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Calculated Hemispheric 
Average O3 Column 

% Change

Baseline (6500 Mt)

Excursion (Baseline plus 100 x 20 Mt)17%

43%

half recovery in 4 years

half recovery in 3 years

National Research Council, 1985:
The Effects on the Atmosphere of a Major Nuclear Exchange
• NRC’s 1985 

calculations were 
based on NOx 
production by 
shock waves 
and fireballs 
lofted into the 
stratosphere 
from 
thermonuclear 
explosions in a 
full-scale US-
USSR war.

• NOx in the 
stratosphere 
catalyzes ozone loss. 

• Models could not adequately represent the 
rise of smoke plumes at that time.



Massive global ozone loss predicted following 
regional nuclear conflict (Mills et al., PNAS, 2008)

 100 x 15-kt weapons detonated in the sub-tropics, 30°N, 70°E
 Urban firestorms would loft up to 5 Tg black carbon (BC) smoke 

into upper troposphere after initial rainout (Toon et al., 2006)
 10-year runs with WACCM3/CARMA at 4°x5°
• 5 Tg of BC, 150-300 hPa in one column
• control run without BC radiative feedback
 20% removed by rainout within 2 weeks, 80% self-lofts to 

stratosphere
 BC absorbs 

sunlight, heating 
the stratosphere 
by 30-100K, consistent 
with Robock et al. 
(ACP, 2007) 

Global mean temperature change (°C), 5 Tg - control
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Ozone Loss 
Mechanisms

1. smoke rises to the 
top of the 
stratosphere 
producing stronger 
and longer-lasting 
heating

2. two temperature-
sensitive ozone loss 
reactions accelerate

3. the rise of the smoke 
plume perturbs N2O, 
which leads to enhanced NOx production

4. radiative effects reduce the stratospheric circulation, so smoke and 
NOx stays in the stratosphere longer



New Regional Nuclear War Simulation

 CESM1/WACCM4-CARMA: 
coupled to full ocean, land, sea 
ice and land ice models
 1.9° lat x 2.5° lon resolution
 BC initialized in 50 columns 

on Jan 1, 2013, 150-300 hPa, 
uniform mmr
  Wet and dry deposition 

passed to surface models
 10-year ensembles: 3 

experiment, 3 control runs based 
on CMIP5 RCP4.5



CESM-CARMA model setup

• CARMA3.0 (Bardeen) is joining the CAM developer trunk this month (Feb 
2012)

• science model bc_strat (Mills): 
• single 0.1µm bin
• mass added to hydrophobic black carbon (BCPHO) in CAMRT

• Building CESM-CARMA: 
• create_newcase -compset BRCP45WCN ... 
• edit env_conf.xml 
• add ” –carma <model>” to the CAM_CONFIG_OPTS tag:

<entry id="CAM_CONFIG_OPTS" value=”...‐carma bc_strat" /> 
• Run 3 ensemble members by either:

• varying ICs using CMIP5 ensemble of ICs for Jan 1, 2013
• creating new realizations by offsetting atm and ocean by 1 day



Column-integrated optical depths
2004 A. Robock et al.: Climatic consequences of regional nuclear conflicts
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Fig. 1.  Horizontal and vertical distributions of smoke for the 5 Tg standard case.  A.  Zonal 468 
average absorption optical depth, as function of latitude and time.  The poleward spread and 469 
subsequent loss of smoke over time is clearly seen.  B.  Global average vertical distribution of 470 
black carbon as a function of time, plotted as mass mixing ratio.  The semiannual lofting is 471 
due to heating during the solstice in each summer hemisphere (Fig. 2). 472 

Fig. 1. Horizontal and vertical distributions of smoke for the 5 Tg
standard case. (A) Zonal average absorption optical depth, as func-
tion of latitude and time. The poleward spread and subsequent loss
of smoke over time is clearly seen. (B) Global average vertical dis-
tribution of black carbon as a function of time, plotted as mass mix-
ing ratio. The semiannual lofting is due to heating during the sol-
stice in each summer hemisphere (Fig. 2).

