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ABSTRACT

An analytic study was performed to examine the effect of the stratosphere on the surface
of the earth, The method of piecewise potential vorticity inversion was employed in the
diagnosis of the magnitude of and dynamics behind the stratosphere -surface link in both
the transient and stationary cases.

The potential vorticity inversion results in both the transient and stationary models
indicated that the stratosphere possesses a significant effect at the surface of the earth. It
was determined that, compared to the stratosphere as a whole, it was primarily the lower
stratosphere that had the most significant impact at the surface of the earth. The results
of this analytic study therefore indicate that in modeling the surface of the earth, the
dynamics detailed here between the lower stratosphere and surface must be included for
the modeled surface weather or climate simulations to be accurate.
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L. INTRODUCTION

In the atmospheric sciences the atmosphere has been divided into five distinct
layers for study: the troposphere, stratosphere, mesosphere, thermosphere and exosphere.
As residents of the surface of the earth, it is ultimately the weather occurring in the lowest
part of the troposphere that has the greatest impact on daily life. Being able to accurately
predict the weather hours, days or weeks in advance can mean advantages that range
anywhere from an answer to the mundane "will I need an umbrella today” to critical
predictions such as the likelihood of a major flood, equaling large sums of money and
more importantly human lives. Therefore, from the practical point of view of wanting to
be able to accurately predict surface weather for its impact on human life, any means of
improving current forecasting skill is welcome.

Many surface weather forecasting models currently limit the simulation of the
atmosphere to the troposphere alone. As a result of the relatively volatile dynamics in the
troposphere, surface weather forecasts generally possess little skill beyond the range of one
week. However, there has been much discussion recently as to the possibility that, in fact,
the stratosphere may also play a significant role in determining the weather at the surface.
Unlike the troposphere, the stratosphere evolves on slower time-scales on the order of
weeks and months rather than days. Therefore, if the stratosphere does possess a sort of
downward control on the troposphere, the addition of a properly simulated stratosphere to
forecasting models, although computationally expensive, would certainly result in an
improvement in both the accuracy and range of surface weather forecasts. On the other

hand, if it can be shown that there is no such stratosphere-troposphere link then it could be



known that surface weather forecasting models could safely exclude simulation of a
stratosphere without any loss of skill. Such knowledge, one way or the other, would mean
an increased confidence and potential improvement in the methods employed by
forecasting models and, consequently, in the accuracy and range of the surface weather
forecasts they produce as well.

From an atmospheric dynamics standpoint, it is well known that information in the
atmosphere can be transmitted upward [Chamey and Drazin, 1961]. For example, the
dynamics of the stratosphere are known to depend strongly on the surface of the earth and
troposphere by means of upward propagating planctary waves. However, downward
communication in the atmosphere is less well understood and in fact there is no one widely
accepted mechanism to explain such a phenomenon, if it exists. Proof of a significant
effect of the stratosphere on the surface or evidence to the contrary would thus serve to
either help reveal further or confirm the precise dynamics occurring between the
stratosphere and the surface. Examining the existence of a link between the stratosphere
and the surface of the earth is thus of real value in terms of increasing the comprehension
of the inner dynamical workings of the atmosphere and its potential for downward
communication. Therefore, studying the problem of stratosphere-troposphere coupling is
of great importance from both the real-world and atmospheric dynamics perspectives.

In studying the possible link between the stratosphere and the troposphere it is
useful to examine it under the context of the Arctic Oscillation (AQ). The AO was first
defined by Thompson and Wallace [1998] as the leading empirical orthogonal function

(EOF) of the wintertime monthly mean sca-level pressure (SLP) anomaly field in the



Northern Hemisphere. It is important to note, however, that the AO is an extremely robust
pattern and is not restricted to either winter or surface data. In fact, it can be recovered
through a variety of different analysis techniques and data sets [Baldwin, 2000]. Baldwin
and Dunkerton [1999], for example, recovered the pattern of the AO using the geopotential
height fields at five levels throughout the troposphere and stratosphere. It should also be
noted that there has been much discussion in the literature recently as to the relationship
and confusion between the AO, the Northern Annular Mode (NAM), and the North
Atlantic Oscillation (NAQ). Although there is still some dispute, the general consensus
seems to be as follows. As a result of its strong zonal symmetry, the AO phenomenon is
sometimes referred to as the NAM [Thompson and Wallace, 2000], and so the AO and
NAM acronyms may be considered interchangeable. The NAO represents the oscillation
of low and high SLP over the Atlantic Basin. Therefore, the NAO can be thought of as the
regional counterpart of the AO, as the AO encompasses the entire Northern Hemisphere
[Wallace, 2000; Wallace and Thompson, 2002]. In other words, the AO, NAM, and NAO
can be regarded as essentially describing the same phenomenon of an alternation between
anomalously high and low SLP over the polar and mid-latitude regions of the Northern
Hemisphere. Hereafter, this phenomenon will be referred to as the AO.

Part of the usefulness of the AO stems from the fact that it represents a significant
portion of the atmospheric variability in the Northern Hemisphere, approximately 22% of
the variance in SLP [Thompson and Wallace, 1998], second only to the seasonal cycle
[Baldwin, 2000]. An AO index has been defined such that a high index represents the state

of anomalously low SLP over the polar regions and anomalously high SLP over the mid-



latitudes, and a low index vice versa. Several characteristics of a high AO index phase
include increased surface westerlies over the North Atlantic, and warmer and wetter
weather over northern Europe. The opposite generally occurs during low index phases,
with an increased likelihood of extreme cold temperatures [Wallace and Thompson, 2002].
The phase of the AO has also been shown to have a significant impact on storm track
placement in the Northern Hemisphere [Hurrell, 1995; Baldwin and Dunkerton, 2001].
Therefore, it is clear that any ability to accurately predict the phase of the AO would have a
significant impact on the accuracy of Northern Hemisphere surface climate forecasts.

The signal of the AO at the surface of the earth has also been shown to be
statistically correlated to the strength of the polar vortex in the stratosphere in the Northern
Hemisphere [Baldwin et al., 1994; Perlwitz and Graf, 1995; Kuroda and Kodera, 1999,
Baldwin and Dunkerton, 2001]. During high index phases of the AO, the westerly winds
of the polar vortex tend to be anomalously strong, while the opposite tends to be true
during low AO index phases. The link between the strength of the polar vortex and the
AO index at the surface is most pronounced during the late winter months [Wallace and
Thompson, 2002]. It is precisely this link that makes the AO the ideal context under which
to study the possibility of a stratosphere-troposphere connection. In addition to this, in
terms of potential vorticity inversion analyses of the potential effect of the stratosphere on
the earth’s surface, the potential vorticity anomaly associated with the AO and polar vortex
in the stratosphere is large in both magnitude and spatial scale and has, therefore, the

greatest chance of having an associated signal that reaches all the way down to the surface



of the carth [Black, 2002]. Note that the method of potential vorticity inversion will be
described in further detail in Section IL.

Baldwin and Dunkerton [1999] showed that the phase of the AO has a tendency to
propagate downward from the stratosphere into the troposphere and even to the surface of
the earth with an average descent period of three weeks. However, the downward
propagation of the AO phase is not always present, and when present has a strongly
variable descent rate that can range anywhere from a few days to over a month. At times,
in fact, the phase of the AO actually occurs either simultaneously in both the stratosphere
and troposphere or is even seen to propagate upwards from the troposphere into the
stratosphere. {Baldwin and Dunkerton, 2001] Moreover, it cannot be determined if the
seeming downward propagation is the result of a cause and effect of the stratosphere acting
on the troposphere. It is possible, as suggested by Baldwin and Dunkerton [1999], that the
apparent downward propagation is simply the result of like AO phases occurring in the
stratosphere and troposphere somewhat coincidentally resulting in mutual amplification,
which the highly variable rate of descent would seem to support. Nonetheless, the
apparent downward propagation occurs often enough that it can still be of use in predicting
the phase of the AO at the surface of the carth on the order of weeks, which may prove
useful in improving the accuracy of medium-range surface weather forecasts [Baldwin,
2000; Kerr, 2001]. In fact, during stratospheric events with large accompanying AO
signals, such as major stratospheric warmings consisting of a significant weakening or
complete breakdown of the polar vortex, there is a greater likelihood that the AO pattern

will descend from the stratosphere into the troposphere and to the surface than in cases



where the magnitude of the AO signal is relatively small [Baldwin and Dunkerton, 1999].
The findings here of Baldwin and Dunkerton are intriguing and certainly indicate that a
significant dynamical link between the stratosphere and troposphere is probable, but
precisely what that link might consist of is as yet unclear.

The subject of downward communication in the atmosphere is a relatively new
topic and it has been widely disputed whether it is even possible for the stratosphere to
have a significant effect on the surface of the earth. For one thing, the small mass of the
stratosphere, as compared to the relatively large mass of the troposphere, requires that any
perturbations of stratospheric origin must then have a sufficiently large magnitude in order
to be able to penetrate through the troposphere and still have a significant signal at the
surface of the earth.  Another point that argues against the possibility of downward
communication is the fact that the majority of communication in the atmosphere is in the
upwards direction, by way of planetary waves which propagate upward from the surface of
the earth and troposphere into the stratosphere, and not vice versa. [Wallace and
Thompson, 2002] However, recent published findings such as the studies showing the
downward propagation of the AO [eg. Baldwin and Dunkerton, 1999, 2001] and anomalies
of other key meteorological fields, such as zonal wind anomalies [eg. Kodera et al, 1990],
from the stratosphere into the troposphere and down to the surface of the earth, have made
it increasingly evident that likely some link exists between the stratosphere and
troposphere. As a result, there have been several theories proposed to explain the
mechanics behind the apparent dynamical stratosphere-troposphere link. These range from

supporting the theory of direct downward influence, or a direct forcing of the stratosphere



on the troposphere, to that of an indirect or feedback theory in which the apparent
downward communication from the stratosphere is ultimately the manifestation of events
that originated in the troposphere. Detailed here will be several of those theories.

