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ABSTRACT

Results of experiments with a GCM involving changes in UV input (+25%, £5% at wavelengths below
0.3 u) and simulated equatorial QBO are presented, with emphasis on the tropospheric response. The QBO
and UV changes alter the temperature in the lower stratosphere/upper troposphere, affecting tropospheric/
stratospheric vertical stability. When the extratropical lower stratosphere /upper troposphere warms, tropo-
spheric eddy energy is reduced, leading to extratropical tropospheric cooling of some 0.5°C on the zonal
average, and surface temperature changes up to £5°C locally. Opposite effects occur when the extratropical
lower stratosphere/upper troposphere cools. Cooling or warming of the comparable region in the Tropics
decreases/increases static stability, accelerating/decelerating the Hadley circulation. Tropospheric dynamical
changes are on the order of 5%.

The combined UV /QBO effect in the troposphere results from its impact on the middle atmosphere: in the
QBO east phase, more energy is refracted to higher latitudes, due to the increased horizontal shear of the zonal
wind, but with increased UV, this energy propagates preferentially out of the polar lower stratosphere, in response
to the increased vertical shear of the zonal winds; therefore, it is less effective in warming the polar lower
stratosphere. Due to their impacts on planetary wave generation and propagation, all combinations of UV and
QBO phases affect the longitudinal patterns of tropospheric temperatures and geopotential heights. The modeled
perturbations often agree qualitatively with observations and are of generally similar orders of magnitude.

The results are sensitive to the forcing employed. In particular, the nature of the tropospheric response
depends upon the magnitude (and presumably wavelength ) of the solar irradiance perturbation. The results of
the smaller UV variations (+£5%) are more in agreement with observations, showing clear differences between
the UV impact in the east and west QBO phase. However, since the UV magnitudes have been exaggerated
relative to observed solar UV variations during the last solar cycle, the results cannot be used to prove an actual
solar forcing of the troposphere. The results will also likely be sensitive to the model, particularly its planetary
longwave energy, and may be influenced by other processes that have not been included, such as changes in
stratospheric ozone.

The dynamical changes are accompanied by changes in cloud cover and snow cover that differ between
maximum and minimum UV, and affect the radiative balance of the planet. As these influences do not cancel
in the extreme phases of the UV variations, a net radiative forcing may result from solar cycling in conjunction
with the QBO. An assessment of the solar impact on climate change must include these dynamically driven
forcings.
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1. Introduction

In Part I of this study, we described the response
of the middle atmosphere to a combination of the
quasi-biennial oscillation (QBQO) and variations in
ultraviolet (UV) radiation (short of 0.3 um). It was
shown that both types of perturbations affect the re-
fraction of atmospheric waves by altering wind gra-
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dients, primarily horizontal in the case of the QBO,
and primarily vertical in the case of varying UV. It
was also noted that since the results are sensitive to
the precise perturbation involved, any comparison
with observations should ultimately be done with the
most accurate specification of the forcing. However,
certain aspects of the study seem robust; in particular,
the QBO in both the model and observations results
in a quadrupole structure to the altitude/latitude
temperature change response between the two
phases. In contrast, the magnitude (and undoubtedly
the wavelength) of the UV forcing appears to be of
crucial importance in determining the response in
the middle atmosphere, although the results for a
particular magnitude of UV forcing also appear ro-
bust over 10 years of integration.
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The most intriguing and practical aspect of the La-
bitzke-van Loon (LvL) studies (Labitzke and van
Loon 1988, 1989; van Loon and Labitzke 1988) con-
cerns the tropospheric response. Peak effects of a cor-
relation between surface atmospheric temperatures and
the solar cycle as modulated by the phase of the QBO
“explain” some 50% of the variance for North Carolina
temperatures in January and February. With correla-
tions this high, Barnston and Livezey (1989) noted
that they “‘justify immediate use for operational pur-
poses” by the Climate Analysis Center. It is also this
aspect of the work that has received the most skeptical
response, given the orders of magnitude mismatch be-
tween the energy of tropospheric phenomena and that
associated with solar variations.

Several modeling studies have already explored the
influence of changes in stratospheric winds on the up-
ward propagation of tropospheric planetary scale
waves, associated with ozone and other perturbations,
{Boville 1984, 1993; Kodera et al. 1990; Kodera 1993).
In addition, observational studies have related anthro-
pogenic trends in stratospheric circulation resulting
from ozone depletion to alterations in the amplitudes
and phases of stationary tropospheric waves in winter
(Kodera and Yamazaki 1994; Hood and Zaff 1995).
None of these results is definitive, as the GCM sensi-
tivity to the given (often exaggerated) forcing is un-
tested, and the observations tend to be limited to a few
solar cycles at best.

Similarly, with the crudeness of the forcings used in
these experiments and the inaccuracies in the model
we cannot expect this study to prove or disprove the
ability of solar variability to influence tropospheric
processes. What we can do is explore the mechanisms
with which the model responds to the given UV forcing,
in the hope that this may provide indications of how
the real world might respond.

An additional topic of interest concerns the ability
of solar cycle irradiance variations to affect the global
climate. Studies such as those of Friis-Christensen and
Lassen (1991) suggest a relationship between solar
variability and climate, but the magnitudes of the ap-
parent changes in solar forcing required have not been
directly observed. While this study is not designed to
look at long-term climate changes, the results raise sev-
eral relevant issues, which will be addressed in the dis-
cussion section.