et al., 2006) also accounts for black carbon particles, which
have an effective radius of 0.1µm. At visible wavelengths
the black carbon particles have a mass extinction coefficient
of 9m2/g, a single scattering albedo of 0.31, and a mass ab-
sorption coefficient of 6.21m2/g (also see Toon et al., 2007a).
We run the atmospheric portion of the model at 4�⇥5�

latitude-longitude resolution, with 23 vertical layers extend-
ing to a model top of 80 km. The coupled oceanic general
circulation model (Russell et al., 1995) has 13 layers and
also a 4�⇥5� latitude-longitude resolution. In our standard
calculation, we inject 5 Tg of black carbon on 15 May into
one column of grid boxes at 30� N, 70� E. We place the black
carbon in the model layers that correspond to the upper tro-
posphere (300–150mb).
We conducted a 30-yr control run with no smoke aerosols

and three 10-yr simulations with smoke, starting from arbi-
trary initial conditions. We present the mean of the ensemble
of the three runs, and compare it to the mean of the control
run. The differences between ensemble members are small
compared to the response, ensuring us that natural, chaotic
weather variability is not responsible for the effects we see.

3 Results

In the model, the black carbon particles in the aerosol
layer are heated by absorption of shortwave radiation.
This heating induces vertical motions and the aerosols
are lofted to near the top of the stratosphere (Fig. 1),
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Figure 2.  Zonal mean change in surface shortwave radiation for the 5 Tg standard case.  473 
This should be compared to the global average value of +1.5 W/m2 for a doubling of 474 
atmospheric CO2, or to the maximum value of –3 W/m2 for the 1991 Mt. Pinatubo volcanic 475 
eruption (Kirchner et al., 1999; Fig. 3), the largest of the 20th century. 476 
 477 

Fig. 2. Zonal mean change in surface shortwave radiation for the
5 Tg standard case. This should be compared to the global average
value of +1.5W/m2 for a doubling of atmospheric CO2, or to the
maximum value of �3W/m2 for the 1991 Mt. Pinatubo volcanic
eruption (Kirchner et al., 1999; Fig. 3), the largest of the 20th cen-
tury.

much higher than is typical of weakly absorbing volcanic
sulfate aerosols (Stenchikov et al., 1998). Supplemen-
tal Fig. 1 (http://www.atmos-chem-phys.net/7/2003/2007/
acp-7-2003-2007-supplement.zip) shows an animation of
the horizontal and vertical spreading of the smoke cloud from
one of the ensemble members. As a result, the aerosols have
a very long residence time and continue to affect surface cli-
mate for more than a decade. The mass e-folding time for
the smoke is 6 yr, as compared to 1 yr for typical volcanic
eruptions (Oman et al., 2006) and 1 week for tropospheric
aerosols. After 6 yr, the e-folding time is reduced, but is still
longer than that of volcanic aerosols. This long aerosol life-
time is different from results found in previous nuclear win-
ter simulations, which either fixed the vertical extent of the
aerosols (Turco et al., 1983) or used older-generation climate
models with limited vertical resolution and low model tops
(Aleksandrov and Stenchikov, 1983; Covey et al., 1984; Mal-
one et al., 1986), artificially limiting the particle lifetimes.
In addition, the subtropical latitude of the smoke injections,
in the case investigated here, results in more solar heating
than in previous nuclear winter scenarios, which considered
smoke from the midlatitude Soviet Union, Europe, and the
U.S. The lower latitude also ensures that lofting would take
place year-round. Therefore the large effects may not be
limited to wars that occur in spring and summer, as previ-
ously found (Robock, 1984; Covey et al., 1984; Schneider
and Thompson, 1988).
The maximum change in global-average surface short-

wave radiation is �15Wm�2 (Fig. 2). This negative forcing

Atmos. Chem. Phys., 7, 2003–2012, 2007 www.atmos-chem-phys.net/7/2003/2007/
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UV Index
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GRAPHIC PRESENTATION OF THE UVI
A standard graphic presentation of the UVI
promotes consistency in UVI reporting on
news and weather bulletins, and serves to
improve people’s understanding of the UVI
concept. Ready-made materials for UVI
reporting facilitate successful media uptake,
and more than one option is given to allow

different media to cope with technical
limitations.The graphics package (see Annex
D) can be downloaded from the website 
of WHO’s Global UV Project Intersun
http://www.who.int/uv/ and includes the UVI
logo, icons for UVI reporting, sun
protection icons, and colour codes
for different values of the UVI.

