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Abstract

Wave-mean-flow interaction
and the

Annular Meode

David J. Lorenz

Chair of Supervisory Committee:

Professor Dennis L. Hartmann
Atmospheric Sciences

The leading EOF of zonal-mean variability (the annular mode) represents the
north/south movement of the mid-latitude jet. Analysis of the momentum budget demon-
strates that EOF1 dominates over other EOFs because of a positive feedback between the
EOQF1 zonal-mean wind anomalies and the eddy momentum fluxes. The mechanism of the |
feedback is as follows: above normal baroclinic wave activity is generated in the region of
enhanced westerlies. The propagation of waves from their source latitude is associated
with (1) eddy momentum fluxes which enhance the westerly wind anomalies and 2)a
mean meridional circulation which helps restore the baroclinicity of the wave source
region.

At first sight, this positive feedback mechanism would also appear to work for
EOF2 which represents the strengthening/sharpening versus the weakening/broadening of
the jet. Indeed, above normal baroclinic wave activity is also generated in the enhanced
westerlies for EOF2. This anomalous wave source, however, is offset by the effect of
upper level potential vorticity gradients on the propagation of wave activity. A stronger/

sharper (weaker/broader) jet is a stronger (weaker) waveguide which inhibits {enhances)



the meridional propagation of wave activity.

This dissertation has also established that the response of the eddies to the rapid
onset of annular mode anomalies is not monotonic. Instead, a transient period of negative
eddy forcing is followed, after several days, by a period of long-term reinforcement by the
eddies. The results here suggest that a baroclinic mid-latitude jet, that organizes its own
wave momentum forcing, is quite sharp. Given a uniform wave activity distribution, a
sharp jet will tend to attract wave activity resulting in a negative momentum forcing. The
positive response to the changes in the annular mode follows only after baroclinic instabil-

ity has had time to establish positive wave activity anomalies in the region of westerly
anomalies.
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Chapter 1
Introduction

The variability of the zonal-mean state of the atmosphere has been a topic of
research for a long time (Rossby 1939; Namias 1950). Recently, interest in the variability
of the zonal-mean has increased by the discovery that the structure of low-frequency vari-
ability in both the Northern and Southern Hemispheres is remarkably similar and zonally-
symmetric despite the striking differences in the topography and land-sea geometry of the
two hemispheres (Gong and Wang 1999; Thompson and Wallace 2000). Recognizing that
the general structure of the leading pattern of variability does not depend on a particular
geographic region or hemisphere, Thompson and Wallace (2000) called this leading pat-
tern the “annular mode”. The annular mode is defined as the leading EOF of geopotential
height in the lower troposphere poleward of 20°. It is characterized by equivalent barotro-
pic height anomalies which extend through the depth of the troposphere and even into the
stratosphere (see figure 1 in Thompson and Wallace 2000).The importance of this annular
mode of low-frequency variability has been further recognized because it so closely
resembles the pattern of climate trends observed during the last several decades (Thomp-
son et al. 2000; Hartmann et al. 2000).

An annular mode is the leading mode of variability in many simple quasi-geo-
strophic and primitive equation models with simple physics and no topography or seasonal
cycle (Robinson 1991; James and James 1992; Yu and Hartmann 1993; Robinson 1994;
Feldstein and Lee 1996; Lee and Feldstein 1996; Robinson 1996; Akahori and Yoden

1997). In addition, realistic general circulation models with climatological forcing can
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simulate the observed structure and amplitude of both the Northern and Southern annular
modes of variability (Limpasuvan and Hartmann 1999; Limpasuvan and Hartmann 2000).
Because the external forcing for these models that produce a realistic annular mode is
independent of time, the variability found in these models is unforced variability associ-
ated with dynamic processes internal to the atmosphere.

The zonal-mean zonal wind anomalies associated with the annular mode and the
essential role of the eddies in driving this variability has been the subject of much previous
work (Karoly 1990; Robinson 1991, 1994, 1996; James and James 1992; Yu and Hart-
mann 1993; Hartmann 1995; Feldstein and Lee 1996, 1998; Lee and Feldstein 1996; Aka-
hori and Yoden 1997; Hartmann and Lo 1998; Limpasuvan and Hartmann 1999, 200U;
Hartmann et al. 2000; Lorenz and Hartmann 2001, 2003: Watterson 2002). Many of these
studies also argue that in addition to driving the zonal-mean wind anomalies stochasti-
cally, the eddies respond to and reinforce the changes in the zonal-mean flow associated
with the annular mode. Recently, Lorenz and Hartmann (2001, 2003) have provided a
quantitative estimate of the strength of this positive eddy-zonal-mean flow feedback in
observations. They found that the strength of the positive feedback accounts for the greater
persistence of the zonal-mean zonal wind associated with the annular mode compared to
other zonally-symmetric patterns of variability. Moreover, the positive feedback accounts
for all of the excess variance of EOF1 over EOF2 in the Northern Hemisphere (NH) and
over 70% of the excess variance of EOF1 over EOF2 at low frequencies in the Southern
Hemisphere (SH). Therefore, the positive feedback between the annular mode and the
eddies is the most important factor determining the pattern of month-to-month zonal-mean
variability in the extratropics. |

Robinson (1996) and Lorenz and Hartmann (2001, 2003) hypothesize that the
changes in baroclinicity associated with the annular mode are essential for persistent wave
momentum fluxes which reinforce the westerly zonal wind anomalies. They show that
above normal baroclinic wave activity is generated in the region of enhanced baroclinicity
which is collocated with the region of westerly wind anomalies. This anomalous wave

generation leads to the anomalous radiation of wave activity at upper levels from the west-



erly wind anomalies. Since meridional propagation of wave activity is associated with
westerly momentum fluxes into the wave source region, this propagation of wave activity
reinforces the westerly wind anomalies. Furthermore, the tendency of the baroclinic waves
to reduce the baroclinicity of the westerlies is countered by the wave induced mean-merid-
jonal circulation as long as the waves leave their source region at upper levels (Robinson
2000). Hence, the anomalous baroclinic westerlies are self-maintaining, provided that the
waves leave their source region.

While the above theory seems consistent with the observed positive feedback, it
does not explain why the positive feedback is strongest for the zonal-mean wind anoma-
lies associated with the annular mode (in most cases the positive feedback is in fact unique
to the annular mode). In particular, the theory fails to explain why the eddies do rot rein-
force a similar-scale zonal-mean wind pattern in quadrature with the annular mode. To
better understand the problem, it is helpful to understand the relationship between the
annular mode and the background time-mean flow: the zonal mean fluctuations associated
with the annular mode are best characterized as a north/south shift of the time-mean mid-
latitude eddy-driven jet (e.g. Kushner et al. 2000; Lorenz and Hartmann 2001, 2003). The
second EOF of the zonal-mean wind is a zonal wind tripole which is the same scale as the
annular mode but with the strongest anomaly at the latitude of the mid-latitude jet. The
second EOF therefore represents a strengthening and sharpening of the jet in one phase
and the weakening and broadening of the jet in the other. The problem therefore becomes:
why do the eddies reinforce variations in the mid-latitude jet position but not variations in
the jet strength or scale? This question is the focus of the model experiments described in
chapters 6 and 7 of this dissertation.

The earlier chapters of this dissertation discuss the results of previous published
work we have done relating to the annular mode and the eddies. Chapter 2 describes the
data, analysis methods and the numerical models used in this study. In chapter 3, we note
the strong similarities between the traditional annular mode definition using low-level
geopotential height and the zonal-mean zonal wind definition used in our analysis. In

addition, we discuss the time-mean zonal-mean flow and establish that the annular mode



variability is best described by variability in the latitude of the eddy-driven jet. In chapter
4, we look at the zonal-mean momentum budget in detail and determine that the positive
feedback between the annular mode and the eddy momentum fluxes is the dominant rea-
son for the excess persistence and variance of the annular mode compared to other zon-
ally-symmetric patterns. In chapter 5, we diagnose the eddy response to the zonal-mean
wind anomalies associated with the annular mode using lag-regression analysis of the
Eliassen-Palm (EP) flux (Edmon et al. 1980). We also discuss some subtleties relating to
the “baroclinic” feedback mechanism (Robinson 2000). As mentioned above, the main
goal of chapters 6 and 7 is to determine the reasons why the positive long-term feedback is
unique to the leading EOF. In addition to this problem, the initial value experiments
employed in chapters 6 and 7 shed light other important dynamics such as the transient
eddy response to the zonal wind anomalies. In chapter 6, we also use a simple linear
model which includes this transient response to gain further insight into annular mode

dynamics. We conclude with a summary of the important results (Chapter 8).



Chapter 2
Methods

In this chapter, we describe the observational data, the statistical methods and the
numerical models we use for this study.
2.1 Data

For this study, we used NCEP re-analysis 4 x daily wind, temperature and geopo-
tential height on constant pressure levels (Kalnay et. al. 1996). The data is provided on a
2.5 x 2.5 latitude/tongitude grid with 17 vertical levels (1000, 925, 850, 700, 600, 500,
400, 300, 250, 200, 150, 100, 70, 50, 30, 20, 10mb).We used Southern hemisphere data
from December 1978 to January 2003 and Northern Hemisphere data from November
1976 to April 2001. We also used NCEP re-analysis spectral-space data for surface pres-
sure and model topography to compute the large-scale mountain torque. The mountain
torque is evaluated as in Madden and Speth (1995).
2.2 EOF Analysis
2.2.]1 Southern Hemisphere Zonal-mean Zonal Wind

To analyze the variability of the zonal-mean zonal wind in the extratropics, we
construct daily anomaly data by removing the mean seasonal cycle, defined as the annual
average and the first four Fourier harmonics of the 24 year (1979-2002) daily climatology.
We then perform an EQF analysis on the vertical-average zonal-mean zonal wind between
80° S and 25° S using the 24 years of daily anomaly data. We average the wind vertically
from 1000mb to 100mb because the PC time series of the vertical-average zonal wind

anomalies is practically identical to the PC time series of the variability in the latitude/
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Figure 2.1: EQOFs of the vertical- and zonal-mean zonal wind for the Southern Hemisphere shown by

regressing the daily vertical- and zonal-mean zonal wind anomalies on the normalized PC index. The units

on the y-axis are m/s.
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Figure 2.2: Same as 2.1 but for the Northern Hemisphere Winter (Dec.-Mar.).

pressure plane. For the EOF analysis, the zonal-mean wind is properly weighted to
account for the decrease of area toward the pole (North et al. 1982a). The first and second
EOFs are unique according to the North et al. (1982b) test.

We present the EOFs in m/s and not in standardized form so that the magnitude of
the structures can easily be seen. This is done by regressing the daily anomaly data onto
the normalized principal component (PC) time series. The first and second EOFs explain
51% and 23% of the daily variance, respectively (Figure 2.1).

2.2.2 Northern Hemisphere Zonal-mean Zonal Wind
The EOF analysis of the Northern Hemisphere is exactly the same as the Southern

Hemisphere except that monthly anomalies rather than daily anomalies are used. While



the choice of monthly or daily data does not effect the leading EOF of the Southern Hemi-
sphere, it does have an effect on the leading EOF of the Northern Hemisphere north of
65° N--the center of action at 72.5° N is significantly stronger for daily data than for
monthly data. Since the focus of this study is on low frequency variability, the monthly
EOF pattern will be used.

The first and second EOFs explain 53% and 29% of the monthly variance, respec-
tively (Figure 2.2). The EOFs are shown using daily anomaly data so that one can compare
the amplitude of the structures with the Southern Hemisphere EOFs.

2.2.3 Geopotential height

To analyze the variability of the geopotential height in the extratropics, we perform
an EOF analysis of the monthly 1000mb height anomalies from 20° N to 87.5° N. For the
EOF analysis, the data fields were weighted by the square root of the cosine of latitude to
account for the increase of grid points per area near the pole. This analysis yields the
annular mode index defined in Thompson and Wallace (2000).

2.3 Time Series Analysis

To analyze the daily momentum budget for the time series analysis, we find daily
anomaly data for the zonal-mean wind, the eddy momentum flux convergence and the
large scale mountain torque by removing the mean seasonal cycle. The mean seasonal
cycle is defined as the annual average and the first four Fourier harmonics of the daily cli-
matology. We project the vertical average EOF patterns onto the daily anomaly data in
order to diagnose the forcing of the vertical- and zonal-mean zonal wind anomalies. This
gives a daily time series for zonal wind, eddy momentum flux forcing and mountain
torque forcing for each EOF mode.

For the Southern Hemisphere year-round spectral analyses, we divided the input
time series into 256 day sections overlapped by 128 days and windowed by a Hanning
window. For a time series of length 8766 days this gave at least 68 degrees of freedom for
the composite spectrum. For the Northern Hemisphere spectral analyses, we found the
spectra for each 121 day winter season (December-March) and windowed by a Hanning

window. For 25 winters, this gave at least 50 degrees of freedom for the composite spec-



trum. We also used cross spectrum analysis to find the phase relationship between two
time series as a function of frequency. For this analysis, the coherence squared function is
a measure of the consistency of the phase and amplitude relationship between the two time
series over the sample.
2.4 Definition of synoptic and quasi-stationary eddies

To better understand the dynamics of the zonal wind variability we divide the
eddies into three parts: the ‘synoptic’, ‘quasi-stationary’ and ‘residual’ eddies. (For the
Southern Hemisphere, there is no advantage in distinguishing between the residual and
quasi-stationary eddies. Therefore, we simply combine the residual and quasi-stationary

eddies together.) First we divide the eddy components of «, v and T into high frequency,
low frequency and quasi-stationary parts: ' = u', +u';+u';, V' = vV +V+V'; and
T = T+ T+ T';. The high-frequency eddies are found using a 15 day cutoff high-pass
Lanczos filter with 41 weights (Hamming 1989) and the ‘quasi-stationary’ eddies are
found using a 40 day cutoff low-pass Gaussian-shaped filter with 45 weights. We use a
Gaussian filter for the quasi-stationary eddies because the negative weights of the Lanczos
filter give a noticeable artifact in the cross-covariance function (although the same general
conclusions are independent of the filter choice). The low-frequency eddies are defined to
be the remainder after the high-frequency and quasi-stationary eddies are removed. We
define [u',',] to be the synoptic eddy momentum flux and [«';v'] to be the quasi-sta-
tionary eddy momentum flux. The remainder
(=(u',v' ]+ (e ]+ [ ' 3 + [y ]+ [ )] + [,V ]+ [u'V',]) is defined to be the
residual eddy momentum flux. The same definitions are used for eddy temperature flux by
replacing u with 7. The additional term in the momentum budget, the mountain torque, is
included with the quasi-stationary wave forcing because it is a result of a stationary sur-
face pressure field.
2.5 Numerical Models
2.5.1 Primitive Equation GCM

The GCM used in this study is the dynamical core of NCAR’s Community Climate



Model version 3.6. The mode! resolution is T42 with 28 vertical hybrid sigma/pressure
levels. The model is forced by Newtonian heating and Rayleigh friction in exactly the
same way as Held and Suvarez (1994). The model is dry with no topography or zonally

asymmetric heat sources. The biharmonic diffusion coefficient on the vorticity, divergence

and temperature is 1.0e16 m*/s. There is also regular diffusion on vorticity, divergence and

temperature in the top three levels of the model to reduce the reflection of upward propa-

gating waves (diffusion coefficient = 2.5e3 m?/s). We use 30 years of daily wind, tempera-
ture and surface pressure data for this study. The data are interpolated to pressure levels for
the computation of the EP-fluxes (Edmon et al. 1980).