Plumb and Semeniuk [2003] have proposed a mechanism based upon local wave,
mean-flow interaction, similar to the mechanism regarded as driving the alternating
easterly-westerly zonal wind phenomenon of the quasi-biennial oscillation (QBO). In both
one- and three-dimensional models, it was shown that the downward propagation of
extratropical zonal wind anomalies from the stratosphere into the troposphere could be
achieved solely through fluctuations of Rossby wave activity in the troposphere.
Essentially, Rossby waves originating in the troposphere propagate upward into the
stratosphere until they reach a critical level at which they deposit their associated easterly-
momentum, thus forcing the mean flow and lowering the critical level, and so on, giving
the appearance of downward propagating zonal wind anomalies. This theory explains that,
though the extratropical zonal wind anomalies appear to propagate downward from the
stratosphere to the troposphere, it is not the result of a direct forcing of the stratosphere on
the troposphere, but rather a manifestation of a stratospheric response to upward forcing by
the troposphere. These findings suggest that, therefore, a similar indirect forcing
mechanism may also be responsible for the observed downward propagation of the AO.

Hartley et al. [1998] employed the method of piecewise potential vorticity
inversion to show that major distortions in the stratospheric polar vortex can have a
significant effect on key meteorological fields in the upper troposphere. It was found that

the stratospheric potential vorticity anomalies associated with major polar vortex distortion
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events were responsible for inducing, on average, 34% of the geopotential height
anomalies at the tropopause, with the majority of this due to the potential vorticity
redistribution in the lower and middle stratosphere. It was concluded that the stratosphere
has a significant direct feedback upon the troposphere, larger than previously thought, and
that therefore a more realistic representation of related stratospheric processes in
atmospheric models would result in a significant improvement in the accuracy of
tropospheric simulations.

Black [2002], expanding on the study of Hartley et al. [1998], used the method of
piecewise potential vorticity inversion to show that the stratosphere has a significant effect
on the AO signal down to the surface of the earth. He found that at high latitudes north of
40° N, the potential vorticity anomalies associated with the wintertime polar vortex in the
lower stratosphere below 30 mb resulted in a significant westerly zonal wind signal at the
earth’s surface. Upon closer examination of the potential vorticity anomalies associated
with the observed downward propagation of the AO signal from the stratosphere to the
surface of the earth, Black concluded that in such cases the lower stratosphere has a direct
downward impact on surface climate. He suggested that an indirect mechanism is initially
responsible for moving the AO signal from the middle stratosphere down to the lower
stratosphere through a feedback mechanism involving the alteration of the propagation
characteristics of tropospheric planetary waves, in agreement with indirect feedback
theories [eg. Kuroda and Kodera, 1999]. At this point a direct forcing mechanism takes
over, where the AO associated potential vorticity anomaly in the lower stratosphere

dynamically induces an associated potential vorticity anomaly in the troposphere, creating
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significant anomalies in key meteorological ficlds at the surface of the earth. Though
Black suggests that the lower stratosphere has a direct downward influence on the earth’s
surface under the context of the AO, he does point out that on short intraseasonal time
scales the mechanism could more properly be regarded as a dynamical feedback, since the
initial changes in potential vorticity in the stratosphere are ultimately due to changes in the
troposphere. However, on longer timescales the stratospheric potential vorticity anomalies
may be the result of local radiative processes, in which case a direct downward forcing
mechanism would be responsible for the propagation of the AO signal from the
stratosphere to the earth’s surface. This leads to the conclusion that the stratosphere can
indeed have a direct impact on the surface of the earth, and that it should therefore be
adequately modeled in any attempts to accurately forecast surface climate.

Thus, it is clear that at present no final consensus has been reached on the precise
dynamics behind the observed downward propagation of the AO and related fields from
the stratosphere to the troposphere. Nonetheless, it is readily apparent that communication
is occurring between the stratosphere and troposphere that is not well understood, whether
the underlying mechanics turn out to be comprised of a direct downward effect, an indirect
feedback, or perhaps a combination of the two. Therefore, in order to fully understand the
dynamics of what is occurring, it is necessary to continue studying further the interaction
taking place between the stratosphere and troposphere. In all likelihood, such a continued
effort will eventually reveal enough details of the stratosphere-troposphere link to finally
allow for the construction of a complete dynamical picture of the mechanism responsible

for the downward communication in the atmosphere. This thesis will therefore proceed to
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examine the stratosphere-troposphere link under the context of the AO in an attempt to
uncover additional details of the mechanism behind downward communication in the
atmosphere, and how this in turn affects the present understanding of a stratospheric effect

on surface weather and climate.

II. METHOD

In a similar approach to that employed by Hartley et al. [1998] and Black [2002],
this study will use the method of piecewise potential vorticity inversion under the context
of the AO to examine the relative effect of the stratosphere on the surface of the earth.
However, unlike the aforementioned studies, the solutions here will be obtained
analytically rather than numerically. The first part of this study will focus on how
potential vorticity anomalies in the stratosphere affect the weather at the surface in the
transient case, 1.e. for relatively instantaneous time scales of O(~days), during a simulated
major stratospheric warming. The second half of the study will then focus on modeling the
associated effect the stratosphere has on surface climate in the stationary case, i.e. for
averaged time scales greater than O(~months). The term "weather” will be used to
describe the associated surface meteorological fields in the transient solution, while
"climate" will be used in the stationary case.

Potential vorticity is a useful parameter to examine in part for the fact that a
multitude of other key meteorological fields, such as wind and temperature fields, can be
deduced from this single field via its relationship with geopotential height. It is

particularly useful in studying the effect of the stratosphere on the surface of the earth for
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the following reasons. The stratospheric polar vortex is very conducive to being
characterized as a deep and vast pool of positive potential vorticity in the Northern
hemisphere. Analogous to how a local electric charge induces a non-local electric field,
the larger the magnitude and size of a potential vorticity anomaly, the farther reaching its
non-local effect will be [Bishop and Thorpe, 1994]. Since the complete breakdown of the
polar vortex during a major warming can be represented as a deep and large
stratospherically-located negative potential vorticity anomaly, the greatest chance of a
significant non-local effect being able to reach down to the earth’s surface is here. In other
words, if the stratosphere can affect the surface of the earth, the most likely chance of
observing this interaction would be during a significant distortion of the polar vortex, such
as a major warming. And, by examining it through the perspective of potential vorticity,
the magnitude of the associated surface effect can be gauged by, for example, deducing the
zonal wind field at the surface.

The method of piecewise potential vorticity inversion [Davis and Emanuel, 1991;
Davis, 1992] allows the relative effects of subsets or “pieces” of the whole potential
vorticity anomaly field on a single non-local field to be diagnosed separately by the
superposition principle, using the electrostatics analogy. In general, the relationship
between potential vorticity and geopotential height is nonlinear which leads to ambiguity
in the solutions of piecewise inversions. However, under the assumption of quasi-
geostrophy (QG), the potential vorticity-geopotential height relationship becomes linear
and thus all piecewise inversions become unambiguous. In other words, under QG theory

the solution obtained by inverting the entire potential vorticity anomaly field as a whole
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will be identical to the solution obtained by dividing the field into subsets and summing the
individual solutions of those subsets. The theory of QG is valid for atmospheric motions
in which the ratio of the horizontal advection terms in the momentum equations to the
Coriolis term is small, i.c. for small Rossby number values. This holds away from the
equator and below approximately 10 mb (30 km) [Hartley ef al., 1998], which are the
regions of primary concern in this study. Therefore, QG will be assumed and from here on
PV will refer to quasi-geostrophic potential vorticity.

Using the method of piecewise PV inversion, the stratosphere may be divided into
a wide range of layers of varying thicknesses, heights, and associated PV anomaly
magnitudes. Then, under the assumption of QG, the subsequent unambiguous piecewise
PV inversions of each practically chosen layer will allow aspects of the dynamical
interaction between the stratosphere and the surface of the earth to be revealed. The
following sections will proceed to detail the setup and analytic solutions for the transient

and stationary models, and the results of the case studies performed.

III. TRANSIENT SOLUTION MODEL

The effect of the stratosphere on the surface will first be examined in a model of the
transient solution. The setup to solving this problem analytically involves inducing to a
system at rest an 1solated PV perturbation in an infinite layer above a certain level in the
stratosphere and solving for the associated zonal wind and temperature anomalies at the
surface of the earth. Once the general solution has been obtained, it is then straightforward

to repeatedly solve for the surface solution for different magnitudes of the PV perturbation

15



and different heights above which the perturbation resides. Since this is being performed
under the assumption of QG, the resulting set of solutions may then be added and
subtracted at will to give an infinite set of solutions representative of any variation in
stratospheric PV perturbation strength and height. By making useful and realistic choices
for the magnitudes and heights of the PV perturbations, an analytic diagnosis may be made
of how the stratosphere interacts with the surface during, say, a major stratospheric
warming and truly a wide variety of other atmospheric situations using the method of
piecewise PV inversion.

