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Presenter
Presentation Notes
While a graduate student and early in her career, Susan Solomon was involved with some ground-breaking research into the atmospheric impacts of energetic particle precipitation.  I will try to present some of these atmospheric effects in this talk.
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Presenter
Presentation Notes
Here is an outline of my talk.  I will first introduce energetic particle precipitation.    Next, I will go into the particle production of HOx.    Then, I will show particle production of NOx, both of which result in ozone depletion.    Finally, I will mention some of the impact of energetic particles on ozone trends. 



1) Introduction 

 Energetic particles released from Sun
during Coronal Mass Ejections 

& Solar Flares
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Presentation Notes
Now to the Introduction.  Energetic particles, both electrons and positive ions, are occasionally ejected from the Sun during coronal mass ejections and solar flares.



Focus on Protons, which make up ~90% 
of positively charged Solar particles

 Satellite observations of proton fluxes

“Solar Proton Event (SPE)”

Positively Charged Particles penetrate
deeper into the atmosphere than Electrons

Presenter
Presentation Notes
These energetic particles interact with the magnetosphere protecting the Earth and mostly enter this region through the magnetotail and precipitate primarily in the polar regions. It turns out that protons make up 90% of the positively charged particles and we have good measurements of the proton fluxes.  Thus, when one of these Solar storms occurs, it is referred to as a solar proton event or SPE.



Energy Deposition by Solar Protons
in both Polar Caps (>60o Geomag. Lat.)

Most (70-80%) energy of protons creates ion pairs:
 free Electron       &       positive Ion

HOx (H, OH, HO2) made via ion chemistry (H2O)
 Primarily short-term effects 

(during and for a few hours after SPE)

NOx (N, NO, NO2) made by protons (etc.) dissoc. N2
 Short- and long-term effects as NOx constituents can last 

for days to months in the middle atmosphere

Presenter
Presentation Notes
About 70-80% of the energy from the incoming protons is lost in ionizing events resulting in a free energetic electron and leaving behind a positive ion. The HOx constituents arise from a complex ion chemistry set of reactions involving water (H2O).  The resultant HOx constituents are short-lived, thus deplete ozone only over a relatively short period of time – during and for a few hours after an event.	The NOx constituents are created when N2 is dissociated by collisions with the protons or accompanying secondary electrons.  NOx constituents have lifetimes of days to months in the middle atmosphere, thus can lead to longer-term depletions of ozone.



2) Energetic Particle Precipitation 
A) HOx (H, OH, HO2) Production

• Swider and Keneshea (1973) first proposed that 
HOx constituents produced by solar protons
decreased ozone.

• Solomon et al. (1981) first quantified the 
production of HOx constituents as a function 
of altitude and ion pair production.
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Presentation Notes
Now let us discuss in some more detail the energetic particle enhancement of HOx constituents.  Swider and Keneshea in a 1973 paper first proposed that HOx was produced by solar protons and led to ozone decreases.  The paper by Solomon and colleagues in 1981 first quantified the production of HOx constituents as a function of altitude and ion pair production.



from Solomon
et al. (1981)
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I next show a famous figure in that paper, which Dan Marsh so splendidly colorized.  You can see from the plot that nearly two HOx constituents per ion pair are produced in the lower mesosphere and stratosphere.  However, the amount of HOx production per ion pair falls off relatively rapidly with height in the upper mesosphere and for higher ion pair production.  These values reach about zero near the mesopause.  The production of HOx constituents by the incoming protons leads to an ozone decrease.



Arctic OH

Ozone Depletion from July 13, 1982 SPE 
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Computed in Model 
(HOx prod. Table)

Observed by Solar 
Mesosphere Explorer: 

Change relative to early July

Ozone Depletion 
mainly from HOx

70oN
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Here is a figure from a paper by Solomon et al. (1983), which shows the ozone depletion caused by the solar proton event in July 1982.  The black dots and triangles indicate ozone measurements of the Solar Mesosphere Explorer satellite at 70oN in the morning.  The solid and dashed lines show ozone computed with a one-dimensional time dependent model using the HOx production rates given in the previous slide at two local times near the observation time.  Note the large observed and computed ozone decreases during this SPE, especially in the mid- to upper mesosphere where more than 40% of the ozone is depleted by the proton-produced HOx constituents.  Note, also, that there is very little ozone change at 50 km and below during the event.  This SPE primarily was comprised of lower energy protons and thus mainly impacted the mesosphere.



Impacts of
Extremely Large SPEs in Oct. -Nov. 2003
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Presentation Notes
Now let us turn our focus to the impacts of the extremely large SPEs in Oct.-Nov. 2003, known as the Halloween storms of 2003.



Extremely Large SPEs in Oct. -Nov. 2003
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From Jackman 
et al. [2008]
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Presentation Notes
This figure shows the daily average ionization rate in #/cm-3/s for the late Oct. and early Nov. time period.  The SPEs impact both the mesosphere and the stratosphere. Note large ionization rates (>500 cm-3/s) for the Oct. 28-30 and the Nov. 4-5 time period.