The experiments discussed are those that were in-
troduced in Part I, using the GISS Global Climate/
Middle Atmosphere Model (Rind et al. 1988a,b). We
will employ the same terminology; that is, +25W is
25% UV increase associated with west wind QBO
phase, where —5E represents a 5% UV decrease with
the east wind QBO phase, etc. Since the most obvious
correlations are in the Northern Hemisphere during
winter, the results described below will have this focus,
unless otherwise indicated.
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2. The QBO and the tropospheric response

How does the model-imposed QBO affect the tro-
posphere? The temperature differences in four different
sets of simulations, [+25E minus +25W1, [-25E mi-
nus —25W], [+5E minus —5E], and [+5W minus
—5W] for December through February are shown in
Fig. 1. Associated with the east wind phase of the trop-
ical QBO, the lower stratosphere / upper troposphere is
relatively cool in the Tropics, and warm in the extra-
tropics. In Part I it was noted that the extratropical
impact was the result of a change in planetary waye
propagation due to the altered horizontal wind gra-
dient. - .

In the troposphere, all four sets of experimental dif-
ferences show cooling in the extratropical lower and
middle tropospherg. With increased UV (top figures),
the lower stratosphere/upper troposphere warming
occurs more at midlatitudes, as does the low and middle
tropospheric cooling. With decreased UV (bottom fig-
ures), the lower stratosphere/upper troposphere
warming is more at higher latitudes, as is the low and
middle tropospheric cooling. As discussed in Part I,
the increased UV leads to a positive shear of the zonal
wind in the stratosphere, and increased vertical energy
propagation away from the polar lower stratosphere;
this limits the QBO east phase warming at the highest
latitudes. From Fig. 1, it is apparent that this distinction
has an effect in the troposphere as well.

All four sets of differences are characterized by a
general decrease in eddy kinetic energy in the extra-
tropical troposphere (Fig. 2), with changes generally
of the order of 5%~10%. The differences seen in the
troposphere also occur through most of the strato-
sphere. This continuity is associated with a decrease in
upward energy propagation, an effect that extends from
the lower troposphere upward through much of the
middle atmosphere at midlatitudes, although relative
wave energy flux convergences are producing warming
in the lower stratosphere. Once again some differences
arise depending upon whether UV is increased or de-
creased: with increased UV (top figures), the energy
decrease, like the lower stratosphere / upper troposphere
warming, is more at middle latitudes; while with de-
creased UV, the energy decrease, and the lower strato-
sphere/upper troposphere warming, is more at high
latitudes.

In conjunction with the reduced eddy energy there
are reduced eddy transports at midlatitudes of moist
static energy (Fig. 3), again often on the order of 5%-—
10%. The effect again depends upon the sign of the
UV change, being larger with decreased UV (bottom
figures) which featured larger and more consistent eddy
energy changes. The weaker transports then lead to
extratropical dynamical cooling (Fig. 4), hence ex-
plaining much of the colder temperatures seen there
in Fig. 1. In the reduced UV experiments, the greater
transport reductions lead to widespread dynamical
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FI1G. 1. Composite average model temperature difference (°C) for December through February between
east and west phases of QBO: [+25 E] minus [+25W] (top left); [~25E]) minus [-25W] (bottom left); [+ 5E])
minus [+5W] (top right); and [—5E] minus [-5W] (bottom right). All results are averages over 3 years of
each model simulation.
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FI1G. 2. As in Fig. 1 except for difference in eddy kinetic energy.
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FIG. 3. As in Fig. | except for difference in eddy northward transport of moist static energy (the sum of
sensible heat, latent heat, and geopotential energy). Note that positive values in the Southern Hemisphere
indicate decreased poleward transport.
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FIG. 4. As in Fig. 1 except for difference in the temperature change by dynamics.
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cooling poleward of ~30°N, matching the temperature
reductions, while with increased UV, the effects are
confined to narrower midlatitude bands. Therefore, the
low and midtropospheric cooling results from tropo-
spheric dynamical changes, in particular, reduced eddy
energy and eddy energy transports.

Why is the eddy energy lower with the east wind
phase of the QBO? As indicated in Fig. 1, the tropical
east wind change is associated with extratropical
warming of the lower stratosphere and upper tropo-
sphere. In previous experiments with this model,
changes in the lower stratosphere have been shown to
influence the tropospheric dynamical response, pri-
marily through the impact on vertical stability. For
example, in the modeled doubled CO, climate, colder
stratospheric temperatures (hence decreased vertical
stability) led to greater long-wave available potential
energy, and greater long-wave energy (Rind et al.
1990). In the experiment with increased volcanic
aerosols, warming of the lower stratosphere was asso-
ciated with greater stability and a reduction in the
Hadiey circulation (Rind et al. 1992). In the experi-
ments discussed here, the warming of the extratropical
lower stratosphere and upper troposphere is associated
with increased stability and reduced eddy energy. Note
that the effect on eddy energy is entirely due to an
alteration in the vertical temperature gradient; the in-
crease in latitudinal temperature gradient associated
with reduced UV in the QBO experiments (Fig. 1, bot-
tom) would have favored increased eddy energy.
The relevant dynamical changes are summarized in
Table 1.

There are low-latitude effects apparent in the tro-
posphere as well. The cooling of the tropical lower
stratosphere due to forcing in the QBO east phase de-
creases the vertical stability, and there is a correspond-
ing increase in Hadley cell intensity in the Northern
Hemisphere. This is most clearly seen in Fig. 4, which
includes dynamical changes due to alterations in the
mean circulation. In all the experiments there is a nar-
row region of cooling near the equator, due to increased
vertical ascent, and often bands of warming on either
side due to increased subsidence. Changes in the ver-
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tical motion field affect cloud cover, with increases in
regions of rising air, and decreases with subsidence
drying. The relevant tropospheric dynamical and cloud
cover changes are also indicated in Table 1.