2.5.2 Two-layer quasi-geostrophic model on B-plane

The dimensionless equations for the 2-layer quasi-geostrophic (QG) model on a -
plane are taken from Lee and Held (1991). The model is spectral and periodic in both x
and y. The “baroclinic zone” is localized in y so that there is negligible influence of the
periodic y domain on the important dynamics. The model domain is 72 by 72 distance
units with a spatial grid resolution of 128 by 128. The value of B is 0.2. The thermal wind
is relaxed to a Gaussian jet given by U,(y) = 1.0 - exp(-(y/ 8)2) with a time scale of 60
time units. Since the model is periodic in y, the domain average U, is subtracted from the
U, profile and treated as in Panetta (1993). The Ekman damping time scale in the lower
layer is 5 time units and the biharmonic diffusion coefficient on the vorticity is 1.0e-3 in
nondimensional units. The time stepping is done using the third-order Adams-Bashforth
scheme (Durran 1991). The model was run for 32766 time units.

After comparing the time evolution of the zonal-mean eddy momentum fluxes of
the QG model with the GCM and observations, we discovered that 1 day in nature more
closely resembles 2 n_ondimensional time units than 1 nondimensional time unit. Hence,
we define 1 “day” in the QG model to be 2 time units. (Thus the Newtonian relaxation
time-scale is 30 “days” and the lower layer Rayleigh friction time-scale is 2.5 “days™.)
The parameters were chosen so that the model is in a strongly super-critical regime. In this

regime the baroclinic wave packet evolution is irregular and chaotic, as in observations



(see Lee and Held 1993).
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Chapter 3

Observed Spatial Structure of Variability

3.1 Definition of the Annular Mode

The annular mode is traditionally defined as the leading EOF of geopotential
height in the lower troposphere poleward of 20° (Figure 3.1ac). The annular mode in both
hemispheres has a strong zonally symmetric component although significant deviations
from zonal symmetry are evident in both hemispheres. In the Southern Hemisphere, annu-
lar mode fluctuations are strongest in the Indian Ocean sector and near New Zealand. In
the Northern Hemisphere, annular mode fluctuations are strongest in the Atlantic sector
with prominent anomalies also present in the Pacific. In both hemispheres, the regions of
strongest variability roughly correspond to the regions of strongest baraclinic wave activ-
ity and storm tracks. The annular mode is characterized by equivalent barotropic height
anomalies which extend through the depth of the troposphere and even into the strato-
sphere (Thompson and Wallace 2000).

In this study, we base our analysis on the zonal-mean zonal wind so that we can
diagnose fluctuations in the annular mode using the zonal-mean momentum budget. Since
the leading EOF of the zonal-mean zonal wind is basically the same as the traditional
annular mode (e.g. Wallace 2000), our analysis is also relevant for the annular mode in
geopotential height. To demonstrate the strong similarity between the zonal-mean wind
variability and the traditional annular mode, we compare the height anomalies which
accompany EOF1 of the vertical- and zonal-mean zonal wind calculated in chapter 2 with

the traditional annular mode anomalies. The position and intensity of nearly every feature
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EOF1 of 1000mb hgt & 1000mb hgt regressed on PC1 of <[u}>

Southern Hemisphere:
o) EOF1 of 1000mb hgt b} 1000mb hgt regressed on PC1 of <[u]>

Y,

Northern Hemisphere (DJFM):
b hgt d) 1000mb hgt regressed on PC1 of <[u]>
SOy I S

I

¢) EOFt of 1000m

i
"\

Figure 3.1: 1000mb geopotential height structure associated with leading EOF of monthly mean 1000mb

height (plots on the left} and with the leading EOF of vertical- and zonal-mean zonal wind (plots on right).
The EOFs are shown by regressing the monthly mean height anomalies on the normalized monthly-mean

time series. Units are meters.

of the traditional annular mode is repeated almost precisely using the zonal-mean wind
definition (Figure 3.1). The similarities between the anomalies which accompany EOF1 of
the vertical- and zonal-mean zonal wind and the traditional annular mode include the

wave-like features as well as the zonal-mean portion and therefore justify our use of the
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zonal-mean zonal wind in the analysis which follows. But before describing the relation-
ship between the annular mode zonal wind anomalies and the time-mean background flow,
we note the slight differences evident in figure 3.1. The biases on the zonal-mean wind
definition in the Northern Hemisphere include a slight equatorward shift of the wind
anomalies over the northem Pacific Ocean near Alaska and a strengthening of the variabil-
ity over the Pacific Ocean compared to the Atlantic Ocean. The differences evident in the
Southern Hemisphere include a slight poleward shift in the New Zealand center of action
.and a slight strengthening of the variability over the Indian Ocean using the zonal-mean
wind definition compared to the traditional annular mode.

3.2 Relationship between the Annular Mode and the Time-mean Flow

In this section, we calculate the leading EOF of the vertical- and zonal-average
zonal wind for each season separately in order to demonstrate (1) the dependence of the
annujar mode on the position of the mid-latitude jet and (2) the relative insensitivity of the
annular mode to the presence or absence of a strong subiropical jet (see also Hartmann and
Lo 1998). The annular mode structure is shown by regressing the zonal-mean zonal wind
anomalies on the principal component (PC) time series of the leading EOF of vertical- and
zonal-average zonal wind.

The time-mean zonal-mean zonal wind in the Southern Hemisphere summer is
dominated by the mid-latitude eddy driven jet (Figure 3.2a). The latitude of the eddy
driven jet is characterized by surface westerlies which are maintained by the convergence
of eddy momentum fluxes at upper levels. The weak subtropical jet in this season is repre-
sented by the “shoulder” of westerlies at upper levels on equatorward side of the mid-lati-
tude jet. The latitude of subtropical jet is characterized by the boundary between surface
westerlies and surface easterlies which marks the poleward limit of the tropical Hadley
cell. The leading EOF of the vertically and zonally averaged zonal wind is basically a
dipole with the zero wind line at the latitude of the mid-latitude jet (Figure 3.2a). This pat-
tern therefore represents the north/south shift of the mid-latitude jet.

The same relation between EOF1 and the background flow holds for the other sea-

sons, although it is essential that one realizes that the zonal-mean signature of the
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Figure 3.2: Time-mean zonal-mean zonal wind (contours) and EOF1 of the vertical- and zonal-mean zonal
wind (shaded) shown by regressing the daily zonal-mean zonal wind anomalies on the normalized PC index.
Results are for the Southern Hemisphere during a) Summer, b) Fall, ¢} Winter, d) Spring.

mid-latitude eddy-driven jet is westerly winds near the surface. Because drag on the
zonal-mean winds near the surface in the extratropics must balance the eddy momentum
flux convergence aloft, the surface winds provide a direct signature of the eddy-driven
mid-latitude jet. The winds aloft, on the other hand, are also determined by the meridional
temperatufe gradient which is controlled by a more complex range of processes. Among
them is the flow in the tropical Hadley cell which sharpens the meridional temperature
gradient at the poleward margin of the Hadley cell giving a dynamically distinct subtropi-

cal jet at 30°. Thus, while the strongest winds in the Southern Hemisphere winter occur at

30° S at upper-levels, the mid-latitude jet is located at 50° S where the strongest westerlies

reach the surface (Figure 3.2¢). Like the summer case, the annular mode is basically a



15

[u] regressed on PC1 of <[u]> (shaoded) & time—mean [u] (contour)

Northern Hemisphere:
Winter (DJFM)
100 .

2004
300
400
5001\
600
700 i
goo] |
800
N N T 3N 40N | SON . 6ON | 7ON | 80K
tatitude
Figure 3.3: Same as 3.2 but for the Northern Hemisphere winter (Dec.-Mar.).
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Figure 3.4: Same as 3.2 but for a) EOF2 of Southern Hemisphere (year-round) and b) EOF2 of Northern
Hemisphere winter (Dec.-Mar.).

dipole with the zero wind line at the latitude of the mid-latitude jet (Figure 3.2¢). The
same relationship between the location of the zonal wind dipole associated with the annu-
lar mode and the time-mean mid-latitude jet exists for the fall and spring seasons. This
pattern therefore represents the north/south shift of the mid-latitude jet.

For Northern Hemisphere winter, the distinction between the subtropical jet and
the eddy driven mid-latitude jet is even less obvious than for Southern Hemisphere winter.
Nevertheless, it is clear that the strongest surface westerlies are at 42.5° N which also

coincides with the zero wind line of the annular mode dipole (Figure 3.3). Therefore, we
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conclude that variability of the annular mode is best characterized by variability in the lat-
itude of the eddy-driven jet.
3.3EQF2

For both hemispheres, the second EOF of the vertical- and zonal-mean zonal wind
is a tripole with the strongest anomaly at the latitude of the mid-latitude jet (Figure 3.4).
Because EOF?2 also has smaller meridional scale than time-mean zonal wind, this pattern

represents a strengthening and sharpening of the jet in the positive phase and a weakening

and broadening of the jet in the negative phase.
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Chapter 4
Diagnosis of the positive Eddy-Zonal-Flow Feedback

In this section we diagnose the zonal-mean momentum budget in order to demon-
strate the existence of positive feedback between the eddy momentum fluxes and the
zonal-mean wind anomalies associated with the annular mode. In addition, we show that
the strength of the positive eddy-zonal-flow feedback accounts for the greater persistence
of EOF1 (i.e. the annular mode) compared to other zonally-symmetric patterns of variabil-
ity. Moreover, the positive feedback accounts for all of the excess variance of the leading
EOQF in the Northern Hemisphere (NH) and over 70% of the excess variance of the leading
EOF at low frequencies in the Southern Hemisphere (SH).

4.1 Definition of Time Series

We diagnose the effect of eddies on the EOF1 and EOF2 patterns using the meth-
ods in Lorenz and Hartmann (2001). The essential simplification in the diagnosis is that
the direct effect of the eddies on vertical- and zonal-mean zonal wind variability in mid-
latitudes is caused by the convergence of the eddy momentum flux alone:

Hud _ 1 3w -vDeodd)
at cos? ¢ a-df ’

4.1)

where (u) is the vertical average of u, [u] is the zonal mean of u, u' is u-[u], ¢ is the lati-
tude, a is the radius of the earth and F is the residual momentum forcing. The eddy
induced mean meridional circulation mainly acts to distribute momentum vertically and

therefore does not directly effect the vertical average momentum budget (see Hoskins

1983). Equation 4.1 suggests that we can diagnose the effect of the eddies on the {[ub
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patterns by projecting the vertical and zonal average eddy momentum flux convergence
anomalies on the {[u#]) EOF patterns. This “eddy forcing” time series (=m) gives the
effect of the eddies on the {[#]} PC time series (=z). For the Northern Hemisphere analy-
sis, the mountain torque is also included in the eddy forcing because of its intimate associ-

ation with the eddy momentum fluxes by the topographically generated Rossby waves

(e.g. Held 1983). Thus the Northern Hemisphere momentum budget is:

N[u) _ 1 {w -vyDeos*d) g [ M) .1
o COSZ(|) a-of P, [ps ax:l F, (4.2)

wherte g is the acceleration of gravity, p,, is a constant reference surface pressure, p; is the

surface pressure, %, is the height of the large scale topography and F is the residual

momentum forcing. The “eddy forcing” in the Northern Hemisphere is defined in the
same way as the Southern Hemisphere except that we now include the projection of the
mountain torque anomalies on the EOF patterns in the eddy momenturn forcing.
4.2 Cross-spectrum analysis

The relationship between zonal wind time series (=z) and the momentum flux time
series (=m) can be seen by plotting the cross spectrum between z and m divided by the z
power spectrum for each frequency (Figures 4.1ad 4.2ad). The imaginary part is approxi-
mately 27 times the frequency and the real part is a small positive constant. Therefore

M(w) - Z5(®) = (io+1) - Z(0) - Z*(0), @3)

where capital letters denote the Fourier transform of the corresponding lower case time

series, * denotes the complex conjugate, o is the angular frequency and T is a constant.
When we divide equation 4.3 by Z* and take the inverse Fourier transform, we get

dz =z
pri m L 4.4)

This is the same equation we would obtain if we approximated the residual forcing in

1. The true momentum equation should have the mass in both the tendency and eddy flux term and
not in the denominator of the mountain torque term, i.e. {[«]} should be {[pul}, etc. The

changes in momentum, however, are dominated by the wind so that (1) is a good approximation
(see Madden and Speth 1995),
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Figure 4.1: Cross spectrum analysis between the PC of the vertical- and zonal-mean zonal wind and its eddy
forcing for the Southern Hemisphere. (a) The cross spectrum of PCI and its eddy forcing divided by the PC1
power spectrum. Both the real and imaginary parts are shown as well as 27 times the frequency (dashed
line). (b) Coherence squared function for PC1 and its eddy forcing. (c) Phase difference (in degrees)
between PC1 of the zonal wind and its eddy forcing (blue line) and an estimate of the phase difference using
equation 4.4 with T = 8.9 days (dotted line). Positive phase difference means the eddy forcing leads the zonal
wind. (d), {e), and (f) are the same as (a), {b), and (c) except for PC?2 instead of PC1. The x-axis is frequency
in 1/days.

either equation 4.1 or 4.2 as simple Rayleigh damping with a time scale 7. The coherence
squared is nearly one for most frequencies which demonstrates that the empirical relation-
ship between z and m is very strong and consistent in the data (Figures 4.1be and 4.2be).
Although the imaginary part is not exactly ©, since we only use equation 4.4 to diagnose

the importance of feedbacks relative to observed, the constant of proportionality can be
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Figure 4.2: Same as 4.1 except for Northern Hemisphere winter (Dec.-Mar.) with the T for the phase differ-
ence plot = 7.2 days.

absorbed into m. Hence, the most important relationship provided by the cross spectrum

analysis is the phase between z and . The phase determines the single relevant parameter

7. The expected phase difference between z and m implied by equation 4.4 is atan(T®),

where 7 is the time constant for the Rayleigh damping (Figures 4.1cf and 4.2¢f). The ©

measured from this phase difference is 8.9 days for the Southern Hemisphere and 7.2 days

for the Northern Hemisphere (see Appendix A). Note that stronger Rayleigh damping in

the Northern Hemisphere compared to the Southern Hemisphere is consistent with the

greater land surface area in the Northern Hemisphere.
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Figure 4.3: Cross-correlation between PC index for the vertical- and zonal-mean zonal wind and its eddy

forcing for PC1 (blue) and PC2 (red): a) Souther Hemisphere, b) Northern Hemisphere winter (Dec.-Mar.).
Positive lag means the zonal wind leads.