THE BASIC SUN PROTECTION MESSAGES

Figure 2: Recommended sun protection scheme with simple “sound bite” messages

Figure 3: Examples of UVI graphics
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EXTRA
PROTECTION

You can 
safely stay

outside!

Seek shade during midday hours! 

Slip on a shirt, slop on sunscreen and
slap on a hat!

Avoid being outside during
midday hours! 

Make sure you seek shade! 

Shirt, sunscreen and hat 
are a must!

• Limit exposure during midday hours.
• Seek shade.
• Wear protective clothing.
• Wear a broad-brimmed hat to protect

the eyes, face and neck.
• Protect the eyes with wrap-around-

design sunglasses or sunglasses with
side panels.

• Use and reapply broad-spectrum
sunscreen of sun protection factor
(SPF)15+ liberally

• Avoid tanning beds.
• Protect babies and young children: this

is particularly important.

Shade, clothing and hats provide the best
protection – apply sunscreen to parts of the
body that remain exposed, like the face and
hands. Sunscreen should never be used to
prolong the duration of sun exposure.

Two different concepts of sun protection
have been proposed: a binary response 
with a defined threshold UVI value beyond
which sun protection is recommended, or a
graded response with increasing UVI values
that would involve the successive use of
different sun-protective measures. There 
is little scientific basis to support the latter: if
sun protection is required, this should
include all protective means, i.e. clothing,
sunglasses, shade and sunscreen (Figure 1).
Nevertheless, a graded approach is relevant
in the sense that more sun protection is
needed at higher UV radiation levels.

Even for very sensitive fair-skinned people,
the risk of short-term and long-term UV
radiation damage below a UVI of 3 is limited,
and under normal circumstances no
protective measures are needed. Above the
threshold value of 3, protection is necessary,
and this message should be reinforced at UVI
values of 8 and above.
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The Global Solar UVI is formulated using the International Commission on Illumination (CIE)
reference action spectrum for UV-induced erythema on the human skin (ISO 17166:1999/CIE
S 007/E-1998). It is a measure of the UV radiation that is relevant to and defined for a horizontal
surface. The UVI is a unitless quantity defined by the formula:

where Eλ is the solar spectral irradiance
expressed in W·/(m2·nm1) at wavelengthλ and
dλ is the wavelength interval used in the
summation. serλ is the erythema reference
action spectrum, and ker is a constant equal
to 40 m2/W.

The determination of the UVI can be through
measurements or model calculations. Two
measurement approaches can be taken: the
first is to use a spectroradiometer and to
calculate the UVI using the above formula.

The second is to use a broadband detector
that has been calibrated and programmed to
give the UVI directly. Prediction of the solar
UVI is achieved with a radiative transfer
model that requires the input of total ozone
and the aerosol optical properties. A
regression model is used to predict the total
ozone using the input from ground-based
ozone spectroradiometers or from satellites.
A good cloud parameterisation is also
required unless only clear sky values are
reported.

The UV Index
ANNEX C

I = k E s d( ). .
er λλ λerUV

ISRAEL 
(Hebrew/English) 
Israel Weather Forecast
http://www2.iol.co.il/weather/Edefault.asp

ITALY 
(Italian/English) 
Labratory for Meteorology and Environmental
Modelling
http://www.lamma.rete.toscana.it/previ/ita/stazlam.htm

JAPAN
(English) 
Shiseido UV Ray Information
http://www.shiseido.co.jp/e/e9708uvi/html/index.htm

LUXEMBOURG
(French) 
Meteorological Station of the Lycée Classique 
de Diekirch
http://meteo.lcd.lu/

MEXICO
(Spanish/English) 
Mexico City Air Quality Report
http://sima.com.mx/sima/df/_zseeng.html

NEW ZEALAND
Lauder National Institute of Water and 
Atmospheric Research (NIWA)
http://katipo.niwa.cri.nz/lauder/homepg07.htm

NORWAY
(Norwegian/English) 
Norwegian Radiation Protection Authority
http://uvnett.nrpa.no/

POLAND
(Polish)
Institute of Meteorology and Water Management
http://www.imgw.pl/

PORTUGAL
(Portuguese/English)
Meteorological Institute
http://www.meteo.pt/uv/uvindex.htm

