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Notable improvements over WACCM3.1

• Chemistry module updated to JPL-2006 - validated in CCMVal2

• Quasi-biennial oscillation may be imposed by relaxing the winds to 
observations in the tropics

• Heating from stratospheric volcanic aerosols is now computed explicitly

• Effects of solar proton events are now be included

• Gravity waves due to convective and fronts are parameterized based 
upon the occurrence of convection and the diagnosis of regions of 
frontogenesis in the model



TMS & SSW frequency

The improvements in WACCM3.5 variability are as-
sociated with the improvement of the mean zonal wind
during January–March. These are shown in Fig. 12. In
WACCM3, the NH extratropical stratospheric winds
were consistently too strong. In WACCM3.5 the NH
stratospheric winds are very close to ERA-40 observa-
tions, especially in January and February. In March
the 20 m s21 contour still goes down to 20 hPa in
WACCM3.5, whereas it only reaches 5 hPa in ERA-40.
Note that Rind et al. (1988b) also noted a change in
model variability and stratospheric warmings as a result
of changes to the gravity wave parameterization.
The change in NH stratospheric variability and in

the frequency of sudden stratospheric warmings is the
largest improvement in WACCM3.5 as compared to
WACCM3. One is tempted to conclude that these im-
provements are due only to the new representation of
gravity waves inWACCM3.5. As we will demonstrate in
the following subsection, a large part of the improve-
ment in the representation of standard deviation of NH
temperature in WACCM3.5 is due to the new gravity
wave parameterization; however, the improvement in
the frequency of sudden stratospheric warmings comes
from the addition of turbulent mountain stress (TMS).

3) CAUSE OF VARIABILITY IMPROVEMENTS

We have carefully examined all of the new additions
to WACCM3.5 and have carried out sensitivity experi-
ments with the GW tuning parameters in order to un-
derstand their role in simulating middle atmospheric
climate. We did find that middle atmospheric climate is
sensitive to the remaining GW tuning parameters. In

particular, the mesopause temperatures and height are
dependent on the amplitude of frontally generated GWs
(tb) and the frontogenesis function. We do not show the
numerous simulations here but, in general, find that, if
tb is set to a higher value, GWs break at a lower altitude,
causing the mesopause height to be lower than observed
(and vice versa). If the frontogenesis threshold is set to
a lower value, there is not enough GW breaking in the
mesosphere, causing the mesopause to be too high and
its temperatures too warm.
Different settings of the remaining GW tuning pa-

rameters do impose changes of the NH stratospheric
interannual variability. However, in all the simulations
carried out with the source-oriented gravity wave pa-
rameterization, the standard deviation of NH strato-
spheric temperatures is much closer to observations than
in WACCM3, implying that the more realistic variability
in the GW sources, especially in the extratropics, im-
proves the variability in the extratropical stratosphere.
However, we find that the large improvement in the
frequency of SSWs is not solely due to the source-
orientedGWparameterization but, in large part, is due to
the inclusion of turbulent mountain stress owing to sur-
face roughness.We demonstrate this below by comparing
the WACCM3.5 simulation with a WACCM3.5 simula-
tion without TMS. We call the simulation without
TMS WACCM3.5ntms and the only difference from
WACCM3.5 in this simulation is the lack of TMS.
Figure 11d shows the temperature standard deviation

during the month of January for WACCM3.5ntms. The
values in the stratosphere are very similar to those in
WACCM3.5. They differ only in the maximum values

FIG. 11. January standard deviation of temperature (K) for (a) ERA-40, (b) WACCM3, (c) WACCM3.5, and (d) WACCM3.5ntms.
Contour interval is 2 K.

TABLE 1. Frequency of occurrence of stratospheric sudden warmings: number of events per year.

