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negative correlation with background intensity and that this
correlation is stronger near disk center than near the limb.

4. Unsigned flux decreases for nearly two-thirds of the flares
overall, for those near disk center and for those near the
limb. For X-class flares, the ratio of decreases to increases
is greater than 2:1. Unsigned flux tended to decrease during
flares near disk center and near the limb. All six net flux
changes of size 2 × 1020 Mx or greater decreased the net
flux. The correlations between flux and flux changes were
stronger near the limb than near disk center because the
largest flux changes occurred in X-class flares near the
limb.

5. The field change, the net flux change, and the net unsigned
flux change, all show some modest correlation with GOES
X-ray flux. The correlation between field change and GOES
X-ray flux is dominated by X-class flares at the limb. We
see a more significant correlation between net flux change
and GOES X-ray flux at disk center than at the limb and a
more significant correlation between unsigned flux change
and GOES X-ray flux at the limb than at disk center. This
may connect X-ray flux emission with asymmetric vertical
flux changes.

6. We also found a clear preference for the large changes in
magnetic field intensity, net magnetic flux and unsigned
magnetic flux to occur near the limb. None of the large
changes in these quantities occurred near disk center.
Because the longitudinal fields change most near the limb
and the line-of-sight direction is nearly horizontal near the
limb, the data are consistent with the fields being nearly
horizontal in the regions where we detect the largest field
changes.

7. We estimated Lorentz force changes using A. N.
McClymont’s method. In seven X-class cases, we find force
changes on the order of 1022 dynes, comparable to Hudson
et al. (2008) estimate for a force change large enough to
power a subsurface seismic wave. We also found evidence
that force changes are associated more with decreases than
increases in the longitudinal field, which is consistent with
these forces being preferentially directed toward rather than
away from the Sun. They are therefore consistent with
Hudson et al.’s (2008) picture of photospheric fields be-
coming more tilted during flares and may be important in
the generation of seismic waves.

8. By considering the possible relations between actual mag-
netic vector tilts and the associated longitudinal field com-
ponents at chosen locations on the solar disk, we found
that if the field tilt only increases (the vector becomes more
horizontal) during a flare, the longitudinal field can either
increase or decrease, whether near disk center or near the
limb. However, decreases would likely outnumber increases
at all parts of the disk that we investigated (within 65◦ of
disk center) and more so near disk center than near the
limb. We find such patterns in our data, again consistent
with Hudson et al.’s (2008) picture of photospheric fields
becoming more horizontal during flares.

While this work is based on a large data set, about 20,000
magnetograms, the physical picture that emerges is incomplete.
Additional information could fill significant gaps in our un-
derstanding of the fields studied here. Since 2002 May/June 1
minute continuum-intensity images have been produced by the
GONG network. Using these we can determine how strong-field
changes and penumbral intensity changes are related. Umbral
changes are more difficult to detect because umbral fields are

very strong resulting in higher noise levels and because the dark
umbral background makes flare-induced line profile transients
more likely.

To investigate the relationship between the observed photo-
spheric field changes and related changes in the corona, the
magnetograms need to be supplemented with observations of
higher atmospheric layers, such as Hα filaments and EUV loops.
Using images from NASA’s Transition Region and Coronal Ex-
plorer (TRACE) satellite, SH05 found excellent spatio-temporal
agreement between changes in the photospheric magnetic field
and increases in brightness at footpoints of flare ribbons. SH05
also found that the magnetic field changes appeared to cross
the active regions at speeds ranging from 5 to 30 km s−1. Us-
ing Hα images from Yunnan Observatory for one flare, they
found a strong spatio-temporal correlation between a propagat-
ing magnetic field change and the motion of an Hα ribbon.
Further simultaneous observations of propagating field changes
and flare ribbon motions might shed much light on the causes
of the field changes. Of the 15 flares that SH05 studied, they
analyzed EUV data for three of them and Hα data for one. These
were very laborious procedures because of the differing spatial
and temporal resolutions, fields of view (and vantage point in
the case of TRACE) and because the Hα and EUV signals de-
rive from above the photosphere. However, this kind of work
is essential if we are to understand the interactions between the
photosphere and the corona.

This work has focused on the longitudinal field and flux
changes without studying the changing morphology of the fields
and their interactions during flares. A feature-tracking algorithm
such as YAFTA3 (Welsch & Longcope 2003) can identify
magnetic flux systems and trace their evolution and interaction
in time. Preliminary experiments with the magnetograms for
the 2006 December 6 X6.5 flare show abrupt morphological
changes corresponding to the stepwise field changes reported
here. A future study will characterize this behavior.

