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Figure 2. Apparent transmission observed at Mauna Loa (upper panel).  Monthly values 

are determined from the highest transmission observed in each month that contained at 

least 10 observations.  The annual values represent the mean of the 10 most transparent 

days of each year.  Aerosol optical depths for Mauna Loa stratospheric lidar (middle 

panel) and ground-based optical depth data (for the 10 cleanest days from PFR, see text) 

are also shown along with tropical satellite data.  The annual apparent transmission 

values are also plotted in the middle panel for comparison (+).  The bottom panel 

compares the global optical depths used in many climate modeling studies (23 and see 

http://data.giss.nasa.gov/modelforce/strataer/; 24) to the measured values for 50°N-50°S 

from satellite data discussed in the text.   The right-hand scale shows the relative change 

in the 50°N-50°S optical depth normalized to 1 in 1994.  Higher latitudes contain polar 

stratospheric cloud contamination and are not included. 
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Seasonal cycles?           Long-term trends? 

How will I answer these:

Research Questions

Observations Modeling

Lidar WACCM/CARMA

Pleiades Supercomputer
(NASA AMES)

Boulder Lidar
(R. Neely III)

Goal: Understand Variability in Stratospheric Aerosol
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WACCM Setup
• NCAR’s WACCM version 3.1.9

• 4x5 degree resolution 

• 66 vertical levels 

• Model top near 140 km

• Vertical spacing of 1-1.75 km
 in the stratosphere

• 3D chemical transport Model for 
OZone And Related chemical Tracers 
(MOZART)(Horowitz et al. 2003)

• Sulfur chemistry includes seven sulfur species: 
SO2, SO3, SO, H2SO4, CS2 
and OCS (English et al., 2011(ACPD))

• 25 year run, using last 10 years for comparison 
to observations.

NCAR’s Bluefire Supercomputer



1.4 WACCM and CARMA Chapter 1: Introduction

represents chemical and physical processes in the middle atmosphere. Within

this mechanism are the species for the Ox, NOx, HOx, ClOx, and BrOx chemical

families, as well as CH4 and its products, SO2, SO3, SO,H2SO4, CS2 and OCS.

Figure 1.11: January SO2 Surface Emissions

Figure 1.12: July SO2 Surface Emissions

The main sulfur sources for stratospheric aerosols in the model are OCS

and SO2. The OCS field is a lower boundary condition everywhere of 510 pptv.

The SO2 emissions are handled in a subroutine of MOZART within WACCM.

24

Sulfur Emissions Setup

• SO2 Emission data representative of background aerosol 
period(Smith et al. (2010) and English et al., 2011(ACPD)).

• OCS field is a lower boundary condition of 510 pptv. 

•

Total SO2 in Bottom Level of Model During January
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CARMA Setup
•  Aerosol Size Distributions created by thirty-six 

bins (dry radii from 0.2 nm to 1100 nm) each for: 

• Pure sulfates (English et al., in prep, 2011)

• Meteoritic dust (Bardeen et al. 2008)

• Mixed sulfates (sulfate aerosols with dust cores)

Meteoritic Dust Input
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 Mean Murphy et al.(2007)
 WACCM/CARMA

assign the mass spectra to categories [Murphy et al., 2003].
The cluster analysis uses all peaks from mass 1 to 220 to
find spectra that are similar to each other. The centers of the
clusters are defined as the average of similar spectra. For the
great majority of the mass spectra, the correlation coeffi-
cient between an individual spectrum and its cluster is
greater than 0.85. The meteoric cluster is especially tight.
Figure 4 shows the vertical profiles of the relative abun-
dances of these types of particles. Particles with meteoric
material and relatively pure sulfuric acid particles increase
in frequency above the tropopause. The frequency of
particles that contain meteoric material at the highest points
on Figure 4 (about 19 km) may be compared to the volatility
measurements of Curtius et al. [2005]. Their data, which
extend to smaller particles than those measured by PALMS,
found about 67% of particles within and 24% outside the
polar vortex had nonvolatile cores. The smaller fraction of
meteoric particles in Pre-AVE is probably due to those
flights being further south than the WAM flights. The
relatively pure sulfuric acid particles during all missions
may have been due to growth of particles originally formed
near the tropical tropopause [Brock et al., 1995].