4.3 Effect of the Positive Feedback
To see the positive feedback, we plot the cross-correlation between z and m for dif-
ferent lags (Figure 4.3). Because the eddies force the ([#]) anomalies, the strongest cor-

relations are at negative lags. To find evidence for the effect of the ([#]) anomalies on the
eddy forcing, one must look for significant correlations at large positive lags beyond an
eddy lifetime (Lorenz and Hartmann 2001). The assumption implicit in this argument is
that without the low frequency variability of ([«]) , the eddies have no long-term memory.
Looking at figure 4.3ab, we see positive correlations at large positive lags for EOF1 (thick
blue line) for both the Southern and Northern Hemisphere. Although the positive correla-
tions implying a positive long-term feedback are small, they are consistently positive at all
large lags leading to a large integrated zonal wind response (see the quantitative calcula-
tions below). The correlations are significant at the 95% level for lags up to 17 days for the
Southern Hemisphere and for lags up to 22 days for the Northern Hemisphere (see Appen-
dix B). Moreover, the correlations are reproducible in sub-samples of the data record. For
EOF2 in the Southern Hemisphere, the small positive bump at lag +12 days is neither con-
sistent with the correlations at other large positive lags nor reproducible in sub-samples of

the data record. Therefore, we conclude that there is no positive feedback for EOF2. For
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EOF?2 in the Northern Hemisphere, the correlations at large positive lags are significantly
different from zero for lags of 8 through 14 days and are reproducible in sub-samples of
the data record. In summary, the positive long-term feedback is significant for EOF1 in
both hemispheres. The positive feedback is unique to EOF1 in the Southern Hemisphere,
while the positive feedback is significantly weaker for EOF2 compared to EOF1 in the
Northern Hemisphere.

We repeat analysis of Lorenz and Hartmann (2001, 2003) to quantify the effect of
the positive long-term feedback on zonal-mean wind variability. To estimate the effect of

the positive feedback, we divide the eddy forcing into two parts: a “random part” which
does not depend on the {{u]) anomalies (=/n) and a “feedback part” which is propor-
tional to the {{«]) anomalies (=b - z, where b is a constant and z is the PC index for
([ul)):

m=m+bz. (4.5)
The system is closed by the momentum budget for the case of no feedback:

d
dt

=m-

Mt

, (4.6)

where 7 is the {[#]) PC when there is no positive feedback. Using equations 4.4, 4.5 and
4.6 we can relate the statistics of Z and 7 to the observed statistics of z and m. In particu-

lar we can find the lag-correlation between z and # and adjust the parameter b so that the
lag-correlation is zero for large positive lags (i.e. greater than a week). This gives the
strength of the feedback (=b). (See Appendix C for the details of the calculations.)

Figure 4.4 shows various statistics for the zonal wind PC’s (z) and their eddy forc-
ing (m) as well as the calculated statistics for EOF1 with the positive feedback either
removed (Southern Hemisphere) or reduced to the value for EOF2 (Northern Hemi-
sphere). The long-term feedback basically accounts for the greater persistence of EOF1
compared to EOF?2 (Figure 4.4be). The feedback also accounts for a large portion of the
{[u]) variance in the Southern Hemisphere. In the Northern Hemisphere it appears that

the simple model slightly overestimates the effect of the feedback although it is also
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Figure 4.4: The effect of the positive eddy feedback on the variability of PC1: Blue curve=PC1, Red
curve=PC2, Black curve with dots=PC1 with feedback reduced to value for PC2: a) Same as 4.3a but with
the PC1 feedback removed curve included (black), b) auto-correlation for zonal wind in Southern Hemi-
sphere, ¢) power spectrum for zonal wind in Southern Hemisphere, d), g), T) are the same as a), b), ¢) but for
Northern Hemisphere winter.

possible that observed EOF?2 variability is larger than estimated by the simple model
because of subtropical dynamics not related to eddy fluxes.

In summary, the calculations in this section suggest that the positive eddy-zonal
flow feedback plays the dominant role in determining the leading pattern of extratropical
variability. One can think of “stochastic” eddy forcing variability as exciting both EOF1

" and EOF2 equally. The annular mode stands out because the positive feedback makes it

the least damped mode.
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Figure 4.5: The cross covariance between PC1 and its total eddy forcing (blue), PC1 and its synoptic eddy
forcing (red), PC1 and its residual eddy forcing (green), and PC1 and its quasi-stationary eddy forcing
(black): a) Southern Hemisphere, b) Northern Hemisphere winter. Positive lag means that PC1 leads the
eddy forcing.

4.4 Contribution of Synoptic and Quasi-stationary Waves to Positive Feedback

To get a more complete description of the eddy forcing response to the zonal-mean
wind anomalies, it is useful to divide the eddies using time filtering (see Chapter 2) into
synontic, quasi-stationary and residual eddies. Thus the eddy forcing consists of three
parts: the synoptic eddies, the quasi-stationary eddies and the residual eddies (i.e. every-
thing else). For the Southern Hemisphere no insight is gained by distinguishing the quasi-
stationary eddies from the residual eddies, so we simply combine these forcings together.
The cross-covariance between PC1 of the zonal wind and these three forcings (Figure 4.5)
allows us to compare the contribution to the positive feedback. Looking at the response to
the zonal wind anomalies (i.e. positive lags beyond an eddy lifetime) we see that the syn-
optic eddies reinforce the wind anomalies whereas the residual eddies damp the wind
anomalies. In the Northern Hemisphere the quasi-stationary eddies also contribute to the
positive feedback but the synoptic eddies still make the leading contribution to the positive
feedback. The fact that the synoptic eddies make the leading contribution to the positive
feedback in both hemispheres gives us greater confidence that the annular modes are gen-
eral patterns of extratropical variability which transcend the striking differences in the

boundary forcing of each hemisphere.



25

Chapter 5
Dynamics of Positive Long-term Feedback

The analysis in the previous chapter suggests that the annular modes owe their
prominence above other possible patterns of variability because of the reinforcing eddy
response to the annular mode wind anomalies. In this chapter, we diagnose the dynamical
reasons for this eddy response using time lagged regression analysis of the eddy Eliassen-
Paim (EP) fluxes (Edmon et al. 1980). It is essential that we look at time-lagged regres-
sions rather than simultaneous or monthly-mean regressions when diagnosing the effect of
the zonal-mean wind anomalies on the eddies. The reason for the time lag is to isolate the
part of the eddy forcing that is responding to the zonal wind anomalies from the burst of
eddy forcing that initially created the zonal wind anomalies (Feldstein and Lee 1996,
1998; Lee and Feldstein 1996; Robinson 1996; Lorenz and Hartmann 2001, 2003). The
time lag is very important because the shapes of the patterns and the relative size of the
vertical and horizontal EP flux (Edmon et al. 1980) depend on the sign of the time lag. For
the following figures, we average the eddy anomalies over time lags from 6 to 20 days
(zonal wind leads eddies). The precise time lag is not important as long as it is greater than
an eddy lifetime (here taken to be five days).

5.1 Synoptic Eddy Response to EOF1
5.1.1 Southern Hemisphere

The synoptic-eddy response to the EOF1 zonal wind anomalies consists of [u'v']
anomalies across the node of EOF1 (50° S) and as well as {#'v'] anomalies of the opposite

sign in the subtropics (Figure 5.1a). These [u'v'] anomalies tend to reinforce the zonal-
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Figure 5.1: Synoptic eddy response to the PC1 wind anomalics. a) Lag regression of [u’v’ jeos(¢) (color) and
EP flux (vectors) anomalies by the synoptic eddies on PC1 in Scuthern Hemisphere. The plot is the averaged
over time lags from 6 to 20 days (PC1 of the wind leads eddies). b) Lag regression of the vertical-average
synoptic eddy forcing (open circles) on PC1 (units are m/s/day). The curve is averaged over time lags from 6
to 20 days. The EQF1 weighting pattern (solid circles) is included for reference (arbitrary units). ¢} The
composite baroclinicity (see text for definition) during the high and low index as well as the difference (units
are 1/day). d), €), f) are the same as a), b), c) but for the Northern Hemisphere winter.

mean wind anomalies associated with EOF1. This is demonstrated by figure 5.1b which
shows the vertical-average synoptic eddy momentum flux convergence consistent with fig-
ure 5.1a as well as the EOF1 zonal wind pattern. The [u'v'] are associated with corre-
sponding changes in the vertical EP flux both north and south of 50° S (Figure 5.1a).

These EP flux anomalies imply stronger baroclinic wave generation in the region of stron-



27

ger westerlies. Looking at the composite ‘baroclinicity’ (=(g8,)/(8yN), this is propor-
tional to the Eady (1949) wave growth rate) during the high and low index (Figure 5.1c),
we see that the changes in baroclinicity coincide with the zonal wind anomalies and are
roughly consistent with the changes in the vertical EP flux. Thus the basic picture is: baro-
clinic wave generation is strongest (weakest) in the region of positive (negative) wind
anomalies which corresponds to the region of above (below) normal baroclinicity. The
waves then propagate meridionally from the wave source at upper levels. Because the
waves tend to propagate equatorward rather than poleward from their source, the momen-
tum flux anomalies are not symmetric about the latitude of the maximum wind anomalies
but are strongest equatorward of the wind anomalies. This bias toward equatorward wave
propagation or, equivalently, poleward momentum fluxes results from spherical geometry
(Balasubramanian and Garner 1997; Whitaker and Snyder 1993).

5.1.2 Northern Hemisphere

The synoptic-eddy response to the EOF1 zonal wind anomalies consists of strong

[u'v'] anomalies across the node of EOF1 (42.5°N) and weaker [«#'v'] anomalies in the
subtropics (Figure 5.1d). These [#'v'] anomalies tend to reinforce the zonal-mean wind
anomalies associated with EQF1 (Figure 5.1¢). Like the Southern Hemisphere, the {#'v']
across 42.5°N are associated with corresponding changes in the vertical EP ﬂuk both

north and south of 42.5° N, however, the vertical EP flux anomalies north of 42.5°N are

considerably stronger than those south of 42.5° N. These EP flux anomalies imply stron-
ger baroclinic wave generation in the region of stronger westerlies especially in the high
index. Looking at the composite ‘baroclinicity’ during the high and low index (Figure

5.1f), we see that the changes in baroclinicity are roughly consistent with the changes in
the vertical EP flux. Moreover, the changes in baroclinicity are stronger north of 42.5°N
than south of 42.5°N which is the same sense as the asymmetry in the vertical EP flux,
althongh not as strong. Also note that the weak [x'v'] in the Northern Hemisphere sub-

tropics compared to the [#'v'] in the Southern Hemisphere subtropics is consistent the rel-
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atively weak vertical EP flux in the Northemn Hemisphere around 32° N. In general, the
same basic pattern and interpretation holds for both hemispheres.
5.1.3 Summary

The main points of this section are that (1) changes in [«''] are associated with
changes in the source of synoptic waves and (2) these changes in the source of synoptic
waves are roughly consistent with the changes in the baroclinicity.

5.2 Residual Eddy Response to EOF1

The residual eddy response in the Northern and Southern hemisphere are suffi-
ciently similar that we discuss them together.

The long-term response of the residual eddies to the zonal-wind anomalies is dom-
inated by waves in the 15 to 40 day period range rather than the ‘cross-frequency’ terms of
the residual eddy fluxes. The residual-eddy momentum flux anomalies are strongest near
the node of EOF1 and are in a direction that tends to damp the zonal wind anomalies (Fig-
ure 5.2). The structure of the residual eddy [#'v'] pattern in the mid-latitudes is signifi-
cantly more barotropic than the synoptic eddies: the amplitude of the fluxes varies by a
factor of two between the upper and lower troposphere for the residual eddies, while for
the synoptic eddies the amplitude varies by nearly an order of magnitude. The deep verti-
cal structure of the [1#'v'] anomalies suggests that these waves are predominantly external
Rossby waves (Held et al. 1985). External Rossby waves are vertically trapped in the tro-
pospheric ‘wave guide’ and therefore consist of a superposition equal amounts of upward
and downward propagating waves. This simplifies the dynamics in that the relevant index

of refraction is (B —u,,)/(u—c) ata single ‘equivalent barotropic level’ (Held et al.

1985). Composites during the high and low index days (Figure 5.2cf) show that the exter-
nal Rossby wave index of refraction is basically largest in the region of positive wind

anomalies. Thus external Rossby waves tend to propagate poleward across 45°-50° dur-
ing the high index and equatorward across 45°-50° in the Jow index. Outside the mid-lat-
itudes the wave anomalies are not barotropic so the simplified index of refraction does not

apply.
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residual eddy response to PC1 of <[u]>
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Figure 5.2: Residual eddy response to the PC1 wind anomalies. a), b) same as 5.1 but for the residual eddies
¢) composite external Rossby wave index of refraction at 300mb during high and low index (plotted only

where eddies fook like external Rossby waves) . d), e}, f) are the same as a), b}, ¢) but for the Northemn
Hemisphere winter.