3. UV variability and tropospheric response

The average winter temperature differences (De-
cember through February) are presented in Fig. 5 for
[+25W minus —25W}], and [+25E minus —25E],
[+5W minus —5W], and [+5E minus —5E], respec-
tively. The outstanding feature of the increased UV
experiments is the warming that occurs throughout
most of the middle atmosphere. In the lower strato-
sphere / upper troposphere, the general response is for
cooling in the Northern Hemisphere extratropics ex-
cept in [+5W minus —5W ], which features substantial
warming.

The response for the lower and middle troposphere
is once again generally of the opposite sign, especially
in the extratropics: where there is cooling in the lower
stratosphere / upper troposphere, there is warming be-
low, and with warming in the lower stratosphere /upper
troposphere, there is cooling below. Note, for example,
the change in sign of tropospheric response in the 5%
experiments for the east and west phases, which have
opposite stratospheric responses. The results shown for
the altered UV experiments in Fig. 5 are similar to
those for the QBO experiments (Fig. 1), and the ex-
planation is also similar. Eddy energy increases at
higher latitudes (Fig. 6) in association with the reduced
vertical stability except in [+5W] — [ -5W ] where the
increased stability leads to eddy energy decreases.
Where the eddy energy changes, so does the eddy en-
ergy transport (Fig. 7), hence [+5W] — [~-5W] pro-
duces decreased eddy energy transport at higher lati-
tudes, while the other experiments show increases. The
dynamical temperature changes (Fig. 8), although af-
fected by the mean circulation as well, maintain the
character of the eddy energy transport effect, with high
latitude warming in all the experiments except [+5W ]
— [—5W], which shows cooling. A comparison of Figs.
5 and 8 verify that the pattern of the actual temperature

TABLE 1. Tropospheric (1000-200 mb) changes in QBO experiments, for the months of December through February for 40°-90°N
(except 30°-60°N for +5[E-W]), and in the Tropics.

Parameter
+25[E-W] —25[E-W] +5[E-W] —5[E-W]
Atemperature (°C) -0.2 -0.5 -0.1 -0.2
Astatic stability (%) 38 5.6 4.3 5.2
AEKE (%) -3.5 -43 -3.8 —6.0
Anorthward eddy transport of energy 0.0 -1.6 ~3.4 —4.6
(%) (NH)
Atemperature (68 mb) (10°S-15°N) -5.5 —6.1 -5.6 -6.3
AHadley cell (%) 3.1 5.3 6.0 2.9
Acloud cover (absolute %) (10°S-15°N) 2.2 2.5 1.6 2.3
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FIG. 5. Composite average model temperature difference (°C) for December through February between

increased and decreased solar UV values: [+25W] minus [—25W] (upper left); [+25E] minus [~25E] (bottom
left); [+5W] minus [-5W] (upper right); and [+5E] minus [—S5E] (lower right).
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FIG. 6. As in Fig. 5 except for difference in eddy kinetic energy.
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change is associated with the dynamical temperature
forcing.

Differences also exist at low latitudes. In contrast to
the QBO experiments, here the tendency is for warming
of the lower stratosphere associated with increased UV,
and hence an increase in stability and a decrease in the
Hadley circulation and total cloud cover. Once again
the exception is the [+5W] — [—5W] experiments
where the opposite effects occur. The model responses
for the different experiments are given in Table 2.

4. Combined effect of UV variations and the QBO

In addition to a postulated dependence of tropo-
spheric phenomena on the QBO and solar cycle, the
LvL observations also imply a higher-order effect, that
is, that the solar max minus solar min influence is dif-
ferent when combined with the west phase of the QBO
than with the east phase, in both the stratosphere and
troposphere. Off hand, this would not seem qualita-
tively implausible in the stratosphere, since the altered
refraction characteristics associated with different ver-
tical shear of the zonal wind (UV effect) would be op-
erating on wave energy whose horizontal refraction
pattern has already been affected by an altered hori-
zontal shear of the zonal wind (QBO effect). Similarly,
if differences occur in the stratosphere, they could have
an impact on the troposphere by altering the vertical
stability. The separation of solar influence by QBO
phase is the unique aspect of the Labitzke-van Loon
studies.

We have already seen that the model does show such
differences, at least with the exaggerated UV forcing
employed; in this section we portray the effects more
directly. We compare the temperature change between
[+25W minus —25W] and [+25E minus —25E], and
between [+5W minus ~5W] and [+5E minus —5E]
in Fig. 9. The increased UV warms the polar lower
stratosphere more in the W experiments than in the E
experiments. [ Coincidentally or not, as noted in Part
I, this is in agreement with the LvL observations that
stratospheric warmings are more common in the max-
imum phase of the solar cycle during the west wind
QBO phase, although as can be seen in Fig. 5, the model
produces warmer temperatures in this region during
the west wind phase only with the more realistic (5%)
UYV forcing.] In response, the extratropical troposphere
cools more in the W experiments.

The mechanisms behind this difference are those
described in Part I: the altered refraction characteristics
of the atmosphere, with increased UV an increase in
the vertical wind shear, are favoring vertical propaga-
tion of planetary wave energy from the polar lower
stratosphere to higher levels, producing a net E-P flux
divergence in the polar lower stratosphere. In all the
QBO experiments, there is greater planetary wave
propagation to higher latitudes in the lower stratosphere
during the east phase, but with increased UV energy,
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upward propagation is favored largely poleward of 65°
latitude, while with decreased UV it is favored largely
equatorward of 65° latitude (and thus discouraged at
higher latitudes). Thus, the gain of energy in the high-
latitude lower stratosphere during the E phase of the
QBO preferentially propagates vertically out of the po-
lar lower stratosphere region when the UV is at a max-
imum, and, therefore, its warming effect is minimized.
This result is shown schematically in Fig. 10 for the
east phase with +25 UV. With the smaller magnitude
of UV forcing, the vertical shear of the zonal wind is
not as great in the upper stratosphere, wave propagation
is less favorable to high levels and more favorable at
lower levels, hence the effect on the lower stratospheric
QBO is enhanced.

