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ABSTRACT

In this short note, the effect of enhanced circulation due to doubling CO2 on ozone is investigated. The
difference of Brewer–Dobson circulation (BDC) between the doubled CO2 and control run from an
idealized atmospheric general circulation model is added to the BDC climatology derived from National
Centers for Environmental Prediction—Department of Energy Reanalysis 2 (NCEP2) from 1979 to 2002.
Then it is used to drive the California Institute of Technology/Jet Propulsion Laboratory (Caltech/JPL)
two-dimensional chemistry and transport model. The results reveal that the total ozone increases by 7 and
3.5 Dobson units (DU) in the high latitudes of the Northern and Southern Hemispheres, respectively, and
decreases by 4 DU in the Tropics as a result of the increase in BDC associated with doubled CO2. If the
change of eddy mixing coefficients after doubling CO2 is also considered, the total ozone will increase by
6.5 and 3 DU in the high latitudes of the Northern and Southern Hemispheres after combining both effects
from the change in BDC and eddy mixing coefficients.

Recent general circulation model (GCM) studies
(Rind et al. 1998, 2002; Butchart and Scaife 2001; Sig-
mond et al. 2004; Butchart et al. 2006) suggest that the
strength of the Brewer–Dobson circulation (BDC) in-
creases due to CO2-induced global warming. Using an
atmospheric GCM (AGCM), Eichelberger and Hart-
mann (2005) have demonstrated that an increase in the
BDC can be produced by the increased temperature
gradient between Tropics and extratropics associated
with global warming in GCMs. In this note, we will
investigate the influence of enhanced BDC and eddy
mixing coefficients because of doubled CO2 on the col-
umn ozone. First, we will calculate the difference of
BDC and eddy mixing coefficients from the double
CO2 and control runs from Eichelberger and Hartmann
(2005). Then the difference of BDC and eddy mixing

coefficients will be used to drive Caltech/JPL two-
dimension (2D) chemistry and transport model (CTM).

The AGCM from Eichelberger and Hartmann (2005)
solves the dry hydrostatic primitive equations. It is T21
(triangular wavenumber truncation at 21) resolution in
the horizontal and 50 levels evenly spaced in log pres-
sure from the surface to approximately 10�3 hPa. The
bottom boundary of the model is flat. Forcing in the
model is applied via Newtonian relaxation of tempera-
ture to a prescribed zonally symmetric radiative equi-
librium temperature field. To qualitatively simulate a
doubled CO2 climate, a zonally symmetric tropical heat
source is introduced into the model. The tropical warm-
ing causes the midlatitude baroclinicity to increase,
which leads to an increase in the wave activity at syn-
optic and planetary scales (Eichelberger and Hartmann
2005). The model is run under perpetual January con-
ditions with no stationary wave forcing. Preliminary re-
sults indicate that the change caused by tropical warm-
ing is similar for the case with and without stationary
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waves. This verifies that the BDC in the stratosphere
increases in response to baroclinically forced planetary
waves.

Using the meridional wind, temperature, and surface
pressure data from the double CO2 and control runs
from Eichelberger and Hartmann (2005), we calculate
the difference of the BDC through the new method
described in Jiang et al. (2004). This method has been
successfully used to simulate the interannual variability
of column ozone in the Tropics from 1979 to 2002. First,
we calculate the 3D meridional mass flux by the vertical
integral of meridional wind on the pressure surfaces.
Then we interpolate the 3D meridional mass flux to
isentropic surfaces, using a mass-conserving linear in-
terpolation scheme (Juckes et al. 1994). The 2D isen-
tropic mass streamfunction ��(�, �) is derived by zonal
averaging of the 3D isentropic meridional mass flux,
��(�, �, �), along isentropes. Finally, we interpolate the
2D isentropic mass streamfunction ��(�, �) to the pres-
sure coordinates to produce the pressure surface
streamfunction, �P(�, p) so that it can be used to drive
the Caltech/JPL 2D CTM.