Finally, the interpretation of these observations of longitu-
dinal field changes is complicated by the fact that they do not
include the full field vector. Sensitive, high-cadence vector data
from the Vector Spectro-magnetograph (VSM) instrument on
NSO’s Synoptic Optical Long-term Investigation of the Sun
(SOLIS) telescope and from the Helioseismic and Magnetic
Imager (HMI) on board NASA’s Solar Dynamics Observatory
(SDO) spacecraft will allow us to extend this work in various
ways. Kubo et al. (2007) studied a time series of Hinode vector
data of AR10930 with 4 minute cadence covering the 2006 De-
cember 13 flare revealing many interesting field changes, but did
not investigate abrupt stepwise changes in the vectors. We can
verify using VSM or HMI that the longitudinal field changes are
caused by changes in direction as we expect and not strength,
determine whether the field vectors become more or less tilted
with respect to the vertical during flares and derive estimates of
full Lorentz force vectors associated with the field changes.

We thank the referee for comments that helped us to write
a more readable manuscript. We thank Brian Harker, Jack
Harvey, and Frank Hill for stimulating discussions and helpful
comments on the manuscript and Sean McManus for reading
very many images from tape. We also thank Pete Marenfeld
for adding the color to Figure 5. This work utilizes data
obtained by the Global Oscillation Network Group (GONG)
program, managed by the National Solar Observatory, which is
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operated by AURA, Inc. under a cooperative agreement with
the National Science Foundation. The data were acquired by
instruments operated by the Big Bear Solar Observatory, High
Altitude Observatory, Learmonth Solar Observatory, Udaipur
Solar Observatory, Instituto de Astrofı́sica de Canarias, and
Cerro Tololo Interamerican Observatory.

REFERENCES

Anwar, B., Acton, L. W., Hudson, H. S., Makita, M., McClymont, A. N., &
Tsuneta, S. 1993, Solar Phys., 147, 287

Aschwanden, M. J. 2004, Physics of the Corona, An Introduction (New York:
Springer)

Balasubramaniam, K. S., et al. 2010, ApJ, 723, 587
Brockman, A. 2010, in ASP Conf. Ser., Proc. GONG 2008/SOHO XXI Work-

shop, Solar-stellar Dynamos as Revealed by Helio- and Asteroseismology,
ed. M. Dikpati et al. (San Francisco, CA: ASP), 416

Deng, N., Liu, C., Yang, G., Wang, H., & Denker, C. 2005, ApJ, 623,
1195

Edelman, F., Hill, F., Howe, R., & Komm, R. 2004, in Proc. SOHO 14/GONG
2004 Workshop, Helio- and Asteroseismology: Towards a Golden Future,
ed. D. Danesy (ESA SP-559; Noordwijk: ESA), 416

Fisher, G. H., Bercik, D. J., Welsch, B. T., & Hudson, H. S. 2010,
arXiv:1006.5247v1

Fletcher, L., & Hudson, H. S. 2008, ApJ, 675, 1645
Gallagher, P. T., Moon, Y.-J., & Wang, H. 2002, Solar Phys., 209, 271
Hagyard, M. J. 1987, Solar Phys., 107, 239
Harvey, J. 1986, in Small-Scale Magnetic Flux Concentrations in the Solar Pho-

tosphere, ed. W. Deinzer, M. Knölker, & H. Voight (Göttingen: Vandenhoeck
& Rupprecht), 25

Hudson, H. S. 2000, ApJ, 531, L75
Hudson, H. S., Fisher, G. H., & Welsch, B. T. 2008, in ASP Conf. Ser. 383,

Subsurface and Atmospheric Influences in Solar Activity, ed. R. Howe et al.
(San Francisco, CA: ASP), 221

Kosovichev, A. G., & Zharkova, V. V. 1999, Solar Phys., 190, 459

Kosovichev, A. G., & Zharkova, V. V. 2001, ApJ, 550, L105
Kubo, M., et al. 2007, PASJ, 59, 779
Leka, K. D., & Barnes, G. 2007, ApJ, 656, 1173
Li, Y., Jing, J., Tan, C., & Wang, H. 2009, Sci. China Ser. G, 52, 1702
Liu, C., Deng, N., Liu, Y., Falconer, D., Goode, P. R., Denker, C., & Wang, H.

