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CESM-WACCM features

• Model top at ~140 km (66 levels) 

• Horizontal (lat x lon) resolution: 1.9° x 2.5° 

• Fully-interactive chemistry

• Coupled to 1° resolution ‘deep’ ocean model (POP2)

• Nudged Quasi-Biennial Oscillation (QBO)

• Forced with daily varying spectral irradiance rather than annual mean TSI

• Thermospheric processes - aurora, ion chemistry, molecular diffusion

• Parameterization for gravity waves from convection and fronts 

• SSW frequency of 4.5 / decade

2Monday, May 7, 2012
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Coupled simulations for IPCC CMIP5

• Pre-industrial ‘timeslice’ control - perpetual  1850 conditions

• Transient simulations:

• Ensemble of 1955-2005 simulations with observed forcing: GHG/ODS, 
solar daily spectral irradiance, volcanic sulphate heating.  Here look at 
mean of 1985-2005. 

• 2005-2100 under Representative Concentration Projections (RCPs): 
RCP2.6, 4.5, 8.5 are radiative forcing (W/m2) in 2100. Here look at 
mean of 2080-2099 and RCP2.6 & RCP8.5. 
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Transient boundary concentrations (ppmv)
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Representative Concentration Projections (RCPs)
2.6, 4.5, 8.5 are radiative forcing (W/m2) in 2100. 
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Solar forcing (repeating 44-year period from 1965-2008 )
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Global mean temperature anomalies relative to 1961-1990
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Carbon Dioxide
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Carbon Dioxide 1850 to present 
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Increase of >60 ppmv up to mesopause

9Monday, May 7, 2012



Carbon Dioxide present to 2100 (RCP8.5)

January

RCP8.5

RCP4.5

RCP2.6

CO2

Increase of >400 ppmv up to mesopause
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Methane
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RCP8.5
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Methane 1850 to present 

January

Approximate doubling in the troposphere
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RCP8.5

RCP4.5

RCP2.6

Methane present to 2100 ( RCP8.5)

January

Additional doubling by 2100
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Geopotential height (km) trends in July

RCP8.5

At PMC heights the atmosphere has shrunk >1 km and 
could shrink >2 km by 2100 under RCP8.5
Calculated changes depend on coordinate system used.
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Temperature 1850 to present 
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Temperature 1850 to present 

January

July

JanuaryJanuaryJanuary

CO2

REF!B1 activities for the CCMVal project of SPARC
(Stratospheric Processes and their Role in Climate); see
SPARC [2010] and Morgenstern et al. [2010] for descrip-
tions of this model comparison project. These integrations
follow the REF!B1 forcing scenario in which model values

for sea surface temperatures, anthropogenic and natural
surface gas abundances, solar flux, geomagnetic activity,
volcanic aerosols, and the momentum forcing needed to
produce a realistic parameterized QBO were specified from
observations. With slight differences in the initial condi-
tions, the four different runs produce different realizations
of the same climate, such that there may be substantial
differences among them in any given calendar month or
year. Monthly mean output from these four integrations for
the period 1960 through 2006 are analyzed here. We also
show results from an additional “fixed halogen” run in
which the surface abundances of halogen compounds are
held fixed at 1960 levels. The increase in chlorofluorocar-
bon emissions that occurred after 1960 is not included and,
as a consequence, no Antarctic ozone hole develops.
[8] Middle atmosphere responses to the 11!year solar

cycle, to the quasi!biennial oscillation (QBO) in tropical
zonal wind, and to the variations in volcanic aerosols can
mask trends from other sources. The usual approach, also
adopted here, is to use linear multiple regression to account
simultaneously for these effects. For the large and highly
significant trends presented here, there is virtually no dif-
ference in the trends determined by the regression analysis
and a trend determined from a linear least!squares fit to the
time series. We calculate the trend for individual months
over the period 1960–2006 using a linear multiple regres-
sion fit with five terms: a linear trend, the 11!year solar
cycle, two orthogonal QBO terms, and a volcanic aerosol
index. The four model runs are analyzed separately so we
end up with four estimates of the trend.

