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ABSTRACT

Results of experiments with a GCM involving changes in UV input (+25%, +10%, £5% at wavelengths
below 0.3 xum) and simulated equatorial QBO are presented, with emphasis on the middle atmosphere response.
The UV forcing employed is larger than observed during the last solar cycle and does not vary with wavelength,
hence the relationship of these results to those from actual solar UV forcing should be treated with caution.
The QBO alters the location of the zero wind line and the horizontal shear of the zonal wind in the low to
middle stratosphere, while the UV change alters the magnitude of the polar jet and the vertical shear of the
zonal wind. Both mechanisms thus affect planetary wave propagation. The edst phase of the QBO leads to
tropical cooling and high-latitude warming in the lower stratosphere, with opposite effects in the upper stratosphere.
This quadrupole pattern is also seen in the observations. The high-latitude responses are due to altered planetary
wave effects, while the model’s tropical response in the upper stratosphere is due to gravity wave drag.

Increased UV forcing warms tropical latitudes in the middle atmosphere, resulting in stronger extratropical
west winds, an effect which peaks in the upper stratosphere/lower mesosphere with the more extreme UV
forcing but at lower altitudes and smaller wind variations with the more realistic forcing. The increased vertical
gradient of the zonal wind leads to increased vertical propagation of planetary waves, altering energy convergences
and temperatures. The exact altitudes affected depend upon the UV forcing applied.

Results with combined QBO and UV forcing show that in the Northern Hemisphere, polar warming for the
east QBO is stronger when the UV input is reduced by 25% and 5% as increased wave propagation to high
latitudes (east QBO effect) is prevented from then propagating vertically (reduced UV effect). The model results
are thus in general agreement with observations associated with solar UV /QBO variations, although the west
phase is not absolutely warmer with increased UV. Questions remain concerning the actual variation of strato-
spheric winds with the solar cycle as the magnitude of the variations reported in some observations cannot be
associated with UV variations in this model (but do arise in the model without any external forcing). The
model results actually come closer to reproducing observations with the reduced magnitude of UV forcing due
to the lower altitude of west wind response, despite the smaller wind variations involved. An evaluation of the
reality of the reported effects of combined QBO and solar UV variations on the middle atmosphere requires
the use of proper UV solar cycle forcing and should include possible ozone variations.

Global Systems Institute, Columbia University, and NASA/Goddard Institute for Space Studies, New York, New York

1. Introduction

It has been suggested by the results from a number
of studies (Holton and Tan 1980, 1982; Labitzke 1982;
van Loon and Labitzke 1987) that the quasi-biennial
oscillation (QBO), while primarily an equatorial phe-
nomenon, may affect various processes at higher lati-
tudes, especially in the polar regions. Holton and Tan
(1980, 1982) showed that polar regions were warmer
during the east phase of the QBO, with increased geo-
potential heights, while low latitudes had reduced tem-
peratures and heights. Labitzke (1982) pointed out that
stratospheric warmings are more likely during the east
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phase of the QBO than during the west phase. Dunk-
erton et al. (1988) also reported a connection be-
tween QBO and major stratospheric warmings and
stated that nonoccurrence of the major warmings is
associated with deep equatorial westerlies. Dameris
and Ebel (1990), using a model with perpetual lower-
boundary forcing of long waves for wavenumbers 1
and 2, found that the simulated stratospheric warm-
ing, even though present during both east and west
phases of the QBO, is enhanced during the east phase.
Balachandran et al. (1991) has also reported exper-
iments with the use of a GCM, which showed that
stratospheric warmings are strengthened during the
east phase of the QBO and weakened during the west
phase. Thus, the impact of lower-stratosphere trop-
ical zonal wind changes on extratropical stratospheric
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processes has been found in both observational and
modeling studies.

The effect of solar variability on weather and climate
has been a controversial subject for a long time. In the
most recent resurgence of research, Labitzke (1987)
and van Loon and Labitzke (1988) published results
showing significant correlation between the flux of the
10.7-cm solar radiation and geopotential heights of the
50-mb pressure surface when the Hata are grouped by
the west and east phases of the QbO. In a refinement
of their earlier findings, Labitzke and van Loon (1992)
(Labitzke-van Loon studies will hereafter often be re-
ferred to as LvL) report that the north polar region is
warmer during the east phase of the QBO than during
the west phase (in a statistically significant way) only
during the solar minima and that the region is warmer
in the west phase than in the east phase during solar
maxima. Dunkerton and Baldwin (1992) showed that
this last result is prevalent in the region surrounding
100 mb only during February. These statistical results
thus show an apparent modulation of the QBO effects
by solar variations during at least some months, or,
equivalently, a modulation of the solar effects on the
atmosphere by the QBO. The problem is to find the
physical mechanism of such modulation, if one actually
exists.

The Labitzke and van Loon correlations extend from
the middle atmosphere down into the troposphere.
Given the much greater mass and energy of the lower
levels, the relatively small variation in total energy as-
sociated with solar variability (on the order of 0.1%
during the last solar cycle), and the lack of obvious
physical coupling mechanisms, the results have been
treated with some skepticism. For example, Salby and
Shea (1991) suggest that the solar-atmospheric cor-
relations may be explained by statistical considerations
related to sampling and the lengths of record available
for correlation, although Kodera (1993) argues that
the results are maintained in an analysis that does not
decrease the sampling frequency of the original signal.
Overall, the Labitzke and van Loon correlations have
passed relatively stringent significance tests and have
been considered sufficiently useful to be incorporated
in techniques for the seasonal forecasting of the United
States weather (Barnston and Livezey 1989).

Kodera et al. (1990) have used a general circulation
model to show that perturbations to winds in the upper
stratosphere associated with ozone heating rates of
—30% to +20% (equivalent to UV variations of that
magnitude) can propagate to lower levels, a result ap-
parently consistent with observations (Kodera 1991).
The altered ultraviolet radiation will primarily affect
ozone-rich regions receiving appreciable solar insola-
tion (i.e., lower latitudes in the upper stratosphere),
changing the thermal gradients and thus wind fields.
In that sense, both solar variability and the QBO are
associated with zonal wind perturbations, which may
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then affect wave propagation and wave-mean flow in-
teractions.

Our objective in the following studies is to conduct
experiments with a GCM in order to shed some light
on the possible mechanism or mechanisms of such so-
lar cycle and QBO effects on the troposphere-strato-
sphere system. The UV variations employed are larger
than has been observed during the last solar cycle and
do not vary with wavelength; thus, the conclusions
from these experiments cannot directly prove or dis-
prove the reported solar UV effects. Nevertheless, they
do suggest pathways in which solar forcing could op-
erate if the system is sufficiently sensitive. The results
are reported in two phases: the model’s middle atmo-
sphere response to ultraviolet and QBO perturbations
(Part I) and then the tropospheric response (Part II).