The mean pressure surface streamfunction in Janu-
ary derived from National Centers for Environmental
Prediction—Department of Energy Reanalysis 2
(NCEP2) (Kanamitsu et al. 2002) from 1979 to 2002 is
shown in Fig. 1a. The NCEP does not have data above
40 km, where we adopt the climatologically averaged
circulation derived by Fleming et al. (2002) for the
Goddard Space Flight Center (GSFC) 2D model.
There is a gradual merging of the two between 30 and
40 km. The total upwelling mass flux is about 17.8 � 109

kg s�1 at 100 hPa for the mean pressure surface stream-
function. The total upwelling mass flux is defined as the
sum of all upwelling flux at 100 hPa. The difference of
the stream functions between the double CO2 and con-

trol runs from Eichelberger and Hartmann (2005) in
January is shown in Fig. 1b. Upwelling (downwelling)
increases in the Tropics (high latitude) region for the
doubled CO2 temperature change. The increase in
downwelling extends outside the polar region into mid-
latitudes. The total upwelling mass flux anomaly at 100
hPa is about 1.72 � 109 kg s�1, which is about 9.7% of
that in the climatology.

In addition to changing the strength of the BDC, the
doubled CO2 will also influence the eddy mixing coef-
ficients. The isentropic mixing coefficient, Kyy, can be
related to the Eliassen–Palm flux divergence (Tung
1986; Yang et al. 1990). Figure 2a shows the Kyy field on
the pressure surfaces in January from Fleming et al.
(2002); Kyy is larger in the NH than in the SH, as a
result of more wave activity in the NH. The difference
of Kyy derived between the double CO2 and control
runs from Eichelberger and Hartmann (2005) is shown
in Fig. 2b. There is enhanced eddy mixing coefficients
in the midlatitudes after doubling CO2.

The differences of the stream functions and the eddy
mixing coefficients are added to the climatology
streamfunction and Kyy in January. The enhanced cir-
culation and eddy mixing coefficients will be used to
drive the 2D Caltech/JPL CTM. The 2D CTM is a zon-
ally averaged model for trace species in the terrestrial
troposphere and middle atmosphere (Shia et al. 1989;
Morgan et al. 2004; Jiang et al. 2004). The model has 18
latitude boxes, equally spaced from pole to pole, and 40
layers, equally spaced in log(p) from the surface to the
upper boundary at 0.01 mbar. The model includes all
the gas phase chemistry in the National Aeronautics
and Space Administration (NASA) recommendations
for stratospheric modeling (DeMore et al. 1997). Het-
erogeneous chemistry is not included. The numerical
method used for solving the continuity equation in the

FIG. 1. (a) Standard NCEP2 streamfunction for January in the stratosphere (Jiang et al. 2004). (b) Streamfunction difference
between the double CO2 and control runs (Eichelberger and Hartmann 2005). Units are 109 kg s�1.
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model is the Prather scheme (Prather 1986; Shia et al.
1990). Important features of the Caltech/JPL 2D CTM
include its ability to reproduce the age of air based on
CO2 and SF6 measurements in the stratosphere and the
observed climatology of O3 (see appendix A of Morgan
et al. 2004). Transport in the model is by the stream-
function, horizontal eddy diffusivity Kyy, and vertical
diffusivity Kzz. The values for Kzz are taken from Sum-
mers et al. (1997); they are not important except in the
mesosphere.

To understand the influence of doubled CO2 on
ozone, four experiments are carried out. Details for
these experiments are listed in Table 1. In experiment
A, we use the streamfunction from NCEP2 and Kyy

from Fleming et al. (2002) to drive the 2D CTM. In
experiment B, we use the enhanced streamfunction and
the same Kyy as in experiment A. In experiment C, we
use the enhanced eddy mixing coefficient Kyy and
NCEP2 streamfunction. In experiment D, we use both
enhanced streamfunction and enhanced eddy mixing
coefficients. The ozone difference between experiment
B and A is purely due to the strengthening of the BDC.

