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Abstract
The effects of tropospheric heating on the quasi-biennial oscillation (QBO) are examined
using a two-dimensional mechanistic model of the equatorial stratosphere. Tropospheric
heating is simulated by increasing the amplitudes of vertically-propagating Kelvin and
Rossby-gravity waves. Both observations and theoretical analysis have identified that
vertically propagating equatorial Kelvin and Rossby-gravity waves drive the westerly and
easterly QBO regimes respectively. Amplitudes for both waves are increased linearly in
2% increments, resulting in non-linear decreases in period and non-linear increases in
westerly velocity maxima (up to 16%).
Introduction

The quasi-biennial oscillation (QBO) is an oscillation of easterly and westerly
stratospheric zonal wind regimes with a period range of 22—34 months and a mean period
of 28 months (Baldwin et al. 2001; Holton 2004). Maximum amplitudes of
> 40 m s! are found above the equator at 20 mb, and decrease by 50% by 12°N and S
latitude. Alternating wind regimes appear above 30 km and propagate downward at 1 km
month~!, maintaining amplitude until 23 km, and losing amplitude below 23 km (Holton
2004). The westerly regime duration is greater than the easterly at lower levels, while the
easterly regime duration is greater than westerly at upper levels. Easterly magnitudes are
predominantly greater than the westerly magnitudes (Cordero and Nathan 2000; Holton
2004).

Both observations and theoretical analysis have identified that vertically propagat-
ing equatorial Kelvin and Rossby-gravity waves drive the westerly and easterly QBO re-
gimes respectively (Holton 2004). The QBO is a unique dynamical phenomenon in that

its period is seemingly unrelated to the periods of these driving waves (Baldwin 2001).



This paper presents results from 2.5-D model simulations of the effects of tropospheric
warming on the QBO. Warming was simulated by increasing the amplitudes of Kelvin
and Rossby-gravity waves.
Model Description

Model dynamics are based on Takahasi (1987). Cordero and Nathan (2000) ex-
tended the model by coupling the wave and zonal mean ozone continuity equations to the
wave and zonal mean temperature equations respectively through diabatic heating terms.
This enables the model to simulate the effects of the wave fields on the zonal mean circu-
lation (Cordero and Nathan 2000). Dependent variables are divided into zonal mean and
two wave components, a wave-1 (k= 1) Kelvin wave and a wave-4 (k = 4) Rossby-grav-
ity wave. Mean components are represented with an overbar, and wave components with
primes. All equations use standard notation found in Takahashi (1987), Holton (2004),
and Cordero and Nathan (2000).

The zonal mean equations include:
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The above equations are zonal mean prognostic equations: (1) u-momentum; (2)
v-momentum; (3) mass continuity; (4) geopotential, which can be used as a prognostic
equation for temperature due to (5). The first term on the right-hand side (RHS) of (4) is
northward heat flux.

Circulation in the model is driven by the geopotential height of equatorial Kelvin

and Rossby-gravity waves at the lower boundary represented by

(I);( — AKe(‘ﬁyz/ZCK) Re[eikK(x—cKt):|’ (6)
Y Bmdy ‘
@, = ARy(ﬁ:;R j e W xRe[eM )], (7)

where the subscripts K and R refer to the Kelvin and Rossby-gravity waves respectively.
Wave-mean flow interactions occur in (1), where the zonally averaged meridional and
vertical momentum flux terms affect the mean flow.
Methods

The effects of tropospheric warming on the QBO were simulated by varying the
Kelvin and Rossby-gravity wave amplitudes (Ax , Ar). As a first order simulation, five
model runs were conducted in which the amplitudes of both the Kelvin and Rossby-grav-
ity waves were increased successively by 2% from the RS values (Table 1).