2. Model

The model used for the experiments is the Goddard
Institute for Space Studies (GISS) Global Climate
Middle Atmosphere Model (Rind et al. 1988a,b). The
model has a resolution of 8° X 10° (lat X long), extends
from the surface to 85 km, and includes a full array of
processes: numerical solution of the primitive equa-
tions, radiative and surface fluxes, complete hydrolog-
ical cycle, convective and cloud cover parameteriza-
tions, etc. as in the GISS climate model (Hansen et al.
1983). In addition, the model incorporates a simple
parameterization for gravity wave drag (Rind et al.
1988a). Gravity wave effects due to topography, wind
shear, and convection are calculated at each grid box
from model-generated temperature and wind fields,
and linear saturation theory is employed to determine
levels of wave breaking. The model was run for 10
years and, with the aid of the gravity wave parameter-
izations, produced a realistic simulation with a proper
break between tropospheric and stratospheric jets, re-
alistic closing off of the winter time jet in the meso-
sphere, warm winter and cold summer polar meso-
spheric temperatures, stratospheric warmings of dif-
ferent degrees, etc. (Rind et al. 1988a,b). The primary
deficiencies of the model are somewhat reduced long-
wave energy in the troposphere and lower stratosphere,
too cold temperatures near the model top, and too
warm temperatures in the Southern Hemisphere polar
lower stratosphere.

3. Experiments

The basic aim of the experiments is to determine
what effects the changes in UV radiation and the QBO
have on the troposphere-stratosphere system. Since the
largest percentage variability in the incoming solar ra-
diation occurs in wavelengths shorter than the visible
(e.g., Lean 1991), our experiments involve solar ra-
diation changes in the model at wavelengths less than
0.3 um. The solar UV input below 0.3 um was altered
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FIG. 1. Three-year composite annual average wind difference be-
tween W QBO and E QBO (W minus E) divided by 2 showing the
equatorial west wind forcing between 20-km and 40-km altitudes in
the model. The easterlies and westerlies above are model generated
by gravity wave drag and E-P flux divergence.

with reference to the normal values in the control run
by +25%, +10%, and £5%. The actual solar ultraviolet
radiation changes are still somewhat uncertain, al-
though current estimates, from considering the varia-
tions that occur associated with solar rotation and from
UARS measurements, are for changes of about 8% at
0.2 um, 4% by 0.25 pm, and less than 1% at 0.3 um
(Lean et al. 1992; J. Lean 1995, personal communi-
cation). Thus, all these experiments use variations
larger than the observed, especially for wavelengths
near 0.3 um, although the 5% runs are much closer
to reality. The values at wavelengths less than 0.2 um
are actually underestimated in the less extreme UV
experiments; this will primarily affect regions above
the stratopause. Variations at wavelengths longer than
0.3 um may account for some 80% of the total irra-
diance variations (Lean 1991) and are not included in
these experiments; such effects would be felt primarily
in the troposphere. The approach is thus to provide an
exaggerated forcing with the UV radiation input so as
to discern any gross impacts in the middle atmosphere
and potential coupling into the lower atmosphere; the
gross aspect of these experiments is similar to that of
Kodera et al. (1990), although at the 5% level they
are closer to reality than has heretofore been employed.
Nevertheless, given the still exaggerated nature of the
forcing, the results of these experiments cannot literally
be related to actual solar UV forcing. Future experi-
ments should use best estimates of solar variability at
different wavelengths.

We also did not alter the atmospheric ozone distri-
bution from the control run, even though stratospheric
ozone in the real atmosphere may change with the solar
cycle (e.g., Hood et al. 1993). Future experiments
should incorporate realistic changes in ozone, which
will again alter the level and magnitude of absorbed
radiation somewhat.
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Since the studies referred to earlier point to the
modulation of the solar effects by the equatorial QBO
(or the reverse), we also conducted experiments with
a simulated QBO in the Tropics. The model by itself
does not generate the QBO, probably due to lack of
sufficient resolution. To simulate the QBO, the equa-
torial winds at the 31.6-mb and 14.7-mb levels in the
model were forced to —25 m s~ for the case of east
QBO and +25 ms™! for the west case with a time
constant of 30 days, employing an exponential falloff
away from these levels and from the equator. In effect,
the forcing extends to 27°N,S. (We did, however, run
a few cases with forcing extending only up to 8°N,S.)
A comparison of the resulting wind differences be-
tween, for example, the west QBO and the east QBO
(divided by 2) is presented in Fig. 1. The resultant
effect, a combination of the forcing and the model re-
sponse, is in good agreement with the actual phenom-
enon (e.g., Fig. 8.2 of Andrews et al. 1987) in terms
of the vertical and latitudinal distribution of wind am-
plitudes. However, the model forcing is obviously not
generated in the same manner as the observed; what
difference this makes in the results is not known. Also
uncertain is the impact of using a steady forcing of the
peak winds of the QBO rather than simulating the
transitional phenomena. We are essentially experi-
menting with the gross effects of strong east and west
winds in the tropical lower stratosphere (the tropical
region mainly affected by the QBO).

The various UV and QBO runs were each done sep-
arately and then in combination. A list of the model
experiments discussed in these papers is presented in
Table 1, along with the number of years of integration.
The results given below will, in general, be averages
for three years of the experiments; however, to increase

TABLE 1. Characteristics of the model runs.

Model UV radiation = OBO forcing  Number of years run
Control Normal None 10
+25 +25% None 3
=25 —25% None 3
w Normal West 3
E Normal East 3
+25W +25% West 3
+25E +25% East 3
—25W ~25% West 3
—25E —25% East 3
+10W +10% West 10
+10E +10% East 10
—10W —10% West 10
—10E —10% East 10
+10 +10% None 3
-10 —-10% None 3
+5W +5% West 3,10
+5E +5% East 3,10
—5W —5% West 3,10
—5E —5% East 3,10
+5 +5% None 3,10
-5 —5% None 3,10
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the statistical significance and stability of the model
results, the 5% UV variations experiments were all ex-
tended to 10 years. It will be shown that the 10-year
averages are almost identical to the 3-year results. All
model runs followed a spinup of several months, which
proved sufficient given that the sea surface temperatures
were not allowed to change. The focus of this paper
and Part II will be on the “wider” QBO in combination
with the more extreme UV forcing and then with the
most realistic solar forcing to illustrate the mechanisms
involved. The effects of the intermediate UV forcing
(£10%) and the more narrow QBO forcing (not listed
in the table) will be introduced primarily to investigate
the model sensitivity to changes in forcing.

A note on the “significance” of the results: in both
the middle atmosphere and the troposphere, changes
are generally on the order of one standard deviation
of the model’s normal interannual variation (which is
often true for the observations as well). Therefore, to
evaluate the “reality” of the effect in the model, we
initially relied upon the similarity of physical interpre-
tations derived from model output across the suite of
experiments. Subsequently, results were checked with
the 10-year experiments, which provided an indication
of their strong consistency and did produce areas of
statistically significant results. Where consistency does
occur, this check implies statistical significance would
be increased by integrating the experiments for a much
longer time.

4. QBO resuits
a. The QBO wind response with different UV forcing

Before discussing specific results from the model and
relating them to the observational studies referred to
earlier, it is instructive to examine the overall general
pattern of atmospheric circulation changes brought
about by variations in the incoming UV radiation and
the tropical QBO. Since the QBO-modulated solar ef-
fects are mainly reported to be observed in the winter
circulation and hence there is a strong possibility that
the coupling may be through planetary waves, we will
concentrate on the changes in the northern winter
middle atmosphere jet and the zero-wind line separat-
ing the westerlies from the easterlies in the two hemi-
spheres, both of which are characteristics that may alter
planetary wave propagation conditions.