The result for column ozone is shown as the solid line in
Fig. 3. Negative ozone anomalies occur throughout the
Tropics, and positive anomalies occur in the middle and
high latitudes. The maximum value is about 7 and 3.5
Dobson units (DU, where 1 DU is the equivalent of
2.69 � 1016 molecules of ozone per square centimeter)
in the high latitudes of the Northern and Southern
Hemispheres, respectively. The difference between ex-
periment C and A is shown as the dashed line in Fig. 3.
The enhanced eddy mixing coefficients reduces the gra-
dient between the pole and the equator. It creates a
positive anomaly in the Tropics and negative anomalies
in the high latitudes. The eddy mixing coefficient effect
is smaller than the streamfunction effect. The differ-
ence between experiments D and A reveals that the net
effect from streamfunction and eddy mixing coeffi-
cients is about 6.5 and 3 DU increase in the column
ozone in the high latitudes for the Northern and South-
ern Hemispheres, respectively. The tropical ozone de-
creases �4 DU as response to the doubling CO2. This

FIG. 2. (a) Isentropic mixing coefficient Kyy for January from Fleming et al. (2002). (b) Isentropic mixing coefficient Kyy difference
between the double CO2 and control runs from Eichelberger and Hartmann (2005). Units are 109 cm2 s�1.

FIG. 3. Column ozone difference between experiments B and A
(solid line), experiments C and A (dashed line), experiments D
and A (dotted line), and experiments F and E (dash–dot line).

TABLE 1. Description of model runs.

Model run Description

Experiment A Streamfunction from NCEP2 and Kyy from
Fleming et al. (2002)

Experiment B Enhanced streamfunction and same Kyy as
experiment A

Experiment C Streamfunction from NCEP2 and enhanced
Kyy

Experiment D Enhanced streamfunction and enhanced Kyy

Experiment E Same streamfunction and Kyy as experiment
A, O3 is not transported.

Experiment F Enhanced streamfunction and enhanced Kyy,
O3 is not transported.
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result is mostly due to the direct transport of ozone, as
the column ozone is dominated by the ozone below 35
km, where ozone is mainly dynamically controlled (Ko
et al. 1989).

The effect of the transport of long-lived gases that
are sources for the ozone photochemical loss is smaller
compared with the dynamical effect. To reveal that, we
carried out two more experiments. In experiments E,
we use the same streamfunction and Kyy as experiment
A. However, ozone is not transported in experiment E.
In experiment F, we use the enhanced streamfunction
and enhanced Kyy. Ozone is still not transported. The
difference of experiments F and E, shown as the dash–
dot line in Fig. 3, represents the effect of the transport
of long-lived gases. This effect is smaller compared with
that from direct transport of ozone.

Ozone mixing ratio difference between experiments
B and A are shown in Fig. 4a. The ozone depletion is
mainly in 18–30 km in the Tropics and midlatitudes.
More ozone is transported to the high latitudes. As a
result, the total ozone as a minimum in the Tropics and
maximum in the high latitudes. Ozone mixing ratio dif-
ference between experiments D and A (Fig. 4b) com-
bine both effect from streamfunction and eddy mixing
coefficients. The result in Fig. 4b is very similar to that
in Fig. 4a, which suggests that most effect is from direct
transport of ozone.

In this work, we have restricted our interest to the
influence of doubled CO2 on the BDC and eddy mixing
coefficients, and their consequences on the ozone dis-
tribution. Additional changes as a result of the change
of the chemical reaction rates due to stratospheric cool-
ing and the presence of polar stratospheric clouds
(PSCs) have been investigated by Shindell et al.
(1998a,b). However, the effects of the changes of BDC

and ozone have not been isolated, and would have been
difficult given the large variability of the seasonal cycle
in a GCM.

In summary, the strengthening of the BDC due to the
doubling of CO2 appears to be a robust result (Rind et
al. 1998, 2002; Butchart and Scaife 2001; Sigmond et al.
2004; Eichelberger and Hartmann 2005; Butchart et al.
2006). According to Eichelberger and Hartmann
(2005), the BDC increases by �10% in the winter, caus-
ing as much as 7 and 3.5 DU of increase in ozone col-
umn at high latitudes for the Northern and Southern
Hemispheres, respectively. It is an important result to
be considered in the modeling of ozone recovery. If we
also include the strengthening of the eddy mixing coef-
ficients, it will lead to the 6.5- and 3-DU increase in
high-latitude column ozone for the Northern and
Southern Hemispheres, respectively. The effect of the
transport of long-lived gases that are sources for the
ozone photochemical loss is smaller compared with the
dynamical effect. Further study is needed to help us
understand the synergistic interaction between ozone
change and climate variability, and its influence on the
ozone recovery.
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