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Effects	  of	  Ionizing	  Radia5on	  
•  Direct	  effects	  are	  limited:	  

– Redistributed	  photon	  energy	  (γ	  -‐>	  UV)	  
•  High	  energy	  primaries	  -‐>	  GRBs	  (10	  s,	  hemisphere)	  

– High	  energy	  CRs:	  direct	  and/or	  secondaries	  
•  But,	  flux	  is	  small	  

•  Atmospheric	  effects	  are	  more	  important:	  
–  Ioniza5on	  creates	  NOx	  compounds	  (NO,	  NO2)	  
– Cataly5cally	  destroy	  O3	  -‐>	  Enhanced	  Solar	  UV	  

– Recovery	  takes	  years	  (up	  to	  a	  decade)	  
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BEFORE:	  UV	  blocked	  by	  O3	  

AFTER:	  
Solar	  UV	  reaches	  
surface,	  
NO2	  haze	  darkens	  	  



Modeling	  Atmo	  Effects	  

•  Compute	  atmospheric	  ioniza5on	  from	  
primaries	  (photons	  and/or	  CRs)	  

•  Ioniza5on	  is	  a	  source	  of	  NOx	  	  
– NASA	  GSFC	  2D	  atmo	  chemistry	  &	  dynamics	  model	  

•  Run	  the	  model	  with	  pre-‐industrial	  condi5ons.	  
•  Analyze	  changes	  in	  O3 	  	  

– Compute	  enhanced	  surface	  UV,	  bio	  impact	  



Atmo	  Effects:	  1859	  Solar	  Proton	  Event	  

•  O3	  deple5on:	  
– Max	  5%	  global	  avg.	  
– Similar	  to	  current	  
– Recovery	  ~	  4	  yrs	  	  

Thomas	  et	  al.	  2007,	  GRL,	  34,	  L06810	  



Atmo	  Effects:	  SN	  1987A	  scaled	  
•  Most	  complete	  modeling	  from	  Gehrels	  et	  al.	  
2003	  (ApJ):	  	  
– Photon	  spectrum	  input;	  CRs	  just	  turned	  up	  GCR	  
– Based	  on	  1987A	  observa5ons	  

The reaction

NOþHO2 ! NO2 þOH ð11Þ

repartitions constituents within the NOy and HOx families.
NO2 is rather easily dissociated through

NO2 þ h!ð< 423 nmÞ ! NOþO ; ð12Þ

and O3 is then formed via the three-body reaction (5).
3. Finally, the enhanced NOy begins to interfere with

other families (e.g., chlorine-, bromine-, and hydrogen-
containing constituents) that destroy ozone, thus reducing
the resultant ozone destruction from those families (e.g.,
this mechanism for production of NOy due to extremely
large solar proton events was discussed in Jackman,
Fleming, & Vitt 2000). Reactions such as

ClOþNO2 þM ! ClONO2 þM ð13Þ

become important.

For cosmic-ray simulations, we find that after the per-
turbed steady state is achieved, NOy column densities
increase at all latitudes and for all times of the year. For
DSN ¼ 10 pc, the largest increases in column NOy (650%)
occur over the North Pole in late summer, while the smallest
increases (200%) occur over the South Pole in winter, with
an average global increase of about 350%. Corresponding
column O3 levels decrease globally and in all seasons by as
much as 40% over the North Pole, in late summer and by as
little as 5% over the equator during May–August, for an
average global decrease of 22% (Fig. 4). Our global ozone
reductions are less than those of Ruderman (1974) and Reid
et al. (1978) but consistent withWhitten et al. (1976).

4. UNCERTAINTIES

The GSFC two-dimensional model has been developed to
represent the ‘‘ present-day ’’ atmosphere. Winds and small-
scale mixing processes rely on an average of meteorological
field measurements over the 1979–1995 time period and
contemporary constituent measurements (see x 2.1). The
Earth’s atmosphere has changed dramatically since life first
evolved about 3.5 Gyr ago. It has only been since the Cam-
brian period began (%0.55 Gyr ago) that molecular oxygen,
and hence ozone, have become significant components of
the Earth’s atmosphere. Our computations are, therefore,
not applicable to any period before about 0.55 Gyr ago.

If the base state ozone in the past atmosphere, which
would have been perturbed by an SN, were radically differ-
ent from that indicated by recent measured levels of ozone,
then the modeled transport field could be fairly different
from the actual past atmosphere. Fleming et al. (2001) dis-
cussed differences in the total ozone perturbation response
from a stratospheric aircraft perturbation. The studied air-
craft perturbations were somewhat similar to an SN pertur-
bation since the major atmospheric impact was in the lower
stratosphere. Fleming et al. (2001) show about a factor of 2
variation in the global total ozone perturbation response.