The impact of the different forcing on these two fea-
tures is summarized in Table 2, while the model-gen-
erated winds are shown for the control run, the two
pure QBO experiments [E] and [W], and the two ex-
treme UV change only experiments, [+25] and [—25],
in Fig. 2. In the west phase of the QBO the results,
almost independent of UV forcing, show the zero wind
line in the Southern Hemisphere up to 35 km, and in
the Northern Hemisphere above to at least 50 km. In
the east phase, the zero wind line falls in the Northern
Hemisphere up to at least 60 km. The control run is
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more like the east phase QBO in the position of its
zero wind line. Note that the tropical wind response
without any UV variations (i.c., runs [E] and [W]) is
basically the same as with the UV variations, both pos-
itive and negative.

The QBO has a discernible impact on the strength
of the peak stratospheric jet, averaging 8 m s™' more
during the east phase, regardless of the UV variation.
There is also an influence on the latitude of the peak
stratosphere jet: in [W1] it is further poleward than in
[E]. This also holds true to some extent when the solar
forcing is involved, more often with UV reductions.
An obvious connection between the effect of the QBO
and UV forcing on both the zero wind line and the
winter jet involves wave-energy propagation, as will be
discussed below.

In Fig. 3 is presented the change of the zonal wind
between the east and west phases of the QBO for the
extreme UV maxima and minima (left-hand side) and
the more realistic UV variations (right-hand side). (For
the picture with no UV variations, refer to Fig. 1 and
multiply the values by 2.) In addition to the expected
tropical lower stratospheric change, the outstanding
feature is a change of the opposite sign in the upper
stratosphere in each experiment. This is the result of
momentum forcing, here the product of the parame-
terized convective gravity wave drag and to a lesser
extent the Eliasson-Palm (E-P) flux divergence due
to planetary waves, providing increased west wind ac-
celeration for the E phase and increased east wind ac-
celeration for the W phase. The convective gravity
waves are parameterized in the model with both pos-
itive and negative phase speeds (Rind et al. 1988a).
With east winds in the lower stratosphere, the slower
westward traveling waves cannot propagate upward,
while the eastward modes reach the middle and upper
stratosphere. There they break, with their drag deceler-
ating the east winds. The opposite conditions exist for
the W phase; the westward traveling convectively gen-
erated gravity waves break in the middle and upper
stratosphere leading to the acceleration of easterlies
there.

In Fig. 4 is shown the difference in wind forcing due
to gravity wave drag (top) and the E-P flux divergence
(bottom) for [+25E minus +25W]. The upper-strato-
spheric tropical warming is caused by the acceleration
of the west wind component by a combination of grav-
ity wave drag and E-P flux divergence. Similar results
follow for the —25E minus —25W case.

To verify the effects of gravity waves on the structure
of the tropical wind response, we eliminated the pa-
rameterized convective gravity waves in the model. The
east minus west plots showed that while the lower-
stratospheric temperature and wind pattern indicated
little change, the upper-stratospheric wind pattern
changed significantly. The center of the west wind re-
gion moved upward into the mesosphere, the west ac-
celeration now being provided mainly by E~P flux di-
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TABLE 2. Characteristics of middle atmosphere jet and zero wind line for northern winter (composite average for Dec-Jan-Feb).

Latitude Altitude Core speed
Model (°N) (km) (ms™) Zero wind line*
Control 63 55 77 NH up to 50 km, SH above
+25 63 55 89 NH up to 50 km, SH above
-25 55 55 68 NH up to 50 km, SH above
w 63 55 74 SH up to 35 km, NH to 50 km, SH above
E 55 55 79 Entirely in the NH
+25W 55 55 78 SH up to 35 km, NH to 50 km, SH above
+25E 55 55 89 NH up to 60 km, SH above
-25W 55 55 60 SH up to 35 km, NH above
—25E 55 55 71 Entirely in the NH
+10 55 55 83 NH up to 50 km, SH above
-10 63 55 69 NH up to 50 km, SH above .
+10W 63 55 78 SH up to 35 km, NH to 50 km, SH abov
+10E 55 55 89 Entirely in the NH
-10W 63 50 66 SH up to 35 km, NH above
—10E 55 55 74 Entirely in the NH
+5 55 55 76 NH up to 50 km, SH above
-5 63 55 81 NH up to 50 km, SH above
+5W 55 55 75 SH up to 35 km, NH to 50 km, SH above
+5E 55 55 80 ' NH up to 60 km, SH above
—5W 63 50 68 SH up to 35 km, NH up to 50 km, SH above
—5E 55 55 79 NH up to 60 km, SH above

* Individual levels can be different from the general description.

vergence. We will show later that the [E — W] obser-
vational data verify the location of the warm anomaly
region occurring in the equatorial upper stratosphere.
Therefore, the model is most successful in simulating
observations when using the parameterization for a
broad phase velocity spectrum of convective gravity
waves.

The extratropical response to the east phase of the
QBO indicates a small weakening of stratospheric west
winds (note the extension of the zero wind change
contour in Fig. 3 toward higher latitudes in all four
experiments). Plumb (1984) noted that the increased
polar temperatures in the lower stratosphere during
the east phase of the QBO (compared to the west phase)
should lead to the reduction of the high-latitude west
wind jet by about 5 m s™!, which is consistent with
the result in most of these experiments. However, with
—5% UV the reduction is substantially greater.

b. The QBO temperature response with different UV
Jorcing

In Fig. 5 is shown the 3-year composite average tem-
perature difference between east and west QBO runs
[E minus W] and with different UV forcings. A cold
region (of —4° to —6°C) brought about by the QBO
forcing is present in the equatorial region centered
around 20-km altitude. The QBO also induces a warm
region above the cold region with similar magnitude.
The tropical lower stratospheric cooling is directly as-
sociated with the QBO forcing employed; an east wind
circulation requires a reverse latitudinal temperature

gradient, with warming in the subtropics and cooling
in the Tropics. This is accomplished by a mean cir-
culation change with greater rising air in the tropical
lower stratosphere (e.g., Andrews et al. 1987).

The warming directly above, in the tropical middle
and upper stratosphere, is also due to a circulation
change. Given that the gravity wave drag is responsible
for the change in sign of the wind anomaly in this re-
gion, it is also responsible for the warming here, as the
increased latitudinal temperature gradient is consistent
with a west wind anomaly from the thermal wind re-
lationship. The effect is accomplished in the model
through relative subsidence in the Tropics at these
levels.

In the extratropics, the east wind phase is associated
with warmer conditions in the high latitude winter
lower stratosphere. The warming is slightly greater with
reduced UV in the 25% experiments, but it is much
greater with reduced UV in the 5% experiments. In
both the reduced UV experiments, the warming is cen-
tered over the polar regions, in contrast to the effect
with increased UV, when the warming maximizes at
midlatitudes. These results are consistent with the ob-
servations of LvL except that no absolute polar cooling
is found with increased UV. A region of cooling of
somewhat greater intensity overlays the warm region.
Additional warm and cold regions in the mesosphere
extend into the summer hemisphere. The basic pattern
appears in all the experiments.