[11] The positive and negative ion mass spectra provide
complementary information about the carbonaceous mate-
rial. The negative ion mass spectra are simpler and provide
more consistent estimates of the overall carbonaceous
content of the particles. For example, at lower altitudes
the average area of the negative ion carbonaceous peaks was
better correlated with independent measures of organics
than the positive ion carbon peaks [Murphy et al., 2006].
However, the positive ion spectra are much better suited to
study the sources and sinks of the carbonaceous material.
The reason is that in the stratosphere the majority of the
negative ion current is in one peak, HSO4

! and the other
peaks are almost all either carbonaceous or sulfate. If one
uses cluster analysis to select mass spectra with carbona-
ceous material, there is little additional information in the
size of those peaks. That size is already determined by the
choice of the categories. In contrast, in the positive ion
spectra, the pattern of peaks is much richer and the cluster
analysis can bring together similar spectra even if the
carbonaceous and sulfate contents vary. The best example
is the set of particles containing meteoric material. These
particles are categorized mostly on their Fe, Mg, and Ni

Figure 4. Relative numbers of the main particle types in the lower stratosphere in the size range
measured by PALMS. Fractions do not add to one because some particles did not match one of these
three categories. The names of the missions are given in the Figure 1 caption. As in Figure 1, data at
temperatures below 195 K or from spectra with very large water or nitrate peaks have been excluded.
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Comparison With In Situ Observations

Total Mass Fraction of Meteoritic Sulfate 

Murphy et al.(2007)
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Summary
• First global microphysical model of stratospheric aerosols to 

include current sulfur emissions and meteoritic dust 

• Comparison to observations show:

1. Agreement within the natural variation of the observations in 
the lower aerosol layer that is dominated by sulfate aerosols.

2. Meteoritic dust is needed to fully characterize the upper aerosol 
layer.

3. Inclusion of meteoritic dust is needed within lidar retrievals

• Errors associated with the lidar retrievals need to be addressed 
before further comparison and analysis of trends can be made. 

• Correlation of the WACCM aerosols and N2O suggest the 
observed seasonal cycle of stratospheric aerosols is consistent 
with seasonally varying stratospheric transport.

Observations⇒Modeling⇒Observations



Possible theories:
1.  Anthropogenic emissions (Hofmann et al. 

2009)? 
2. Small episodic volcanic injections (Vernier et 

al. 2009)?
3. Strengthening of stratospheric circulation 

(Butchart et al., 2006; Niwano et al., 2009)?

Future Work: Trends?
eruption observed at Boulder. Three soundings shortly after
each of these events were not included in the trend data.
Figure 2a shows the Mauna Loa Observatory Nd:YAG lidar
20–25 km integrated backscatter data from 1994, when the
lidar began operating, to early 2009. The data have been
analyzed using the technique of Thoning et al. [1989] to
smooth the data, remove the seasonal variation, and deter-
mine the trend curve and growth rate (determined by differ-
entiating the deseasonalized trend curves). There is a biennial
component in the deseasonalized trend in Figure 2a, likely
related to the quasi-biennial oscillation (QBO) in tropical
winds, as will be discussed later. From 1994 to 1996 the
decay of aerosol from the 1991 Pinatubo eruption dominates
the data [Barnes and Hofmann, 1997]. From 1996 to 2000
there was a slightly decreasing trend at Mauna Loa,
possibly due to remnants of the Pinatubo eruption. How-
ever, after 2000 there is a decidedly increasing aerosol
backscatter trend. The magnitude of the aerosol backscatter
trend at Mauna Loa Observatory varies with altitude. The
maximum trend occurs in the 20–25 km region with an
average value of 4.8% per year, and about 3.3% per year
for the total column for the 2000–2009 period (the
standard error in determining these trends is about ±5%
of the trend value). Figure 2b, for the 20–25 km range at
Boulder, indicates an increasing average trend of 6.3% per
year for the 2000–2009 period.
[7] It is important to note that the seasonal increase in

aerosol backscatter (summer to winter) is about 2.5 times
larger than the backscatter magnitude of the 2000–2009
trend. Therefore, the trend would be difficult to detect by
any method that cannot resolve the seasonal variation. We
are not aware of other surface-based or satellite lidar or
satellite limb extinction instruments that have reported
observing the background aerosol seasonal variation or a
long-term trend. Finally, since 1996, the peak-to-peak mag-
nitude of the detrended, smoothed annual cycle at Mauna

Figure 1. Seasonal average aerosol backscatter ratio profiles at (a) Mauna Loa Observatory and (b) Boulder, Colorado.
The backscatter ratio is defined as the ratio of the total backscatter (aerosol plus molecular backscatter) to the molecular
backscatter. A ratio of 1.0 indicates pure atmospheric molecular scattering. The inset in Figure 1a shows the seasonal cycle
amplitude versus time.

Figure 2. Integrated backscatter for the 20–25 km altitude
range at (a) Mauna Loa Observatory and (b) Boulder,
Colorado.
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Adapted from Hofmann at al. (2009)



Thank You

David Oonk



Adapted from Bates et al. 1992



Lidar Retrieval Error
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• Volcanoes from obs with current model.

• Osiris =alt omi=how much

• Then put in if then logic in mo sad

• Get kathrine to do emission stuff

• Compiler switch

• Intro models

• Show comparison of models

• Show from ells calc that is is 1-2% and not 
radiatively that important

• Show sofie

• Show lidar and show how this small error can 
propagate using russel math

• Conclude not radiately important but important 
for understanding remote sensing obs in upper 
atmosphere