The differences are thus summarized as follows,
where “+UV” and “—UV” can represent the 25% or
5% changes:

1) more poleward propagation in E than W exper-
iments;

2) with +UV, upward propagation at high latitudes
away from lower stratosphere;

3) thus, less increase in wave energy convergence
in the polar lower stratosphere for E-W during +UV
phase: +UV, E polar lower stratosphere “not as warm”
(as —UV, E), +UV, W polar stratosphere “not as cold”
(as —UV, W);

4) in —UYV phase, vertical propagation in poleward
region is discouraged, relative poleward energy flux in
E phase thus stays in lower stratosphere: —UV, E polar
stratosphere is “warm,” —UV, W polar stratosphere is
“Cold”;

5) then 3)-4) implies [+UV, W minus —UV, W]
is equivalent to [“not as cold” minus “cold”]
= “warming”;

6) and [+UV, E minus —UYV, E] is equivalent to
[“not as warm” minus “warm”] = “cooling’;

7) then, finally, 5)-6) implies [+UV, W minus
—UV, W] — [+UV, E minus —UYV, E] is equivalent
to warming-cooling, hence a warmer lower strato-
sphere with increased UV in the west phase of the QBO
than in the east phase (Fig. 10). With reduced prop-
agation to higher altitudes, the polar region in the upper
stratosphere and lower mesosphere is relatively cooler.

The situation at midlatitudes can be explained in
precisely the reverse fashion. Now vertical propagation
is inhibited in the +UYV experiments, and thus, the
gain from the QBO E phase is greater; this imposes the
reverse tendency to that indicated for the pole, sug-
gesting cooling for this region as the conclusion given
in statement 7), with warming above, in the middle
and upper stratosphere. The latitudinal variation of
the response is clearly shown in Fig. 9.

What does this imply for the troposphere? In the
polar regions where the lower stratosphere /upper tro-
posphere warming is large, there is as expected reduced
eddy energy and reduced tropospheric energy trans-
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TABLE 2. Northern Hemisphere tropospheric (1000-200 mb) changes in UV experiments, for the months of December through February.

Parameter

[+25E minus —25E]

[+25W minus —25W]  [+5E minus —5E]  [+5W minus —5W]

Atemperature(°C) (60°-90°N) 0.7
Astatic stability (%) (60°~90°N) -7.4
AEKE (%) (50°-80°N) 2.0
Anorthward eddy transport of energy 5.5
(%) (NH)
Atemperature (68 mb) (10°S~15°N) 1.5
AHadley cell (%) -5.2
Acloud cover (absolute %) (10°S-15°N) -33

0.2 0.2 —1.5
-3.0 =23 6.8
4.0 3.9 —5.5
2.3 4 =72
1.1 0.4 —0.4
—4.2 -1.2 3.0
-29 0.6 2.7

ports (see Table 3). This promotes a general cooling
tendency, with a dynamical energy divergence of some
5 W m™2, Additional temperature responses are asso-
ciated with changes in tropospheric radiative condi-
tions: in colder regions there is more snow cover, in-
.creasing the albedo, and cloud cover changes arise as-
sociated with the change in eddy energy. At the highest
latitudes, the warmer polar stratosphere is radiating
more energy down to the surface, promoting warming
(seen most clearly in the 25% runs).

The decreased temperatures in the tropical lower
stratosphere reduce low-latitude tropical stability, and
induce a tendency for tropospheric Hadley cell circu-
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F1G. 9. Composite average model temperature difference (°C) for
December through February between increased and reduced UV ex-
periments for each phase of the QBO: {[+25W minus —25W] minus
[+25E minus —25E]} (top); and {{+5W minus —5W] minus [+5E
minus —5E]} (bottom).

lation increases. However, this increase is confined to
the tropical locations; in the subtropics where the lower
stratosphere warms, the tropospheric Hadley circula-
tion decreases in intensity. Cloud cover changes arise
in response to this dynamical variation as well.

The results shown in Table 3 indicate that the dif-
fering effects of the UV forcing between the two phases
of the QBO are sharpened by using the more realistic
(5%) variations. In most cases the effects were seen

+25% UV EAST QBO

STRONG

TROPOPAUSE-

EQ 60°

FiG. 10. Schematic of middle atmosphere/troposphere response
to QBO and altered UV. The example given is for changes due to
the east phase of the QBO with increased solar UV. Tropical east
winds lead to greater poleward propagation of planetary wave energy
(arrows) in the lower stratosphere, producing warming at midlatitudes.
The increased UV produces general warming at low to midlatitudes,
and increased west winds at higher levels in the extratropics. This
larger vertical shear of the zonal wind is associated with greater upward
planetary wave energy propagation, taking energy out of the polar
lower stratosphere, which thus cools. The extratropical tropospheric
response is opposite to that of the lower stratosphere, due to the
effects of changes in vertical stability on eddy energy and high cloud
cover.

30°
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TABLE 3. Northern Hemisphere tropospheric changes in combined QBO/UV experiments,
for the months of December through February.