This résult of tropical/extratropical lower strato-
spheric cooling/warming overlain by warming/cooling
forms a quadrupole structure of the temperature pat-
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FI1G. 2. Three-year composite average zonal wind for northern winter (Dec-Jan-Feb) for the
control run (top); [E] (middle left); [W] (middle right); [+25] (bottom left); [—25] (bottom right).

tern in the winter hemisphere. The quadrupole pattern
is not as pronounced in the summer hemisphere but
is present in both hemispheres in the model runs during
their respective winters and for all UV changes. It is,
however, absent in the experiments with a QBO forcing
confined to 8°N,S, as the high-latitude response is
largely missing. The ability of the QBO to affect the
extratropics in this model appears to be a function of
the width of the equatorial forcing. The influence of
the width of the equatorial QBO on the extratropical
QBO has also been reported by O’Sullivan and Dunk-
erton (1994).

To compare the model results with observations, we
analyzed 12 years of National Meteorological Center
(NMC) temperature data. Shown in Fig. 6 are the plots
of temperature differences (E QBO minus W QBO)
for northern winter (top) and southern spring (bottom)
for the NMC data. The quadrupole pattern in each

hemisphere of lower stratospheric extratropical warm-
ing with the cooling above and the reversed pattern in
the Tropics is clearly visible, being stronger in northern
winter and weaker in southern spring, a result which
is also present in the model. Even the weaker quad-
rupole effect in the summer hemisphere is evident. That
both the model and observational data show these pat-
terns is probably a testimony to the dominance of
planetary wave propagation effects associated with
tropical zonal wind variations; the contribution of al-
tered planetary wave fluxes to extratropical temperature
changes in observed data has been analyzed by Dunk-
erton and Baldwin (1991). It is also to some extent a
verification of the effects of tropical zonal winds on
gravity wave propagation, which are thought to gen-
erate the QBO itself.

Holton and Tan (1982) showed that the geopo-
tential height differences in the lower stratosphere at
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high latitudes were negative for the west phase of the
QBO compared with the east phase, and positive in
the Tropics. The results of our experiments are con-
sistent with those observations (which did not dif-
ferentiate between the phase of the solar cycle), a
direct response to the temperature changes in the
lower stratosphere. In Fig. 7 (left) is presented the
height differences for [—5W minus —5E] and in Fig.
7 (right), the same plot for [+5W minus +5E]. In
both diagrams the height differences are negative at
high latitudes and positive at low latitudes, in agree-
ment with the analysis of observational data; the
same is true for the experiments with no UV forcing
[E — W] (not shown). The magnitudes of change
are also consistent with the reported values. The
height differences are larger in the reduced UV run
as indicated by LvL and are actually close to zero
near the pole with increased UV; however, again, the
increased UV results do not indicate positive height
differences at high latitudes. Dunkerton .and Baldwin
(1992) noted that the positive values referred to by
LvL for solar minima exist only for specific winter
months (i.e., February); however, a search of the
model results failed to indicate any significant
monthly differences that contrast with the seasonal
picture shown here.

¢. Explanation of QBO response

What accounts for the pattern in the model and the

. differences associated with altered UV? The tempera-

ture differences are all due to dynamical processes since
they appear with no change in UV irradiances but dif-
fering QBO phases; shortwave radiative changes arise
from cloud cover changes in the upper troposphere,
but the magnitudes are small [O(0.1°C day™!)] com-
pared to the dynamical changes of O(1-10°C day ™).

The extratropical temperature changes in the middle
atmosphere are due primarily to altered wave propa-
gation and energy convergence. The high-latitude lower
stratospheric warming and upper-stratospheric cooling
seen in Fig. 5 are associated with the change in E-P
flux convergence and divergence, whose patterns of
change are shown in Fig. 8. Relative poleward energy
fluxes, E-P flux convergences, zonal wind decelera-
tions, and extratropical warming occur in the Northern
Hemisphere upper troposphere and lower stratosphere.

The change in E-P flux can be related to the wind
changes presented in Fig. 3. The obvious difference
between the E and W QBO (with all the UV forcings)
is that up to 35 km in the middle atmosphere Tropics,
the E runs have east winds, while the W runs have west
winds. The east winds prevent the wave energy from
propagating equatorward and vertically, and the waves
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refract poleward at these altitudes. At higher levels
(above 35 km) in the Tropics the winds are greater
west in the E runs (due to the gravity wave forcing
mentioned previously), and relative equatorward re-
fraction arises in the Northern Hemisphere. The E-P
flux divergence contributes somewhat to the west ac-
celeration at these levels as indicated in Fig. 4 (bottom).

The zonal mean quasigeostrophic refractive index
for the vertical propagation of stationary planetary
waves can be written

n?=N2f"2[dq/dp(U — ¢)~' — k? — (4H?*)"'], (1)

where N is the Brunt-Viiséld frequency, g the quasi-
geostrophic potential vorticity,

dq/dy = —9%U/dy?

+ 8 — eHy(fre M N23U/92)/9z, (2)

U the zonal mean wind, 8 = df/dy, k the zonal wave-
number, and H the atmospheric scale height; all quan-
tities represent zonal mean values. Shown in Table 3
for several of the different QBO experiments are the
respective changes in the northward E-P fluxes, the
first term in the refractive index formulation (dg/dy)
and the full refractive index change (basically domi-
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nated by the change in dg/dy normalized by the change
in the zonal wind) for the lower stratosphere. The use
of quasigeostrophic diagnostics in a primitive equation
model introduces significant errors. Nevertheless, the
increase in dg/dy, a positive refraction index change,
and greater northward wave energy propagation occur
in all the QBO experiments in the low to middle strato-
sphere. The increase in dg/dy occurs because stronger
horizontal wind shears are occurring at lower midlat-
itudes than at upper midlatitudes due to the QBO in-
fluence, and there is some change in the vertical shear
of the zonal wind. The more positive refraction index
implies better vertical propagation conditions, and
midlatitude wave energy, which in the control run re-
fracted horizontally to lower latitudes, is now propa-
gating vertically. Therefore, there is a net loss of south-
ward E-P flux; hence a gain in northward E-P flux,
greater E-P flux convergence at higher latitudes, and
warming.

Above the extratropical region of warming in the [E
— W] runs, there is a region of cooling (from about 30
to 60 km, Fig. 5). The E-P flux diagrams show relative
divergence in the extratropics at these altitudes. In the
control run, energy propagates vertically from about
30° to 70°N, while refracting southward at latitudes
equatorward of 65°N, in conjunction with the refrac-
tion characteristics of the atmosphere [65°N is the
mean position of the middle atmosphere jet in the
model, and the change of quasigeostrophic potential
vorticity (QGPV) with latitude maximizes there]. In
the E runs, the polar warming in the lower stratosphere
leads to decreased zonal winds in the middle strato-
sphere at midlatitudes ( via the thermal wind relation-
ship). This has the effect of reducing the QGPV gra-
dient, limiting vertical propagation, and enhancing
equatorward wave energy flux in the upper stratosphere
(Fig. 8) with subtropical warming and extratropical
cooling (Fig. 5).