Table 1. Run parameters

Run Percent increase | Rossby-gravity wave | Kelvin wave
number | from RS Amplitude (m? s2) Amplitude (m? s2)
RS 0 300 204

1 2 306 208

2 4 312 212

3 6 318 216

4 8 324 220

5 10 330 224

In the tropics, higher surface and tropospheric temperatures (due to increasing levels of

atmospheric CO.) are thought to increase condensation and latent heat release, which in



turn lead to increased total potential energy. In a number of global simulations with CO»
levels doubled and surface temperatures increased by 5.1 C, Rind ef al. (1998) reported
that 1000—100 mb total potential energy increased by 2%, and zonal available energy in-
creased from 4.1-28.5%. In addition, they found an increase in stratospheric eddy energy
and residual circulation on the order of 50-70% for the annual average at 25 km. These
residual circulation increases were driven by an increase in Eliassen-Palm (EP) flux con-
vergences caused by changes in wave propagation into the stratosphere due to warming
in the upper tropical troposphere (Rind ef al. (1998). Therefore, since Kelvin and
Rossby-gravity waves are excited by oscillations in large scale convective heating in the
equatorial troposphere (Holton 2004), the amplitude variations listed in Table 1 seemed
to be reasonable for a first order simulation.
Results

Zonal wind, temperature, and ozone QBO plots were generated to compare the
different runs. Figure 1 shows overlays of the five runs for the above three quantities.
The zonal wind QBO indicates that the westerly regime’s maximum velocities increased
with increasing run number, from 29.35 to 33.18 m s™! for runs 1 to 5 respectively while
the easterly regime’s maximum velocities decreased in magnitude from -28.84 to -25.74
for runs 1 to 5 respectively (Tables 2 and 3). The mean u-wind QBO amplitude, how-
ever, increased only slightly, from 29.07 to 29.46 m s™! for runs 1 to 5 respectively, re-
flecting the symmetric trend of increasing westerly and decreasing easterly magnitudes
for all runs. Period changes in the temperature and ozone QBOs were similar to those
seen in the u-wind QBOs (Figure 1). The above changes can also be seen in Figure 4 and
5: time-height cross sections of zonal wind for runs 1-5 (westerly winds are represented

in red, easterly in blue).






Table 2. Zonal wind statistics, Runs 1-5

1 RS (0) -28.94 2.19 . .
1 Run1(2) -28.82 2.08 28.80 1.94 2881 0.85

1 Run2(4) -27.77 2.00 30.23  6.98 29.00 0.79

1 Run3(6) -26.71 1.92 31.55 11.66 29.13 0.77

1 Run4(8) -2587 1.84 3259 1535 29.23 0.74

1 Run5(10) -2571 1.75 32.98 16.71 29.34 0.74

2 RS (0) -28.93 4.55 28.91  0.00 28.92 3.23 2.36 236 236  0.00
2 Runl(2) -28.83 4.38 29.44  1.82 29.13 3.12 2.30 227 229 -2.91
2 Run2(4) -27.73 4.22 30.76  6.40 29.25 3.04 2.22 225 223 -5.23
2 Run3(6) -26.68 4.08 32.00 10.66 29.34 2.96 2.16 219 2.18 -7.56
2 Run4(8) -25.86 3.97 3292 13.85 29.39 2.90 2.14 2.16  2.15 -8.72
2 Run5(10) -25.73 3.84 33.11 14.50 29.42 2.82 2.08 2.08 2.08 -11.63
3 RS (0) -28.92 6.93 2895  0.00 28.94 5.59 2.38 236 2.37  0.00
3 Runi(2) -28.81 6.68 29.49 1.85 29.15 5.42 2.30 230 230 -2.89
3 Run2(4) -27.75 6.47 30.82  6.45 29.28 5.26 2.25 222 223 -5.78
3 Run3(6) -26.69 6.27 32.03 10.62 29.36 5.12 2.19 2.16  2.18  -8.09
3 Run4(8) -25.84 6.08 33.07 14.22 29.45 5.01 2.11 211 2.11 -10.98
3 Run5(10) -25.75 5.92 33.20 14.69 29.48 4.88 2.08 205  2.07 -12.72
4 RS (0) -28.93 9.29 28.94  0.00 28.94 7.97 2.36 238 237  0.00
4 Runil(2) -28.82 896 29.52 201 29.17 7.70 2.27 227 227 -4.05
4 Run2(4) -27.75 8.68 30.79  6.40 29.27 7.51 2.22 225 223 -5.78
4 Run3(6) -26.67 8.44 32.08 10.84 29.37 7.32 2.16 219 2.18 -8.09
4 Run4(8) -25.85 822 3297 13.93 29.41 7.15 2.14 2.14  2.14 -9.83
4 Run5(10) -25.74 7.97 33.35 1525 29.55 6.96 2.05 2.08 2.07 -12.72
5 RS (0) #N/A #N/A 28.96  0.00 #N/A 10.33 #N/A 236 236 0.00
5 Run1(2) #N/A #N/A  29.52 1.92  #N/A 10.00 #N/A 230 230 -2.33
5 Run2(4) -27.74 10.90 30.81 6.38 29.28 9.73 2.22 222 222 -5.82
5 Run3(6) -26.69 10.63 32.08 10.77 29.39 9.51 2.19 219 219 -6.98
5 Run4(8) -25.86 10.36 33.03 14.03 29.44  9.29 2.14 2.14 214 -9.31
5 Run5(10) -25.76 10.05 33.25 14.82 29.50 9.01 2.08 205 207 -12.21