Another possible concern relating to the atmospheric
transport is the input energy from cosmic and gamma rays.
This excess energy or ‘‘ atmospheric heating ’’ can be quanti-
fied and compared with background levels of heating: at an
altitude of about 15 km or a pressure of about 100 hPa, the
background heating rate is %0.1–0.2 K day&1 (J. Rosenfield
2002, private communication). A heating rate of 0.1 K
day&1 corresponds to%1:9' 10&3 ergs cm&3 s&1, which is to
be compared with the GCR rate of %1:7' 10&7 ergs cm&3

s&1. (This assumes an ion pair production of 30 cm&3 s&1 at
this altitude [from Nicolet 1975] and an energy expended
per ion pair of%35 eV [from Porter et al. 1976].) Our ad hoc
increase by 100 in the GCR rate for DSN ¼ 10 pc raises this
volume-heating rate to a level that is still only %0.01 of the

Fig. 4.—Contour plot of global average of ozone depletion (shown as
percentages) during year 20 due to the cosmic irradiation, assuming an
enhancement of 100-fold in the empirically observedGCR ionization rate.

Fig. 3.—Annual average reduction in global ozone from gamma irradia-
tion from an SN as a function ofDSN, assuming iSN ¼ 0( (average over year
2). The solid line indicates a dependency ofD&2

SN.
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both natural and human-made sources, which are explained
in several books (e.g., Dessler 2000).

Odd nitrogen, NOy, is primarily created through natural
processes. The major source of NOy is the oxidation of
biologically produced N2O in the stratosphere (e.g., Vitt &
Jackman 1996). The NOy constituents can destroy ozone
through the catalytic reaction cycle

NOþO3 ! NO2 þO2 ð6Þ

NO2 þO ! NOþO2 ð7Þ

net : O3 þO ! O2 þO2 : ð8Þ

Note that NO is not consumed through reactions (6) and
(7), and the net result is combining an ozone molecule and
an atom of oxygen to form two molecules of oxygen. This
cycle involving these two reactions can proceed several
hundred times before either NO or NO2 reacts with another
atmospheric constituent.

All the perturbed simulations include excess NOy from
either cosmic or gamma rays. We describe the atmospheric
effect from these impacts, primarily focusing on the NOy-
and O3-induced variations.

Five gamma-ray simulations were performed for SN
impact angle latitude (i.e., latitude for which the SN is at
zenith) iSN ¼ %90&, %45&, 0&, +45&, and +90&, taking
DSN ¼ 10 pc. Three more simulations were carried out
for iSN ¼ 0& and DSN ¼ 20, 50, and 100 pc. We find that
after 300 days of simulated gamma radiation input, the
calculated changes in NOy and O3 column density depend
significantly on iSN. The largest increases in NOy for
DSN ¼ 10 pc are for iSN ¼ '90& and exceed 1800% over
the poles. The smallest increases occur for iSN ¼ 0&,
where the maximum increase is less than 900% by the
end of the run. Ozone depletion accompanying the
increase in NOy is greatest for iSN ¼ '90&, with the zone
of maximum decrease ((60%) at 60&–70& latitude south
for iSN ¼ %90&. The smallest decrease occurs for iSN ¼ 0&,
with the region of maximum decrease (about 40%) at
60&–90& latitude south (Fig. 1). The maximum annual
global average decrease for DSN ¼ 10 pc (Fig. 2) is 27%
in year 2 for iSN ¼ 0&; the minimum is 18% for
iSN ¼ %90&. Simulations for 10, 20, 50, and 100 pc show
a (D%n

SN trend in ozone depletion, where (1:3 < n <( 1:9
(Fig. 3). In all cases, the global average ozone depletion
from enhanced gamma rays decreases to a few percent by
the sixth or seventh year.

Figure 3 shows an increasing deviation from a D%2
SN law

for the ozone depletion as DSN decreases. In other words,
although the fluence or net energy input from gamma rays
varies (by assumption) as D%2

SN, the ozone depletion begins
to saturate for small DSN. Three processes lead to this
deviation:

1. High production levels of NOy result in large self-
destruction of NOy and will somewhat limit the modeled
concentrations of NOy (Crutzen & Brühl 1996). The N
atoms produced via dissociation of N2 primarily react to
formNO via

NþO2 ! NOþO ; ð9Þ

however, at higher levels of NO the following reaction is

also important:

NþNO ! N2 þO : ð10Þ

This reaction brings nitrogen out of the odd nitrogen (NOy)
family back to even nitrogen, N2.
2. Ozone can be produced (rather than destroyed) by

enhancements of NOy in the troposphere and in the lowest
part of the tropical stratosphere (Crutzen & Brühl 1996).

Fig. 1.—Contour plot of global average of ozone depletion (shown as
percentages) during year 2 from gamma irradiation, for DSN ¼ 10 pc and
iSN ¼ 0&.

Fig. 2.—Peak annual average reduction in global ozone from gamma
irradiation forDSN ¼ 10 pc as a function of iSN (average over year 2).
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Deple5on	  is	  similar	  for	  
each	  component	  
separately.	  
	  
Up	  to	  	  50-‐60%	  locally,	  
25%	  globally	  averaged	  

CRs	  @	  10	  pc	  



Atmo	  Effects:	  Long	  GRB	  
•  O3	  deple5on	  for	  burst	  over	  Equator,	  in	  March,	  
at	  2	  kpc	  

Thomas	  et	  al.	  2005,	  ApJ,	  634,	  509	  



Atmo	  Effects:	  Long	  GRB	  

•  Loca5on	  and	  
season	  of	  burst	  
affect	  intensity	  
and	  geographic	  
distribu5on	  of	  
impact.	  