In summary, the jet is a wave guide for external Rossby waves (see also Hoskins
and Ambrizzi 1993; Yang and Hoskins 1996). Therefore, external Rossby waves tend to
propagate into the jet and, since wave momentum transport is opposite to wave propaga-
tion, remove momentum from the jet.

Before moving onto quasi-stationary waves, we would like to make a note relating
to waveguides and the results in later chapters. While the barotropic external Rossby wave

type structure of the low frequency eddy response does not appear to be a general charac-
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teristic of annular modes in GCMs, the ideas relating to waveguides developed in this sec-
tion will turn out to be very important in the theory explaining the relationship between
the annular mode and the background flow. In this case, the relevant refractive index will
involve the potential vorticity (PV) gradient rather than the ‘barotropic version’ of the PV

gradient (=P - [u]yy) used here.

5.3 Quasi-stationary Eddy Response to EOF1
In the mid-latitudes of the Southern Hemisphere, the anomalies by the low fre-
quency waves look like external Rossby waves. In the Northern Hemisphere, a portion of

these anomalies also look like external Rossby waves (the residual eddies), but the fluxes

by the very low frequency (<1/40 days'l) waves have a very different structure: the {u'v']
is concentrated at upper levels and the vertical EP flux anomalies are much larger (Figure
5.3a). The reasons for the difference between the Northern and Southern Hemisphere are
the strong stationary wave sources in the mid-latitudes of the NH compared to the SH.
Near stationary wave sources, the wave field consists of a full spectrum of waves. It is only
away from wave sources that the dispersion of excess wave activity and reflections within
the tropospheric wave guide set up an external Rossby wave field (Held 1983; Held et. al.
1985). Thus in the NH, waves at very low frequency (e.g. waves that are stationary or
nearly stationary) are dominated by waves dispersing from mid-latitude wave sources
rather than external Rossby waves. In the NH, it is only in the medium frequency range
that external Rossby waves dominate over other waves generated locally (either by sta-
tionary sources or by baroclinic instability).

The vertical average forcing by the quasi-stationary waves is very strong especially
poleward of 55° N (Figure 5.3b) which agrees with DeWeaver and Nigam (2000a). How-
ever, this strong forcing does not project well onto the EOF1 wind anomalies. The positive
feedback by the quasi-stationary waves is mixed with a response which tends to move the
anomalies poleward (see also Feldstein 1998). Also note that the mountain torque anoma-

lies (due to Greenland) tend to damp the forcing by [#'v'] north of 60°N. (The effect of

the mountain torque on the [«'v'] forcing (open circles) is shown by the open squares.)



K} |

stationary eddy response to PC1 of <{u]>
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Figure 5.3: Quasi-stationary eddy response to the PC1 wind anomalies. a} b) same as 5.1 but for the quasi-
stationary eddies in the Northern Hemisphere winter. The red curve in b) shows the effect of the mountain
torque on the usual convergence of meridional momentum flux term. The plots on the right show the
response in a) divided up into the contribution from the ¢} Pacific and the d) Atlantic sector.

Because of the less than optimal projection of quasi-stationary wave forcing onto EOF1

and the stationary eddy mountain torque, the quasi-stationary waves do not dominate the
positive feedback associated with EOFI1.

At first sight, figure 5.3b suggests the following explanation for the quasi-station-
ary eddy forcing: the anomalous source of wave activity around 45° N during the low
index leads to the anomalous propagation of wave activity away from the source latitude
and the observed [#'v'] anomalies. Looking more carefully, however, we see evidence that
suggests other mechanisms may be more important. First, when we divide the total quasi-

stationary wave into contributions from the Atlantic and Pacific sectors (Figure 5.3cd,
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90° E and 90° W are the dividing longitudes) we see that the vertical EP flux is concen-
trated in the Pacific sector while the horizontal EP flux is concentrated in the Atlantic sec-
tor. Moreover, the horizontal EP flux anomalies in the upper troposphere in the Atlantic
are stronger than the EP flux anomalies below (for example 500mb) so that the horizontal
EP flux anomalies appear discontinuous from the wave sources at low levels.! Because the
majority of the anomalies in the horizontal EP flux seem to be independent of changes in
the wave source, it appears that changes in the zonal-mean fiow in the middle to upper tro-
posphere are most important (i.e. changes in the refractive index).

To help explain the quasi-stationary wave forcing we use the zonal-mean quasi-

geostrophic refractive index (Matsuno 1970) for waves with zero frequency:

2 lqly E Y ( f YV
S T _(acosq)) ‘(2NH) d (5.1)
where
_ 20 1 (([ulcosd)yy 7 L4l
laly = a cosq)-a—z( cosd )‘P_Po Po I Z- 5.2)

Here, k is the zonal wavenumber, o is the wave frequency, N is the buoyancy frequency,
H is the scale height (8 km), f is the Coriolis parameter, a and £2 are the earth’s radius
and angular frequency, p,, is the background density, and ¢ is latitude. Waves can propa-
gate in regions of positive refractive index and waves are evanescent in regions of negative
refractive index (light shading in Figure 5.4). Also, waves tend to be refracted toward large
positive refractive index. Since refractive index for stationary wavenumbers 1 and 2 are
very similar, we only show the results for wavenumber 1 below.

In the upper troposphere, the most prominent difference between the high and low
phase of PC1 is the large refractive index north of 57.5° N at 500mb-400mb during the
low phase (Figure 5.4, see also Limpasuvan and Hartmann 2000). As noted by Limpasu-

van and Hartmann (2000), the large quasi-stationary wave forcing poleward of 57.5°N

1. Rersember that these EP fluxes are anomalies. The suma of the time mean and the anomalies still
implies a lower troposphetic source.
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QG refractive index
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Figure 5.4: Quasi-geostrophic refractive index for stationary wave 1. The values are nendimensionalized by
the radius of the earth squared. In (a) and (b) negative values are lightly shaded and values larger than 300
are black. (a) High index. (b) Low index. (c) Low minus high index. The quasi-stationary EP fiux anomalies
from Figure 5.3a are also shown (with the reverse sign).

bears a striking resemblance to the large difference in refractive index between the high
and low phases of PC1. The difference between the low and high phase (Figure 5.4¢)
shows a large increase as one moves poleward across 57.5° N much like the vertical-aver-
age quasi-stationary wave forcing (Figure 5.3b). During the low phase of PC1, this region
of increased refractive index tends to attract wave activity leading to an easterly momen-
tum forcing in this region (Limpasuvan and Hartmann 2000). Chen and Robinson (1992)
studied the effect of a very similar refractive index profile on quasi-stationary waves in a
linear primitive equation model and found similar results. Essentially, a region of high
refractive index is a wave sink. In the low phase of PC1, the high latitudes are a more

effective sink of wave activity.
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5.4 The maintenance of baroclinic westerlies

This chapter has provided dynamical mechanisms whereby [¢] anomalies cause
reinforcing eddy momentum fiuxes. The most important dynamical mechanism seems to
involve synoptic waves and the changes in baroclinicity which are collocated with the
zonal wind anomalies. The changes in baroclinicity have added another twist to the wave-
mean-flow problem. In order to sustain long-term baroclinic westerly anomalies, we must
consider not only the dynamics which maintain the surface westerlies (i.e. the vertical
average momentum budget), but also the dynamics which maintain the baroclinicity
against the tendency of the synoptic waves to reduce the baroclinicity. The theory which
deals with this problem (Robinson 2000) is outlined below.

While Robinson (2000) considered a continuously stratified quasi-geostrophic
fluid, all of the essential points can be demonstrated using a simpler 2-layer quasi-geo-
strophic model with Newtonian heating for the “temperature” and Rayleigh damping for

the low-level wind. The upper-level zonal-mean potential vorticity equation is:

dlg;] _ dlvi'qy] +KT([‘I’1]“[\1’21_[‘V{3]), (5.3)

“or dy 2 2
where g is the quasi-geostrophic potential vorticity, y is the streamfunction, Ky is the
Newtonian damping parameter, the subscript e refers to the “radiative equilibrium” pfoﬁle
and the subscripts 1 and 2 refer to the upper and lower layer respectively. Since we are

interested in the long-term maintenance of baroclinic westerlies we only consider the

steady limit. In the steady limit, the time derivative term is zero. After taking the y deriva-
tive and using the fact that ¥ = —dy/dy, equation 5.3 becomes:

_az[vl'ql'] _ KT('[‘M—TE_@}

- - (54)

where uy (=u, —u, ) refers to the thermal wind. Subtracting the climatological version of

the above equation gives:

I*[vq'] a7
e = (.5)
dy
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Figure 5.5: Hypothetical PV mixing profiles illustrating scenarios where the steady state temperature gradi-
ent forced by [q’v’] either a) does not favor further wave generation at latitude=0 or b) and c) does favor fur-
ther wave generation at latitude=0 (see text).

where the subscript a denotes anomaly. Equation 5.5 states that the steady state termpera-
ture gradient (i.e. thermal wind) is determined by the upper-level potential vorticity (PV)
flux alone. To gain intuition about our problem, however, we consider the PV flux in both

layers.

Suppose there is a localized region of downgradient [v;'¢;'] and [v,'q,'] dueto
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baroclinic instability. We want to understand conditions which allow the temperature gra-

dient to be maintained against the mixing of temperature by the waves. 1) If the waves do

not propagate meridionally at upper-levels from their source region, then {v,'q,'] and
[v,'q,'] are the same shape and amplitude but opposite sign (Figure 5.5). Thus [v4'g,']
has a local minimum at the region of strongest wave generation which means [v,'g;'] is
concave upward. Therefore the temperature gradient is negative in the wave generation

region (see equation 5.5) and the baroclinicity is not maintained in this case. 2) If the wave

propagate meridionally at upper-levels such that the irreversible mixing ([v,'q,']) occurs
on the flanks of the jet, then the [v,'q,'] profile is displaced. It is now possible for the

[v,'q,'] profile to be concave downward in the wave generation region. In this case, the

temperature gradient is positive and the baroclinicity is maintained despite the action of
the baroclinic waves. Figure 5.5 shows two possible scenarios illustrating this case.

In summary, the waves must propagate away from the region of wave generation in
order to maintain the anomalous baroclinicity associated with the annular modes. Coinci-
dentally, the vertical-average momentum budget also requires meridional wave propaga-

tion in order to maintain the anomalous surface westerlies associated with the annular

modes.
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Chapter 6
GCM experiments

In this chapter, we describe initial value experiments with a GCM designed to
explore the differences between the eddy response to EOF1 and EOF2. In addition, the
experiments will (1) confirm that the eddy response to zonal-mean wind anomalies can be
diagnosed using lag regressions as in the previous chapters and (2) provide insight into the
short-term transient response observed in figure 4.3 at small positive time lags. Before
describing the initial value experiments, we confirm that the internal variability of the
model is similar to observations.

6.1 Annular mode in Control Run
6.1.1 Time-mean and EQOF analysis ’

The model is a simple, dry GCM forced by zonally uniform Newtonian heating
and near-surface Rayleigh damping (see Chapter 2). The time-mean zonal-mean zonal
wind for the GCM is most like the Southern Hemisphere summer because the flow is dom-
inated by the mid-latitude eddy driven jet (Figure 6.1, compare with Figure 3.2). The lati-
tude of the eddy driven jet is characterized by surface westerlies which are maintained by
the convergence of eddy momentum fluxes at upper levels. The weak subtropical jet in this
model is represented by the “shoulder” of westerlies at upper levels on equatorward side
of the mid-latitude jet. The latitude of subtropical jet is characterized by the boundary
between surface westerlies and surface easterlies which marks the northern limit of the

tropical Hadley cell.

The leading EOF of the vertical and zonal averagé zonal wind (={[«]) , where <>
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{u] regressed on PCs of <[u]> (shoded) & time—mean [u] (contour)
Held & Suarez GCM:
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Figure 6.1: Time-mean zonal-mean zonal wind (contours) and the EQFs of the vertical- and zonal-mean
zonal wind (shaded) shown by regressing the daily zonal-mean zonal wind anomalies on the normalized PC

index. Resuits are for the GCM for a) EOF1, b) EOF2.
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represents a vertical average and [] represents a zonal average) is basically a dipole with
the zero wind line at the latitude of the mid-latitude jet (Figure 6.1a). This pattern there-
fore represents the north/south shift of the mid-latitude jet. The same relation between
EOF1 and the background flow holds for observations (Chapter 3). When making the
comparison with observations, it is important to note that the latitude of eddy-driven jet is
the latitude where the surface westerlies are strongest. There is also a weaker anomaly in
subtropics associated with EOF1, which is also present in observations. This feature lags
the main EOF dipole in time (see Lorenz and Hartmann 2001) because mid-latitude [«]
anomalies cause eddy momentum flux convergence anomalies in the subtropics.

The second EOF of {[u]) is a tripole with the strongest anomaly at the latitude of
the mid-latitude jet (Figure 6.1b). Because EOF2 also has smaller meridional scale than
time-mean [«], this pattern represents the strengthening and sharpening of the jet in the
positive phase and the weakening and broadening of the jet in the negative phase. This
EQF?2 pattern is also observed in nature (Figure 3.4).

6.1.2 Diagnosis of momentum budget
We diagnose the effect of eddies on the EOF patterns using the methods in Chapter

4, A cross-spectrum analysis shows that the vertical- and zonal-mean momentum budget is
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Effect of long-term feedback (GCM)
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Figure 6.2: The effect of the positive eddy feedback on the variability of PC1: Blue curve=PCl, Red
curve=PC2, Black curve with dots=PC1 with feedback removed: a) lag-correlation between zonal wind and
its eddy forcing (positive lag means zonal wind leads), b) auto-correlation for the zonal wind, ¢} power spec-
trum for zonal wind, d) power spectrum for the eddy forcing.

well approximated by equation 4.4 with = 11.0 days. The lag correlation between the
zonal-mean zonal wind time series (=z) and the eddy momentum forcing time series (=m)
clearly shows that the positive long-term eddy feedback is unique to EOF1 (Figure 6.2a).
The effect of the positive feedback on the variability and persistence of the leading EOF is
diagnosed using the methods in Chapter 4 (Figure 6.2). The positive feedback accounts for
the increased persistence (Figure 6.2b) and variance (Figure 6.2¢) of EOF1 compared to
EOF2. We also compare the power spectrum of the eddy forcing of EOF1 and the eddy
forcing of EOF2 since the signature of the positive feedback can be clearly seen in this

case (Figure 6.2d). Note that the EOF2 spectra is basically flat at low frequencies implying
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Figure 6.3: Schematic of a branch run experiment. Many initial value problems are integrated with the eddy

fields taken from each day of the control run. The initial zonal-mean state, on the other hand, is prescribed
and is the same for each branch run. ‘

no long-term memory, while the EOF1 spectrum exhibits a large increase in power at the
lowest frequencies because of the feedback. Also, except for the lowest frequencies, the
EOF1 and EOF?2 spectra have nearly the same power. This implies that the “random forc-
ing” of both EOF1 and EOF2 is the same and that it is the presence of a positive feedback
at low frequencies which accounts for the difference between EOF1 and EOF2.