Warming type ERA-40 WACCM3 WACCM3.5 WACCM3.5ntms

Major midwinter (NDJF) 0.5 0.1 0.4 0.1
Major midwinter (NDJFM) 0.6 0.1 0.6 0.25
Minor (NDJF) 0.9 0.7 1.0 0.4
Minor (NDJFM) 1.4 1.4 1.4 0.65
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ABSTRACT

Middle atmospheric general circulation models (GCMs) must employ a parameterization for small-scale
gravity waves (GWs). Such parameterizations typically make very simple assumptions about gravity wave
sources, such as uniform distribution in space and time or an arbitrarily specified GW source function. The
authors present a configuration of theWholeAtmosphereCommunity ClimateModel (WACCM) that replaces
the arbitrarily specified GW source spectrum with GW source parameterizations. For the nonorographic wave
sources, a frontal system and convective GW source parameterization are used. These parameterizations link
GW generation to tropospheric quantities calculated by the GCM and provide a model-consistent GW
representation. With the new GW source parameterization, a reasonable middle atmospheric circulation can
be obtained and the middle atmospheric circulation is better in several respects than that generated by
a typical GW source specification. In particular, the interannual NH stratospheric variability is significantly
improved as a result of the source-oriented GW parameterization. It is also shown that the addition of
a parameterization to estimate mountain stress due to unresolved orography has a large effect on the fre-
quency of stratospheric sudden warmings in the NH stratosphere by changing the propagation of stationary
planetary waves into the polar vortex.

1. Introduction

Small-scale gravity waves (GWs) with horizontal
wavelengths of tens up to several hundred kilometers are
not resolved in general circulation models (GCMs) and
hence need to be parameterized. In addition to the wide
range of horizontal scales, gravity waves have vertical
wavelengths ranging from a few to a few tens of kilome-
ters and periods ranging from several minutes to several
hours. Gravity waves are generated by a variety of sour-
ces including orography (e.g., Lilly and Kennedy 1973;

Dörnbrack et al. 1999), convection (e.g., Dewan et al.
1998; Piani and Durran 2001), and geostrophic adjust-
ment in regions of baroclinic instability (e.g., O’Sullivan
and Dunkerton 1995; Zhang 2004). The nature of these
wave sources is highly variable in space and time, im-
plying similar variability for the generated gravity waves.
Gravity waves propagating vertically, eventually dissi-
pate, and deposit energy and momentum to the mean
flow once they reach their critical levels or become un-
stable. This process occurs on very small scales and is not
understood thoroughly [see the review by Fritts and
Alexander (2003) and references therein]. Themean flow
acceleration due to gravity waves increases with altitude
due to the decreasing atmospheric density; as a result, in
the mesosphere gravity waves are the dominant term in
the global momentum budget. Gravity wave breaking
also causes turbulence and mixes chemical constituents.
Gravity wave parameterizations are very important in

GCMs; however, owing to the complex nature of gravity
waves, representing them correctly in GCMs is quite
a challenge. A gravity wave parameterization specifies
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• Unresolved orography is parameterized as a surface stress (turbulent 
mountain stress - TMS). Leads to improved frequency of SSWs.



CESM1-WACCM
•Standard configuration:

•Atmosphere: 1.9˚ x 2.5˚ x 66 lev (0 to ~135 km)

•CAM4 physics - no aerosol indirect effect

•Fully interactive chemistry with 57 species + AOA tracers

•Observed spectral irradiance

•TMS turned on

•Fall velocity of ice reduced by 50% to improve stratospheric water vapor

•Ocean: 1˚ x 60 lev

•Land: 1.9˚ x 2.5˚ with CN



Zonal mean temperatures 2002-2005 vs SABER
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Zonal winds vs. URAP

WACCM 2˚

URAP

Compared to observations from SABER (Xu et al.
2007), the January summer mesopause temperatures are
;8 K toowarm and are close to observations in July. For
reasons that are at the moment not clear, WACCM3.5
does not reproduce the differences in mesopause struc-
ture between the Southern and Northern Hemisphere.