•  Globally	  averaged	  
deple5ons	  up	  to	  
35%	  



Solar	  UV	  and	  Biological	  Effects	  

•  Surface	  UVB	  (280-‐315	  nm)	  
–  Solar	  UVB	  aGenuated	  by	  O3	  column	  
–  Simple	  approach	  (no	  scaGering,	  etc.)	  

•  DNA	  damage	  
–  Computed	  using	  a	  weigh&ng	  
func&on	  (Setlow	  1976)	  and	  solar	  
UVB	  irradiance.	  



Relative 
DNA 

damage  
(normalized by 
annual global 
average pre-

burst) 
 

Note 
primarily 
mid-low 
latitudes 
affected. 



Steps	  toward	  Improvement	  

•  To	  get	  more	  realis5c	  damage	  es5mates:	  
1.  Use	  a	  full	  radia5ve	  transfer	  model	  to	  get	  

spectral	  irradiance	  at	  surface	  
•  And,	  use	  a	  variety	  of	  weigh5ng	  func5ons	  

2.  Compute	  transfer	  of	  light	  into	  water	  
3.  Use	  weigh5ng	  func5ons	  for	  the	  impact	  on	  

phytoplankton	  primary	  produc5vity,	  integrated	  
over	  the	  water	  column	  popula5on.	  

•  In	  par5cular,	  newly	  measured	  BWFs	  for	  
picophytoplankton	  species	  Synechococcus	  and	  
Prochlorococcus	  



Atmo	  Radia5ve	  Transfer	  Modeling	  

•  TUV	  is	  a	  freely	  available	  atmo-‐RT	  model	  
– Modified	  to	  read	  in	  O3	  and	  NO2	  profiles	  from	  
atmo	  chemistry/dynamics	  modeling	  

•  Output	  surface	  values:	  
– Spectral	  irradiance	  from	  280-‐700	  nm	  
– Total	  irradiance	  in	  UVB,	  UVA	  
– Rela5ve	  effects	  measured	  by	  various	  built-‐in	  
weigh5ng	  func5ons	  



Some	  Results	  
GRB	  over	  S.Pole,	  in	  June	  

(candidate	  for	  the	  end-‐Ordovician	  ex5nc5on)	  

• UV	  Index	  



More	  Results	  
GRB	  over	  S.Pole,	  in	  June	  

•  At	  25	  deg	  South,	  560	  days	  (1.6	  years)	  aner	  burst	  (Jan.	  16)	  
Quantity % Change  

(GRB vs. Normal) 

 O3 column density -52 
 NO2 column density +2517 
 UV index (WMO, 1994) +128 
 UVB irradiance +66 
 UVA irradiance -2 
 Erythema, humans (Anders et al., 1995) +137 
 Phytoplankton (Boucher et al., 1994) +83 
 Phytoplankton, Phaeodactylum sp. (Cullen et al., 1992)  +26 
 Phytoplankton, Prorocentrum micans (Cullen et al., 1992) +40 
 Cataract, pig (Oriowo et al., 2001)  +100  
 Plant damage (Flint & Caldwell, 2003) +49 
 DNA damage, in vitro (Setlow, 1974) +310 



Primary	  Produc5vity	  

•  Compu5ng	  the	  impact	  on	  primary	  
produc5vity	  in	  the	  water	  column	  gives	  us	  an	  
integrated	  value	  

•  Removes	  most	  of	  the	  bio	  issues	  we	  had:	  
1.  Organisms	  aren’t	  bare	  DNA	  
2.  Marine	  organisms	  live	  in	  and	  under	  the	  water,	  

not	  just	  on	  surface	  (UV	  aGenuated)	  
3.  Primary	  producers	  have	  repair	  mechanisms,	  

and	  can	  move	  up	  and	  down	  in	  the	  water	  
column	  



Why	  Phytoplankton?	  

•  Live	  in	  oceans,	  lakes,	  etc.	  
•  Form	  the	  base	  of	  the	  food	  chain	  in	  
these	  bodies	  of	  water	  
– Synechococcus	  and	  Prochlorococcus	  
are	  prevalent	  in	  mid-‐la5tudes	  

•  Produce	  half	  the	  world’s	  O2	  supply	  
– And	  consume	  CO2	  in	  the	  process	  

•  Poten5ally	  vulnerable	  to	  increases	  
in	  UV	  
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BWF	  –	  Photosynthesis	  Model	  
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Preliminary	  Observa5ons	  from	  Model	  Results:	  
-‐Ambient	  Condi5ons	  have	  Strong	  Effects	  –	  Surface	  UV	  inhibits	  Photosynthesis	  by	  ~80%	  
-‐Modest	  Effect	  of	  Addi5onal	  UV	  from	  GRB	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Further	  Decrease	  in	  Photosynthesis	  Generally	  <	  10%	  at	  Surface	  
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