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Original goal: Calibrate nitrate

enhancements in polar ice to

unlock historic information of
extreme solar events.
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Are spikes in nitrate ions in ice cores signatures of
solar energetic particle events?
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Conclusion: WACCM suggests spikes likely from non-SPE sources.

[continental polluted plumes, biomass burning sources,
or post-depositional processing]



Use WACCM to study upper atmospheric processes that
could results nitrate spikes at the surface.
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Use WACCM to study two potential methods
of odd nitrogen production

1. High fluence solar proton events --
production of NO, in upper stratosphere /
mesosphere followed by slow descent within
the polar vortex. (traditional approach)

2. Production of NO, (NO, -> NO, ) directly in
troposphere or lower stratosphere by “hard”

spectrum (high energy) solar proton events.
(recently argued by Smart et al. [2014])



WACCM lon Pair Production input (“offline”)

Default SPE file: 1963-present daily average ion pair production rates calculated
from from energies 7-300 MeV (satellite data).

Goal: Higher resolution (30 min) to capture the prompt and delayed components of
SPE spectrum. Higher energy tail to look at “hard” spectrum events that produce
lon pairs in the lower atmosphere. Hypothetical events.
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Our goal:

1)Greater time
resolution

2) “Harder” spectra --
higher energies --
lower altitudes

3) Hypothetical events
(including from
energetic particle
models like EPREM)



Fixed Ocean
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Repeat with several recent SPEs

placed in stable vortex 2004-2005 winter
(including STEREO A July 2012 “Carrington-like” SPE that missed Earth)
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Method 1: Consider series of Oct 1989 SPEs...the largest
fluence in satellite era and then multiply by 10, 50, 100
...placed in stable polar vortex winter (2004-5)

Total NO, column density
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100x October 1989 SPEs necessary to achieve 4 fold increases in total
column NOy enhancements as seen in nitrate at the surface!!!




Probability of an event 100 times the Oct 1989 SPEs...>10,000 yrs
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* Miroshnechenko and Nymmik [2013]..recent SPEs and sunspot data >30 MeV of 6x10%10 cm-2 is likely to
occur every 2.6 x 105 years.



Method 2: 1000 times the 20 Jan 2005 SPE

(“hardest” event in satellite era)
[placed in 2004-2005 winter...and including an “upper-limit” tail to 1000 GeV]
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within background NOx variability.
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Probability of 1000x 20 Jan 2005 SPE
once every 1000 years

1000x 10Jan05 SPE
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» Suggestions that 774-775 AD possible SPE is 25-50 times stronger than 1956
SPE (1956 fluence inferred from GLEs) [Usoskin et al., 2013]. 1956 event is ~40x
the 20Jan05 SPE...so perhaps nitrate could be seen from the 775 AD event.
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What’s Next for Sun-to-Ice?
Applying WACCM to the Cosmogenic Radionuclide Problem
Be, 19Be, 14C, 35Cl|

and y o Photo: ANST(
.10 million v TO used to measure beryllium-10 in ice
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What’s Next for Sun-to-lce?
Applying WACCM to the Cosmogenic Radionuclide Problem
Be, 19Be, 14C, 35Cl|

Paleoclimate simulations with WACCM, branching from existing CESM simulations.

There is a large archive of paleoclimate studies using CESM. However, these studies only
extend to ~40 km while WACCM reaches ~120 km, including additional chemistry and
dynamics that likely influence global and regional climate patterns.

Rely on recent observations (e.g., IBEX and LRO-CRaTER), models (e.g, EPREM and
CORHEL), and contemporary theory to estimate the strength of the heliospheric
magnetic field and local interstellar medium.

Use the growing archive of 10Be ice cores and 7Be atmospheric observations. Over a
decade of high resolution 7Be at Summit, Greenland, ongoing accelerator mass
spectrometry (AMS) measurements of 10Be in ice cores from sites such as the West
Antarctic Ice Sheet Divide (WAIS), and existing datasets of 10Be, 14C, and 36CI.

Focus on the impact of solar variability on regional climate modes such as the Northern
Annular Mode (NAM) and Asian Monsoon. The NCAR Whole Atmosphere Working Group
has placed a high priority on using WACCM to study the coupling of the stratosphere and
troposphere on climate variability as well as studying of effects of solar variability (specifically
the 11-year solar cycle) on stratosphere ozone, temperature, and geopotential height. These
processes are central to modeling the impact of solar variability on regional climate modes.
Quantify the timescales of solar variability that can reasonably be inferred from current
paleoclimate archives. For example, can we identify the strength of individual extreme
solar events or are we limited to variability on solar cycle timescales and secular trends?

18



References

Beer, J., K. McCracken, and R. von Steiger (2012), Cosmogenic Radionuclides: Theory and Applications in the Terrestrial and Space
Environments, 2012 edition., Springer, Heidelberg Germany; New York.

Carrington, R. C. (1859), Description of a Singular Appearance seen in the Sun on September 1, 1859, Monthly Notices of the Royal
Astronomical Society, 20, 13—15.

Dibb, J. E., S. I. Whitlow, and M. Arsenault (2007), Seasonal variations in the soluble ion content of snow at Summit. Greenland:

Constraints from three years of daily surface snow samples, Atmospheric Environment, 41(24), 5007-5019, doi:10.1016/j.atmosenv.
2006.12.010.

Duderstadt, K. A., J. E. Dibb, C. H. Jackman, C. E. Randall, S. C. Solomon, M. J. Mills, N. A. Schwadron, and H. E. Spence (2014),
Nitrate deposition to surface snow at Summit, Greenland, following the 9 November 2000 solar proton event, J. Geophys. Res.
Atmos., 119(11), 2013JD021389, doi:10.1002/2013JD021389.