Note also broad maximum in both the EOF1 and EOF2 spectra at frequencies

around 0.1 to 0.125 day™!. This maximum is associated with the distinct transient swing in
eddy forcing past its final long-term value (see small positive time lags in Figure 6.2a). We
will see in next section that this is a transient response of the eddies to zonal wind variabil-
ity (consistent with results of Robinson (1994)).
6.2 Initial value experiments
6.2.1 Basic Method

To confirm that changes in [«] affect the eddies in the manner diagnosed from the
lag regression and the lag correlation analysis in the previous section, we run a very large
number of initial value experiments. For each day of a 10 year control experiment we run

four 20-day branch runs. The initial eddy fields for these branch runs are the same as the
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eddy fields of the corresponding day in the control run. The initial zonal-mean state, on the
other hand, is a composite zonal-mean state based on the PC index of either EOF1 or

EOF?2 of the control run. For each day we run four branch runs based on four zonal-mean
states. The initial zonal-mean states for the four experiments are the composite {u], [v], [7]

and [Pyeaee] When (1) PCL of ([u]) is positive, (2) PC1 of {[u]) is negative, (3} PC2 of

{[u]) is positive and (4) PC2 of {[u]) is negative. A schematic summarizing the setup of
one of these experiments is given in Figure 6.3.

To get the mean eddy response to the positive phase of EOF1 we simply average
the zonal-mean eddy fluxes for every branch run initialized with the positive phase of
EOF1 (= average of 3650 runs). This will give the eddy response to the onset of a positive
EOF1 state out to 20 days. We define the response to EOF1 as the response to a positive
EOF1 state minus the response to a negative EOF1 state. We do the same thing for EOF2.

vertical average [u'v'] response
b) mean response to EOF2
e

a) mean response to EOF1
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Figure 6.4: The mean response of the vertical average [u’v'] to a) EOF1, b} EOF2. The units are ms

6.2.2 Eddy momentum flux response

Figure 6.4 shows the response of the vertical-average eddy momentum flux to
EOF1 and EOF2. The long-term response (times greater than about 5 days) is significantly
larger for EOF1 compared to EOF2. Moreover, the long-term response to EOF2 does not
even project onto EOF2, instead it projects onto EOF1 in the sense to produce a poleward
propagation of the [] anomalies. Such poleward propagation is also seen in the control

run and in observations (Feldstein 1998 and Lorenz and Hartmann 2001). Perhaps the
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Figure 6.5: Eddy forcing response to the EOFs found by projecting the eddy forcing response on the corre-
sponding EOF pattern. a) Mean response to EOF1 and EOF2. b) Response to EOF1 when initial eddy
kinetic energy anomalies are collocated with EOF1 (red) or not collocated with EOF1 (blue). The mean
response is repeated (back). ¢} Same as b) but for EOF2.

more striking result from the initial value runs is the apparent negative eddy forcing of the
{u] anomalies on short time scales (times less than 5 days). To see this effect better, we
project the vertical average eddy momentum flux convergence (i.e. the eddy forcing) on
the initial EOF anomaly pattern. Thus, the sign of the response gives the sign of the eddy

feedback onto the prescribed anomaly (Figure 6.5). We can clearly see two parts of the
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eddy forcing response to the prescribed [1] anomalies: 1) a negative transient response
which is present for both EOF1 and EOF2 and 2) a long-term response which is positive
for EOF1 and zero or perhaps slightly negative for EOF2. The general shape of these
curves is much like the cross-correlation curves between the ([x]) PCs and their corre-
sponding eddy forcing (Figure 6.2a).

The above results have implications on the interpretation given in Lorenz and Hart-
mann (2001). They suggested that the transient response to [«] onset observed here was
instead a result of “intrinsic eddy variability” independent of changes in the zonal-mean
[4]. Using Southern Hemisphere observations, Lorenz and Hartmann (2001) could not dis-
" tinguish between a short time scale response to [#] or intrinsic eddy variability because the
time scale of transient response is similar to the time scale of eddies. In contrast to the
interpretation in Lorenz and Hartmann (2001), results here imply that the negative swing
in eddy forcing past the long-term value (see small positive time lags in Figure 6.2a) does
not depend directly on the eddy forcing impulse proceeding it. Instead the negative forcing
is a response to the changes in the mean flow. The difference in sign between the long-
term and transient response for EOF1 that we observe here is consistent with the experi-
ments of Robinson (1994) on the response of the eddy forcing to imposed EOF1 [1] vari-
ability. He found that when the frequency of the imposed [«] variability is low (high) the
eddies reinforce (damp) the [u] variability.

We get further insight into the transient eddy response to EOFs when we divide the
mean response into two parts based on the location of eddy kinetic energy at the start of

initial value problem (Figure 6.5b). For this analysis we create an index of eddy kinetic
energy by projecting the eddy kinetic energy anomalies onto the {[«]) EOFs. We then
divide the mean eddy response in two parts based on the sign of this index. When there is
anomalously strong (weak) eddy kinetic energy in the region of positive {{u]) anomalies,
then the transient response is very weak (strong). Thus, it appears that the positive ([uD
anomalies attract wave activity. As the wave activity propagates from the negative to the

positive {{u]) anomalies, the associated wave momentum flux weakens the {{u]) anom-
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alies, This weakening of the {[«]) anomalies occurs only when the wave activity is

located outside of the region of positive {[«]) anomalies. When we divide the total eddy
forcing into the contribution of the long and the short waves, we find that the long waves
account for the transient eddy response (not shown).! This is consistent with index of
refraction arguments described later which suggest that the jet is a (leaky) waveguide for
the long waves.
6.2.3 Eddy temperature flux response

The initial value experiments also help determine the eddy temperature flux
response to the [«] anomalies. These experiments are particularly useful for determining
the response to EOF2 wind anomalies because the important dynamics for EOF2 occur
over relatively short time scales. Therefore it is not possible to separate the eddy response
to EOF2 from “intrinsic eddy variability” based on lag regression diagnostics from a con-
trol run alone. With the initial value experiments, however, we can clearly see that the
response of the vertical EP flux (similar to eddy temperature flux) to the {#] anomalies is
similar for both EOF1 and EOF2. Figure 6.6 shows the imposed wind anomaly and the
average EP flux response 1 to 8 days afterward. For both EOF1 and EOF2, the vertical EP
flux is enhanced at the latitudes of anomalous westerlies and vice versa. Moreoves the
magnitude of the response is about the same for both EOF1 and EOF2 (the EOF1 results
are scaled so that the imposed [#] anomalies are the same size). The similarities in the ver-
tical EP flux response for EOF1 and EOF?2 is in sharp contrast to the very different
momentum flux response. This suggests that the baroclinic wave source (i.e. vertical EP
flux) does not explain the difference between EOF1 and EOF2. While the changes in the
wave source might enhance the persistence of EOF1 in the manner out forth by Robinson
(1996, 2000) and Lorenz and Hartmann (2001, 2003), these results suggest that changes in

the wave source are not the fundamental reason for the difference between EOF1 and
EOF2.

1. This result is for the lag regressions based on the control run but presumably also holds for the

branch runs. We did not partition the eddy response into long and short waves for the branch
runs.
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response to EOF1 (time average from 9 to 20 days). In ¢) the zonal wind anomalies are plotted for time = 8
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Results in this section were repeated for a 2-layer quasi-geostrophic model on a -
plane which also showed a positive long-term feedback for EOF1 but not for EOF2. Simi-
Tar results regarding the eddy response to the [#] anomalies also hold in that model. In par-
ticular, the response of the eddy temperature flux to EOF1 and EOF2 is the same while the
response of the eddy momentum flux is very different. Thu~ we will use the simpler 2-
layer quasi-geostrophic model to design experiments to determine the essential difference
between EOF1 and EOF2 variability in the next Chapter. In the next section, we introduce
a possible mechanism to explain the difference using index of refraction diagnostics.

6.3 Index of Refraction diagnostics

The fact that the eddy temperature flux response is similar for EOF1 and EOF2

suggests that the important difference between EOF1 and EOF2 affects the eddies later in
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their life-cycle. To help explain the reasons why it is more difficult (easier) for wave activ-
ity to leave its source region when EOF2 is positive (negative) we look at the index of

refraction for different phases of EOF2 (Matsuno 1970):

2 _ {Q]q, k 2 f 2
"T [u]—(a(ocosqa)/k_(acostp) _(zNH) ’ 6.1)
where
- 20 1((ulcosd)yy  f lul,
laly = = cos¢—ag( cos® )¢_Po P Z 6.2)

is the zonal-mean (quasi-geostrophic) potential vorticity gradient. Here, & is the zonal

wavenumber, ® is the wave frequency, N is the buoyancy frequency, H is the scale height
(8 km), f is the Coriolis parameter, @ and & are the earth’s radius and angular frequency,
P, is the background density, and ¢ is latitude. The wave frequency () can be written in

terms of the wave phase speed (¢) so that equaﬁon 6.1 becomes:

2 _ EQ]q; E \2 f 2
" [u]—ccosq:/cos%_(acoscp) _(Z_NZL_I) ’ (6.3)

where ¢y, is a constant reference latitude here taken to be the latitude of the time-mean jet

(=45°). Waves can propagate in regions of positive refractive index and waves are evanes-
cent in regions of negative refractive index. Also, waves tend to propagate toward high
values of the refractive index which implies a wave flux of momentum out of the regions
of high values of refractive index.

To determine representative values for ¢ and k, we look at the phase speed/zonal
wavenumber spectrum of the eddy kinetic energy and eddy momentum flux convergence
at 250mb at the latitude of the jet center (e.g. Randel and Held 1991). The eddy Kinetic
energy is clearly dominated by waves of phase speed 3.5 m/s and zonal wavenumber 5
(Figure 6.7). The convergence of eddy momentum flux is also largest for wavenumber 5,
although the contribution by other waves with larger phase speed and zonal wavenumber

has increased relative to wavenumber 5 for this field compared to the eddy kinetic energy.
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Presumably, this is related to the fact that it is easier for waves with smaller scale and
therefore larger c to propagate out of the jet (see discussion in Chapter 7 section 3 below).!
Because wavenumber 5 dominates the eddy kinetic energy in the jet, we use ¢ = 3.5 m/s
and k& = 5 in equation 6.3.

The refractive index of the time-mean flow gives a general sense of the appearance
of the refractive index in this particular model (Figure 6.8a). Regions of negative refractive
index (where the waves are evanescent) are lightly shaded and the regions of very large
refractive index (near critical layers) are darkly shaded. Because the wave momentum
fluxes are dominated by fluxes in the upper troposphere, we concentrate on the value of
the refractive index in the upper troposphere. Also, because we are interested in the merid-
ional propagation of wave activity, we average the refractive index from 500mb to 250mb
so that the meridional profile of the refractive index can more easily be seen.”

The refractive index profile based on composites during different phases of EOF1
and EOF2 are shown in Figure 6.8bc. The EOF2 composites are the average of days when
the PC time series exceeds 0.5 standard deviations from the mean. The threshold for the
EOF1 composites is adjusted so that the amplitude of the anomalies in the upper tropo-

sphere is the same as that for the EOF2 composites. Looking at the EOF2 composites, we

1. The phase speed (c) is measured relative to the ground not relative to the background flow. Thus
smalier scale waves have larger c.

2. Note that we average over pressure levels where the refractive index is relatively well behaved.
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see that the weak/broad jet (i.e. negative phase of EOF2) has a refractive index profile
which is concave upward at the jet center while the strong/sharp jet (i.e. positive phase of
EOF2) has a refractive index profile which is concave downward at the jet center. Thus
waves generated in the jet will have a greater tendency to leave the jet when the jet is weak
and broad than when it is strong and sharp (because waves tend to propagate toward
higher refractive index). Thus, the effect of EOF2 on the refractive index is of the correct

sense to counter the effect of the anomalous wave source on the wave momentum fluxes:
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when PC2 is positive (negative) more (less) baroclinic wave activity is generated in the jet.
This wave generation would tend to reinforce EOF2 except that the waves are less (more)
likely to propagate out of the jet at upper levels when PC2 is positive (negative).

The EOFI composites show the north/south shift of a refractive index profile
which is not as concave downward as the positive EOF2 composite. The EOF1 composites
are significantly more concave downward than the time-mean index of refraction profile
which has been excessively smoothed by time averaging over all possible zonal-mean
states. One can think of EOF1 variability as representing meridional shifts of a typical
index of refraction profile which shows features of a zonal-mean waveguide. EOF2 vari-
ability, on the other hand, represents the strengthening and weakening of this waveguide-
like structure.

In summary, when PC2 is positive (negative) more (less) baroclinic wave activity
is generated in the jet. This wave generation would tend to reinforce EOF2 except that the
waves are less (more) likely to propagate out of the jet at upper levels when PC2 is posi-
tive (negative). |

In this section, we use the refractive index as a rough guide into the behavior of the
waves. In particular, the refractive index provides a sense of the relative importance of the
potential vorticity (PV) gradient versus the zonal wind in determining the meridional
propagation of wave activity. In the next chapter, we will describe experiments which give
a more rigorous demonstration of the strong sensitivity of the eddies to the upper-level
zonal-mean PV gradient.