The model will be set up using log-pressure coordinates on a beta-plane in a
channel of width L. Along with the QG assumption, it will be assumed that the system is
in an inviscid and adiabatic state and that there are no variations in the zonal direction.
These assumptions may not necessarily be realistic in terms of the real-world atmosphere,
but they prove to be useful here in terms of keeping the analytic problem simple and its
solution comprehensible. Provided here in Table 1 is a list of the relevant constants and

variables for reference.

fo = Coriolis parameter centered at 45° N = 1.031x10*s"
g = acceleration due to gravity = 98I ms”

Tr = average temperature in the troposphere = 228K

Ts = average temperature in the stratosphere = 212K

Nr = Brunt-Viisild frequency of the troposphere = 1.34x 107 ™
Ng = Brunt-Viisili frequency of the stratosphere = 2.19x 10725
Hr = scale height in the troposphere = 621x10°m
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Hg scale height in the stratosphere 6.69x 10°m

L channel width equivalent to 60° in latitude 6.67x 10°m

Hm height of the tropopause 12x 10" m

Hpy lower boundary of PV layer constant (controlled)
P pressure [mb]

P density kg m”]

z log-pressure height coordinate -Hrslnp [m]

4, pseudo-potential vorticity anomaly [m®s?! K kg']

o magnitude of PV anomaly constant (controlled)
m mode of PV anomaly integer  (controlled)
v’ geopotential height anomaly [m]

ug’ surface zonal wind anomaly [ms']

[]r layer from surface to H 7z

[ Is layer from H ;xto H py

[ ]ev = layer from H py to infinity

Table 1. Constants and Variables

In order to simulate an isolated PV perturbation in the stratosphere, it will be
assumed that waves in the model are only produced at the solid surface of the earth, and
therefore not anywhere in the atmosphere. Such a flux of waves up from the surface may
be thought of as the result of topography in the real world, for example. Next, it will be
assumed that these waves propagate upwards from the surface to a certain level in the

stratosphere, H py in this model, above which they entirely dissipate. This complete wave
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dissipation results in a stratospheric redistribution of PV in the layer of dissipation, i.e. the
infinite layer above H py. It should be noted that if, for example, wave formation were
chosen to occur in the troposphere instead of, or as well as, at the solid surface, just as
wave dissipation in the stratosphere results in anomalous PV, wave production in the
troposphere would result in an oppositely-signed PV perturbation of proportionate
magnitude at the level of formation, and consequently undesired internal atmospheric PV
anomaly interactions. Therefore, although it is somewhat unrealistic to assume that there
is no wave formation in the atmosphere as the result of say, heating, by limiting wave
creation to the solid surface the model will have only the single PV anomaly isolated in the
stratosphere, as desired for this study. This setup allows the analysis of the link between
the stratosphere and surface to remain straightforward and unobscured by internal PV
anomaly interactions.

During a major stratospheric warming, the breakdown of the polar vortex is
represented by a weakening of the previously strong circumpolar westerly winds. This
will be represented by a decrease in PV in the stratosphere near the pole, or equivalently as
a negative PV perturbation. To simulate this analytically, the induced PV perturbation in
the stratosphere will have the form

, mm
g, = Qcos Ly. (1)

The reasons behind the choice of a cosine representation for the PV perturbation are
twofold. The first reason is that PV must be conserved on each z surface, and so the
anomalous PV must integrate to zero over the hemisphere. The second reason stems from

the imposed lateral boundary conditions at the two rigid channel walls which state that the
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anomalous zonal wind #’ must be zero at y = 0, L. Since it is assumed that the solution of

mzay

y’ will vary meridionally as g, in Equation 1, 1.e. as cos , then since

w=-"" 2)

these two lateral boundary conditions are satisfied by the cosine representation of the PV

perturbation. For m = 1, the resulting PV perturbation will have the form as shown in

Figure 1.

+qp 4

! \ L L L |
T_. EQ POLE

- qp’

Figure 1. PV anomaly form=1

It is also possible to solve this problem for multiple values of m, which will allow the
construction of any linear combination of solutions in order to simulate a wide variety of

PV perturbation shapes in the stratosphere while still conserving PV. The QG PV equation

is
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= +
"% T N\ H &

. Oy 62w’+fvf(52w'_L5w'J’ 3)
with the appropriate 7" and S subscripts applied to N and H in the troposphere and
stratosphere respectively. The atmospheric model will be divided into three regions: one
bounded by the surface of the earth and the tropopause, the next by the tropopause and
H py, and the last region infinite above H py. The anomalous PV, ¢ 7, is set to be zero
everywhere except for the infinite region in the stratosphere above the height H py. The
objective is to solve the QG PV equation for y’ with this atmospheric distribution of PV
in order to obtain the zonal wind and temperature anomaly fields at the earth’s surface.
Therefore, g ,” will be inverted for a solution of ’ in each of these three regions, with
boundary conditions applied at the surface and above. At the surface of the earth, PV is
represented by variations in temperature. Because it is assumed that there is no anomalous
PV in the model except for the region in the stratosphere, there may not be any

perturbations in PV at the surface, and consequently no perturbations in temperature at the

surface either, T/ = (), and so the surface boundary condition is

oy’
— =0, 4
5 4)
since
75, By
o= dolsr 2y (5)
g 0z

It is assumed that the solutions decay exponentially with height, so the upper boundary

condition at the top of the model is that all solutions must go to zero as z — ©, However,

the two boundary conditions detailed above are insufficient to uniquely solve for .
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Therefore, matching conditions must also be applied at the two interfaces between the

three regions in order to obtain a unique solution for y*. The first interfacial matching

condition stems from the fact that since pressure is a continuous function in the

atmosphere, y’ must also be continuous. For simplicity, it will be assumed in the

transient solution model that the initial background state of temperature is a continuous

function. Then, by applying this to the thermodynamic equation, combined with the

previously mentioned assumptions of the initial state of the model atmosphere at rest and

no variations in the zonal direction, the second matching condition may be determined.

The two interfacial matching conditions are therefore

i. W hove = W boiow at z=Hyg, Hpy (6)
i v L o Hoy Hyy (7
02 above 0Z below
A diagram of the model setup is depicted as follows in Figure 2.

Ns,Hs 4,'=Qcos " Wy
Z=HPY e e e e e =

Ns,Hg qp'=0 v's

N, Hy qp'=0 wiT

T =0

Figure 2. Transient solution model setup
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It will be assumed that the solutions have the form

' mnry
Wirse = FT,S,PV(Z) cos I ®

Inverting the ¢ ,” equations for y/ in each region and applying the relevant boundary and

interfacial matching conditions gives the following solution for y”.

L2
ce” - Q2 5 for zzH,,
m°n
W'z(cosmzy]*wcze‘”+c3eb’ for Hp<z<H, , ®
dz d cz
04[2 -—e J Jor 0<z<H,
c
where
1 - 1 Nim’n®
a(b)= i, (92)
2H, (+) V4H; fo L
1 - 1 Nim*rn?
c(d)- i, (9b)
2H, (+) V4H, I L
2
b =cybeyemt Dy QL ot (%)
m'x
o-dheaf® i)
c, = ¢ *c,, (9d)
(a+ d)eH”*(‘”") - d(g + IJeHT"(““)
c
c. = QL2 a et Hr (%)
 mPntb-a ’ ©
and
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’ b H,
ac, e’ +bc, e

€ = d(edH”‘ _ech)

(99

The wind and temperature perturbation ficlds throughout the atmosphere and at the
surface of the earth may now be solved for with the above solution of ’, using Equations
2 and 5 respectively. However, it should be noted that the imposed surface boundary
condition, given in Equation 4, requires that the temperature perturbation field always be
zero at the surface. Therefore, in this model it is actually more useful to examine the zonal
wind anomaly field at the surface as a measure of surface weather response to stratospheric
change. Nonetheless, it may still be of interest to see how the temperature perturbation
profile changes throughout the atmosphere in response to changes in the stratosphere.
Shown here in Figures 3-6 are the perturbation PV, temperature, and zonal wind fields for
a typical solution, calculated for 0 =1.0 x 10 m?’ s’ K kg'] and H py= 15 km. Note that
the value of Q = 1.0 x 10* m* s K kg is approximately the largest magnitude Q may
realistically have in the atmosphere as determined from Figure 1 in the study by Black

[2002], and has been chosen in order to obtain the largest realistic related surface signal.
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Figure 3. Geopotential height anomaly (y”) height profile at y = L/2
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Figure 6. Zonal wind anomaly (1 ’) field
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Note that in Figure 4 there is a slight discontinuity in temperature at the tropopause, and
this is the result of the average temperature profile used, which consists of a discontinuous
jump from T7=228 K to Ts =212 K at the tropopause, H 7z = 12 km. Also, in Figure 6
note that the zonal wind anomaly is zero at y = 0, L as required by the imposed lateral
boundary conditions at the two rigid walls. The reason behind the solutions for the
geopotential height and zonal wind anomalies having the same basic shape with height can

be seen in Equation 2, i.e. the solutions only differ in height by a constant. By comparison,

oy
oz

the somewhat V-shape of the temperature profile in Figure 4 is a result of the factor

in Equation 5.

