: v/(Qo+---+ 05)2 + (Uy+--- + Us)2 was
smaller than 0.2064/Iy + - - - + I5 (the nominal photon noise level).

0x2000%*** Low V signal: |Vg| + |[Vi| + --- + |V5] was smaller than
0.206/ Iy + -+ + Is.

0x4000**** Low B g value: |Bpog| from magnetogram algorithm was smaller
than 6.2 Gauss (the nominal noise level).

0x8000**** Missing data

Table A.7 Map segments in the CEA SHARPs. The CEA magnetic-field values are represented differently,
as spherical vector-field components [By, By, and By] at each remapped grid point. Statistical uncertainties
are given for each field component, but no cross-correlations are provided. The errors in By, By, and By at
each remapped pixel are calculated from the variances of the inverted magnetic field [ Brota], inclination, and
azimuth] and the covariances between them. The nearest-neighbor method is used to derive the values of the
variances and covariances at the original CCD pixel nearest the final remapped pixel. These values are then
propagated to derive the errors for By, By, and By. If nothing is specified in the unit column, the quantity is
dimensionless.

Segment name Unit Description

2

BP Mxcm™ ¢ (westward) component of the CEA vector magnetic field in the

direction of solar rotation

BT Mx cm 2 0 (southward) component of the CEA vector magnetic field

BR Mx cm 2 Radial (out of photosphere) component of the CEA vector magnetic
field

BP_ERR Mx cm ™2 Computed uncertainty (standard deviation) of the ¢ component of the
CEA vector magnetic field. CEA uncertainties are determined at the
nearest CCD pixel in the original computation

BT_ERR Mx cm 2 Computed uncertainty (standard deviation) of the & component of the
CEA vector magnetic field

BR_ERR Mx cm ™2 Computed uncertainty (standard deviation) of the radial component of

the CEA vector magnetic field
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Table A.7 (Continued.)

Segment name

Unit Description

MAGNETOGRAM

DOPPLERGRAM

CONTINUUM

CONF_DISAMBIG

BITMAP

Mx cm™2

The MAGNETOGRAM segment contains HARP-sized line-of-sight
magnetogram data from the series hmi.M_720s. The field is remapped,
but not transformed, i.e. it is still the line-of-sight component relative

to HMI

ms~ The DOPPLERGRAM segment contains HARP-sized Dopplergram data
from the series hmi.V_720s. The Doppler velocity is remapped, but not
transformed, i.e. it is still the line-of-sight component relative to HMI

DNs~! The CONTINUUM segment contains HARP-sized computed continuum
intensity from the series hmi.lc_720s

The CONF_DISAMBIG segment identifies the final disambiguation
solution for each pixel with a value that maps to a confidence level in
the result (roughly a probability). The CEA value is the same as the
value of the nearest un-remapped CCD pixel

The BITMAP segment identifies the pixels located within the HARP.
The CEA value is the same as the value of the nearest un-remapped
CCD pixel

Table A.8 Definitions of selected SHARP keywords. See references in Table 1 for links to more information.

Keyword Description

HARPNUM The identifying number of the SHARP, one of two prime keywords

T_REC The center time of the observation, the other prime keyword

QUALITY A specific bit in QUALITY is set when a specific problem exists for this observation.
E.g. bit 0x0100 is set during an eclipse. See the JISOC wiki entry LeviqualBits
referenced in Table 1 for details

DATE The time at which the SHARP module was run

CODEVER7 The software version number of the SHARP code. Code version numbers are given for
several modules in other keywords

WCSNAME World Coordinate System (WCS) coordinate system name. A number of keywords not
listed in this table provide information about the coordinates (Thompson, 2006)

DSUN_OBS The distance from HMI to the Sun center in meters

OBS_VR The radial velocity of HMI away from the Sun in m s—1

H_MERGE Indicates if two NRT HARPs were merged at this time step

OMEGA_DT Rotation rate of the region in degrees per day

NPIX The number of CCD pixels in the patch

CMASK The number of pixels that contribute to the calculation of the SHARP indices

AREA The de-projected area of the patch in micro-hemispheres

NACR The number of strong LoS magnetic-field pixels in the patch

MTOT The sum of the absolute values of the LoS magnetic field in the patch

MNET The sum of the LoS magnetic field in the patch

T_FIRST The first T_REC of this HARPNUM

T_LAST The final T_REC of this HARPNUM

LON_FWT The Stonyhurst longitude of the LoS flux-weighted center of the patch

LAT_FWT The Stonyhurst latitude of the LoS flux-weighted center of the patch
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Table A.8 (Continued.)

Keyword Description

NOAA_AR The NOAA active region first associated with the patch, if any
NOAA_NUM The number of NOAA active regions associated with the patch
NOAA_ARS List of the NOAA active regions associated with the patch

Table A.7 describes the eleven map segments associated with the hmi.sharp_cea_720s
and hmi.sharp_cea_720s_nrt data series. The CEA data-series segments have been remapped
to heliographic Cylindrical Equal-Area coordinates centered on the patch. Several of the seg-
ments, such as plasma parameters from the inversion module, are not included in the CEA
data series.

The keywords for the SHARP-computed active-region quantities and their associated
uncertainties are described in Table 3.

Each of the SHARP data series includes more than 300 keywords that provide informa-
tion about HARP geometry, disk position, upstream processing, data statistics, efc. A few
are described in Table A.8. Additional documentation can be found on the JSOC wiki (see
Table 1).
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