The extratropical temperature and wind response
are exaggerated with reduced UV, especially in the 5%
experiments, an effect which can also be seen in the
E-P flux vectors. A positive feedback results as the
warmer polar conditions help generate an east wind
anomaly, which then leads to more poleward energy
propagation. The combined impact of QBO and UV
wind alterations will be discussed following the section
on solar forcing results.

8. UV variation resuits

a. The stratospheric temperature response to the
magnitudes of UV forcing

Increased UV radiation is absorbed by ozone in the
summer hemisphere and tropical regions, an effect
which is absent in the noninsolated winter polar region.
The temperature response with the extreme UV and
more realistic UV experiments, with and without the
QBO, is shown in Fig. 9. The magnitude of the summer
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stratospheric heating is directly proportional to the UV
change, but in the winter hemisphere substantial dif-
ferences arise between the east and west phases of the
QBO. During the east phase, the UV maximum has
colder temperatures in the winter polar lower strato-
sphere, while during the west phase the UV maximum
has relatively less cooling and, in the case of the more
realistic UV variations, the west phase has absolutely
warmer temperatures. The cooling of the polar lower
stratosphere during the east phase and the warming
during the west phase with UV maximum compared
to UV minimum is in complete agreement with the
LvL results, which indicated stratospheric warmings
were more prevalent during the west phase at solar
maximum and during the east phase at solar minimum,

b. The stratospheric wind response to the magnitudes
of UV forcing

The temperature changes shown in Fig. 9 are asso-
ciated with zonal wind variations. These are shown in

Fig. 10, and the extratropical changes are tabulated in
Table 4a for the different UV extremes. With increased
UV, the larger latitudinal temperature gradient in the
25% runs leads to substantial increases in the middle
atmosphere zonal jet (see also Fig. 2, Table 2). As the
UV forcing differential is reduced, the magnitude of
the zonal wind velocity change becomes smaller and
may even change sign; in particular, with £5% UV
variations, the west wind changes are small. This result
is in some qualitative agreement with results from 2D
models (e.g., Huang and Brasseur 1993) but in appar-
ent disagreement with several sets of observations. Note
that the UV variations have no effect on the location
of the tropical zero wind line (Table 2). .

Kodera and Yamazaki (1990) found an apparent
correlation between the zonal winds in December at 1
mb and the solar sunspot number, with wind variations
between solar maximum and minimum of some 50
m s~!, In this GCM, not even the +25% UV variations
could produce that high an effect.
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As only one seasonal cycle was involved in that ob-
servation, it is not at all apparent that variations of
such magnitude are actually solar cycle connected. To
illustrate this point, we present in Fig. 11 (top) the
wind variations shown by Kodera and Yamazaki
(1990) for 10 years (1976-85, hence solar minimum
to solar minimum) and the variations of the model
wind (Fig. 11, bottom) near its stratosphere jet from
the control run, which was integrated for 10 years
without any change in QBO phase or solar UV. The
variations are obviously of the same order of magni-
tude; as discussed in Rind et al. (1988b), the model
interannual standard deviations in the extratropics are
in good agreement with observations. The similarity
of the fluctuations shown in Fig. 11 does not mean
that the observed winds are not solar cycle related, only
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that caution needs to be exercised in arriving at that
conclusion from one solar cycle in a system that (at
least in the model) has similar magnitudes of natural
variation.

Hood et al. (1993 ) repeated the correlation between
solar UV and stratospheric winds using Nimbus-7 Solar
Backscatter Ultraviolet data with a gradient wind ap-
proximation and NMC data. They found a more mod-
est, although still substantial, correlation with a zonal
wind change of order 20 m s™! in December for the
last solar cycle. The above cautionary comments apply
here as well, and, in addition, this relationship disap-
peared in other winter months, so averaging over the
winter season would produce substantially lower re-
sults.

The 20 m s™! variation is, coincidentally, of the same
order of magnitude as occurs with +25% UV (Table
4a). Itis important to note that the model temperature
response is actually more like the LvL observations
when smaller UV and wind variations are involved.
Why the smaller variations seem to be sufficient is dis-
cussed in the following section.

¢. Explanation of response to varying UV forcing
1) WINDS AND WAVE PROPAGATION

The E-P flux vanations for the extreme (£25%) and
more realistic (+5%) UV experiments in the different
phases of the QBO are given in Fig. 12. In the control
run, wave energy propagates vertically out of the tro-
posphere, refracting to lower latitudes south of 60°N
and to higher latitudes north of 60°N. In the +25%
runs, zonal winds increase substantially in the extra-
tropical stratosphere with increased UV (Fig. 10). The
influence these winds have on the vertical propagation
of Rossby waves is given by the refraction index for-
mula shown in Eqgs. (1) and (2).

The values for the differences between [+25] and
[—25] of each of the terms involving the vertical gra-
dient of the zonal wind, the full dg/dy term, and the
resulting refraction index are shown in Table 5a along
with the change in the vertical E-P flux. Increasing the
UV produces an increase in the zonal wind, an effect
which increases with altitude in the stratosphere. Thus,
the term involving the vertical gradient of the zonal
wind increases (a positive refraction index effect) (col-
umn 3); however, the change with altitude diminishes
above 1.5 mb, so the second derivative of the zonal
wind variation with altitude changes sign at that level
(column 4). dq/dy also depends upon the second de-
rivative of the zonal wind change with latitude, which
is included in the calculation shown in column 5. The
zonal wind increase itself acts to reduce the absolute
value of the index, a result shown in column 6.

Overall, dq/dy and the refraction index generally
show a positive change above the middle stratosphere
and a decrease below with UV increases of this mag-
nitude, driven primarily by the change in the vertical
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that are discernible is 17 = 8 X 10" J.

gradients. (Note: these calculations should be viewed
as illustrative, since the quasigeostrophic refraction in-
dex is only of limited use in a primitive equation
model.) The vertical E-P flux shows a similar tendency.
Therefore, the 25% runs show an increased vertical
propagation effect in conjunction with a more positive
refraction tendency above the middle stratosphere with
increased UV. (Note further that the refraction index
formula assumes stationary waves, while the E-P flux
values also include transient waves, so this comparison
is only approximate; however, the change in total eddy
energy is paralleled by the change in stationary eddy
energy.)

The wind changes associated with the +10% runs
are also shown in Table 4a. In comparison with the

+25% runs, the 10% changes have weaker wind in-
creases (although the effect has not been reduced pro-
portionately). The wave energy propagation and the
refraction terms in the 10% runs are presented in Table
5b, along with the changes from the 25% experiments
(in the last two columns). In this case, the refraction
index change is now negative throughout the middle
and upper stratosphere; hence wave energy propagation
is discouraged and the increased flux from below does
not propagate through 10 mb. In comparison with the
more extreme (25% ) UV variations, the first derivative
of the vertical shear of the zonal wind is weaker due
to the weaker radiative forcing, and both the upward
energy propagation to higher levels and the refraction
terms are more negative above the middle stratosphere.