IV. TRANSIENT SOLUTION MODEL - Case 1

In this case, it will be examined how PV perturbation height and thickness in the
stratosphere affects the associated signal in anomalous zonal wind at the surface in the
transient solution model. This may be achieved by inducing a fixed constant PV
perturbatton in the infinite layer above Hpy, and then repeatedly solving for the associated
surface zonal wind anomalics with changing heights of Hpy. Because the transient solution
was found under the assumption of QG, the infinite PV anomaly layers and resulting
surface zonal wind anomaly solutions may be added and subtracted unambiguously in
order to obtain solutions for finite layers of any thickness and height. Since the magnitude
of the PV anomaly is being held constant, this essentially gives the solution for the change
in surface zonal wind anomaly as a PV perturbation’s height and thickness changes

throughout the stratosphere.
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As previously stated, the maximum realistic value for a stratospheric PV
perturbation is approximately O = 1.0 x 10* m* s’ K kg™, and so this is the value that will
be used here. It should be noted that, although the QG approximation does not hold above
30 km, results above this height are given for completeness. In order to assess the effect
PV anomaly height has on the associated non-local effect at the earth's surface, the
associated height profiles of ”, T/, u’, and u’ fields for two different layers are shown
in Figures 7-10 respectively. The first layer is located between 13-14 km near the
tropopause in the lowermost part of the lower stratosphere, and the second layer is located
between 26-27 km in the lowermost part of the middle stratosphere. The two layers have
been chosen to both have a thickness of one kilometer for ease of graphical comparison.
The heights of the two layers have been chosen not only to exhibit how PV anomaly height
affects perturbation fields of interest, but also to allow an assessment to be made of the

relative impacts the lower and middle stratosphere have on the weather at the surface.
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From Figures 7-10, it is clear that the basic solution shapes remain unchanged as
the height of the PV anomaly is moved upward in the stratosphere. While the geopotential
height and zonal wind anomaly profiles possess the same basic shape structure, the
temperature anomaly profile has a dissimilar shape by comparison. This may be attributed
to the result of the subtraction performed in order to obtain the 13-14 km layer solution, i.c.
the subtraction of the infinite layer above 14 km from that above 13 km, in combination
with the approximate V-shape the infinite layer temperature anomaly profile possesses, as
seen in Figure 4.

The major features in all of the solution plots, such as extreme points, change in
altitude with the location of the PV anomaly layers. The geopotential height and zonal
wind anomalies are always greatest at the midpoint in height of the PV anomaly layer, and
then decay exponentially above and below with distance away from the height of the layer.
This result is expected, since in the electrostatics analogy the non-local effect associated
with an isolated localized electric charge decays with distance away from the source of the
charge. Therefore, the associated non-local effect of the PV anomaly layer will always be
greatest at the height of the PV layer, and will decay with distance away from that layer.
The exponential decay may also be seen in the factors of ¢/ in the geopotential height
anomaly solution given in Equation 9.

The values for the maximum geopotential height and zonal wind anomalies are
greater in the solution for the lower layer than for the higher layer. This may be attributed
to the fact that, although the thicknesses and PV anomaly magnitudes are equal for both

layers, the mass of the lower layer is larger than the higher layer. Therefore, the
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exponential decay with distance, combined with the fact that the upper layer also has a
significantly smaller maximum zonal wind anomaly value compared to the lower layer,
results in the magnitude of the zonal wind anomaly being significantly less at the surface in
the case where the PV anomaly layer is located near the top of the lower stratosphere than
in the case where it is by the tropopause, 0.51 m s? versus 6.8 m s'. In the real
atmosphere, a zonal wind anomaly of approximately one meter per second at the surface is
significant. Therefore, these results show that in terms of PV inversion, while the lower
part of the lower stratosphere definitely has a significant signal at the surface of the earth,
by comparison the surface signal associated with the top of the lower stratosphere is
insignificant. This indicates that surface weather forecasting models which cap the
simulated atmosphere at the tropopause most likely possess significant errors at the
modeled surface. So while stratospheric dynamics must certainly be included in such
models, the preceding PV inversion results indicate that simulation of the lower
stratosphere alone may prove sufficient in representing the stratosphere as a whole when
forecasting the weather at the surface of the earth. Though, it must be noted that the
dynamics of the lower stratosphere may depend strongly on higher levels in the
atmosphere in turn.

For a more detailed look at how the height in the stratosphere of a PV anomaly
affects the associated surface signal, the surface zonal wind anomaly will be solved for for
infinite layers above a variety of stratospheric heights. Table 2 gives the values of the
surface zonal wind anomalies at y = L/2 for corresponding infinite layers of anomalous PV

with constant value O =1.0x 10* m’ s K kg™ at different heights of Hpy.
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Hpy u’ [ms']aty=L72
12.5 km -41.9
13 km -37.9
14 km -31.1
15 km -25.5
16 km -20.8
17 km -17.1
18 km -14.0
19 km -11.5
20 km -9.38
21 km -7.68
22 km -6.29
23 km -5.15
24 km -4.22
25 km -3.46
26 km -2.83
27 km 2.32
28 km -1.90
29 km -1.56
30 km -1.27
35 km -0.470
40 km -0.173
45 km -0.0638
50 km -0.0235

Table 2. Constant PV Perturbation: u,’ for different Hpy heights

By adding and subtracting the solutions in Table 2, the value of the associated surface
zonal wind anomaly can be determined for a realistic PV anomaly magnitude
Q=1.0x 10" m?s" K kg layer at any height in the stratosphere and of any thickness. It

may be concluded that the higher the PV layer is in the stratosphere, the weaker its
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associated surface signal. Also, the thicker the PV layer is, the greater its associated
surface signal. This latter result may be attributed to the fact that as the thickness of the
layer increases so does its volume. Since the value of the PV has been specified to be
constant throughout the entire layer, as the layer grows in thickness, so does the overall
magnitude of the PV anomaly and its associated surface signal.

The results in Table 2 confirm the conclusions made from Figures 7-10, that
primarily only PV anomalies located in the lower stratosphere have significant associated
surface signals, of O (1 m s7). Levels much above the lower stratosphere only possess
insignificant or barely significant associated surface signals. Therefore, while surface
weather forecasting models must include the stratospheric dynamics discussed above, it
may be reasonable to limit the stratospheric simulation to the lower stratosphere alone in

order to minimize computational costs.

V. TRANSIENT SOLUTION MODEL - Case 2

The next case examined in the transient solution model involves examining the
effect that the level of wave dissipation in the stratosphere has on the weather at the surface
of the earth. This study will be constructed as follows. The wave flux up from the solid
surface of the earth will be held constant, while the level in the stratosphere above which
the waves are assumed to completely dissipate is moved to varying heights. The
magnitude of the PV anomaly in the infinite layer above H py will be calculated and then
inverted to determine the related zonal wind anomaly field at the surface of the earth.

Because the piecewise PV inversions are being performed under the assumption of QG, the
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resulting solutions for the infinite PV anomaly layers may be unequivocally added and
subtracted in order to determine how changing the height of wave dissipation in a finite
layer in the stratosphere affects the magnitude of related change in the weather at the
surface of the earth.

Wave propagation in the model will be represented by the Eliassen-Palm flux. It1s

defined as follows, noting that "[ 1" is used to indicate a zonally averaged quantity for

completeness,
F=| - poluvy, 28T (5 1), (10)
oT,
oz
where pr = reference density = e s (10a)

The Eliassen-Palm flux is a particularly useful diagnostic tool because of the fact that it

may be related to the flux of potential vorticity through the following equation,

v, 1=— (- F). an

Pr

Rather than stating the magnitude of the constant surface wave flux explicitly, the
surface wave flux may equivalently be represented by fixing the magnitude of a PV
anomaly in a certain layer in the stratosphere. It will be assumed that the surface waves are
solely vertically propagating and that these waves propagate up to an arbitrarily chosen
level in the stratosphere at which they deposit all of their momentum, resulting in a certain
magnitude PV anomaly in this layer. From this layer, the magnitude of the PV anomaly in
any other selected stratospheric layer may then be calculated for the same constant wave

flux as follows.
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The inviscid, adiabatic, and zonally-averaged quasi-geostrophic PV equation is

a[qP']__i ' 1
=k (12)

Because it has been assumed that the waves are solely vertically propagating, then by

Equation 11, the QG PV equation may be rewritten as

olg,'l __o( 1 oF, (13)
a  ovlp, &2 )

In an arbitrary layer between zy; and zy; in the stratosphere, gpo ' will be set to have a
constant value with height, O, corresponding to the maximum PV redistribution possible
for a realistic magnitude surface wave flux. Then, since it is assumed that F; is a fixed
constant at the surface, in the instantaneous case of the transient solution the following

definite integral may be solved for from Equation 13,

: P, dz = Lzm (e_zms )[QO cos m;l‘y ]dz

C, cos 7Y (14)
01 .L
where Cy = constant.

Now the PV anomaly magnitude, O, for any selected stratospheric layer between z, and

zp may be calculated as follows.

:b P9, s dz= C, cos mzry . (15)

o [0, (e )dz = C,. (16)

Once the PV anomaly magnitudes have been calculated for each of the layers of interest,
piecewise PV inversion may be employed in order to determine the associated anomalous

zonal wind and temperature fields throughout the height of the atmosphere for each layer.
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In this study, it is of greatest interest to examine how the magnitude of the zonal wind
anomaly at the surface changes for different corresponding stratospheric PV layers. Here,
a PV anomaly with magnitude Op = 1.0 x 10* m’ s K kg will arbitrarily be imposed in
a layer between 13 - 14 km, with all other layers calculated from this. Presented in Table 3
are the values of surface zonal wind anomalies at y = L/2 calculated from PV anomalies

determined for equal one kilometer thickness layers chosen throughout the height of the

stratosphere.