Parameter

(+25 W minus —25W) minus

(+5W minus — 5W) minus

[+25E minus —25E] [+5E minus —5E]

Atemperature(°C) (60°-90°N)

Astatic stability (%) (60°-90°N)

AEKE (%) (50°-80°N)

Anorthward eddy transport of energy (%) (NH)
Atemperature (68 mb) (10°S-15°N)

AHadley cell (%)

Acloud cover (absolute %) (10°S-15°N)

-0.5 -1.3
4.0 9.1
2.0 -9.4

-33 —11.2

-0.4 0.8
1.0 4.2
0.4 1.9

with 25% forcing as well, but the localization of the
wave energy propagation impact to the lower strato-
sphere, which occurs with the smaller UV forcing, am-
plifies the changes.

5. Longitudinal responses
a. Modeled response to UV /QBO variations

One of the most intriguing aspects of the Labitzke-
van Loon analysis concerns the particular longitudinal
responses apparently associated with the different
phases of the solar/QBO variations. In exploring the
model results, the question of longitudinal response
must be considered within the framework of the ex-
perimental format. In all of these experiments the sea
surface temperatures have not been allowed to change.
This is probably of somewhat lesser consequence for
the QBO experiments, as the short timescale of the
phenomena would likely preclude much of any ther-
modynamic oceanic response (although ocean dy-
namical responses are of course possible ). Nevertheless,
limiting the oceanic response does influence the surface
level by impacting land/ocean temperature gradients.
For example, in [E-W], the ground temperature cool-
ing at midlatitudes over land is up to 1°C (averaged
over the 3 years of the run), in contrast to the lack of
change possible for the ocean surface, and the surface
air temperature response over land is ten times larger
than over the oceans. This difference is greater than
would be expected from the actual QBO, which would
last only 1 year in the east or west phase (and at a
constantly changing altitude and amplitude), although
some difference in response over land versus ocean
would likely occur. Note further, that allowing a ter-
restrial surface response but not allowing sea surface
temperatures to change is not responsible for the de-
crease in extratropical eddy energy. If anything, cooling
the land relative to the ocean should increase the nor-
mal winter land versus ocean contrast, and increase
eddy energy, as occurred in model experiments with
ice age condition contrasts (Rind 1987).

The inability of the sea surface temperatures to re-
spond is potentially of somewhat greater consequence
for the altered UV experiments, although the magni-

tude of the problem is uncertain. With solar cycle vari-
ations lasting for up to 5-6 years (one-half the solar
cycle) some cumulative response for the oceans might
be expected; however, the QBO itself would be contin-
ually changing phase during this period, perhaps in-
terrupting any consistent geographic pattern of re-
sponse. An analysis of the correlation of sea surface
temperature changes with the solar cycle for the last
decade does indicate regions of significant correlation
(Y. Tsubota 1995, personal communication ), although
it does not necessarily imply a causal connection.

Within this general limitation, shown in Fig. 11 are
the surface air temperature changes for [ +25W minus
—25W], [+25E minus —25E] [+5W minus —5W],
and [+5E minus —5E]. The translation of the zonal
average temperature changes given in Fig. 5 to the lon-
gitudinal response can be understood by comparing
these two figures. In all sets of experiments that show
a cooling in the lower stratosphere ([+25E minus
—25E], [+25W minus —~25W], [+5E minus —5E]) a
primary region of consistency is the warming over
Eurasia north of 60°N, with cooling farther south. As
the region with the largest land concentration, this area
is primarily responsible for the inverse correlation be-
tween lower stratosphere and lower troposphere tem-
perature changes seen in Fig. 5. In the one set of ex-
periments in which there is warming in the lower
stratosphere ([+5W minus —5W]), the surface tem-
perature pattern reverses, with cooling north of 60°N,
and warming farther south. Similar differences occur
in the 700-mb height field (Fig. 12), with ridging in
association with warming, and other tropospheric pat-
terns [e.g., jet stream winds, as have been related to
solar cycle variations by John (1989), and storm tracks
by Tinsley (1988)].

The responses are associated with changes in stand-
ing planetary wave amplitude and phase. Shown in
Fig. 13a,b are the amplitude and phase changes of
standing wavenumber | in these runs. All the sets of
experiments that show cooling in the lower stratosphere
have an increase in wavenumber 1 amplitude of sizable
proportion relative to the control throughout the tro-
posphere, switching to a decrease in the stratosphere.
The phase of this wave shifts westward in these exper-
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FiG. 11. Composite average model surface air temperature difference (°C) for December through February between UV extremes: [+25W
minus —25W] (upper left); [+25E minus —25E] (bottom left); [+5W minus —5W] (upper right); and [+SE minus —5E] (lower right).

iments. In contrast, in the {[+5W] — [-5W1]} set,
which had warming in the lower stratosphere, the wave
amplitude decreases in the lower troposphere, and the
phase shifts eastward. (The 10% UV experiments,
which produced warming in the lower stratosphere,
also had this response.) Note this result is consistent
with the conclusion from Part I of greater dependence
on the phase of the QBO with the more realistic UV
forcing. :

Kodera (1994) noted that a change in wave energy
propagation is consistent with an alteration in the
ridge /trough pattern. As was shown in Part I (Fig. 11),
the three runs that produce similar wavenumber 1 re-
sponses all display an upward /equatorward wave en-
ergy flux change in the troposphere from 60°-90°N,
while {[+5W] — [—5W1]]} has a downward /poleward
energy flux change. Alterations in both wave generation
and propagation are responsible.