Table 3. Mean values

Mean Mean Mean Mean
Easterly Westerly U-wind QBO
max max Amplitude Period

Run# (ms? (ms?) (ms? (yr.dec)
RS -28.93 28.80 28.85

1 -28.84 29.35 29.07 2.36
2  -27.75 30.68 29.22 2.29
3 -26.69 31.95 29.32 2.23
4 -25.86 32.92 29.39 2.18
5 -25.74 33.18 29.46 2.13

Figure 2 shows the percent increase of the westerly regimes’ velocity maxima as a
function of run number. The solid line represents a linear increase from 0 to 10%, while
the dots represent the maximum westerly velocity percent increase from the RS for the
five QBO cycles in the 11-year simulation. While run 1 displays a near linear velocity
increase for the five cycles, with percent increases from 1.94 to 1.92, runs 25 display

non-linear velocity maxima increases for each of the five QBO cycles, with the greatest



deviation (from linear) occurring in the first QBO cycle of run 5 (16.7 % increase).
Figure 3 shows the percent decrease of zonal wind QBO periods as a function of run
number, indicating a non-linear change in almost all cases.

These non-linear changes appear to be a result of the non-linear, coupled, equa-
tions which govern the mean flow. Changes in the wave amplitude via equations (6) and
(7) affect (4) which in turn affects the zonal flow in (1) via v and w.

Discussion

Both observations and theoretical analysis have determined that vertically propa-
gating Kelvin and Rossby-gravity waves provide a significant portion of the momentum
required to drive the QBO with Kelvin waves transferring westerly momentum and
Rossby-gravity waves transferring easterly momentum (Holton 2004). The consistent in-
crease in westerly winds and decrease in easterly winds is an interesting result. This may
be a function of how the model is tuned, resulting in Kelvin waves dominating Rossby-
gravity waves (Cordero and Nathan 2000). Further simulations which isolate the effects
of both Kelvin and Rossby-gravity waves are required to better understand these dynam-

ICS.



Figure 1. Zonal mean wind, temperature deviation, and ozone volume mixing ratio anom-
aly, Height 25 K, Latitude 0° N (Runs 1-5)

Zonal Mean Zonal Wind, Latitude 0° N, Height 25 km (Runs 1-5)
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Figure 2. Percent increase of westerly regimes’ velocity maxima as a function of run

number _ . _ . .
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Figure 3. Percent decrease of zonal wind QBO periods as a function of run number

Percent decrease of zonal wind QBO periods as a function of run number
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Figure 4. Time-height cross sections of zonal wind (Runs 1 & 2)
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Figure 5. Time-height cross sections of zonal wind (Runs 3-5)

Height time cross section of zonal wind (m s™), Latitude 0° N, (6% wave amplitude increase)
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Figure 6. Fast Fourier transform power spectra of zonal wind, Latitude 0° N (Runs 1-5)

Fast Fourier transform power spectra of zonal wind, Latitude 0° N (Runs 1-5)
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