TABLE 3. Change in Dec-Feb horizontal E-P flux and wave refraction properties for the different QBO experiments
averaged from 30° to 67°N and 100 to 10 mb.

{E] minus [W]

[+25E] minus [+25W] [~25E] minus [-25W]

A northward E-P flux (10'¢ J) 56
A 3g/ay (107" s m™") 18
Ar? (107'm™?) 2.2

48 88
20 12
2.5 1.7
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Thus, the 10% UV differences have increased propa-
gation at lower levels and decreased propagation at up-
per levels when compared with the 25% UV variations.
With the change in level of wave energy convergence,
there are differences in altitude of the temperature re-
sponse in these experiments (not shown).

The +5% runs have a much smaller zonal wind
change, with an effect that maximizes at lower alti-
tudes (Table 4a; we first use the difference in the
experiment without QBO forcing in an attempt to
isolate the UV effect). The influence on the change
in the refraction terms is given in Table 5c. Now the
change in the second derivative of the wind velocity
vertical shear favors propagation in the lower to
midstratosphere. Of crucial importance here is the
profile of the wind velocity change: Vertical propa-
gation is favored where it increases with altitude
(from the first derivative) and where this increase
has a local maximum in altitude (from the second
derivative). In addition, the horizontal gradient of

the zonal wind, in particular the second derivative,
is also favoring increased propagation as the wind
velocity change maximizes at upper midlatitudes
(Fig. 10, top right). Although the wind velocity
changes are not large, the vertical E-P flux appears
to respond to more favorable propagation conditions
whenever they are presented. It is also important to
realize that the changes shown in Table 4a have al-
ready been affected by the changes in wave energy
propagation and convergence and are not necessarily
the radiative-induced wind velocity changes, as will
be discussed further below.

The difference between the 5% and 25% experiments
are shown in the last two columns of Table 5c. The
5% UYV differences have more favorable propagation
conditions in the lower stratosphere and greater vertical
wave energy flux, differences of the same nature as oc-
curred between the 25% and 10% runs (Table 5b).
Above 10 mb, conditions have reversed as the weaker
UV variations and weaker wind variations lead to re-
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F1G. 10. As in Fig. 9 except for zonal wind differences in UV change experiments.

duced propagation and weaker vertical fluxes in the
5% runs.

2) RADIATIVE FORCING

The differences in wave propagation and associated
effects in the lower and upper stratosphere are the result

TABLE 4a. Zonal wind (m s7'), 50°~70°N, Dec-Feb.

+25 +10 +5 +5E +5W

Pressure minus minus minus minus minus
(mb) Control =25 -10 -5 —SE -5W
0.316 71.5 234 14.2 —4.2 -0.7 5.3
0.68 64.6 20.0 11.7 -3.7 -0.3 0.1
1.5 50.3 14.2 8.2 -2.2 1.0 —5.2
32 353 8.3 4.8 0.2 2.6 -9.1
6.8 24 33 23 24 39 -—-107
14.7 17.7 -0.4 8 33 44 -—10.1
31.6 16.3 -2.3 2 3.1 44 -17.8
68 17.4 -2.8 5 2.1 4.0 —43
149 19.3 -2.1 1.2 1.2 2.8 -0.7

of the changed wind profile arising with different mag-
nitudes of UV forcing. It is therefore important to ex-
plore why the wind profiles are so different. As shown
in Table 4a, the 5% results are at variance with what
would be expected by a simple linear extrapolation

TABLE 4b. Heating rate difference and zonal wind response
between 43° and 74°N, Dec-Feb.

Zonal wind response

Solar heating forcing (°C d™') (ms™)
+25 410 +5 +25 +10 +5
Pressure minus minus minus minus minus minus
(mb) Control -25 —10 -5 -25 -10 -5
0.316 5.51 232 072 046 154 53 30
0.68 8.26 370 126 074 116 41 23
1.5 6.56 2.43 0.91 0.49 545 20 11
32 33 0.60 023 0.12 12.5 4.7 2.5
6.8 1.93 091 003 0.02 1.7 0.6 0.4
14.7 1.06 0.01 000 0.00 0.1 0.0 0.0
31.6 .57 0 0 0 0 0 0
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TABLE 4¢. Dynamical forcing (107¢ m s™2) of the zonal wind by eddies and total, and zonal wind response (ms™),
50°=70°N, Dec-Feb.
+25 +10 +5 +25 +10 +5 +25 +10 +5
minus minus minus minus minus minus minus minus minus
Pressure 25 10 5 25 10 5 25 10 5
(mb) (V-E-P) (V-E-P) (V-E-P) (Total) (Total) (Total) (ms™) (ms™) (ms™)
0.316 . 10.7 -2.1 -36.6 -1.8 -2.5 -0.7 —4.7 —6.5 -1.8
0.68 40.4 3.4 -18.9 —0.4 -1.7 -1.5 -1.0 —4.4 -39
1.5 41.4 8.1 -7.0 1.5 —0.1 -2.1 39 -0.3 -54
3.2 32.7 13.4 0.9 3.0 0.5 -2.6 7.8 1.3 —6.7
6.8 17.3 12.9 13.5 33 0.8 -2.2 8.6 .1 -5.7
14.7 0.4 6.4 14.8 2.7 0.8 ~-1.4 7.0 2.1 -3.6
31.6 —-5.9 0.6 8.3 1.7 0.9 -0.6 44 2.3 -1.6
68 -7.7 -1.5 0.3 1.1 0.8 0.1 29 2.1 0.3
149 -9.2 1.4 ~4.4 0.5 0.8 0.7 1.3 2.1 1.8

from the larger UV variations. The change in UV ra-
diation heating rate gradient still peaks in the upper
stratosphere, but the west wind increase is now in the
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1990); model variations (bottom) are from a 10-year simulation of
the control run without UV or QBO variations at 60°N.

middle stratosphere. Shown in Table 4b are the changes
in solar radiation heating rates as a function of altitude
between 43° and 74°N during winter for the different
UV extremes, as calculated by the model. Comparing
the upper stratosphere (1.5 mb) to the middle strato-
sphere (14.7 mb), the absolute value of the heating
difference goes from 2.42°C d~! with +25% to
0.49°C d~! with +5%, or a decrease of about a factor
of 5 (consistent with the change in total UV variation).
Hence, the radiational control favoring the upper-
stratospheric response is weakened as the absolute value
of the UV change decreases.

What effect would this radiation by itself have on
the wind profile? We can make a crude estimate by
calculating what the radiative temperature difference
in response to this latitudinal heating gradient would
be and relating the temperature change to zonal wind
shear through the thermal wind relationship. Assuming
no dynamical response, the temperature gradient will
be a function of the incoming solar radiation change
and the outgoing longwave radiative response. For the
change in shortwave heating we use the values in Table
4b. For the outgoing response, we cannot use the model
values since they have been affected by atmospheric
dynamical changes. Therefore, we use a longwave ra-
diative damping time constant for the appropriate al-
titudes. Andrews et al. (1987) show values ranging from
less than 0.1 day ' in the lower stratosphere to 0.2
day~! in the lower mesosphere. When acting on the
temperature perturbations driven by the shortwave
heating, this then helps provide an estimate of the total
radiative forcing.