2005, ApJ, 622, 722
Martı́nez-Oliveros, J. C., & Donea, A.-C. 2009, MNRAS, 395, L39
Mei, Z., & Lin, J. 2008, New Astron., 13, 526
Patterson, A. 1984, ApJ, 280, 884
Priest, E. R. 1982, Solar Magnetohydrodynamics (Dordrecht: Reidel)
Priest, E. R., & Forbes, T. G. 2000, Magnetic Reconnection (Cambridge:

Cambridge Univ. Press)
Priest, E. R., & Forbes, T. G. 2002, A&AR, 10, 313
Qiu, J., & Gary, D. E. 2003, ApJ, 599, 615
Rust, D. M. 1974, in Flare-Related Magnetic Field Dynamics, ed. Y. Nagkagawa

& D. M. Rust (Noulder: HAO/NCAR), 243
Sakurai, T., & Hiei, T. 1996, Adv. Space Res., 17, 91
Schrijver, C. J. 2007, ApJ, 655, 117
Spirock, T. J., Yurchyshyn, V. B., & Wang, H. 2002, ApJ, 572, 1072
Sudol, J. J., & Harvey, J. W. 2005, ApJ, 635, 647
Wang, H. 2006, ApJ, 649, 490
Wang, H., Ewell, M. W., Zirin, H., & Ai, G. 1994, ApJ, 424, 436
Wang, H., & Liu, C. 2010, ApJ, 716, L195
Wang, H., Liu, C., Deng, Y., & Zhang, H. 2005, ApJ, 627, 1031
Wang, H., Qiu, J., Jing, J., Spirock, T. J., & Yurchyshyn, V. 2004, ApJ, 605,

931
Wang, H., Spirock, T. J., Qiu, J., Ji, H., Yurchyshyn, V., Moon, Y.-J., Denker,

C., & Goode, P. R. 2002, ApJ, 576, 497
Wang, H., Varsik, J., Zirin, H., Canfield, R. C., Leka, K. D., & Wang, J.

1992, Solar Phys., 142, 11
Wang, J., Zhao, M., & Zhou, G. 2009, ApJ, 690, 862
Welsch, B. T., Li, Y., Schuck, P. W., & Fisher, G. H. 2009, ApJ, 705,

821
Welsch, B. T., & Longcope, D. W. 2003, ApJ, 588, 620
Yurchyshyn, V. B., Wang, H., Abramenko, V., Spirock, T. J., & Krucker, S.

2004, ApJ, 605, 546
Zhang, H., Ai, G., Yan, X., Li, W., & Liu, Y. 1994, ApJ, 423, 828