6.4 Simple linear model of the annular mode and the eddies

In this section we present a simple linear stochastic model which provides impor-
tant insight into the dynamics of the annular mode. In particular, the model explains all the
features of the auto- and cross-correlation statistics including the peculiar transient
response of the eddy forcing to the [1] anomalies (section 6.2.2). The model also provides
greater understanding of the direct effect of the [x] anomalies on the upper-level wave
activity and the importance of the wave generation anomalies in the maintenance of the

annular mode anomalies.
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The model is based on the zonal-mean momentum budget (see equation 4.4):

dz __Z
el 6.4)
and the upper-level “wave activity” budget which is approximated here by the upper-level
enstrophy budget:
12 L)
%a[gt 1 __ [v'q']agzl —%a[gg ]—-[dissipation]. (6.5)
We then divide the potential vorticity flux into two parts:
19[g%] _ . . .91q] iy olgl 1olv'g?] .. .. .
TR -l 3y + [BaroclinicSource} 3y ~3 3y - [dissipation]. (6.6)
Equation 6.6 is approximated by:
da _ a
i m+b ey (6.7)

a

where a is a measure of the wave activity (for example a could be [¢'2]/(29{q],;,,” 9¥) )

m is the eddy momentum flux convergence (=[v'¢']), b is the baroclinic source and the
remaining two terms are together approximated by a relaxation to climatology. The system
given by equations 6.4 and 6.7 is closed by assuming a simple form for the momentum

forcing (m) and the baroclinic source (b):
m=r,—Cz+Cya, (6.8)
b = r,+c3z, (6.9)
where r,, and r,, represent noise forcing which is nearly white in time, and ¢, ¢; and ¢3

are positive “feedback” constants. It is important to note that z, a, m and b are time series
representing anomalies which have been projectéd on zonal wind anomaly patterns. Thus
equations 6.4, 6.7, 6.8 and 6.9 describe the evolution of anomalies collocated with zonal
wind anomalies. In addition, the simple model is intended to provide qualitative insight
into the dynamics, not a quantitative estimate of the strength of various feedbacks. Indeed,
we know that equation 6.7 is significantly less accurate than equation 6.4, which is in fact

a very good approximation to the observed momentum budget (see Chapter 4).
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The exact parameters for the simple model are given in appendix D. Figure 6.9
shows the auto- and cross-correlation statistics for the zonal-mean wind (z), the eddy forc-
ing (m), and the “wave activity” (a) for the simple stochastic model. The corresponding
statistics for the annular mode in the GCM are shown on the left. Since we are aiming for
qualitative correspondence, we simply use eddy kinetic energy as our measure of “wave
activity”.

The most important advantage of this particular second order model over the first
order model given by equations 4.4 and 4.5 is that we now can reproduce the negative
transient feature in the eddy forcing auto-correlation (Figure 6.9b compare with 6.92)
without having to explicitly incorporate this structure into the random noise forcing. This
feature is also reproduced in the z and m lag-correlation (Figure 6.9d compare with 6.9¢).
The 2onal wind (z) and “wave activity” (@) associated with the annular mode are basically
positively correlated, however, there is a peculiar dip in correlation at zero lag (Figure
6.9¢). This feature is also reproduced in the simple model (Figure 6.91). In addition, the
general structure of the “wave activity” (@) and eddy forcing () lag-correlation is also
reproduced.

We now interpret the simple model: the transient feature in the z and m lag-correla-
tion (Figure 6.9d) exists because a burst of positive (negative) eddy momentum forcing
(m) is accompanied by a divergence (convergence) of wave activity flux. The decrease
(increase) of wave activity (@) in turn decreases (increases) the eddy forcing (i) (equation
6.8). In addition, the burst of positive (negati;ve) eddy forcing () drives a zonal wind
anomaly (z) whose direct effect is to decrease (increase) the eddy forcing (m) (equation
6.8). While hints of the transient feature occur without including the latter effect of zon m,
the initial value experiments clearly indicate that the direct effect of z on m weakens the z
anomaly. In addition, the general form of the feedbacks in the simple model correctly
explains the fact that the transient feedback disappears when the sign of the “wave activ-
ity” index (a) is the same as the initial zonal wind anomaly (z) (see section 6.2.2).

The eventual positive long-term feedback arises because the baroclinic source (b)

supplies wave activity to the region of positive zonal wind anomalies. This source of wave
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Figure 6.9; Statistics for zonal-mean wind (), wave activity (2) and eddy forcing (m) for the GCM (left) and
the simple stocastic model (right).
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activity eventually overrides the direct effect of the zonal wind on the eddy forcing, which
is negative.

To model EOF2 we can change the “feedback” parameters to reduce the long-term
positive feedback in the z and m lag-correlation. The results of the previous section and of

Chapter 7 (see below) suggest that one should do this by increasing the strength of the
direct negative feedback on zon m (i.e. one should increase ¢, ). Modeling EOF2 in this
way is consistent with the idea mentioned previously that the changes in the baroclinic

source are necessary but not sufficient for a positive long-term feedback. Thus the differ-

ence between EOF1 and EOF2 does not depend on the strength of baroclinic source term
(i.e. c5) but on the strength of the negative feedback term ¢, which represents the effect

of the zonal-mean waveguide on the meridional propagation of wave activity.
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Chapter 7
Quasi-geostrophic model

The results of Chapter 6 suggest that changes in the source of wave activity consis-
- tent with a positive feedback are not unique to the leading EOF. Thus the difference
between the eddy momentum flux response to EOF1 and EOF2 must be attributable to
other factors. We will explore the difference in the eddy response further using a 2-layer
quasi-geostrophic model on a (3-plane (QG model). The relative simplicity of the QG
model will allow us to perform initial value experiments which allow greater understand-
ing of the dynamics. First we will confirm that the internal variability of the QG model is
similar to observations and the GCM.
7.1 Zonal-mean variability
7.1.1 Internal variability of the Control Run

The details about the forcing and setup of the QG model are given in Chapter 2.
Briefly, the 2-layer QG B-plane model is forced by heating which relaxes the thermal wind
to a Gaussian wind profile and by mechanical Rayleigh damping which relaxes the lower
layer wind to zero. The eddies that grow on this unstable wind profile concentrate the
zonal-mean flow into an eddy driven jet at the center of the baroclinic zone (Figure 7.1a).
The [«] anomalies associated with the leading EOFs of the vertical-average [«] are shown
in Figures 7.1b and 7.1c. Like the GCM, EOF1 represents changes in the jet latitude and
EOF2 represents a strengthening/sharpening of the jet in its positive phase and a weaken-

ing/broadening of the jet in its negative phase. Figure 7.2a shows the lag correlation

between the {([«]) PC and its eddy forcing (i.e. —d{[u'v'])/dy projected onto the EOF
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Figure 7.1: a} Time- and zonal-mean zonal wind for the upper and lower layer of the QG model. b} EOF1 of
the vertical- and zonal-mean zonal wind shown by regressing the daily zonal-mean zonal wind anomalies on
the normalized PC index. ¢) Same as b) but for EOF2.

pattern). Like the GCM, the long-term respohse to the EOF1 anomalies is positive and the
long-term response to EOF2 anomalies is zero (look at large positive lags). This is directly
related to the difference in the persistence of PC1 and PC2 (Figure 7.2b). For time lags
greater than 10 days, the auto-correlation for PC1 slowly decays to zero while the auto-

correlation for PC2 rapidly decays away.
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Figure 7.2: a) Lag-correlation between the zonal-mean zonal wind and its eddy forcing for PC1 (blue) and
PC2 (red), b) same as a) but for the zonal-mean zonal wind auto-correlation.
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7.1.2 Standard initial value branch runs

We also performed initial value experiments just like the GCM experiments in
chapter 6 on the QG model except that we run the branch runs out to 30 “days” instead of
20 days. Figure 7.4 shows the mean eddy response to an imposed [u] anomaly determined
from the initial value problems. The eddy response is calculated in the same way as in sec-
tion 6.2.1. For comparison, we also show the lag regression of the eddy fluxes on the PC
time series in the control run for positive lags (Figure 7.3). According to the discussion in
Chapter 4, the lag regression should also provide a good representation of the eddy
response to the [#] anomalies.

Comparing figures 7.3 and 7.4, we see that in general the plots are very similar in
both the location and amplitude of the eddy fluxes. For the lag regression plot of the eddy
momentum flux, it is important to remember that at very small lags (i.e. time lags of 0 to 1
days) the eddy momentum fluxes must be supporting the wind anomalies because the
wind anomalies are created by eddy momentum fluxes at negative lags and the eddy
momentum fluxes apparently have a small decorrelation time of a few days. Like the
GCM, we see that for both EOF1 and EOF2, there is a transient response when the eddy
momentum fluxes damp the wind anomalies (Figure 7.3be and 7.4be). After this transient
period, the eddy momentum flux response is quite different for EOF1 and EOF2: the
eddies reinforce the EOF1 wind anomalies (Figure 7.3b and 7.4b) but the eddies provide
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little forcing to the EOF2 wind anomalies (Figure 7.3e and 7.4¢€). As in the GCM experi-
ments, the presence (absence) of a strong transient response depends on whether anoma-
| lous wave activity exists in the region of easterly (westerly) wind anomalies (not shown).
The eddy temperature flux response shows increased (decreased) baroclinic wave
generation in anomalous westerlies (easterlies) soon after the onset of the [#] anomalies
(Figure 7.3cf and 7.4cf). Note that the initial amplitude of the temperature flux response is
about the same for both EOF1 and EOF2, but that the EOF2 temperature flux response is
less persistent than the EOF1 response presumably because the [#] anomalies are also less
persistent (see Figure 7.2b). The response of baroclinic wave generation to the [#] anoma-

lies suggests reinforcing eddy momentum fluxes later in the baroclinic life-cycle for both
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response to EOFs as determined from initial value problems
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Figure 7.4: Mean response to EOFs as determined from initial value experiments. a) Initial upper level [u]

anomaly for EOF1, b) Mean upper-level {u’v’] response to EOF1. ¢) Mean [T’v’] response to EOF1, d), e),

f) are the same as a), b), ¢) but for EOF2. The units are (nondimensional units)*1000.
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EOF1 and EOF2. As mentioned before, however, the reinforcing momentum fluxes are
only present for EOF1.

We have also run initial value experiments to test the linearity of the eddy response
to the amplitude of the imposed [u] anomalies. In these experiments, we initialized the
zonal-mean flow with EOF1 and EOF2 anomalies of exactly one half the amplitude of the
EQF1 and EOF2 anomalies in the original experiments. The response of the eddy fluxes in
these new experiments is practically identical to one half response in the original experi-
ments at all latitudes and time lags. Thus the eddy response appears to be linear in [u]
amplitude.
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Eddy response to "upper—level EOFs"
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Figure 7.5: Mean response io upper-level EOF1 anomalies and to standard EOF1 anomalies as determined
from initial value problems. Response is found by projecting the [T'v’] and eddy forcing anomalies on the
EOF1 patterns. a) [T'v’] response, b) eddy forcing response.

7.2 Effect of changes in zonal-mean baroclinicity
7.2.1 Upper-level initial value branch runs

Since the eddy temperature flux responses to EOF1 and EOF2 wind anomalies are
similar (in relation to the [#] anomalies) yet the eddy momentum flux response is so differ-
ent, it is not obvious that the anomalous eddy temperature fluxes are essential for the posi-
tive zonal-flow-eddy feedback for EOF1. To test the importance of the changes in the
baroclinic wave source on the positive feedback we perform the following initial value
experiment: for every day of the control run we run a branch run with composite EOF
zonal-mean zonal wind at the upper level just as before. At the lower level, on the other
hand, we initialize the zonal-mean wind with the climatology. Thus, we initialize the
zonal-mean [#] in the same way as before at the upper levels but now the change in baro-
clinicity is larger. We diagnose the eddy response to the EOF anomalies by projecting the
eddy “temperature” flux and the eddy momentum forcing on the EOF pattern. Consistent
with the larger baroclinicity change, we see a larger change in baroclinic wave generation
(Figure 7.5a). Moreover, the stronger baroclinic generation leads to stronger momentum
fluxes out of the region of wave generation (Figure 7.5b). In fact, even the upper-level
EOF?2 anomalies give rise to supporting eddy momentum fluxes although they are still
much smaller than EOF1 (not shown). Thus, it appears that the strength of the eddy tem-
perature flux response is directly related to the long-term eddy momentum flux response.

It is important to note that the prescribed vertical structure with zero [u] anomalies
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in the lower-layer is very short lived. The [«#] anomalies return to a more typical vertical
structure within a few days. Hence the difference between eddy temperature flux response
in the “upper-level EOF” case and the control is most pronounced at short time scales.
This pronounced difference at short time scales seems somewhat at odds with the differ-
ence in eddy forcing response, which is largest around 10 days. The upper-level eddy
kinetic energy anomaly, however, seems to persist longer than the eddy temperature flux
and thus helps account for the pronounced eddy forcing response at longer time scales.
7.2.2 Branch run with low-level baroclinicity fixed to climatology

To help confirm that changes in baroclinic wave generation are essential for the
positive feedback we perform an aiternative experiment: we run branch runs from the con-
trol run with the zonal-mean flow prescribed to evolve in exactly the same way as the con-
trol except for one difference: the eddies do not feel the low-level zonal-mean potential

vorticity gradient (d[g}/dy) of the control run, instead the eddies feel the climatological

low-level d]g]/dy. Thus the eddy evolution equation for the upper-level g' becomes:

! aq' .a[q] ol
%qg = - [u]conrr'd% i "'—ac;'ﬂ e (7.1)

and the eddy evolution equation for the lower-level ¢’ becomes:

aq' _ a_(_]_i .a[q]cﬁmatalogy
E = - [u]corm‘of ox -V ay Fo.e (7.2)

where the three dots denote the usual wave-wave interaction, forcing and dissipation
terms. Since the sign reversal of d[g]/dy is essential for baroclinic instability, this is like

fixing the low-level baroclinicity to climatology.1 The eddies are free to evolve on this pre-

scribed zonal-mean flow.