Averaged over a month, the radiative forcing will
generate temperature gradients between 43° and 74°N
and, assuming hydrostatic and geostrophic equilibrium,
will force the zonal wind response as a function of al-
titude, which is given in the last three columns of Table
4b. With the more extreme UV variations, very large
vertical shears of the zonal wind result, a factor of 5
larger than with the more realistic UV forcing, again
consistent with the UV change between the sets of ex-
periments.
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FI1G. 12. As in Fig. 9 except for E-P flux differences in the UV change experiments.
The scale for the arrows that are discernible is 17 = 4 X 10'® J.

While these winds are of course never realized, be-
cause of the dynamic response of the atmosphere (e.g.,
wave transports ), they are the tendencies being forced
by the UV variations. These wind tendencies then gen-
erate tendencies in propagation conditions. Shown in
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Table 5d are the differences these “‘radiative winds”
produce for the vertical gradients of the zonal wind in
the refraction terms between the +5% experiments and
the +25% experiments. The linear wind shear term is
more negative throughout with the reduced UV vari-

TABLE 5a. Change in Dec-Feb vertical E-P flux and refraction index terms 50°-~70°N for +25 minus —25.

Pressure Vertical E-P flux H™' U/0Z) —-QU/dZ? dq/dy n?
(mb) (10 J) (10 m™'s7Y) (108 m~' s (1072 m~' 57 (10~° m™?)
0.464 40 8.5 20.0 10.9 -1.3
1 96 14.5 5.0 6.8 0.7
2.2 132 14.8 -1.6 2.0 1.4
4.6 174 12.5 —6.0 -2.2 0.6
10 42 7.3 -6.0 -53 —0.8
21.5 —454 ’ 4.8 -4.0 —6.4 —4.1

46.4 —1140 1.3 =50 -52 —-4.4
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TABLE 5b. Change in Dec-Feb vertical E-P flux and refraction index terms 50°-70°N for +10 minus —10.
Vertical

Pressure E-Pflux H™' (QU/IZ) -8*U/0Z? dq/dy n? A vertical E~P flux An?
(mb)  (10"%)) (10#m™'s") (10%m7's") (1072m's) (10°m?) {+10-10} — {+25-25} {+10-10} — {+25-25}
0.464 -170 6.3 5.2 35 -1.2 =210 0.1
1 —354 8.8 1.8 1.7 -0.7 —450 -1.4
2.2 —458 8.5 -2.0 —-0.1 —1.1 —-590 -2.5
4.6 -393 6.3 -3.8 -1.5 -3.1 . —567 -3.7
10 —345 3.8 -3.8 -1.9 -39 -387 . -3.1
21.5 383 1.5 -3.6 -1.4 -2.1 837 2.0
46.4 470 ~0.8 -2.6 —0.2 0.7 1610 3.7

ations, while the second derivative term is more neg-
ative at high levels and more positive at low levels due
to the greater change with altitude of the linear wind
shear, which maximizes in both cases at 1.5 mb. Over-
all, the propagation conditions are more favorable with
the greater UV variations in the upper stratosphere /
lower mesosphere, while they are more favorable with
reduced UV variations in the low to middle strato-
sphere. Note this result largely mimics the differences
that result from the actual wind changes in the 5% and
25% experiments (right-hand columns of Table 5¢).

3) DYNAMICAL FORCING

In conjunction with this radiative influence, there is
a change in the dynamical forcing of the zonal wind.
The direct eddy forcing (associated with the divergence
of the E-P flux) is indicated in Table 4c for the different
UV experiments. Also shown are the total change in
zonal wind forcing, the sum of alterations in the E-P
flux divergence, transformed circulation advection,
gravity wave drag, and diffusion. The transformed (re-
sidual) circulation is itself forced by eddies, as well as
by diabatic heating.

Considering first the direct eddy forcing, as the UV
variations become less extreme, the region of positive
eddy forcing (E-P flux divergence) decreases in alti-
tude. This is in qualitative approximate agreement with
the tendencies associated with the radiative forcing
(Table 5d): the energy propagation in the more ex-
treme UV experiments is favored at higher levels rel-
ative to lower levels, providing for E-P flux divergences
in the upper stratosphere-lower meosphere, while with
reduced UV, the propagation is favored at lower levels,
hence generating E-P flux divergences in the lower and
middle stratosphere. The +£10% experiments produce
intermediate effects in altitude.

The total dynamical forcing ( Table 4¢) indicates that
increased UV in the 25% experiments is accelerating
the wind in the upper stratosphere, while increased UV
in the 5% runs is decelerating the winds there. When
averaged over a month, the wind changes due to the
total forcing for the respective experiments are shown
in the final three columns. The differences among the
dynamical forcings help explain why the wind changes

in the 5% experiments are not simple linear extrapo-
lations from the more extreme UV experiments, and
in particular, why the 5% changes are so small in the
upper stratosphere (Table 4a). The maximum zonal
wind change in those runs occurs in the middle strato-
sphere. Despite the positive eddy forcing at those levels
during winter, the total forcing is still decelerating the
winds there due to the mountain wave drag (the eddy
plus transformed advection effect is positive ). However,
in the other nine months of the year the total forcing
is positive in the middle stratosphere as the mountain
drag is smaller; hence the deceleration during winter
still leaves positive zonal wind changes peaking at 14.7
mb. The process of course is highly interactive, for the
peak in the middle stratosphere allows the second de-
rivative of the zonal wind variation with altitude to
provide a positive influence on wave energy propaga-
tion through that region.

The differences in wave energy fluxes between the
25% runs and between the 5% runs, respectively, can
be seen in Fig. 12 (top); the wave energy flux changes
in the Northern Hemisphere extratropics are of op-
posite direction throughout the middle atmosphere
(and in the troposphere as well). Ultimately, the dif-
ference is driven by the change in vertical gradient of
heating, but it is altered by the response of wave energy
propagation itself.

6. QBO/UY results

The results depicted in Tables 4 and 5 apply to the
UV variations without influence from the QBO. As
can be seen in Table 2 and Figs. 9, 10, and 12, con-
ditions are affected by the presence of the QBO, es-
pecially for the 5% experiments. Table 4a also shows
the zonal wind variations in the two QBO phases for
the 5% experiments. In the east phase, the results are
fairly similar to those without any explicit QBO; the
control run values show light east winds at the equator
without any forcing (Fig. 1). However, in the west
phase, zonal winds have decreased throughout the
middle stratosphere. The QBO alters wave energy
propagation by varying the horizontal shear of the zonal
wind in the lower stratosphere, while UV variations in
the model have an effect on wave propagation by al-
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TABLE 5c. Change in Dec—Feb vertical E-P flux and refraction index terms 50°~70°N for +5 minus —35.