http://dx.doi.org/10.1007/BF00690719
http://adsabs.harvard.edu/abs/1993SoPh..147..287A
http://adsabs.harvard.edu/abs/1993SoPh..147..287A
http://dx.doi.org/10.1088/0004-637X/723/1/587
http://adsabs.harvard.edu/abs/2010ApJ...723..587B
http://adsabs.harvard.edu/abs/2010ApJ...723..587B
http://dx.doi.org/10.1086/428821
http://adsabs.harvard.edu/abs/2005ApJ...623.1195D
http://adsabs.harvard.edu/abs/2005ApJ...623.1195D
http://adsabs.harvard.edu/abs/2004ESASP.559..416E
http://www.arxiv.org/abs/1006.5247v1
http://dx.doi.org/10.1086/527044
http://adsabs.harvard.edu/abs/2008ApJ...675.1645F
http://adsabs.harvard.edu/abs/2008ApJ...675.1645F
http://dx.doi.org/10.1023/A:1020950221179
http://adsabs.harvard.edu/abs/2002SoPh..209..171G
http://adsabs.harvard.edu/abs/2002SoPh..209..171G
http://dx.doi.org/10.1007/BF00152022
http://adsabs.harvard.edu/abs/1987SoPh..107..239H
http://adsabs.harvard.edu/abs/1987SoPh..107..239H
http://adsabs.harvard.edu/abs/1986ssmf.conf...25H
http://dx.doi.org/10.1086/312516
http://adsabs.harvard.edu/abs/2000ApJ...531L..75H
http://adsabs.harvard.edu/abs/2000ApJ...531L..75H
http://adsabs.harvard.edu/abs/2008ASPC..383..221H
http://dx.doi.org/10.1023/A:1005226802279
http://adsabs.harvard.edu/abs/1999SoPh..190..459K
http://adsabs.harvard.edu/abs/1999SoPh..190..459K
http://dx.doi.org/10.1086/319484
http://adsabs.harvard.edu/abs/2001ApJ...550L.105K
http://adsabs.harvard.edu/abs/2001ApJ...550L.105K
http://adsabs.harvard.edu/abs/2007PASJ...59S.779K
http://adsabs.harvard.edu/abs/2007PASJ...59S.779K
http://dx.doi.org/10.1086/510282
http://adsabs.harvard.edu/abs/2007ApJ...656.1173L
http://adsabs.harvard.edu/abs/2007ApJ...656.1173L
http://dx.doi.org/10.1007/s11433-009-0238-3
http://dx.doi.org/10.1086/427868
http://adsabs.harvard.edu/abs/2005ApJ...622..722L
http://adsabs.harvard.edu/abs/2005ApJ...622..722L
http://adsabs.harvard.edu/abs/2009MNRAS.395L..39M
http://adsabs.harvard.edu/abs/2009MNRAS.395L..39M
http://dx.doi.org/10.1016/j.newast.2008.02.001
http://adsabs.harvard.edu/abs/2008NewA...13..526M
http://adsabs.harvard.edu/abs/2008NewA...13..526M
http://dx.doi.org/10.1086/162063
http://adsabs.harvard.edu/abs/1984ApJ...280..884P
http://adsabs.harvard.edu/abs/1984ApJ...280..884P
http://adsabs.harvard.edu/abs/2002A&ARv..10..313P
http://adsabs.harvard.edu/abs/2002A&ARv..10..313P
http://dx.doi.org/10.1086/379146
http://adsabs.harvard.edu/abs/2003ApJ...599..615Q
http://adsabs.harvard.edu/abs/2003ApJ...599..615Q
http://dx.doi.org/10.1016/0273-1177(95)00548-S
http://adsabs.harvard.edu/abs/1996AdSpR..17Q..91S
http://adsabs.harvard.edu/abs/1996AdSpR..17Q..91S
http://dx.doi.org/10.1086/511857
http://adsabs.harvard.edu/abs/2007ApJ...655L.117S
http://adsabs.harvard.edu/abs/2007ApJ...655L.117S
http://dx.doi.org/10.1086/340431
http://adsabs.harvard.edu/abs/2002ApJ...572.1072S
http://adsabs.harvard.edu/abs/2002ApJ...572.1072S
http://dx.doi.org/10.1086/497361
http://adsabs.harvard.edu/abs/2005ApJ...635..647S
http://adsabs.harvard.edu/abs/2005ApJ...635..647S
http://dx.doi.org/10.1086/506320
http://adsabs.harvard.edu/abs/2006ApJ...649..490W
http://adsabs.harvard.edu/abs/2006ApJ...649..490W
http://dx.doi.org/10.1086/173901
http://adsabs.harvard.edu/abs/1994ApJ...424..436W
http://adsabs.harvard.edu/abs/1994ApJ...424..436W
http://dx.doi.org/10.1088/2041-8205/716/2/L195
http://adsabs.harvard.edu/abs/2010ApJ...716L.195W
http://adsabs.harvard.edu/abs/2010ApJ...716L.195W
http://dx.doi.org/10.1086/430418
http://adsabs.harvard.edu/abs/2005ApJ...627.1031W
http://adsabs.harvard.edu/abs/2005ApJ...627.1031W
http://dx.doi.org/10.1086/382527
http://adsabs.harvard.edu/abs/2004ApJ...605..931W
http://adsabs.harvard.edu/abs/2004ApJ...605..931W
http://dx.doi.org/10.1086/341735
http://adsabs.harvard.edu/abs/2002ApJ...576..497W
http://adsabs.harvard.edu/abs/2002ApJ...576..497W
http://dx.doi.org/10.1007/BF00156630
http://adsabs.harvard.edu/abs/1992SoPh..142...11W
http://adsabs.harvard.edu/abs/1992SoPh..142...11W
http://dx.doi.org/10.1088/0004-637X/690/1/862
http://adsabs.harvard.edu/abs/2009ApJ...690..862W
http://adsabs.harvard.edu/abs/2009ApJ...690..862W
http://dx.doi.org/10.1088/0004-637X/705/1/821
http://adsabs.harvard.edu/abs/2009ApJ...705..821W
http://adsabs.harvard.edu/abs/2009ApJ...705..821W
http://dx.doi.org/10.1086/368408
http://adsabs.harvard.edu/abs/2003ApJ...588..620W
http://adsabs.harvard.edu/abs/2003ApJ...588..620W
http://dx.doi.org/10.1086/382142
http://adsabs.harvard.edu/abs/2004ApJ...605..546Y
http://adsabs.harvard.edu/abs/2004ApJ...605..546Y
http://dx.doi.org/10.1086/173861
http://adsabs.harvard.edu/abs/1994ApJ...423..828Z
http://adsabs.harvard.edu/abs/1994ApJ...423..828Z