Layer (z, - Zp) Q. [m’s’ Kkg'] u’ [ms']aty=L72
13- 14 km 1.00x 10° -6.87
14— 15 km 1.16 x 10™ -6.53
15— 16 km 1.35x 107 6.21
16 —17 km 1.57x 10™ -5.91
17— 18 km 1.82 x 107 -5.62
18— 19 km 2.11x10% -5.34
19— 20 km 245x 107 -5.08
20 —21 km 2.85x 107 -4.83
21-22km 3.31x10* -4.60
22 - 23 km 3.84 x 10° -4.37
23 —24 km 446 x 107 4.16
24 - 25 km 5.18x 107 -3.96
25 26 km 6.01 x 10™ -3.76
26 —27 km 6.98 x 107 -3.58
27 -28 km 8.11x 107 -3.40
28 - 29 km 9.41x10* -3.24
29 - 30 km 1.09 x 10° -3.08
30 —31 km 127 x 107 -2.92
31 -32km 1.47 x 107 -2.78
32 —33 km 1.71 x 107 2.65
33— 34 km 1.99 x 107 2.52
34 -35km 2.31x 107 -2.40
35-36 km 2.68 x 107 2.8
36 — 37 km 3.11x 107 -2.17
37 - 38 km 3.61x 107 -2.06
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38 — 39 km 420x 107 -1.96
39 — 40 km 4.87x 107 -1.86
40 — 41 km 5.66x 107 -1.77
41 — 42 km 6.57 x 10~ -1.69
42 — 43 km 7.63 x 107 -1.60
43 — 44 km 8.86 x 107 -1.53
44 — 45 km 1.03 x 107 -1.45
45 46 km 1.19x 107 137
46 — 47 km 1.39 x 107 -1.31
47 — 48 km 1.61x 10™ -1.25
48 — 49 km 1.87 x 107 -1.19
49 — 50 km 2.17 x 107 -1.13
50— 51 km 2.52x10° -1.07
51 —52km 293x10% -1.02
52— 53 km 3.40x 107 -0.971
53 — 54 km 3.95 x 107 -0.924

Table 3. Constant Surface Wave Flux: u,’ for different q,’ heights

It should again be noted that QG only holds up to an approximate height of 30 km,
although it is still nonetheless interesting to examine the results above 30 km. The surface
zonal wind anomalies are all of O (1 m s™), and may therefore be considered to be of a
significant magnitude at the surface of the earth. Cursory examination of the above results
also reveals that for a constant surface wave flux, the magnitude of the PV anomaly
increases exponentially as the height of the layer rises in the stratosphere, while the surface
zonal wind anomaly experiences an exponential decrease in magnitude. This may be seen
more clearly in the following plots of /n O, and u,’ against the height of the lower

boundary of the one kilometer layers, z,, in Figures 11 and 12 respectively, taken from

Table 3.
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Though the PV perturbation grows in magnitude as the layer is raised, it is not
enough to offset the weakening of the magnitude of the surface signal due to the
subsequently increased depth of atmosphere that the signal must pass through. Overall, the
higher the surface waves break in the stratosphere, the weaker the corresponding surface
signal is in terms of zonal wind. PV inversion in general does not allow for a
determination of cause and effect, it only allows for a determination of association.
However, the particular construction of this transient case of a constant surface wave flux
breaking at different stratospheric levels does allow for the determination that the
stratosphere has a significant impact on surface weather, since the flux of waves up from
the solid surface of the earth remains fixed and only the height at which these waves break
in the stratosphere is changing. In other words, if the stratospheric dynamics described
above were to be excluded from models attempting to simulate the weather at the surface
of the earth, the resulting simulations would be in significant error.

In order to try and further understand the dynamics behind the exponential decrease
in the surface zonal wind anomaly for a constant surface wave flux breaking at
subsequently higher levels in the stratosphere, the relevant equations will now be
examined. In this way, an attempt may be made to try to determine the relative importance
each involved atmospheric parameter has in influencing the above observed dynamics.
The relationship between the following two arbitrary layers in the stratosphere will be
examined: a lower layer subscripted L bounded below by z; and above by z, and an upper
layer subscripted U and bounded below by z; and above by z,. It is useful to think of the

lower layer as the previously described control-case layer with a fixed constant PV
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anomaly magnitude, (p, in order to make the dynamical analyses more comprehensible, as
this was the model setup used for the results given in Table 3. For simplification, it will be
assumed that the layers are of equal thickness, i.e. that z; — z; = z4 — z;. A relationship

between the magnitudes of the PV anomalies in the two layers follows,

qp(]’:[e s ]*qp[,1' (17)

This accounts for the observed exponential increase in the magnitude of the PV anomaly
with height, since z3— z; increases as the upper layer is moved further away from the lower
layer. The following relationship may be given for the surface zonal wind anomaly

associated with the upper layer,
usU': qu[]' (e—ba _efbn ), (18)

where

I [l—g)ace"*’”
K=-= <

7|lcd (eCH"‘ — gt )+ a (c efim _ d g¢Him )

= constant, (18a)

and a, b, c, and d are given by Equations 9a and 9b. By applying Equation 17 to Equation
18, a relationship may also be obtained between u,; and g,. . Examining Equation 18
reveals that as the upper layer is moved away from the lower layer, the surface zonal wind
anomaly experiences exponential growth from the magnitude of the PV anomaly as

mentioned above, but exponential decay as a result of the (e"’- —e”’z‘) term which

decreases in value as z3 and z; increase. The product of these two terms, however,

ultimately results in an overall exponential decrease in the magnitude of the surface zonal

42



wind anomaly as the upper layer is moved upward in the stratosphere. This may be seen
by examining Equation 9a more closely. The characteristic length-scale of midlatitudes, or

. ) . H .
Rossby radius of deformation, is Z, :N—. For L = L, Equation 9a may be

0

approximated as b z( Therefore, as long as the chosen length-scale L is

445 ), L
. |

N

approximately equal to the characteristic length-scale of midlatitudes, » will always be

greater than HL Consequently, the magnitude of the surface zonal wind anomaly in this
S

case will always decrease as the height of the resultant PV layer is moved upwards in the
stratosphere.

The scale height in the stratosphere, Hs, plays an important role in determining the
rate at which the magnitude of the surface zonal wind anomaly decreases as the upper layer
is further removed. For example, the rate of decrease of the surface zonal wind anomaly is
significantly slower using the scale height value for the troposphere. This means that at
the tropopause and above, the rate of decrease in magnitude of the surface zonal wind
anomaly will significantly increase. This is primarily a result of the fact that the
stratosphere has a significantly smaller mass than the troposphere, meaning that this fact
does play an important role in the dynamics between the stratosphere and its associated
effect at the surface of the earth. Although the rate of decrease in anomalous surface zonal
wind increases rapidly in the stratosphere as compared to in the troposphere, the calculated
values given in Table 3 show that the associated surface zonal wind anomalies are

nonetheless still significant. However, it does mean that it is the lower-most part of the
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stratosphere that has the greatest associated effect at the surface of the earth, as may clearly
be seen in Figure 12.

It may be concluded from this study that the stratosphere has a significant
associated effect at the surface of the earth for a constant flux of waves up from the surface
under the method of piecewise PV inversion. Therefore, the dynamics of this relationship
must be included in any models of surface weather. The results of this study indicate that,
due to the small mass of the stratosphere and the dynamics of the stratosphere-surface link,
it is primarily the lowest part of the stratosphere that has the most significant impact on the
weather at the surface. This confirms the deduction made in the previous section that, for a
constant value PV anomaly moved to different heights in the stratosphere, it was only the
lower stratosphere that had a significant impact at the surface of the earth. Consequently,
both transient solution model studies performed here indicate that while stratospheric
simulation is necessary when forecasting the weather at the surface of the earth, it may
reasonably be limited to the lower stratosphere alone with minimal loss in skill if using the

method of piecewise PV inversion.

VL. STATIONARY SOLUTION MODEL

While the transient solution model enabled the link between the stratosphere and
the surface of the earth to be examined on short time scales in order to assess the effect of
the stratosphere on surface weather, the stationary solution model presented here will allow
this link to be examined in the time-averaged state instead in order to provide a steady-

state picture of how the stratosphere influences climate at the surface of the earth. The
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method of piecewise PV inversion under the assumption of QG will also be used to
diagnose the stratosphere-troposphere link here in the stationary solution model.

Like the transient solution model, the stationary solution model will be set up using
log-pressure height coordinates on a beta-plane in a rigid channel of width L under the
assumption of QG and assuming that there are no variations in the zonal direction.
However, because of the long time-scale of the stationary solution, the adiabatic and
inviscid assumptions that were made in the transient solution model will not be made here.

Instead, heating will be represented by Newtonian cooling,

Q = diabatic heating = Wintl , (19)
Tg
where T = in a state of convective-radiative equilibrium, (19a)
and 7= = radiative time-scale = 30 days =2.6 x 10°s. (19b)

While friction will still be assumed to be zero in the atmosphere, it will now be assumed to
be non-zero at the surface. Surface drag only becomes significant here in steady-state
because it is generally of a small enough magnitude that on the short time-scales of the

transient solution it may be ignored. The assumption of steady-state,
—=0, (20)

will also be made.