Garcia, R. R., D. R. Marsh, D. E. Kinnison, B. A. Boville, and F. Sassi (2007), Simulation of secular trends in the middle atmosphere,
1950-2003, J. Geophys. Res., 112, D09301, doi:10.1029/2006JD007485.

Jackman, C. H. et al. (2008), Short- and medium-term atmospheric constituent effects of very large solar proton events, Atmos.
Chem. Phys., 8(3), 765—-785, doi:10.5194/acp-8-765-2008.

Kovaltsov, G. A, et al. "Fluence Ordering of Solar Energetic Proton Events Using Cosmogenic Radionuclide Data." Solar
Physics 289.12 (2014): 4691-4700.

Smart, D. F., M. A. Shea, and K. G. McCracken (2006), The Carrington event: Possible solar proton intensity—time profile, Advances
in Space Research, 38(2), 215-225, doi:10.1016/j.asr.2005.04.116.

Smart, D. F., M. A. Shea, A. L. Melott, and C. M. Laird (2015), Low time resolution analysis of polar ice cores cannot detect impulsive
nitrate events, J. Geophys. Res. Space Physics, 119, 9430-9440

Usoskin, I. G., et al. "The AD775 cosmic event revisited: the Sun is to blame."Astronomy & Astrophysics 552 (2013): L3.

Webber, W. R., P. R. Higbie, and K. G. McCracken (2007), Production of the cosmogenic isotopes 3H, 7Be, 10Be, and 36Cl in the
Earth’s atmosphere by solar and galactic cosmic rays, J. Geophys. Res., 112(A10), A10106, doi:10.1029/2007JA012499.

Wolff, E. W., M. Bigler, M. a. J. Curran, J. E. Dibb, M. M. Frey, M. Legrand, and J. R. McConnell (2012), The Carrington event not
observed in most ice core nitrate records, Geophys. Res. Lett., 39(8), L08503, doi:10.1029/2012GL051603.



Acknowledgements

This work was supported by NSF grant 1135432 to the
University of New Hampshire. We would like to
acknowledge high-performance computing support from
Yellowstone (ark:/85065/d7wd3xhc) provided by NCAR’s
Computational and Information Systems Laboratory,
sponsored by the National Science Foundation
[Computational and Information Systems Laboratory, 2012;
The NCAR Command Language, 2013]. The CESM project is
supported by the National Science Foundation and the
Office of Science (BER) of the U.S. Department of Energy.
We thanks Colin Joyce at UNH for providing the July 2012
high energy extrapolations from PREDDICS.



Thank You

21



Extra Slides

22



GISP2-H Ice Core -- Summit, Greenland
Carrinaton Event -- 1859

{358 1859 1860
TIME (Year)

Smart et al. [20006]

Carrington [1859]



Nitrate Concentration (ppb),
Conductivity x 100 - 50 (uSfcm)

Nitrate Conc. (ppb)

600

500

400

300

200

100

400
300
200
100

4N

“BU” core -- Summit Greenland

GLEs 1940-1950

19507 1949 1948 1947 1946 1945 1944 1943 1942 1941 1940 1939 19387 19377
ITT T T T T T IIImInTTIrTT rrrrrrrrmn
Summit, Greenland GLE #3 7/25/1946
Flare 3+ (21N 16E) —— Maan nitrate concantration
B 2™ haw PCA Envelope of nitrate measurements _
— Conductivity x 100 - 50
August 5, 195 |:u-.1 y 23,1949
Flam 3+ (215 55W) Flare 3 (23N 1E
— 82 hour PCA 34 hour PCA —
LY o March 27, 1946 March 27, 1940
ey v e y GLE #2 3/7/1942 (170 AT
GLE #4 11/19/1943 , Flare 3 (20N 5W) Flare 3 (12N 17
IFlare 3+ (35 720W) EMurPCA HyYp (N 50W) 159 hawr RCA
— 58 haur PCA __ — LE #1 2/28/1942 B
May 21, 1948 Feb 6, 1946 =1 19, 1939
Fhrye:#U‘lSBQW) |'_m7~ (27N 19W I_ Flare 3 (TN SE) ma(ﬁuam
42 hour PCA 75 howr PUA July (3, 1941 62 haur PCA
L ﬁe] (12N 4E) 7
42 howr PCA
o | U'
7 W ’ AL
| \\/ I
,}\-v Hakia
— w/j 1947
Na impulsive nifrate enhancemens Flares and PCAdata fram Svesia [ 1966]
1l l 1 l l l l l
Windless Bight, Antarctica ' l ' ' ' ' ' |
- GLE #3 —
= GLEM " Jan 23 GLE #1, #2 —
” ﬂ Aug 19 —
7‘. ,i n"‘ ]I .J Jtly3 A _
| i -
LY \/\/—/ ~| LY Uaf\.‘hv\vm,lﬁvﬁl\/'vr—-_ﬁﬂ; .\,f~| 9. \/,JA L"w.ﬁur”,—\j | /\J,, a, u_'«'v' \_a | 1{\_‘.' s \ﬂ-'\v AN Va

adapted from Kepko et al. [2009]



What else could explain
nitrate spikes in ice?

Tropospheric sources
biomass burning,
pollution,
dust

e Post-depositional processing

wind,

photolysis,

migration within snow
e Dating uncertainties
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Several SPEs placed in stable vortex winter of 2004-2005
(Sep/Oct 1989 SPEs begin earlier so highest Oct flux coincides with other
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Tropospheric impact of hypothetical 1956x10 event (based
on 20 Jan 2005 SPE flux spectra)...minimal impact on NO,
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Consider “harder” (higher proton energy) SPEs that might
produce NO, (NO,) directly in the troposphere
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