SLOVENIA
(Slovenian)
Environmental Agency of Slovenia
http://www.rzs-hm.si/zanimivosti/UV.html

SPAIN
(Spanish)
National Meteorological Institute
http://www.inm.es/wwz/fijo/estaciones.html

SWEDEN
(Swedish/English) 
Swedish Radiation Protection Institute
http://www.smhi.se/weather/uvindex/sv/uvprog.htm

SWITZERLAND
(German/French)
Federal Office of Public Health
http://www.uv-index.ch

TURKEY 
(Turkish)
Scientific and Technical Research Council of Turkey
http://www.tubitak.gov.tr/

UNITED KINGDOM
The Meteorological Office
http://www.met-office.gov.uk/sec3/gsuvi.html

UNITED STATES OF AMERICA
The Weather Channel
http://www.weather.com/activities/health/skin

National Oceanic and Atmospheric Administration
(NOAA) and Environmental Protection Agency (EPA)
Climate Prediction Center
http://www.cpc.ncep.noaa.gov/products/stratosphere/
uv_index/index.html

400 nm

∫
250 nm

The Global Solar UVI is formulated using the 
International Commission on Illumination (CIE) 
reference action spectrum for UV-induced erythema 
on the human skin. It is a measure of the UV radiation 
that is relevant to and defined for a horizontal surface. 
The UVI is a unitless quantity defined by the formula:

From Global Solar UV Index: A Practical Guide, WHO, 2002.



UV Indices, June, including BC attenuation
noon, cloud-free conditions

Control Year 3



UV Indices, December, including BC attenuation
noon, cloud-free conditions

Control Year 3



UV Index changes, year 3

June

December



Zonal mean changes in UV Index over 10 years



Consequences of Severe Ozone Depletion
E. Pierazzo et al. (2010)
• Flora: 

• “recorded general effects of increased UV-B exposure include plant height reduction, 
decreased shoot mass, and reduction in foliage area (Caldwell et al., 2003).”

• “During extended increased UV-B exposure, not all DNA damage may be fully repaired; as a 
result, damage may accumulate over time and carry-over to following plant generations, 
affecting the genetic stability of plants by increasing the frequency of mutations (e.g., Walbot, 
1999).”

• “changes in the susceptibility of plants to attack by insects and pathogens and changes in 
competitive balance of plants and nutrient cycling (e.g., Mpoloka, 2008).”

• “may also affect important soil surface processes, such as nitrogen fixation by cyanobacteria 
(Solheim et al., 2002).”

• Sea life: 
• “Over 30% of the world's animal protein for human consumption comes from the sea, mostly in 

the form of finfish, shellfish and seaweed, and particularly in the developing countries, this 
percentage can be significantly higher (Hader et al., 1995).”

• “Increased UV-B levels associated with Antarctic ozone hole levels have been shown to inhibit 
phytophankton activity in the upper ocean layer (Smith et al., 1992).”

• “Hader et al. (1995) estimated that a 16% ozone depletion could result in a 5% loss in 
phytoplankton, which, based on estimates of Nixon (1988), could cause a reduction in fishery 
and aquaculture yields of about 7% and a loss of about 7 million tons of fish per year.”

• “Solar UV-B radiation has also been found to cause damage to early developmental stages of 
fish, shrimp, crab and other animals. The most severe effects are decreased reproductive 
capacity and impaired larval development (USEPA, 1987).”



Conclusions

 A regional nuclear exchange of 100 15-kt weapons (<0.1% of the yield of 
nuclear weapons that currently exist) would produce unprecedented low 
ozone columns over populated areas in conjunction with the coldest surface 
temperatures experienced in the last 1000 years, and would likely result in a 
global nuclear famine.
 Global average column losses exceeding 20% would persist for at least 3.5 

years, with mid-latitude losses of 30-40%, and polar losses up to 70%.
 The primary chemical loss is from NOx.  Temperatures increase the rate of 

reaction in the NOx-catalyzed cycle, and dynamical disruptions redistribute 
N2O, the source of stratospheric NOx.
 Previous studies, done in the 1980s, showing smaller ozone losses for 

much larger nuclear exchanges did not adequately represent the rise of the 
smoke plume into the stratosphere and consequent temperature increase.
 Massive increases in UV would reach the surface over 10 years, with little 

attenuation from the black carbon.