We then compare the normal lag regression between the {({u]) PC and the eddy
fluxes in the control run to the lag regression computed using the eddy fluxes in the branch

runs. The lag regression based on the branch runs for a time lag of +10 days is computed

1. The sign reversal of the low level dgl/dy depends on the strength of the thermal wind:
gl 8y = B =ty ([#)ypper— [#)1gy,)/ 2 . Hence, we refer to dlql/dy as the low-level barocli-
nicity.
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Lag-correlation when 'baroclinicity’ is fixed
a) EQF1, fixed baroclinigity b} EOF2, fixed baroclinicity
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Figure 7.6: a) The lag-correlation between PC1 and its eddy forcing for the control run (blue) and the lag
correlation between PC1 at the start of branch run and the eddy forcing with baroclinicity fixed to climatol-
ogy (red). b) Same as a) but for PC2.

as follows: we regress the value of the PC index at the start-up day with the eddy fluxes 10
days into the corresponding branch run. (Note that this only gives the lag regression at
positive lags.) When we look at the eddy temperature fluxes in the lag regression based on
the branch runs we see that the response is much smaller compared to the control (not
shown). The effect of this smaller baroclinic wave generation is clearly seen when we
compare the lag-correlation of between the ([«]) PC and its eddy forcing (Figure 7.6).
When the low-level baroclinicity is set to climatology, the eddy forcing for EOF1 is more
negative for all time lags and the long-term positive feedback for EOF1 is gone. Sirnilar
results hold for EOF2 except that (1) the difference between the branch run and the control
run is smaller compared to EQF1 for large lags (presumably because PC2 is much less
persistent than PC1) and (2) the long-term response is actually very slightly negative.
Since the upper-level [u] and [¢] are evolving in exactly the same way as the control run,
the difference between the control and the branch runs is entirely due to the low-level
zonal-mean “baroclinicity”. Thus, the changes in the low-level zonal-mean “baroclinicity”

are essential for the positive long-term zonal flow-eddy feedback for EOF1 A

1. We have confirmed that the average eddy statistics have changed very little after 30 days in these
branch runs. This is not true if similar experiments are performed but with the upper-level zonal-
mean fields fixed.
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index of refraction
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Figure 7.7: Upper-level refractive index for the positive (black) and negative (green) composites of EOF2. a)
zonal wavenumber 6, phase speed = 0.0. b) zonal wavenumber 7, phase speed = 0.15.

7.3 Index of Refraction diagnostics

In this section, we repeat the index refraction diagnostics of the GCM to show that
the QG model exhibits similar behavior. In addition, we will discuss the factors which
determine the shape of the refractive index.

The index of refraction is

d[gl/dy _ k2
{u]-c ’

where d[q)/dy is the upper-level potential vorticity (PV) gradient, [«] is the upper-level

(7.3)

zonal-mean zona) wind, c is the phase speed of the waves and k is the zonal wavenumber
of the waves. Waves tend to propagate toward high values of the refractive index which
implies a wave flux of momentum out of the regions of high values of refractive index.
Figure 7.7 shows the refractive index for both phases of EOF2 for several representative
values of phase speed (¢). The zonal wavenumber (k) does not directly effect the shape of
the refractive index profile but simply shifts the profile up or down. We use the phase
speed/zonal wavenumber spectrum of the upper-level momentum flux (e.g. Randel and
Held 1991) at the jet center to determine representative values of the zonal wavenumber
for each phase speed (not shown).

For each of the representative wave phase speeds shown (Figure 7.7), we see that
the weak/broad jet (i.e. negative phase of EOF2) has a refractive index profile which is
concave upward at the jet center while the strong/sharp jet (i.e. positive phase of EOF2)
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has a refractive index profile which is concave downward at the jet center. Thus waves
generated in the jet will have a greater tendency to leave the jet when the jet is weak and
broad than when it is strong and sharp (because waves tend to propagate toward higher
refractive index). Thus, the effect of EOF2 on the refractive index is of the correct sense to
counter the effect of the anomalous wave source on the wave momentum fiuxes. In sum-
mary, when PC2 is positive (negative) more (less) baroclinic wave activity is generated in
the jet. This wave generation would tend to reinforce EOF2 except that the waves are less
(more) likely to propagate out of the jet at upper levels when PC2 is positive (negative).
We will show experiments which demonstrate the sensitivity of the wave momentum
fluxes to the upper-level flow in a later section. First, we will discuss the factors that deter-
mine the shape of the refractive index.

For a westerly jet, the maximum upper-level zonal-mean PV gradient (d[g]/dy} and
zonal-mean zonal wind ([1]) are collocated at the jet center. Since d[g]/dy and [u] are on
opposite sides of the division in the refractive index (equation 7.3), they have opposite
effects on the propagation of wave activity. Since d{gl/dy is in the numerator, a stronger
d[g]/dy maximum means a stronger refractive index at the jet center relative to the jet
flanks which discourages wave propagation out of jet (unless [#] in denominator compen-
sates). Since [#] is in the denominator, a stronger [1) maximum means a weaker refractive
index at the jet center relative to the jet flanks which encourages waves to propagate out of
jet.

When c is larger (i.e. closer in magnitude to [u]) then fractional change of [#]-c
between jet center and the flanks is larger which means effect of [u]-c term is larger com-
pared to effect of d[g)/dy for these waves. Thus shorter waves (large c) tend to “feel” the
[] more than the d[g}/dy and thus tend to propagate out of the jet (i.e. shorter waves show
greater tendency to tilt with the zonal wind shear). As the wave scale increases (and ¢
therefore decreases) the d[g)/dy term starts to play a more important role in the shape of
the refractive index. For these larger waves, the jet can behave like a (somewhat leaky)
waveguide which traps waves in the jet.

Also the scale of the jet helps determine the importance of d[g]/dy relative to fu].
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response to Broad version of "EOFs"
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Figure 7.8: Same as 7.4 but for “Broad EOF1” (top row), “Broad EOF2” (middle row), and “Hybrid EOF2”
(bottom row).

Since d{q)/dy tends to enhance the smaller meridional scales compared to [«}, the impor-
tance of d[q)/dy relative to the [u] increases as jet scale decreases. In other words, a

sharper jet behaves more like a waveguide than a broader jet.
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It is important to note that the usefulness of the refractive index is limited to pro-
viding a qualitative sense of importance of the PV gradient relative to the zonal wind in
determining the propagation of wave activity. In the next section, we describe more con-
vincing numerical experiments which suggest that the strength of the PV front at the jet
center limits the positive eddy feedback for EOF2.

7.4 Effect of mean flow on upper-level wave propagation
7.4.1 Broad anomaly initial value problems

The discussion in the previous section suggests that zonal wind anomalies with
broader meridional scale than the observed EOFs might favor stronger momentum flux
convergence into the westerly anomalies. To test this idea, we repeat the initial value
experiments in section 3b but we initialize the branch runs with broader zonal wind anom-
alies. The meridional scale of the anomalies is increased by a factor of 1.5 relative to the
observed EOFs. The “broad EOFs” have the same relationship to the time-mean [u] as the
observed EOFs: EOF is a dipole with the node centered at the jet maximum and EOF2 is
a tripole with the middle anomaly centered at the jet maximum.

In contrast to the eddy forcing response to the observed EOFs, the transient eddy
forcing response to the broad [«] anomalies reinforces the zonal wind anomalies (Figure
7.8be). The refractive index profile of the “broad EOF2” clearly shows that the difference
between the positive and negative phase near the jet center is much reduced (compare Fig-
ure 7.9 with Figure 7.7) although the refractive index does not predict that the transient
response is now positive. Thus the refractive index correctly predicts that the waves will
show a greater tendency to tilt with the zonal wind shear for the “broad EOFs” compared
to the observed EOFs, although it does not predict the precise scale of the zonal wind pat-
tern where the transient response changes sign.

The long-term eddy forcing response to the broad [«] anomalies is significantly
larger compared to the observed EOFs (compare Figure 7.8 with Figure 7.4). In particular,
the eddy response to the “broad EOF2” reinforces the initial [«] anomalies on long time
scales (Figure 7.8¢). Unfortunately, the interpretation of this long-term eddy forcing

response in terms of upper-level wave propagation is clouded by the fact that the
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Figure 7.9: Same as 7.7 but for “Broad EOF2”.

baroclinic wave generation response is significantly larger for the broad («] anomalies
compared to the observed {x] anomalies.! Thus it is not clear whether the strong eddy
forcing response to the broad [#] anomalies is due to (1) a refractive index which is favor-
able for upper-level wave propagation or to (2) strong baroclinic wave generation anoma-
lies (Figure 7.8cf). In order to test the role of the baroclinic wave source, we repeat the
initial value experiments with the same “broad EOF2” [u] at the upper-level but with the
low-level [«] initialized such that the meridional temperature gradient is the same as the
observed EOF2. We denote this initial {i] profile as the “hybrid EOF2”. Note that the tran-
sient [«'v'] response to the “hybrid EOF2” is very similar to the transient response to the
original “broad EOF2” (compare Figure 7.8h with 7.8 at small times). On the other hand,
the strength of the eddy temperature flux response to the “hybrid EOF2” is much closer to
the observed EOF2 than to the “broad EOF2” (compare Figure 7.8i with Figure 7.4f and

Figure 7.8f). Similarly, the long-term {«'v'] response is much like the observed EOF2.
Thus, the transient [#'v'] response seems to be insensitive to the baroclinicity of the zonal-
mean flow, while the long-term [u'v'] response depends crucially on the changes in baro-
clinicity.

Because the long term [#'v'] response is weak for both the observed EOF2 and the

1. The large baroclinic wave generation response for the broad (1] anomalies is consistent with lin-
ear baroclinic instability theory. For a given zonal wavenumber, the fastest growing normal
modes have the largest meridional scale (e.g. Pedlosky 1987).
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Figure 7.10: a) Upper-level zonal wind for EOF1 (magenta), “Broad EOFL” (black) and *Broad EOF1” after
15 days of integration in branch run (green). b) Same as a) but for EOF2 and “Broad EOF2”. ¢) Same as a)
but for EOF2 and “hybrid EOF2”.

“hybrid EOF2”, one might be tempted to conclude that the upper-level refractive index has
relatively little impact on the long-term response. In particular, one might conclude that
broad [] anomalies do not encourage wave propagation out of anomalous westerlies.
When we look at the evolution of the upper-level [«], however, we see that 15 days after
initializing [#] with a broad anomaly the eddies have concentrated the anomaly to a merid-

ional scale similar to the observed EOFs (Figure 7.10). Note that in addition to the usual
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Compare eddy forcing EOFs to <[u]> EOFs
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Figure 7.11: The EQFs of the eddy forcing (black) and the vertical- and zonal-mean zonal wind (magenta).
a) EOF1, b) EOF2, :

decrease in the magnitude of the [«] anomaly, the scale of the [u] anomalies (as measured
by the distance between zero crossings) has decreased. This is especially true for the
“broad EQF1” and “hybrid EOF2” patterns (Figure 7.10ac). Because the eddies have con-
centrated the scale of the “hybrid EOF2” by the time the long-term response has begun, it
is not clear what effect the scale of [#] anomalies have on the long-term response. In the
next subsection, we design an experiment that more clearly demonstrates the important
role of the upper-level refractive index on the long-term response.

The above results suggest that the natural scale of the eddy momentum forcing is
significantly smaller than the broad [«] anomalies and that this may explain why the
“broad EOFs” are not observed despite the fact that the magnitude of the eddy forcing
response is larger than that for the observed EOFs. In fact, an EOF analysis of the eddy
forcing variability suggests that the scale of the eddy forcing is actually slightly smaller
than the {[«]) variability which it forces (Figure 7.1 1).! Thus, it appears that the eddies
try to concentrate the zonal-mean flow until zonal flow-eddy feedbacks become strong
enough to limit this concentration. These feedbacks which limit the scale of the jet are pre-

sumably related to the feedbacks which prevent the wave generation anomalies associated

. It is important to note that the EOFs of {[]) and its forcing are not necessarily the same.

Since ([#]) is an integrator of its forcing, {[#]) bighlights the low frequency variability of

the forcing. Also note that the scale of the eddy flux convergence is not necessarily related to the
scale of the eddies.
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with EOF2 from reinforcing EOF2 variability.
7.4.2 Initial value experiments with weak smoothing of upper-level PV

To explore the effects of the [u] anomalies on the long-term eddy response we need
experiments that are not simply initial value problems because the transient eddy response
modifies the initial [1] anomalies, The design of such an experiment is hampered by the
fact that the model evolution is particularly sensitive to the upper-level zonal-mean fiow.
For example, if we simply fix the upper-level zonal-mean flow then the mean eddy statis-
tics change drastically over the course of a branch run. This is not true if we fix the low-
level digl/dy as in section 4b, Thus in order to test the effect of the upper-level zonal-mean
state on the eddies, we need to alter the upper-level zonal-mean in a more subtle way. We
want to avoid making large changes to the mean eddy statistics so that our conclusions are
also relevant to the internal variability of the control run. In summary, we must do some-
thing more intrusive than letting the model simply evolve freely from prescribed zonal-
mean initial conditions, but less intrusive than strongly relaxing or locking the zonal-mean
flow to a particular state.

A way to alter the zonal-mean state in the model is suggested by the index of
refraction diagnostics. During the positive phase of EOF2 the jet behaves like a waveguide
because the upper-level d{gl/dy profile is too sharp compared to the [u]-c profile. This
sharp d[g]/dy inhibits the meridional propagation of wave activity and offsets the anoma-
lously strong wave generation during the positive phase of EOF2. To test this idea, we

apply a weak smoother in the y-direction to the upper-level d[gl/dy when calculating the

evolution of the eddies. Thus the usual eddy evolution equation for the upper-level ¢':

o¢ _ .99 _oig]l d(u'q)_ d(('g)~[vql)
3 = [u] 3 v 3y T 3y + et (7.4)
where the three dots denote the usual forcing and dissipation terms, becomes:
% _ [“]%5 B v.a[q]smoorh 3 di'q) d((vq)-1V'q']) . 1.5)

dy ox ay
We apply the smoothing at every time step of a branch experiment.The equation for the

zonal-mean g is unchanged. The experiments are initialized with either the positive phase
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Table 7.1: Smoothed [g] experiments

initial # of
Experiment | zonal-mean | smoothing
state applications
1 + EOF1 1
2 +EOF1 2
3 + EOF2 1
4 + EOF2 2

of EOF1 or the positive phase of EOF2. To smooth the d{g}/dy we apply a 1-2-1 grid point
smoother either once or twice (i.e. g0 (¥) = (g(y +3) +2- g(y) + g(y —8))/4 for

one application of the smoother, where 0 is the grid spacing). We run four initial value

branch run experiments (Table 7.1). Two applications of the smoothing of dg}/dy makes

the positive EOF2 index of refraction profile slightly less concave downward at the jet

center (Figure 7.12). The change in the refractive index seems quite small yet this change
smooth upper—level d{ql/dy twice

a) ¢=0.0, wovefb b) ¢ = 0.15, wave#7
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Figure 7.12; Upper-level refractive index for the positive composite of EOF2 (black) and the positive com-
posite of EQOF2 after [g] has been smoothed twice by the 1-2-1 grid point smoother (green). a) zonal wave-
number 6, phase speed = 0.0. b) zonal wavenumber 7, phase speed = 0.15.

has a strong effect on the {i'v'] response. The effect of the d[g]/dy smoothing on the
eddies is diagnosed by projecting the anomalous eddy fields on the initial [u] anomalies.!