3. Trends

[9] Figure 1 shows the trends in zonally averaged tem-
perature, zonal wind, GW drag, transformed Eulerian mean
(TEM) meridional velocity (v*) and TEM vertical velocity
(w*) averaged for November and December. The TEM
circulation [Andrews and McIntyre, 1976] is an Eulerian
representation of the zonally averaged Lagrangian motion
due to the mean and perturbation winds. Trend results from
the four model cases have been averaged together but the
trends in SH high latitudes are also seen very strongly in
each individual integration and in either of these two months
treated separately.
[10] The negative temperature trend in the SH polar lower

stratosphere is a result of ozone loss. The annual destruction
of ozone occurs in the spring when sunlight activates the
catalytic cycles that allow chlorine and bromine to rapidly
deplete ozone. The ozone concentrations in the model typ-
ically recover by January [SPARC, 2010]. The early summer
stratospheric temperature trend in WACCM is larger than
observed by about a factor of two, probably because the
ozone recovery is delayed in the model relative to the
observed timing. The magnitudes of the simulated meso-
spheric trends may be exaggerated as well although we do
not have sufficient observations from the 1970s to verify
this.
[11] Through the thermal wind relation, the negative trend

in stratospheric polar temperature is related to a positive
trend in zonal wind that has a maximum around 20–30 hPa
and 60–70°S. The stratospheric zonal wind during
November and December is in transition from the winter-
time westerly winds to the summertime easterlies. Since the

Figure 1. Linear trends in (a) temperature (units: K/47
years; contour intervals 4), (b) zonal wind (units: m/s/47
years; contour intervals 4), (c) gravity wave drag (units:
m/s/day/47 years; contour intervals 8), (d) v* (units: m/s/
47 years; contour intervals 0.4), and (e) w* (units: cm/s/47
years; contour intervals 0.2) over the period 1960–2006
averaged over the months of November and December
and over four realizations of WACCM. Negative contours
are dashed and zero contours are not drawn. The vertical
range differs between frames.

SMITH ET AL.: WACCM MLT TRENDS L22803L22803
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Smith et al., GRL 2010
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Temperature 1850 to present 
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Temperature present to 2100 (RCP8.5) 
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Temperature present to 2100 (RCP8.5) 
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Temperature present to 2100 (RCP2.6) 
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Water vapor 1850 to present 

January

July

JanuaryJanuaryJanuary

CH4

20Monday, May 7, 2012



Water vapor present to 2100 (RCP8.5) 
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Water vapor present to 2100 (RCP2.6) 
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Important caveat

July water vapor (%/decade) with WACCM -PMC

Any trend in PMC will modify 
background atmosphere. e.g. 
an increase in clouds leads to 

more water below peak
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Tides and trends
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Northern Hemisphere Diurnal Temperature Tides
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MOCA-9 presentation

DW1
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DW1 July 1960-2005
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DW1 July 2005-2100
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DW1 Jan 1960-2005
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DW1 Jan 2005-2100
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Northern Hemisphere Semi-diurnal Temperature Tides

0.7 K

MOCA-9 presentation

SW2
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SW2 July 1960-2005
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SW2 July 2005-2100
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SW2 Jan 1960-2005
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SW2 Jan 2005-2100
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Summary

• Past and future integrations completed for IPCC CMIP5 using CESM-
WACCM (only high-top coupled model to include interactive chemistry and 
thermosphere).

• Mesospheric CO2 has increased 60 ppmv from 1850 to present and could 
increase more than 400 ppmv under one RCP.  This has/will lead to cooling 
throughout the MLT when viewed at constant pressure surfaces.

• Methane has doubled and could double again.  Water vapor could increase 
1-2 ppmv by 2100.

• Still, at PMC heights there is a temperature trend zero line, when viewed at 
constant altitude, no matter the scenario (past and future)!

• Migrating tides have statistically significant trends in the SH, likely related 
to changes in stratospheric ozone.
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