The geographic variation in temperature for the UV
extremes between the two phases of the QBO are given
in Fig. 14. The high latitude tropospheric cooling visible
in the zonal average picture (Fig. 9) is clearly displayed
over the land areas. Once again the general magnitudes
are somewhat larger with the reduced UV forcing, as
was the lower stratospheric warming,.

b. Robustness of results

As noted in Part I, results from just 3 years of these
experiments may be expected to be influenced by the
model’s natural variability. To explore this issue, we
compare the 3-year averages with results from the full
10 years of the 5% experiments. A suitable summary
is provided by the surface air temperature changes be-
tween the [+5] and [ —5] experiments in both the west
and east phases, and their difference (Fig. 11, right;
Fig. 14, bottom). The 10-year average results are given
in Fig. 15. The primary features displayed in Figs. 11
and 14 are all reproduced: cooling at high latitudes in
the west wind phase, warming in the east wind phase,
and thus large differences between UV maximum and
minimum in the two different phases. The result is not
surprising, given the similarity in stratospheric response
between the 3-year and 10-year results (Part I, Fig.
13), but it does verify the consistency of the strato-
spheric/tropospheric coupling discussed above.

¢. Comparison with observations

Given the limitations of the experiments vis-a-vis
real world forcing and potential ocean response, the



AUGUST 1995

A 700MB GEOPOTENTIAL HEIGHT DJF, [+25W] - [-25W]

RIND AND BALACHANDRAN

2091

A 700MB GEOPOTENTIAL HEIGHT DJF, ([+5W) - [-SW]

- T e

A 700MB GEOPOTENTIAL HEIGHT

DJF, [+25E] - [-25E)

20

80
30

0

=120 -60 0 60

120 180

90

A 700 MB GEOPOTENTIAL HEIGHT DIJF, [+SE] - (-5E]

60

30

0

-30

-60

-9%0

-180  -120 ~60 ) 60 120 180

FI1G. 12. As in Fig. 11 except for difference (in meters) of 700-mb geopotential heights.

purpose of this comparison is primarily to assess how
the relative patterns and magnitudes of the effects found
here compare with those that the LvL studies have sug-
gested arise from combined solar UV /QBO forcing.
We focus on the 5% experiments, which produced the
more realistic stratospheric response, but as emphasized
in Part I (Fig. 14), even this magnitude is an exagger-
ation of the likely solar forcing. The outstanding feature
in the model is that with increased UV, northern Eur-
asia cools during the west phase, and warms during
the east phase (Fig. 15), with the differences peaking
around 70°N (Fig. 15). (For this comparison we use
the full 10-year averages.) In general, van Loon and
Labitzke (1988) found similar results, although their
peak changes were about 30°E of those shown in Fig.
15. Farther south over Eurasia (30°-40°N) the obser-
vations indicated the reverse effect, with increased UV
warming during the west phase and cooling during the
east phase. As can be seen in Fig. 15, the model shows
a similar tendency, though with longitudinal variability.

Over North America, the observations show that
with increased UV, colder temperatures generally pre-
vail poleward of 70°N, while warmer conditions occur
between 45° and 70°N; model results are more or less
in agreement. South of 45°N observations indicate
cooling conditions, while the model shows little change.
Given the deviation of the experiment from the real

world forcing, and the uncertainty as to whether the
observed effects are really solar UV-related, any agree-
ment might be viewed as simply coincidental. However,
the high-latitude stratospheric responses in the exper-
iments were similar to observations, so the tropospheric
responses might be expected to be as well, and the re-
gions of greatest agreement are those that feature high-
latitude tropospheric cooling below the regions of
stratospheric warming.

Quantitatively, the LvL observations indicate that
the magnitude of the apparent solar flux variations in
surface air temperature are on the order of 5°C. Model
results are of a similar or slightly smaller magnitude.

The 700-mb anomalies in the model generally match
those found in observations where the surface temper-
ature anomalies are similar. The height variations
amount to generally one-half to two-thirds of the re-
ported values.

6. Discussion and conclusions

The primary results of these experiments are as follows
(results pertain to Northern Hemisphere in winter):

1) Asthe QBO east phase produces warming in the
extratropical lower stratosphere/upper troposphere,
cooling occurs below in the troposphere. The high-level
warming increases tropospheric static stability, reduces



2092

CHANGE IN WAVE 1 AMP AT 55°-T0° N

L] T T T
~ o —4+25W] - [-25W] ||
200 | .-.’Z..‘_-- Jy e 25;"]'1_ :i-zsé?] i
LU PP wﬁl_ [-5E;
+5W] - [-5
g 400 - 4
w
o
? 800 |- 5
o L
g ~
a :
800 - Fd
1000 I S5 i i
-40 -20 0 20 40 60
% CHANGE FROM CONTROL
CHANGE IN WAVE 1 PHASE AT 55°-T0° N
100 =y T T s
: < “‘4\_\ iy
200 [ - : : e - 4
~ o
aoo b 1 . { Lt \ 3
o E \ !
= a00 ' e E
w F 1 A .
[ 3 \ -
% 500 | t— E
w I :
[ 600 | At 3
= s 25W] - [-25W)
o | — -[- ]
700 | | = = -[+25E] - [-25E] 7|
Jo |=eees E] - [-5E
800 [ | ool = HOW]:[-9 3
I | I 1 1
-20 -15 -10 -5 0 5 15
DEGREES

Fi1G. 13. Change in standing wave 1 properties in December through
February averaged over 55°-70°N: (a) amplitude as a percentage of
the control run average; (b) phase.

eddy energy and eddy transports, hence producing the
cooling below. With more realistic UV forcing, differ-
ences begin to appear between UV max and UV min
experiments. With reduced UV, effects peak at higher
latitudes than with increased UV.