Similar to the second study done in the transient solution model, a constant surface
wave flux will be induced to the system initially at rest, and the level at which these waves
are selected to dissipate will be changed. In this case, the surface wave flux will be stated

explicitly via the Eliassen-Palm flux, noting that the Eliassen-Palm flux is equally valid in
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both the transient and stationary solutions. It will be assumed that the surface waves are
solely vertically propagating, i.e. ), = 0, and that these waves are the only source of wave

activity in the system, with the vertical component of the Eliassen-Palm flux as follows,
F = L prlv'q,'ldz. 1)

This means that the net wave drag in the vertical column of the atmosphere above the
source of the wave flux is equal to the wave drag at the surface, i.e. the only source of

momentum in the system comes from the surface stress, 7;. This may be written as,

[" v, dz=-1z,. (22)

The surface stress may in turn be related to the surface zonal wind anomaly as follows,

Ts =pscD us'us‘5 (23)
where ps = surface density = 1,225 kg m™, and (23a)
¢p = drag coefficient =2 x 10~ (23b)

The poleward flux of potential vorticity, [v'q,'], will be specified as well. In order to
emulate the true steady-state atmosphere, the PV poleward flux will be assumed to vary
latitudinally as a modal sine function and to vary in height by some arbitrary function that

is assumed to decay to zero as z — . The equation follows,

[v'g,']= Z(z)sin ’"Zy : (24)

As in the transient model solution, summing the solutions of Equation 24 for selected
different modal values, m, will allow the construction of any shape for the poleward PV

flux. For simplicity, it will be assumed that m = 1 here. Equations 22-24 may be
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combined to give the following equation relating the surface zonal wind to the constant

vertical component of the Eliassen-Palm flux at the surface, F,

w'lu'=— — Fsin™TY (25)
P, Cp L
where F o=- I: p,Z(z)dz = f(z){,_, = fixed constant. (26)

In the transient solution model, the strength of the surface signal for different PV
heights was assessed by measuring the corresponding changes in value of the associated
zonal wind anomalies at the surface. However, in the stationary solution, the value of the
surface zonal wind remains fixed regardless of the height in the stratosphere at which the
surface waves dissipate, as seen in Equation 25. Therefore, the stationary solution model
study will be executed in the reverse order of the method used in the transient solution
model. Instead of inverting the changing stratospheric PV to give the associated surface
zonal wind anomaly value as in the transient case, this study will begin with the value of
the steady-state perturbation zonal wind at the surface and from this, obtain the
stratospheric PV. Then, it may be examined how the magnitude and height profile of the
PV anomaly changes as the level of wave dissipation varies, while still always giving the
same associated steady-state magnitude of anomalous zonal wind at the surface. This will
be the method used to examine the relationship between the stratosphere and the surface in
the stationary case.

The PV anomaly profile in the atmosphere will be determined by solving for the

perturbation zonal wind, then integrating this solution in Equation 2 to solve for the

geopotential height anomaly, and finally using the solution for ' in Equation 3 to obtain
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the solution for g,'. The anomalous zonal wind solution will be determined using the set
of equations given below.

Transformed Eulerian Mean (TEM) Momentum Equation:

oWl _ 1 (y.F
o jfo[vlk—pk(v F)+ 7] @7)

Transformed Eulerian Mean (TEM) Thermodynamic Equation:

oY, Lo st =10 e8)
ot g

Transformed Eulerian Mean (TEM) Equation of Continuity:

%4‘%% PR[W]R)=O (29)

Thermal Wind Equation:

ul_ g AT’

/o 0z Ts,r oy

(30)

where the residual wind is defined by

[V]R—[V]_—Ra R BTS’T , and
)
_ 3 [vaI]
[W]r =[w] | T |
—0

and where [71] = x-component of acceleration due to friction = 0, and

Ts r and Ng 7 are as defined in Table 1.
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Applying the steady-state assumption (Equation 20) and the chosen function for the
poleward PV flux (Equation 24) to the TEM momentum equation (Equation 27), allows

the residual wind [v]z to be solved for,

_ 1 . mmy
vl = fZ(z)sm 7 (31

0
Using this equation for [v]z in the TEM equation of continuity (Equation 29) gives the

following equation for [w]g,

(W], = (p’";’L] [ pr2(2)dz (cos ’";’y ] (32)

Applying this solution of [w]z to the TEM thermodynamic equation (Equation 28) gives

the perturbation temperature solution,

o T:S‘,TTENS,TZ mn mrey
[T']= [ e L}prZ(z)dz(cos n J (33)

Finally, the solution for [T ] will be used in the thermal wind equation (Equation 30) to

obtain the zonal wind anomaly shear with height,

Ofu'] Ksi ) ¢= . mmy
. =—( , )LpRZ(z)dz(sm - ) (34)

2
22
TENS,T m-m
where K, = 5
D 2
fo L

] = constant. (34a)

With the above solutions in hand, the stationary solution model will proceed to be

constructed as follows. The constant surface wave flux, depicted by

Fz z=0 — Fy Sin mz'y » (35)
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where Fj is given by Equation 26, is assumed to propagate up into the stratosphere to some
level where it is assumed the waves entirely dissipate in an atmospheric layer of finite
thickness. The layer of dissipation will arbitrarily be specified to be bounded above and
below in the stratosphere by z, and z; respectively. The waves are assumed to experience
no dissipation before they reach the level of dissipation, and so F; will possess the value of
F; up to the lower boundary of the dissipation layer. Because the waves are assumed to
entirely dissipate within the specified stratospheric layer, the value of F, will then decrease
from a value of F; at the bottom of the layer to zero at the top of the layer, and will be
identically zero throughout the rest of the atmosphere upwards to infinity. Due to the
distinct values of 757, Hsr, and Ngr in the stratosphere and troposphere, the atmosphere
in the stationary solution model will be split into the following four sections as depicted in

Figure 13.

"ABOVE" TS,HS,NS

Z 27

Figure 13. Stationary solution model setup
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The structure of the vertical component of the Eliassen-Palm flux (Equation 21) is
determined by the structure of the poleward PV anomaly flux (Equation 24). Therefore, in
order to construct F; so that it has the profile described above, for simplicity the product of
the reference density with the variation of [v'gq,'] with height will be specified to be

constant throughout the layer of dissipation and zero everywhere else, as follows,

0 for z2>z,
Pr Z(2) = ¢ C =constant for z,<z<Zz,. (36)
0 for 0<z<z,

Note that by applying the above Equation 36 to Equation 26, the constant C may be solved

for from the following relation to the calculated fixed constant surface wave flux Fy,

C=—" . (37)

Zb - za
Therefore, the vertical component of the Eliassen-Palm flux now has the following profile

in the atmosphere,

0 Jor z>z,
F = (sin mZyJ*< C(Zb —Z) for Z, <z< Z), (38)
| F, Jor 0<z<z
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The zonal wind shear from Equation 34 may now be written

0 for zzz,
olu]' (sinmﬂy]* —K—C(zb—z) for z,<z<z (39)
oz 2 Pr '
_E_Fy for 0<z<z,
Pr

Note that the above solutions all contain a sinusoidal function in y. Therefore, the

solutions may be written as being comprised of distinct functions in y and z as follows,
h(y,z)= f(2)g(¥),

where it is assumed that all constants are absorbed into the function f(z), and so

g(y) = sin,cos(m:yj.

The primary focus of the study here is to examine how the PV magnitude and profile
changes as the dissipation height of the surface waves is moved. Because the longitudinal
variations in the solutions, represented by g(y), do not change as the height of wave
dissipation is moved through the stratosphere, writing the solutions in this separable form
allows the changes in variation with height, in (z), to be more easily assessed. Therefore,

the solution for the perturbation zonal wind may be written as,

4, 2) = U'(z) (sin nry j (40)

Substituting this into Equation 2 and integrating yields the following general solution for

the perturbation geopotential height,

v'(12) =L U () (cos mry ] @1)
mrr L
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The geopotential height may now be used in Equation 3 in order to obtain the solution for
the PV perturbation field. In solving for g,', the computation of the partial derivatives
with respect to y and z is relatively straightforward, with the derivatives with respect to z
determined directly from the equation for the zonal wind shear (Equation 39). After

simplification, the equation for PV may be written as follows,

“PT ) for z2z,
L
"1, 2)= cos XY |« | 27 iC—U'(z) for z <z<:z (42)
Qp a b
L L\ py
—mTﬂU'(z) Jor 0Lz<z,

o, mny
=q, (z)(cos i J

The constant value of U' (0) may be determined from Equation 25. The zonal wind height
profile may then be constructed by integrating upward from this surface value using the
equation for zonal wind shear (Equation 39). This completes the general solution for g,
in the stationary solution model.

The magnitude of the surface zonal wind and consequently the height profiles of
the zonal wind and PV are dependent upon the magnitude of the surface wave flux. The
constant value for the surface wave flux will be calculated from Equation 10 using typical

Northern hemispheric surface steady-state atmospheric values as follows,

_pefolv' Tl (1225kgm? )10 s )2 K ms?) 2y 4
. R(GTR] ) (2.5x10°K m") =9.8x10" kgm™s”, (43)
Oz

53



where the value for the stationary poleward flux of PV was obtained from Figure 13.5 in

Peixoto and Oort [1992]. Using this value for ¥ gives the following plot for the fixed

surface zonal wind.
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Figure 14. Surface zonal wind anomaly (&; ') plot
The maximum value of the perturbation surface zonal wind is

u' (y=L12)=U'(z=0)=-632ms".

(44)

Thus, in the stationary case a reasonable eddy flux of topographically forced surface waves

results in a significant signal at the surface in perturbation zonal wind.

As mentioned earlier, because the zonal wind at the surface is determined solely by

the value of the constant surface wave flux, it also remains fixed regardless of where in the

atmosphere the surface waves ultimately end up dissipating. This is unlike what took place

in the transient solution, where the value of the surface zonal wind anomaly did change

depending upon the height of wave dissipation. The reason behind this discrepancy has to
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do with the difference in time-scales between the transient and stationary solutions. In the
transient case, the time-scale is of the order of days. Thus, the effect of surface friction is
rendered insignificant in comparison to the large dominating turbulent motions present in
the transient model atmosphere. On the other hand, in the stationary solution only time-
averaged motions are present in the model atmosphere. Therefore, the short time-scale
atmospheric motions that dominated in the transient case are no longer present in the
stationary case, having been averaged out. This allows surface friction to be an important
factor in the stationary solution, and in fact the only factor in determining the steady-state
perturbation surface zonal wind.

Now, with the fixed solution of the perturbation zonal wind at the surface, given in
Figure 14, the stationary solution model may be run for varying dissipation layer
thicknesses and heights, in order to see what effect changing the dissipation layer has on
the PV and zonal wind anomaly height profiles. From this, it may then be determined how
the PV anomaly profile is linked to the surface zonal wind anomaly solution. Hopefully
this will, as a result, allow additional insight to be gained into the dynamics between the
stratosphere and the surface.