Figure 7.13 compares the eddy forcing and eddy temperature flux response to the EOFs

1. The anomalous eddy fields are anomalies from the climatology of the control run.
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Eddy response when [q] is smoothed
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Figure 7.13: Mean response to EOF anomalies as determined from initial value problems for the standard
case (black) and for the case where [g] is smoothed once (blue) or twice (red). The response is found by pro-
jecting the [T°v’] and eddy forcing anomalies on the EOF patterns. a) eddy forcing response to EQF1, b)
[T’v’] response to EOF1, c} eddy forcing response to EOF2, d) [T"v'] response to EOF2.

for the standard branch run experiments (section 7.1.2, here designated as the “control™)
and the branch runs with weak smoothing of the upper-level d[g]/dy. The smoothing of
dig]/dy weakens and even reverses the transient eddy forcing response for both EOF1 and
BEOF?2 (Figure 7.13ac). This is consistent with the “broad EOF” and “hybrid EOF” experi-
ments which show that the sign of the transient response reverses for broad anomalies
regardless of their position relative to the time mean jet. For the long-term response, on the
other hand, the smoothing of d{g]/dy has a much stronger effect on EOF2 compared to
EOF1. The dependence of the long-term EOF2 response to the weak smoothing of [g]
demonstrates the sensitive dependence of wave momentum fluxes to the sharpness of the
upper-level PV front. In addition, the reinforcing eddy momentum fluxes increase the per-
sistence of the EOF2 anomalies which in turn increases the persistence of the eddy tem-
perature fluxes (Figure 7.13d).

In summary, the smoothing of upper-level [¢] has allowed the anomalous wave
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generation anomalies associated with EOF2 to give rise supporting momentum fluxes.
With the smoothed [g], the strength of the EOF2 eddy forcing anomalies relative to the
temperature flux is now more in line with EOF1.

7.4.3 Effect of smoothing on other zonal-mean fields

‘We also ran branch runs with smoothing applied to the zonal-mean [g] at the lower
level and with smoothing applied to the zonal-mean [«] at either the upper or lower level.
We found that the model is most sensitive to the smoothing of the upper-level [g] followed
by upper-level {z], lower-level [¢] and finally by lower-level [¢]. The model response to
smoothing the upper-level [«] has implications on another possible mechanism which
might limit the eddy momentum forcing response to EOF2. We describe this mechanism
as it relates to the positive phase of EOF2: when the jet is strong and sharp, a wave’s criti-
cal level on the flanks of the jet moves meridionally toward the jet center. If the movement
of the critical level causes the region of wave breaking to overlap meridionally with the
region of wave generation, then the wave momentum forcing will decrease, resulting ina
negative feedback. The effect of this negative feedback is enhanced if the wave’s phase
speed increases for a stronger, sharper jet because the latitude of the wave’s critical level
becomes even closer to the jet center (and the region of wave generation).

The critical-level mechanism described in the previous paragraph implies that the
smoothing of the upper-level {«] will allow wave activity to propagate farther from its
source, increasing the strength of the jet. The observed response is in fact the opposite: the
smoothing of [#]} weakens and broadens the jet. The sign of this result is consistent with
the mechanism described in the previous section which relates to the index of refraction
(see also the discussion in 7.3). Thus it appears that dynamics relating to the ability of
wave activity to leave the sharp PV front at the jet center are more important than critical
level dynamics in determining the eddy response to the internal modes of variability.

After 15 “days”, the amplitude of the smoothed upper-level [i] response is about
45% of the smoothed upper-level [g] response and is the opposite sign. The amplitude of
the smoothed lower-level [«] response is about 14% of the smoothed upper-level [g]

response and is the opposite sign. The smoothing of the lower-level [g] has a small effect



on the model after 15 “days” (3%).

73



74

Chapter 8
Conclusions

This dissertation has shown that one zonally symmetric pattern of variability
stands out above other patterns because of a positive feedback between the zonal-mean
anomalies and the eddy momentum fluxes. This leading pattern of variability is the annu-
lar mode. In other words, one can think of “stochastic” eddy momentum fluxes as driving
a range of zonally symmetric patterns equally. The annular mode stands out because the
eddies reinforce the annular mode, making it the least damped mode of variability.

The annular mode represents north/south shifts in the mid-latitude jet. The shiftsin
the mid-latitude jet are maintained primarily by the synoptic-scale baroclinic waves by the
following mechanism: above normal baroclinic wave activity is generated in the region of
enhanced baroclinicity which is collocated with the region of westerly wind anomalies.
This anomalous wave generation leads to the anomalous radiation of wave activity at
upper levels from the westerly wind anomalies. Since meridional propagation of wave
activity is associated with westerly momentum fluxes into the wave source region, this
propagation of wave activity reinforces the westerly wind anomalies. Furthermore, the
tendency of the baroclinic waves to reduce the baroclinicity of the westerlies is countered
by the wave induced mean-meridional circulation as long as some of the wave activity
leaves its source region at upper levels (Robinson 2000). In other words, the anomalous
baroclinic westerlies are self-maintaining provided that the waves propagate meridionally
out of their source region.

At first sight, this positive feedback mechanism would also appear to work for
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EOF?2 of zonal-mean variability, which represents a strengthening/sharpening versus a
weakening/broadening of the jet. Indeed, anomalously strong baroclinic wave activity is
also generated in the enhanced westerlies for EOF2. This anomalous wave source, how-
ever, is offset by the effect of upper level PV gradients on the propagation of wave activity.
A stronger/sharper (weaker/broader) jet is a stronger (weaker) waveguide which inhibits
(enhances) the meridional propagation of wave activity. Thus the difference between
EOF1 and EOF? arises because EOF2 is in phase with the jet and thus represents changes
in the sirength of the waveguide. EOF1, on the other hand, simply describes a meridional
shift in the waveguide and presumably can be maintained by the eddies, provided the baro-
clinic zone is sufficiently wide. |

This dissertation has also established that the response of the eddies to the rapid
onset of annular mode anomalies is #ot monotonic. Instead, a transient period of negative
eddy forcing is followed, after several days, by a period of long-term reinforcement by the
eddies. The results here suggest that a baroclinic mid-latitude jet, that organizes its own
wave momentum forcing, is quite sharp. Given a uniform wave activity distribution, a
sharp jet will tend to attract wave activity resulting in a negative momentum forcing. The
positive response to the changes in the annular mode follows only after baroclinic instabil-
ity has had time to establish positive wave activity anomalies in the region of westerly
anomalies.

The results in this dissertation relate to a fundamental problem in geophysical fluid
dynamics regarding the meridional scale of eddy-driven jets. The focus of this disserta-
tion, however, differs from previous studies (e.g. Held and Larichev 1996) in at least two
important respects. In this study, no attempt is made to predict the jet scale a priori,
instead we are concerned with the dynamical processes which limit the jet scale once the
flow has settled into a statistically steady state. In addition, because of momentum con-
traints, we are less interested in changes in jet scale alone than with changes in both the jet
strength and scale together. Our results suggest that the eddy momentum fluxes strengthen
and concentrate the flow until the strength of the upper-level PV front limits the meridi-

onal propagation of the eddies (and therefore the eddy momentum fluxes). The processes
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which maintain the above balance act on relatively fast time scales compared to the pro-
cesses which determine the jet position. Also, the index of refraction diagnostics suggest

that the longer waves will tend to limit the degree of flow concentration before the shorter
waves,
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Appendix A
Estimation of T

Let Z and M be the Fourier transform of z and m, respectively. If equation 4.4 holds
then the ratio of the cross spectrum to the z power spectrum (the transfer function from Z
to M) is given by:
ZM” _ 1, o, (A1)
zZZv T
where * denotes the complex conjugate. The observed real and imaginary part of the trans-

fer function is plotted in Figure 3a. Like (A1) the imaginary part is linear in frequency and
the real part is nearly constant for very low frequencies (at higher frequencies the imagi-
nary part dominates so that the noise in the real part at higher frequencies is not impor-

tant). We fit the observed transfer function to:
ZM*
/A
Since the modeled feedback is proportional to z, the changes in Z and M caused by the

= o+ ifo. (A2)

feedback are significant at very low frequencies only. Therefore, in order to best estimate

the change due to the feedback, we fit the transfer function to o+iw for low frequencies

(<0.025 days'l) and not the entire frequency domain. Since we are only interested in the
changes in Z and M relative to observed, we can divide (A2) by B and absorb the factor B
into M. Thus the value for 1 is /o (=8.9 days for the Southern Hemisphere and 7.2 days
for the Northern Hemisphere).
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Appendix B
Statistical Significance of Lag Correlation

To assess the statistical significance in figure 4.3, we perform a Monte Carlo simu-
lation to test following null-Hypothesis: the cross-correlation is zero for large positive
lags. To perform this test, we generate a random m data set using a moving average model
(see von Storch and Zwiers 1999). The generated data set has the same auto-correlation as
the real m up to lag 6 and then is exactly zero afterwards (this is the same point where the
real m auto-correlation appears to be negligible). Thus the generated m has no long-term
memory, which is equivalent to the absence of a feedback. We then generate a very large
data set using equation 4.4 to find the corresponding z. Next, we calculate 1000 indepen-
dent cross-correlations using chunks of z and m that are as long as observed data record
and find the standard deviation of the sample cross-correlations at large pdsitive lags. The

standard deviation determines the 95% significance level assuming the distribution is nor-

mal.
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Appendix C
Feedback Calculations

To estimate the strength of the feedback, we must find the cross covariance
between z and / from the cross covariance of z and m using (2), (3) and (4). First we take

the Fourier transform of (2), (3) and (4) and rearrange to get

M = (' +in)Z, (C.1
M= M+bZ, (C.2)
M= (tT!'+in)Z, (C.3)

where a capital letter denotes the Fourier transform of the corresponding lower case vari-
able. Dividing (C1) by (C3) gives
M
M

(C4)

N{IN

Substitute (C2) into (C1) and rearranging implies # = (17! - b+ i®)Z = (671 + i) Z,

where 6! is defined tobe 7! - b (1/1 > b >0). Dividing this result by (C3) and rear-

ranging gives
ol+im

Z=""
T +i1

Z. (C.5)

The same relation holds between M and M because of (C4):
ol+in
liio

M = M. (C.6)

The cross covariance between z and 7z (=c;;(¢)) is the inverse Fourier transform

of the cross spectrum:
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c;(t) = I:o?,(s)ﬁi(s+t)ds = %—tfmzﬁz(ai)ﬁ(w)efm’d(n. (C.7

Substituting (C5) and (C6) into (C7) implies
1 o2+0?
270 T2 + 2

%

czalt) = .Z Me®'dw. (C.8)

Using the relationship zinr F#(0)G(w)e'dw = r f(s)g(s + t)ds from Fourier the-

G2 + @?

ory (this is the same as (C7) for general functions fand g) with F*(®) = P and
T2+
G(w) = Z¥M gives
T
e = | (8(5‘) - (- G“z)exp(-lsl/'r))cm(s +1)ds, (C9)

where 8(s) is the Dirac delta function and we used the fact that ¢, (¢} is the inverse Fou-

rier transform of Z*M. Evaluating the first part of (C9) and performing a change of vari-

ables on the second gives
can() = () —b(1-b1/2)[ exp(-lt - 5|/ T)c,,(s)ds, (C.10)

where we used the fact that 6! =1~} — b. To relate the cross correlation with and without
the feedback note that ¢, (1) = (c,.(0)c,,,,(0))!1/2¢_,(1), where ¢, (¢) is the cross-cor-

relation, ¢, (0) is the total variance of z, etc. Thus (C10) becomes

A _ czz(o)cmm(o) 172 P | ~
Ezp(8) = (m) (cm(r) -b(1- bT/Z)fw exp (-t - sl/’t)czm(s)ds)

(C.11)

The relationship between the variance of Z and z and between the variance of m and m is
easy to find from the above results because (C5) and (C6) are the same form. Thus (C10)

also holds for c_.(#) and c,,,(#) . For zero lag this implies
c::(0) = c_(0)-b(1 - b’t/2)r exp (-l /), (s)ds, (C.12)

i) = Cp(0) = b(1=bT/D)[_exp(-Isl/T)c,p(5)ds - (C.13)
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For the results in this paper, (C10) is used to find the value of b that minimizes the mean
square covariance at lags greater than 7 days for c;;(¢) . Then (C12) and (C13) are used to

find the ratio of total variance between the observed and ‘no feedback’ case. With this
information, (C1!) can be used to find the cross-correlation ‘without the feedback’. The
integrals are evaluated from -30 to 30 days with daily resolution using Simpson’s rule.

The power spectra for Z and m are easily found from the power spectra of z and m
using (C5) and (C6):

- ~2 2
AR A (C.14)
T2 + @?

- -2 2
MM = "2—“”2MM*. (C.15)
T4+
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Appendix D

Simple model parameters and solution
We repeat the simple model below:

dz z

a = m—%, (D.l)
da _ a
i m+b % (D.2)
m=r,—CZ+cCya, (D.3)
b = rb+C3Z. (D'4)

The auto-correlation of the noise forcing (#,, and r,) is one at lag zero and 0.5 at lag =

+1 day and zero elsewhere. Hence the ncise as a small but finite memory. The two noise

time series are uncorrelated with each other and the amplitude of the noise is 1.0 for r,,

and 0.77 for r,, . The values for the “feedback” constants ¢, ¢, and ¢; are 0.09,0.20 and

0.14 respectively. We take 7 to be the same as that in the GCM momenturn budget (=11.0
days) and 1, = 7.7 days. The system of four equations above is solved by substituting D.3
and D.4 into D.1 and D.2. This two dimensional problem is then solved in Fourier space
yielding formulas for Z(®) and A(®) in terms of the noise forcing (capital letters denote
Fourier transforms of the corresponding lower case time series). The eddy forcing is found
from the zona! wind using the relation M = (1/7 + i®w)Z. The auto- and cross-covari-

ance can be found from the power and cross spectra using the relation
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f; F(5)g(s +)ds = %I E,, FH()G(0)e dw, D.5)

where * denotes complex conjugate.
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