2) With increased UV, the high-latitude lower
stratosphere /upper troposphere cools in most experi-
ments, and the troposphere below warms. The high-
level cooling reduces the vertical stability, resulting in
increased eddy energy, increased eddy transports, and
dynamic warming. The one exception is the [+5W]
— [—-5W] experiment in which the opposite effects
arise: warming in the high-latitude lower stratosphere /
upper troposphere, and cooling in the troposphere be-
low. This distinction in polar stratospheric response
between the phases of the QBO in the 5% experiments
is in agreement with observations.

3) Due to their effects on planetary wave generation
and propagation, all combinations of UV and QBO
phases affect the longitudinal patterns of tropospheric
temperatures and heights. The nature of the pertur-
bations is often qualitatively consistent with the ob-
servations, and of similar or slightly smaller magnitude.
Surface temperature responses of up to 5°C occur, with
700-mb height variations of up to 60 m, while varia-
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tions of standing wavenumber 1 amplitude reach 40%
in the lower troposphere. For both the UV and QBO
experiments, zonal average tropospheric dynamical
changes are on the order of 5%. The results thus show
that local changes on the order of those ascribed to
solar variability can result from small percentage al-
terations in tropospheric processes, some of which are
probably below the level of accurate observations.

4) Dynamical changes also arise at low latitudes, as-
sociated with changes in vertical stability and the Hadley
circulation. Effects are again on the order of 5%.

As discussed in Part I, these experiments cannot in
themselves prove that the LvL observations are accu-
rately ascribing tropospheric variations to solar influ-
ence. Even the £5% variations are larger than may be
occurring at 0.3 um and if the real world effects are
being driven by stratospheric zonal wind variations of
20-50 m s™!, as some observations imply, those cannot
be obtained in these experiments with realistic UV
variations. As in Part I, however, the model reproduces
many of the observed effects with the more realistic
UV changes without correspondingly large wind vari-
ations, primarily because it does not require large vari-

ASURFACE AIR TEMPERATURE DJF, [+25W--25W] - [+25E--25E]

ASURFACE AIR TEMPERATURE DJF, [+5W--5W]-[+5E--5E]

980
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FIG. 14. Composite average model surface air temperature differ-
ence (°C) for December through February for {[+25W minus —25W]
minus [+25E minus —25E]} (top); and {[+5W minus —5W] minus
[+5E minus —5E]} (bottom).
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(middle); and [+5W minus ~5W] minus [+5E minus SE] (bottom).

ations in total energy to reproduce some of the obser-
vations.

Therefore, the major contribution of this work is to
delineate a possible causal connection between solar
UV/QBO cycles and the Labitzke-van Loon obser-
vations of middle atmospheric and tropospheric vari-
ability. The results suggest that mechanisms do exist
within the system to produce appropriate patterns and
magnitudes of change to UV forcing, but whether the
actual UV forcing is sufficiently large (or the system
sufficiently sensitive) is still undetermined. (It may be
noticed that Fig. 14 in Part I shows that the UV vari-
ations employed in the 5% runs are of the same order
of magnitude as the available observations.) The es-
sence of this connecting link is the ability of the longest
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tropospheric planetary waves to respond to perturba-
tions in the stratosphere. This is a consistent response
in the GISS model when the stratosphere is fully re-
solved, an effect which is strong enough to result in
increased planetary wavenumber 1 energy in the dou-
bled CO, climate simulations (due to the colder strato-
sphere reducing the vertical stability), even while the
decrease in the tropospheric latitudinal temperature
gradient was resulting in an overall decrease in tro-
pospheric eddy kinetic energy (Rind et al. 1990).

The suggestion of planetary wave involvement in
the UV /QBO connection is not new (e.g., Ebel et al.
1988), and there are observations from the midudle at-
mosphere of in-phase and out-of-phase apparent solar
cycle correlations as a function of altitude, which imply
the involvement of waves of large vertical wavelength
(e.g., Chanin et al. 1989). The longest planetary waves
have vertical wavelengths varying from 15 to 100 km
or more (Charney and Drazin 1961), and conceptually,
should be able to respond to perturbations affecting a
significant part of their vertical structure.

There are two components to the planetary wave
response: a propagation change and a generation
change. The propagation change depends upon alter-
ations in the stratospheric wind profiles. The QBO im-
pacts the stratospheric zonal wind structure by chang-
ing the horizontal gradient, and recent observations
imply that the solar cycle is effective in changing the
vertical gradient. While the modeled variations in wind
with more realistic UV forcing are smaller than those
found by Kodera and Yamazaki (1990) or Hood et al.
(1993), some variation is to be expected given the
change in latitudinal heating gradient from ozone ab-
sorption of the changing UV (see Table 4b in Part I).

The change in planetary wave generation is asso-
ciated with temperature changes in the upper tropo-
sphere through the stratosphere, altering the vertical
stability for the longest planetary waves. The most rel-
evant temperature changes are dynamically produced,
through alterations in zonal winds, planetary wave en-
ergy convergences, and the residual circulation. This
is accomplished directly in the low to middle strato-
sphere via the QBO forcing, and in the middle and
upper stratosphere by the UV variations; UV-induced
temperature changes in the lower stratosphere then oc-
cur in response to altered planetary wave propagation.