In order to comparc the effect of the height of the dissipation layer in the
stratosphere on the PV and zonal wind anomaly profiles, the stationary solution model will
be run for a layer located by the tropopause between 13-14 km, and another layer of the
same thickness located between 26-27 km at the top of the lower stratosphere. To then
assess the effect the thickness of the dissipation layer has, the model will be run a third

time for a layer between 13-15 km, at approximately the same height and twice the
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thickness of the 13-14 km layer. Note that the choice of layers is arbitrary and the model
may be run for any combination of layer thickness and height just as easily as for those
chosen here, limited only by the constraint that the layers be located in the stratosphere.
The zonal wind and PV anomaly profiles for the selected layers will be presented here for
comparison. The values for the constants used in the stationary solution model runs may

be determined from Table 1, and Equations 19b, 23a b, 37, and 43.
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Figure 15. Zonal wind anomaly height profile (U’ (z)) for 13-14 km layer
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Figure 16. PV anomaly height profile (¢, ' (z)) for 13-14 km layer
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Figure 17. PV anomaly field (g, ') for 13-14 km layer
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Figure 18. Zonal wind anomaly height profile (U (7)) for 26-27 km layer
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Figure 19. PV anomaly height profile (g,' (z)) for 26-27 km layer
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Figure 20. PV anomaly field (g,') for 26-27 km layer
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Figure 21. Zonal wind anomaly height profile (U (z)) for 13-15 km layer
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Figure 22. PV anomaly height profile (¢, ' (z)) for 13-15 km layer
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Figure 23. PV anomaly field (g, ') for 13-15 km layer

The basic shape of the perturbation zonal wind height profile remains the same
throughout for all three selected layers. Above the selected layer of dissipation, the zonal
wind is constant with height, which is a result of the fact that the wind shear is zero here
(Equation 39). The sharpest increase in the magnitude of the perturbation zonal wind with
height occurs within the layer of wave dissipation. This may be understood through
piecewise PV inversion. Since it is in the layer of dissipation that the upward propagating

surface waves deposit all of their momentum, this is where the anomalous PV is greatest,
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and this can easily be seen to be true in the above plots of g,'. By the electrostatics
analogy, the closer an area is to the region of PV being inverted, the greater the associated
non-local effect will be. Therefore, the layer where the perturbation PV magnitude is the
greatest is also where the associated anomalous zonal wind is largest, and this is why the
magnitude of the perturbation zonal wind increases the most rapidly in the layer of wave
dissipation. Below the layer of dissipation, the magnitude of the anomalous zonal wind
decreases exponentially downward from the value it possessed at the lower boundary of
the layer until it reaches the fixed value given in Equation 44 at the surface.

While the perturbation zonal wind height profile is a continuous function, a result
of the fact that the geopotential height is continuous (Equation 2), the PV perturbation
height profile is not continuous, and is not required to be so by definition (Equation 3). It
is evident from the perturbation PV height profiles and PV anomaly fields that the
magnitude of the anomalous PV is small everywhere except for in the layer of wave
dissipation. This is the case for all three selected layers. As explained in the preceding
paragraph, this result is not unexpected due to the fact that the largest anomalous PV is
expected to be in the region of maximum momentum deposition. Since in this case the
region with the greatest momentum deposition has been constructed to be the layer where
the upward propagating surface waves are specified to completely dissipate, this is where
the PV is expected to be greatest and this is confirmed in the preceding Figures 16, 19, and
22.

To some extent, the shape of the calculated PV profile here in the stationary

solution resembles the specified height profile of the anomalous PV in the transient case, in
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that the PV has a large discontinuous maximum in the layer of dissipation. However,
unlike the transient solution, the stationary perturbation PV is not zero outside the layer of
dissipation, even though it is significantly small relative to the magnitude it possesses in
the layer. Also, the PV magnitude within the layer of dissipation is not constant with
height in the stationary case, while it was specified to be so in the transient case. One
reason behind the differences in the two cases has to do with the fact that, while the
atmosphere was assumed to be adiabatic in the transient solution, in the stationary case
Newtonian cooling was assumed. The differences also stem from the somewhat reversed
construction of the stationary solution model as compared to the transient model. In the
stationary case, it was the product of the poleward PV flux and reference density that was
specified to be zero everywhere except for in the layer of dissipation, while in the transient
case it was the value of the perturbation PV itself that was specified as such. However, it
is still of interest to note that in both the transient and stationary models, the perturbation
PV possesses a discontinuous maximum throughout the height of the wave dissipation
layer and is zero or nearly zero everywhere else above and below this layer. This leads to
the determination that the height in the stratosphere at which the induced surface waves
dissipate is of great importance in determining the magnitude of the associated effect the
stratosphere has at the surface as a result of the PV redistribution caused by the breaking
waves. Therefore, the results here indicate that in using piecewise PV inversion to deduce
the magnitude of the effect of the stratosphere on the surface, it is only the layers in which
significant wave dissipation is occurring that need be inverted in order to obtain a

reasonably complete picture of the surface signal.
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In assessing the effect that the height of wave dissipation has at the surface, the
results of the 13-14 km layer (Figures 15-17) compared to the 26-27 km layer (Figures 18-
20) reveal that the magnitude of the perturbation PV is much larger in the higher layer than
in the lower layer. As constructed, both layers are required to yield the same fixed value of
perturbation zonal wind at the surface. Therefore, it may be concluded that the higher the
perturbation PV layer is in the stratosphere, the larger the magnitude of the PV must be in
order for the associated surface signal to have the same strength. This may be understood
through the electrostatics analogy, that the anomalous PV must possess an increasingly
larger magnitude the higher it is in the stratosphere in order for its associated non-local
effect to still have the same magnitude at the surface. Alternatively, the greater PV
magnitude in the higher layer can be seen as a result of the fact that as the surface waves
propagate upwards, their amplitude increases exponentially as the density of the
atmosphere decreases. Or equivalently, because the two layers are of equal thickness but
significantly different heights, the higher layer possesses a much smaller mass by volume
than the lower layer. Since the surface wave flux remains fixed in both cases, the
momentum deposited in each layer is the same. Consequently, the wave momentum
deposition into the smaller mass of the upper layer yields a larger magnitude PV anomaly
than for the lower layer.

Note also that in the case of the higher layer, the perturbation zonal wind is much
larger than it is for the lower layer, and in fact becomes unrealistically large higher up in
the atmosphere. This is due to the fact that here in the model, it has been assumed that the

surface waves entirely dissipate in a finite stratospheric layer regardless of the height of

64



that layer. However, in the real atmosphere the upward propagating waves would not be
able to completely dissipate in a finite atmospheric layer if the height of that layer was
sufficiently high in the atmosphere to then have a mass that was too small to accommodate
the dissipation of all the upward propagating waves. Then in the real atmosphere, these
excess waves would be reflected back down toward the surface again. Therefore, it is the
lack of realistic wave dynamics in the model that is primary responsible for the presence of
the unrealistic values of anomalous zonal wind.

Now the effect of the thickness of the dissipation layer will be examined for the
stationary case through a comparison of the 13-14 km layer (Figures 15-17) and the 13-15
km layer (Figures 19-21). Below the layer of dissipation, the PV anomaly height profiles
for both layer thicknesses are identical, and only marginally different above the layer of
dissipation. However, within the one kilometer dissipation layer, the magnitude of the
perturbation PV is approximately double what it is in the two kilometer layer. The reason
the PV anomaly height profiles primarily only differ within the layer of dissipation stems
from the construction of the model, that the surface waves are required to dissipate solely
within the dissipation layer. The approximate doubling of PV magnitude within the
thinner layer of dissipation versus the thicker layer has to do with the fact that the quantity
of momentum deposited by the fixed constant surface wave flux is the same for both the
one and two kilometer thick layers. This means that the fixed constant momentum
deposited in the 13-14 km layer is compressed into half the volume it was in the 13-15 km
layer, and thus the approximately twice as large associated PV anomaly magnitude. The

reason the PV magnitude of the one kilometer layer is not exactly double that of the two
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kilometer layer, approximately 9 x 10" m? s K kg! in the 13-14 km layer versus 5 x 10"
m’ s K kg in the 13-15 km layer, is because the average height of the 13-15 km layer is
slightly higher in the stratosphere than the 13-14 km layer. By the electrostatics analogy,
the magnitude of the perturbation PV in the 13-15 km layer must therefore be slightly
larger here than if it was at the same average height as the 13-14 km layer in order to have
the same magnitude associated surface signal.