2) VARIABILITY

To assess variability in WACCM, we first look at the
standard deviation of zonal mean temperature calcu-
lated from monthly mean output for the month of Jan-
uary. This is shown in Fig. 11 for ERA-40, WACCM3,
and WACCM3.5. In ERA-40, the largest temperature
variability occurs in the Northern Hemisphere strato-
sphere near 10 hPa, with standard deviations of 6 K near
100 hPa and maximum standard deviations exceeding
16 K between 10 and 1 hPa. It is worth noting that the
maximum ERA-40 standard deviation between 10 and
1 hPa depends on the observation period chosen. The
maximum standard deviation from 1980 to 2002 is only
10 K (6 K lower than between 1985 and 2002). Com-
parison of Figs. 11a to 11b shows that variability in the the
NH stratosphere was underestimated in WACCM3. At

100 hPa the standard deviations of temperature were
only about 3 K and only about 5 K between 10 and 1 hPa.
In WACCM3.5 (Fig. 11c) the standard deviation of
temperature is much closer to observations. The values
reach 6 K near 100 hPa, similar to ERA-40, and exceed
12 K between 10 and 1 hPa.
Another good measure of the model’s variability is

the representation of sudden stratospheric warmings
(SSWs). A sudden stratospheric warming is an abrupt
warming of the polar stratosphere initiated by upward
propagating planetary waves. Typically, GCMs have
difficulties reproducing the observed SSW frequency
(Charlton and Polvani 2007; Charlton et al. 2007). The
reasons for this are not certain, but it is likely that the
representation of the mean wind in the polar strato-
sphere has a large influence on SSW frequency.
To calculate the occurrence of SSWs in WACCM we

use an algorithm based on the original World Meteo-
rological Organization definition of SSWs. This algo-
rithm is the same as described in Richter et al. (2008):

d Majormidwinter warming is an event during which the
temperature gradient between 608 and 908N at 10 hPa
is positive for at least five days and the zonal mean

FIG. 8. Zonal mean wind (m s21) averaged over (left) DJF and (right) JJA for (top) WACCM3 and (bottom)
WACCM3.5.
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Sudden Stratospheric Warming Climatology

Table 1. Number of major and minor stratospheric sudden warmings for each ensemble
member for 11 year periods beginning in 1960.

1960-1970 1971-1981 1982-1992 1993-2003
minor major minor major minor major minor major

ens1 17 5 14 7 19 6 19 4
ens2 17 4 17 3 19 9 16 2
ens3 14 9 15 9 18 4 23 3

mean/decade 14.5 5.5 13.9 5.8 17.0 5.8 17.6 2.7

7

ERA40 5-6 major warmings / decade



Completed CMIP-5 simulations

•Control

•1850 control (245 yrs)

•Historical

•3 realizations of “20th Century” run: 1850-2005 branched from control at yr 96

•3 simulations from 1960 - 2005 branched from 20C at year 1955

•RCPs

•RCP4.5 

•2x 2005 - 2050

•1x 2005 - 2100

•RCP8.5: 1x 2005-2100







Annual mean surface temperature RCP4.5 & 8.5

RCP4.5 2080-2098

TOA imbalance:
             
WACCM: 0.904 W/m2               
CCSM4:  0.915 W/m2

Global TS:
               
WACCM: 289.83 K           
CCSM4:  289.76 K



1986-2005: Taylor diagram

CAM3.5 - 2˚
Bias = 1.0
RMSE = 1.0

WACCM - 2˚
Bias = 1.03
RMSE = 0.88

CCSM4 - 1˚
Bias = 0.88
RMSE = 0.88

CAM5 - 2˚
Bias = 1.09
RMSE = 0.86

CAM5.1 - 1˚
Bias = 1.14
RMSE = 0.77 



Late 20th Century: surface temperature vs. CCSM4

WACCM - 2˚
mean = 288.43
CCSM4 - 1˚
mean = 288.17

Diff. = 0.26
RMSE = 1.68



1850 Control: total cloud

   

WACCM 2˚

CCSM4 - 1˚ WACCM 2˚

CLOUDSATModifying ice fall 
velocity to get 
stratospheric water 
vapor close to that 
observed leads to 
an increase in total 
cloud relative to 
CCSM4.



1850 Control: Cloud fraction
CLDHGH  32.9   23.9  +9%
CLDMED  19.3   16.1  +4%
CLDLOW  34.8   30.5  +3%

CCSM4 - 1˚

WACCM - 2˚

WACCM - CAM4



1850 control: SSTs vs. 1870-1900 obs.