Two-dimensional photochemical models have pre-
dicted only a modest change of stratospheric temper-
ature due to 11-year solar cycle UV variations, on the
order of 1°C at 50 km (Garcia et al. 1984; Huang and
Brassuer 1993), as the large percentage variations in
solar cycle UV occur for energy absorbed above the
stratopause. In contrast, observations imply much
larger effects (up to 5°C in the stratosphere) at a wide
range of latitudes (Mohanakumar 1989; Chanin and
Keckhut 1991; Hood et al. 1993). A similar discrep-
ancy exists between 1D model results and observations
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of the 27-day solar rotational cycle effects ( Brassuer et
al. 1987; Hood and Jirikowic 1991).

A primary limitation of the 1D and 2D approaches
is that dynamical feedbacks are not available to amplify
initial perturbations. This is true not only of the UV
forcing itself; the combined processes of the QBO and
UV variations produce nonlinear dynamical responses.
To some extent, the UV effects may be looked upon
as modulations of the QBO, an influence which would
not be modeled if the QBO were not also included in
the study.

Changes in ozone and molecular oxygen may induce
additioenal radiative perturbations; Hood et al. (1993)
show that changes in ozone observed during the last
solar cycle are somewhat larger than 2D model esti-
mates of direct solar cycle influence, and they suggest
alterations in circulation as the likely reason. In the
model experiments, residual circulation changes do
accompany UV /QBO perturbations. For example, in
the QBO experiments during December through Feb-
ruary, the lower stratosphere Northern Hemisphere re-
sidual circulation increased by more than 50%, while
the Southern Hemisphere subtropical circulation ac-
tually changed direction (both effects due to increased
planetary wave energy convergence at high latitudes).
In the tropical upper stratosphere, the residual circu-
lation decreased by 50%, due to the altered gravity wave
drag. In the UV experiments, the changes were less
dramatic, with variations of the lower stratospheric re-
sidual circulation during December through February
of about 15% in each hemisphere, while in the middle
and upper stratosphere, increases of this magnitude
occur in the Tropics and Northern Hemisphere (due
to planetary wave energy propagating preferentially to
higher altitudes). As emphasized by Chanin and
Keckhut (1991), fully coupled 3D dynamical-pho-
tochemical models of the middle atmosphere may be
necessary to resolve these issues, along with continuing
observational analysis.

Variations of tropospheric eddy energy associated
with solar phenomena have been noted on even shorter
timescales. Roberts and Olson (1973) found that the
vorticity area index of tropospheric storms was corre-
lated to solar geomagnetic storms with a few day lag,
and Wilcox et al. (1974) related a similar tropospheric
feature to solar wind magnetic sector crossings. Tinsley
(Tinsley and Deen 1991; Tinsley and Heelis 1993)
suggests that cosmic ray and electric field impacts on
ice nucleation in the upper troposphere could be pro-
viding these effects, with alterations in latent heat re-
lease affecting storm dynamics. While there is no ne-
cessity for any one physical phenomena to account for
all possible effects, to the extent that solar energetic
particle emissions impart heating to the middle at-
mosphere, changes in vertical stability could affect
planetary wave generation on short timescales as well.

The dynamic responses in the model included al-
terations in the Hadley circulation, and, therefore,
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cloud cover. This raises an additional issue, the rela-
tionship of these results to solar-induced climate
changes. Even in the £25% UV variations experiments,
which amounted to an energy change of 2 W m™2,
none of that alteration was absorbed below 100 mb,
and, therefore, would have no direct impact on climate.
Nevertheless, tropospheric temperature changes arose,
due to the dynamical and radiative response within the
troposphere to middle atmosphere temperature and
wind perturbations.

Changes in the Hadley circulation affect cloud cover
in the Tropics and the subtropics (e.g., Tables 1-3).
Alterations in eddy energy and eddy transports produce
changes in the planetary albedo, due both to cloud
cover and snow cover variations. In addition, upper-
level clouds are affected by eddy energy changes, al-
tering the greenhouse capacity of the atmosphere.

These effects influence the radiative balance of the
troposphere, but the alterations are associated with
tropospheric dynamical responses to the radiative and
dynamical warming of the middle atmosphere, not the
direct UV variation. Differences arise between UV
maximum and UV minimum due to the different dy-
namical /radiative feedbacks. In addition, there is no
necessity for effects to average out over the solar cycle
(they do not in these exaggered UV experiments), and
the cycle itself, combined with the QBO, may produce
a net forcing. Were a cycling sun to have a net climate
forcing when averaged over the entire cycle, this could
be a repeating influence with a cumulative impact.
Since it would be an indirect solar cycle impact on
climate, it is likely to have a very different character
than that associated with greenhouse trace gas changes,
so a simple comparison of total radiative forcing be-
tween these two potential climate change mechanisms
may not be the most relevant approach to gauging the
effectiveness of solar variability relative to greenhouse
forcing.

From both dynamic and climatic considerations,
future experiments should employ the proper magni-
tude/wavelengths of solar irradiance variations (in-
cluding the visible and near IR component). Ozone
changes associated with the solar cycle should be in-
cluded as well, especially if they are as large and oc-
curring at the range of altitudes suggested by the ob-
servations of Hood et al.-(1993). The model should
ideally have the proper planetary long wave energy, to
allow the absolute magnitude of change to be accurately
calculated (most climate models underestimate the
longest planetary wave energy by up to 50%). The sea
surface temperatures and sea ice should be allowed to
adjust, to amplify the climate perturbations during each
phase of the UV /QBO oscillation, and for determining
the impact when averaged over the solar cycle. And
instead of simply using extremes, the full solar cycle,
and transitional nature of the QBO should be em-
ployed, to include the nonlinear effects that arise with
intermediate forcing. Only with such complete exper-
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iments will we be able to assess whether the (modeled)
system has sufficient sensitivity to respond to the pro-
posed forcing mechanisms.
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