The zonal wind height profiles of both layers are identical from the surface upward
to 14 km at the top of the one kilometer thick layer. Above this height, the perturbation
zonal wind is constant for the 13-14 km layer, but continues to grow between 14-15 km for
the 13-15 km layer. This results in a constant value of zonal wind anomaly of -67.25 m s
for the 13-14 km layer versus ~77.60 m s™' for the 13-15 km layer for the infinite regions
above the layers of dissipation. It is the discrepancy in average height between the two
layers that is responsible for the slightly higher constant value of perturbation zonal wind
above the upper boundary for both layers. The relative magnitude of the perturbation PV
in the 13-15 km layer is larger for its overall volume than that of the 13-14 km layer.
Therefore, the inversion of the PV in the 13-15 km layer will result in a slightly larger
magnitude perturbation zonal wind value by the top of the dissipation layer and thus in the
infinite region above the layer as well. It may therefore be presumed that as long as the
dissipation layer maintains a constant average height in the stratosphere, then an increase
in the thickness of the layer will result in an inversely proportionate decrease in the PV

anomaly magnitude of that layer, but no change to the height profile of the perturbation

zonal wind.
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Note that due to the construction of the stationary model, the overall results here
may only offer insight into the dynamics of the stratosphere-surface link, and no actual
quantification may be made of how wave dissipation height and layer thickness impact the
surface, as could be done in the transient case. Therefore, from the results shown by the
method of piecewise PV inversion here in the stationary solution model, the following
conclusions may be made. For a fixed constant surface eddy flux of solely vertically
propagating topographically forced waves, the level in the stratosphere at which these
waves dissipate is where there will be a significant discontinuous maximum in anomalous
PV. Except for within the layer of wave dissipation, the perturbation PV is near to zero
elsewhere in the atmosphere. Therefore, if using the method of piecewise PV inversion to
diagnose the stratospheric PV signal in surface climate, inversion of the PV within the
dissipation layer alone should be sufficient to give a solution at the surface that is very
nearly complete. This knowledge may allow surface climate models to include simulation
of the stratospheric effect on surface climate with minimal computational costs while still
maintaining accuracy. Also, as long as the steady-state surface wave flux remains fixed
and constant, then the value of the perturbation zonal wind at the surface will also remain
fixed and constant. While this is known to be the case, then the height in the stratosphere
at which these waves dissipate will cause the resulting anomalous PV to be larger the
higher the dissipation level is. The thickness of the layer of dissipation has no effect on the
corresponding height profile of perturbation zonal wind as long as the average height of the
layer remains the same. However, the thicker the dissipation layer becomes, the

proportionately inversely smaller the average magnitude of the anomalous PV will become
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in the layer. The value of the fixed constant surface wave flux as given through the
vertical component of the Eliassen-Palm flux at the surface was calculated for typical
steady-state atmospheric values. The associated magnitude of surface zonal wind for this
realistic wave flux is significant, of the order of several meters per second. Therefore, in
the case where the magnitude of the surface wave flux is not predetermined, if it is known
where these waves ultimately dissipate, if in some layer in the stratosphere, then the
resulting perturbation in PV may be piecewise inverted to give the associated, and
presumably significant, surface climate signal. Thus, as in the transient case, the results of
the stationary solution also indicate that there is a significant link between the stratosphere

and the surface.

VII. SUMMARY AND CONCLUSIONS

The associated effect of the stratosphere on the surface has been examined in both
the transient and stationary cases using the method of piecewise PV inversion. One
motivation behind these studies was to be able to make a determination of whether the
stratosphere had a significant signal at the surface in either, or both, the instantaneous or
time-averaged cases. Such a determination allows an assessment to be made as to whether
the inclusion of stratospheric dynamics in models attempting to forecast surface weather or
simulate surface climate would significantly improve their accuracy, or if instead the
inclusion of a modeled stratosphere would simply be computationally costly without
resulting in a significant improvement in accuracy. Another motivation behind performing

these studies was to examine the dynamical interaction between the stratosphere and the
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surface in the hopes of being able to shed additional light on the subject of downward
communication in the atmosphere, since it is a subject that is still not well understood. In
addition, examination of the dynamics of the stratosphere-surface link also has the
potential to reveal whether certain aspects of the dynamical interaction bave greater
importance than others. Consequently, if the link between the stratosphere and surface is
deemed to be significant, such knowledge would allow surface models to simulate only the
most relevant stratosphere-surface dynamics in order to minimize computational costs.

In the transient solution model, the associated effect of the stratosphere on the
surface was examined for short time-scales during a simulated major stratospheric
warming event. This allowed an assessment to be made of how and to what extent the
stratosphere factors in determining the weather at the surface of the earth. The model was
constructed such that the anomalous PV was zero everywhere in the atmosphere and at the
surface except for in an infinite layer above an arbitrary level in the stratosphere.
Piecewise PV inversion was then performed on this arbitrary infinite layer of anomalous
PV in order to obtain the general solutions for the associated perturbation zonal wind and
temperature fields throughout the atmosphere and at the surface. Because the model was
solved under the assumption of QG, any linear combination of the infinite layers of
anomalous PV could then be constructed in order to give the inverted solutions at the
surface and through the atmosphere for any finite layer of anomalous PV in the
stratosphere.

In the first case studied in the transient solution, a constant fixed value of

anomalous PV was moved to different levels in the stratosphere in order to diagnose the
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effect that PV anomaly height has on the strength of the inverted associated signal at the
surface. It was determined that as the height of the fixed constant PV anomaly is raised, its
associated signal at the surface in terms of perturbation zonal wind decreases exponentially
in response. This exponential decrease in the surface signal may be understood through
the electrostatics analogy, that the non-local effect at the surface of the stratospheric PV
anomaly decreases in strength as the PV anomaly is increasingly further removed from the
surface. It was concluded that, for a reasonable value of perturbation PV, the stratosphere
does have a significant associated signal at the surface in terms of anomalous zonal wind,
and that it is primarily the lower stratosphere that has the largest significant associated
effect at the surface.

In the second case studied in the transient solution, a fixed constant surface flux of
vertically propagating waves was induced in the model. These waves were assumed to
have been topographically forced for example, so that there was no anomalous PV
associated with the formation of these waves at the surface in order to comply with the
construction of the model and also to keep the stratospheric PV inversions straightforward.
The surface waves were then specified to propagate up into the stratosphere to a certain
level, above which they were presumed to completely dissipate. Changing the level above
which these waves dissipated resulted in different values for the perturbation PV. The
anomalous PV was then inverted for each of the infinite layers and the associated surface
anomaly fields solved for. Subtraction of these results gave the surface solutions for wave
dissipation occurring in stratospheric layers of finite thickness. From this study, it was

shown that as the height at which the surface waves are specified to dissipate is raised, the
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resulting anomalies in PV increase exponentially while the associated inverted solution for
surface perturbation zonal wind field decrease exponentially. The reason behind this has to
do with the fact that while the magnitude of the PV anomaly increases exponentially as the
height of dissipation is raised, attributed to the decrease in atmospheric density with height,
it is not enough to offset the concurrent decrease in the non-local effect of the PV anomaly
at the surface as its distance from the surface increases, by the electrostatics analogy.
Nonetheless, the associated signal at the surface of the anomalous stratospheric PV
induced by the dissipation of the surface waves is significant. Again, the lower the height
is in the stratosphere at which the surface waves dissipate, the larger the associated surface
signal is.

It may be concluded in the transient case that the stratosphere does have a
significant associated effect at the surface during a major stratospheric warming. To avoid
significant error, surface weather forecasting models should therefore include adequate
simulation of this stratosphere-surface link. The results of the transient case study also
indicate that simulation of the lower stratosphere alone may be sufficient in representing
the stratosphere as a whole in order to minimize computational costs while still
maximizing the accuracy of the model. Although, it must be noted that, in turn, the
dynamics of the lower stratosphere may well depend significantly upon the dynamics of
the atmosphere above.

The stationary solution model allowed the stratosphere-surface link to be examined
in the time-averaged steady-state atmosphere, so that the effect of the stratosphere on

surface climate could be assessed. The model was constructed with a fixed constant
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surface wave flux, also assumed to be forced by topography for example, which was
assumed to dissipate in an arbitrary finite layer in the stratosphere. The time-averaged
state of the stationary solution model atmosphere means that frictional wave drag at the
surface is significant. Therefore, the value of the surface perturbation zonal wind is solely
determined by the magnitude of the surface wave flux. Consequently, in this case
inversion of the PV for different stratospheric layers always returns the same fixed
constant value for the perturbation zonal wind at the surface. Therefore, the stratosphere-
surface link was instead assessed through an examination of how the height profiles of
perturbation PV and zonal wind changed with the choice of dissipation layer.

In the stationary case, it was first examined how dissipation layer height impacts
the dynamics of the stratosphere-surface link. Comparison of two layers of equal thickness
but significantly different stratospheric heights revealed that the equal momentum
deposition in both layers resulted in a significantly larger PV anomaly in the higher layer
than in the lower layer. This is due to the decreasing density with height in the
atmosphere, and agrees with the transient case that a PV anomaly must increase in
magnitude as it is further removed from the surface if it is to still possess the same constant
value non-local effect there.

Next in the stationary case, it was examined how dissipation layer thickness
impacted the dynamical interaction between the stratosphere and the surface. A
comparison of two layers of different thickness and approximately equal height yielded the
following results. For the complete dissipation of a fixed constant surface wave flux in a

layer that maintained the same average height but changed in thickness, the resulting
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magnitude of perturbation PV decreased inversely proportionately as the layer thickness
increased. On the other hand, the perturbation zonal wind height profile essentially
remained unchanged. Only the shape of the profile changed slightly as the layer thickness
was changed, the constant value of perturbation zonal wind above the layer remained the
same.

Therefore, in the stationary solution it may also be concluded that the link between
the stratosphere and the surface is significant, due to the fact that the results were
determined using a realistic value for the steady-state surface wave flux. Consequently,
models attempting to accurately simulate surface climate must include the stratospheric
dynamics discussed here. In all of the studies performed here in the stationary case, the
PV always possessed a significant discontinuous maximum within the layer of dissipation,
and was near zero everywhere else. Therefore, if simulating the stratosphere-surface
dynamics through piecewise PV inversion, then only the stratospheric layer of dissipation
need be inverted in order to obtain a reasonably accurate picture of the associated effect of
the stratosphere on surface climate.

Thus, while PV inversion does not allow for a direct determination of cause and
effect, it may nonetheless be concluded from the results shown here that the stratosphere
does possess a significant associated effect at the surface, both in terms of surface weather
and climate. This link between the stratosphere and the surface may also be considered to
be relatively robust, as it has been shown here to be evident and significant in both the
instantaneous time-scales of the transient case and the time-averaged state of the stationary

solution. In conclusion, any models which are attempting to accurately forecast surface
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weather or simulate surface climate must include an adequate representation of the

dynamics presented here between the stratosphere and the surface.
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