CAM5 - 2˚ Mean = 0.43  RMSE = 1.17CCSM4 - 1˚ Mean = 0.18  RMSE = 1.07

CESM-WACCM - 2˚ Mean = 0.25  RMSE = 1.23

CAM courtesy Cécile Hannay



Late 20th Century: SSTs vs. present day obs.

CAM5 - 2˚ Mean = 0.42  RMSE = 1.17CCSM4 - 1˚ Mean = 0.18  RMSE = 1.07

CESM-WACCM - 2˚ Mean = 0.45  RMSE = 1.30

CAM courtesy Cécile Hannay



SST differences RCP4.5 yrs 2080-2098

WACCM4 2˚ - CCSM4 - 1˚

Less of an SST trend in WACCM?



ENSO: WACCM4 n3.4 timeseries 

WACCM 1850-2005



ENSO: WACCM4 n3.4 timeseries 

WACCM 1850-2005 1955-2099



ENSO: n3.4 WACCM RCP4.5



1850 Control DJF SLP - the downside of TMS

   

WACCM 2˚ WACCM 2˚

CCSM4 - 1˚ CCSM4 - 2˚
TMS on

WACCM - CCSM WACCM - CCSM



1850 control: Annual mean sea ice thickness

WACCM - CCSM

WACCM

WACCM - CCSMWACCM - CCSM

CCSM4 1˚ WACCM CCSM4 1˚



WACCM Ice Area (%) 1986-2005

JASJFM



NH Ice area trends 

Analysis by 
M. Holland



SH Ice area trends



RCP4.5 yrs 2080-2098 Sea Ice Concentration (%)

DJF SH

JJA NH

CAM4 - 1˚WACCM - 2˚



SH UTLS trends

Observed trend 1969-1998 (Thompson and Solomon, 2002)

ERA40 Zonal wind trend
1979-2000 (Son et al., 2002)

-6.5 K/30yr



CMIP5 WACCM and CCSM4 2˚ trends

-18 K/30yr

-6 K/30yr CCSM4

WACCM

Analysis by 
N. Calvo



CMIP5 WACCM and CCSM4 2˚ trends

-18 K/30yr

-6 K/30yr

No interactive 
chemistry

CCSM4

WACCM

Analysis by 
N. Calvo



Zonal mean wind trends (m/s/decade)

CCSM4WACCMERA-40

CCSM4 produces temperature and wind trends closer to observations



Ozone trends vs. month 1969-1998

• WACCM ozone trends similar 
to observed

• Ozone dataset used to drive 
CCSM4 weaker by factor of 3

WACCM



Ozone trends vs. month 1969-1998
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to observed

• Ozone dataset used to drive 
CCSM4 weaker by factor of 3CCSM4

WACCM



CCSM4 driven with WACCM ozone

• CCSM4 produces trends 
comparable to WACCM4

-16 K/30yr



Problem not limited to WACCM

CCMVal-2 report

SLIMCAT

-18 K/30yr



Why does CCSM4 get the right answer for the wrong reason?

• In the lower stratosphere the trends in shortwave heating due to changes in 
ozone are balanced by trends in longwave cooling. i.e. it is in radiative 
balance.  A smaller ozone trend yields a smaller temperature trend.

• A possible cause is that the models do not produce significant trends in 
downwelling over the pole in the lower stratosphere that could reduce the 
cooling through adiabatic heating.

• Future work will look at wave dissipation in WACCM/CCSM4 to explore 
reasons for this discrepancy.  Does it also show up in HOMME simulations?



Summary

• CESM-WACCM with a active ocean produces stratosphere/mesosphere very 
similar to WACCM3.5.  Tempertures, ozone, SSWs and water vapor vertually 
identical.

• Surface temperature trends, SSTs & ENSO very similar to CCSM4

• TMS and ice physics changes lead to significant differences in SLP, cloud 
fraction, sea ice thickness/trends. 

• Biases seen in AMIP runs persist in the coupled model (SH “cold pole” 
problem & excessive temperature trends in UTLS)



NCAR is sponsored by the National Science Foundation

Thank you