• Crutzen et al. (1975) first proposed that NOx
constituents were produced by solar protons & 
would decrease ozone.

• Solomon & Crutzen (1981) modeled the SPE 
production of NOx & ozone loss including chlorine 
chemistry & temperature feedback for the first time. 

2) Energetic Particle Precipitation 
B) NOx (N, NO, NO2) Production

• ~1.25 NOx constituents produced 
per ion pair in the middle atmosphere
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Presentation Notes
Now let turn to the production of NOx constituents by solar protons.  Paul Crutzen and colleagues in 1975 first proposed that NOx was produced from solar protons and would lead to ozone depletions.  Susan Solomon and Paul Crutzen in 1981 modeled the influence of the NOx produced during a large solar proton event on the atmosphere.  This model actually included chlorine chemistry and temperature feedback for the first time, which was a VERY big deal at the time.  I just wanted to mention here that about 1.25 NOx constituents are produced per ion pair in the middle atmosphere.



NOx (NO+NO2) Increase (ppbv) Caused
by Extremely Large SPEs in Oct. -Nov. 2003
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Are there any measurements of solar proton-caused NOx increases? Yes, at the time UARS HALOE was measuring NOx at the southern polar latitudes between 75o and 64oS and taking a sunrise and a sunset observation each orbit.  HALOE’s coverage is not as extensive as some satellite instruments and was limited to the high southern latitudes during this period.  Note the large observed mesospheric increases of greater than 20 ppbv in NOx beyond the values during the Oct. 12-15 period, before the event.  There were even observed upper stratospheric NOx increases of greater than 5 ppbv.The Whole Atmosphere Community Climate Model (WACCM) modeled enhancements of NOx are fairly similar to those measured, both in magnitude and time-dependency.  These comparisons give some confidence in the possible application and use of WACCM simulations. 
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Now let us turn our attention to the ozone impact of this very large solar proton event.  Here, we show the atmospheric influence at the high latitudes of 70-90oN of this particular event, which was observed by the Envisat MIPAS instrument.  In this case the observed ozone change was relative to a quiet time before the event on Oct. 25. Very large lower mesospheric ozone depletions were measured on Oct. 29 of greater than 60% and on Nov. 3 of greater than 40%.  These depletions were primarily caused by the HOx enhancements during the events and were relatively short-lived.	There were also some longer-lived ozone depletions observed in the middle to upper stratosphere, reaching greater than 30% ozone loss in the upper stratosphere several days after the solar event.  Such depletions were primarily caused by the NOx enhancements from the events.  It is autumn in the Northern Hemisphere and the NOx increases are more long-lasting during this time due to general downward transport.	Computations with the WACCM were made of the impact of such events on ozone in the lower figure.  Note the fairly reasonable agreement between model and measurement for both the short- and the longer-term ozone change.  Focus especially on the longer-term ozone decreases caused by the NOx enhancements, which look similar in both the observations and model calculations. 



3) Energetic Particles and Ozone Trends 
PAPER: On the Identification of Ozone Recovery, 

Kane Stone, S. Solomon, & D. Kinnison, GRL, (2018)

A) Ozone trends in upper stratosphere at polar latitudes   
in autumn/winter were impacted by HUGE SPEs 
in years 2000-2003 

B) Analyses including WACCM NO2 accounts for SPEs 
 Better quantifies the ozone recovery signature

WACCM NOx Increase & Ozone Depletion from
Huge 2003 SPEs Mostly Agree with Observations
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Since the WACCM NOx increase and Ozone depletion from energetic particles agree fairly well with observations, it is possible to use WACCM in analyses regarding the big question of Ozone Recovery.  This leads us to the final topic in this talk.   Kane Stone, Susan Solomon, and Doug Kinnison showed in a paper published in 2018 that the influence of solar proton events needs to be removed in order to be able to ascertain the ozone recovery.  A) It turns out that several huge SPEs in the early 2000s had a substantial impact on ozone trends in the upper stratosphere at polar latitudes.  Six of the twelve largest SPEs since 1965 occurred in the 2000-2003 time period. B) Analyses which included WACCM NO2 and accounted for the SPEs better quantifies the ozone recovery signature.



Thank you, 
Susan Solomon and colleagues, 

for ground-breaking contributions 
to understanding the influence 

of energetic particle precipitation 
on the middle atmosphere!

Presenter
Presentation Notes
I would just like to say that I have not discussed all the contributions of Susan Solomon in this area due to limited time.I would, however, just like to thank Susan Solomon and her colleagues for a number of ground-breaking contributions to our understanding of the influence of energetic particle precipitation on the middle atmosphere. 


	Response of the Middle Atmosphere�to Energetic Particle Precipitation
	Outline
	Slide Number 3
	Slide Number 4
	Energy Deposition by Solar Protons�in both Polar Caps (>60o Geomag. Lat.)
	2) Energetic Particle Precipitation �A) HOx (H, OH, HO2) Production
	Slide Number 7
	Slide Number 8
	Slide Number 9
	Slide Number 10
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15