Vertical
E-Pflux H™'(8U/dZ) —3*U/3Z* dq/dy n? A vertical E-P flux An?
Pressure  (10J1) (10%8m~'s™) (10¥m™s") (107?m™'s™") (10°m™2) {+5-5} minus {+25-25} {+5-5} minus {+25-25}
0.464 28 -1.3 —2.8 -3.6 -0.5 —24 0.8
1 24 -3.6 -2.9 ~1.2 0.1 —86 —0.6
2.2 24 =5 -1.5 7.6 0.4 —124 -1.0
4.6 123 -5.6 2.2 6.2 1.8 —36 1.2
10 383 =23 5.0 7.4 5.3 304 6.1
21.5 520 N 3.7 5.8 4.0 792 8.1
46.4 172 23 1.3 3.0 —0.8 178 3.6

tering the vertical shear of the zonal wind in the strato-
sphere. How do the results of these two phenomena
interact?

During the east phase of the QBO, wave energy
propagates preferentially to the pole in the lower
stratosphere; however, whether this energy actually
converges there depends upon whether it propagates
vertically or not. With increased UV, vertical propa-
gation is favored, hence less of the wave energy con-
verges in the lower stratosphere, and the polar heating
is reduced (Fig. 5). In the 25% runs, the largest differ-
ence in wave energy propagation occurs above the
midstratosphere (Table 5a), for it is at those altitudes
where the large wind increases occur. In the 5% runs,
the largest difference is in the lower stratosphere, and
since this is the region directly affected by the QBO,
the 5% UV variations maximize their effect on the QBO
(Fig. 5).

The results can also be viewed from the framework
of the UV impacts during differing phases of the QBO
(Fig. 9). During the east phase, the UV maximum
produces cooling in the polar lower stratosphere, while
during the west phase it produces warming with 5%
UV changes. The resulting wind velocity changes are
therefore also much different (Table 4a, Fig. 10), with
increased zonal winds through the extratropical strato-
sphere during the UV maximum in the east phase and
decreased zonal winds in the 5% experiments during
the west phase.

As a consequence of this change in wind pattern,
wave refraction patterns are different. As indicated in

TABLE 5d. Change in Dec~Feb refraction index terms (units 1073
m~!s7!), 50°-70°N for the radiative driven winds of Table 4b, (+5
minus —5) minus (+25 minus —25).

Pressure H™' (QU/8Z) —RU/IZ? zZR2-3)
0.316 -57.5 -56 —114
0.68 —100 -74 —-174
1.5 —104 64 —40
3.2 -64.3 100 35.7
6.8 —15.1 30.2 15.1

14.8 -~1.9 4.4 2.5

31.6 -0.1 0.4 0.3

Fig. 12, the 5% runs have almost an opposite wave
refraction change in the east and west phases. The effect
of the differing zonal winds on propagation is explored
in Table 6. The increased high-latitude zonal winds
during the east phase lead to increased vertical prop-
agation at the highest latitudes; hence there is relative
wave energy divergence, the zonal winds are stronger,
and the lower stratosphere is cooler. This of course is
the equilibrium situation, which must therefore be self-
consistent, and it follows from the combined influence
of changes in the horizontal shear from the QBO and
the vertical shear from the altered UV. The effect is
stronger in the 5% runs because the lower levels in the
stratosphere are being affected.

7. Consistency of results and statistical significance

The experiments described above were run for just
three years, and while the model diagnostics indicate
the physical processes responsible for the results, they
may, as also suggested by one of the reviewers, be as-
sociated with the model’s natural variability rather than
the imposed forcing. To investigate this possibility, all
the 5% experiments were extended to 10 years. The
most intriguing conclusions from the 3-year runs are
epitomized by the differences in temperature response
between the E and W runs for the +5% UV change
and the —5% UV change, respectively (Fig. 5, right),
and the difference between the +5% and —5% runs for
the E phase and W phase, respectively (Fig. 9, right).
In Fig. 13 we show the results of the 10-year averages
for these experiments. Comparing Figs. 5 and 9, it can
be seen that the similarities are remarkable in both the
overall pattern and magnitude of the temperature re-
sponse. Other aspects of the results are similar as well.
For the 10-year run, assuming each year is independent,
the larger temperature variations are now statistically
significant at the 95% level. It is fair to conclude that
the response seen in these experiments, whether on the
3- or 10-year averages, are due to the imposed forcing
and are robust.

8. Discussion and conclusions

The GCM does not produce a QBO directly; how-
ever, when QBO forcing is introduced, the model re-
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lations of the Mg index solar activity proxy with the
short-term (27 days) UV irradiance rotational mod-
ulation measured by the Solar Stellar Irradiance Com-
parison Experiment (SOLSTICE) on the Upper At-
mosphere Research Satellite (Rottman et al. 1993).
The dashed line shows the variability measured directly
in solar cycle 21 by the Solar Mesosphere Explorer
(SME) (Rottman 1988). Variations of 4%-8% occur
from 200 to 250 nm, with generally decreasing values
to 300 nm. In addition, preliminary evaluation of long-
term variations measured in solar cycle 22 by the UARS
also indicate solar cycle variations of the order of 8%
near 200 nm and up to 6% in the region 210-250 nm.
In comparison, the UV forcing used in the most real-
istic experiments (the +5% variations) amount to 10%
throughout the spectrum short of 300 nm. The ability
of the UV forcing to affect wave energy propagation,
and the altitude of its major impact, depends upon the
profile of the resulting wind variations, which in the
model responds sensitively to the magnitudes of UV
variations employed. It is perfectly conceivable that if
the smaller UV variations appropriate to an actual solar
cycle (Fig. 14) were used, the model’s response could
be different or negligible, although the model’s results
do actually look more like the observations with the
more realistic 5% UV forcing. Apparently, an accurate
prescription of the UV forcing along with any ozone
changes will be needed for judging the true impact of
solar UV /QBO coupling.

Second, observations imply a strong wind variation
in the upper stratosphere that has been associated with
the (last) solar cycle (Kodera and Yamazaki 1990).
Even the smaller variations deduced by Hood et al.
(1993) can only be reproduced in the model with UV
variations that are much more extreme than is ob-
served. If such wind variations are required for lower-
atmospheric effects, as suggested by one of the review-
ers, these model experiments cannot associate them
with realistic solar UV forcing. The model can simulate
the strong wind variations seen in the data in its control
run without altered solar UV forcing (Fig. 11), raising
the possibility that natural variability is responsible for
the observations. Ironically, it is the smaller wind vari-
ations associated with more realistic UV forcing that
produce the best results when coupled with the QBO.
In fact, our results (Figs. 9 and 10) show that the lower-
atmospheric temperature changes are associated with
wind changes by dynamics in the lower stratosphere.
What we have been able to show in these experiments
is that with the crude UV variations employed in the
model, the results suggest mechanisms involving wave
dynamics that affect the lower stratosphere, although
the UV changes mainly affect the upper stratosphere
and the energy involved is small.

In this paper we have concentrated on the impacts
above the tropopause. Some of the influences appear
to extend into the troposphere; these will be explored
in Part II. We note that while we have exaggerated the
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UV changes in these experiments, we have underesti-
mated the visible and IR changes accompanying the
solar cycle. These latter alterations could presumably
have an impact in the troposphere. A full assessment
of the atmospheric response to the solar cycle will have
to include a proper prescription of changes at all wave-
lengths.
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