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ABSTRACT

The atmospheric dynamical processes associated with intraseasonal length-of-day (LOD) variability during
the austral winter are examined with National Centers for Environmental Prediction—National Center for At-
mospheric Research reanalysis and outgoing longwave radiation (OLR) data. The method adopted is to regress
the relevant fields against the LOD tendency. All quantities in this study are bandpassed through a 30—70-day
filter.

The findings from an analysis of the OLR and 200-mb eddy streamfunction fields are consistent with the idea
that large intraseasonal LOD fluctuations coincide with an active Madden—Julian oscillation (MJO). Further
analysis suggests that the eddy response to the MJO heating drives both an anomalous meridional circulation
that excites the anomalous global friction torque, and an eddy field that has the appropriate location relative to
the topography for generating the anomal ous global mountain torque. These results were obtained by calculating
regressions of the anomalous eddy angular momentum flux convergence, mass streamfunction, surface stress,
and surface pressure fields, and each term in the lowest sigma level relative angular momentum budget.

The anomalous global friction and mountain torques are found to be of similar magnitude, with the former
leading the latter by eight days. The largest contribution toward the anomalous global friction (mountain) torque
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The Atmospheric Dynamics of Intraseasonal Length-of-Day Fluctuations during the

comes from Australia and the surrounding ocean (the Andes).

1. Introduction

Intraseasonal length-of-day (LOD) and atmospheric
angular momentum (AAM) fluctuations have been a
subject of increasing interest during the past 15 years.
Interest in this subject has in large part been motivated
by the highly accurate space-based geodetic measure-
ments of the LOD and the increasingly accurate global
atmospheric observations (Rosen 1993). Both sets of
measurements revealed large contemporaneous corre-
lations between globally integrated AAM (GAAM) and
LOD on timescales less than 10 yr (e.g., Hide et al.
1980; Langley et al. 1981; Rosen and Salstein 1983;
Hide and Dickey 1991). Such behavior, together with
the observed amplitude of the LOD and GAAM chang-
es, indicates that the exchange of angular momentum
between the atmosphere and solid earth does not involve
significant changes in the oceanic angular momentum.
Furthermore, many studies have found statistically sig-
nificant intraseasona fluctuations in both LOD and
GAAM with a period of approximately 50 days (e.g.,
Langley et al. 1981; Rosen and Salstein 1983; Lau et
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al. 1989; Dickey et al. 1991; Magana 1993), a period
that overlaps with the tropical Madden—Julian oscilla-
tion (MJO; Madden and Julian 1971, 1972). More re-
cently, several studies have verified that the large in-
traseasonal LOD and GAAM fluctuations do indeed
overlap with periods of active MJOs (e.g., Weickmann
et al. 1992; Magana 1993; Weickmann and Sardesh-
mukh 1994; Hendon 1995).

Most of the earliest LOD-AAM studies emphasized
the spatial and temporal characteristicsof the AAM field
itself (e.g., Anderson and Rosen 1983; Rosen and Sal-
stein 1983). However, within the past several years, re-
searchers have broadened their investigation to include
an examination of the quantities that drive the LOD-
AAM fluctuations, that is, the friction and mountain
torques, in addition to the atmospheric variablesthat are
suspected of generating these torques. This approach
includes both observational studies (e.g., Kang and Lau
1990; Weickmann et al. 1992; Ponte and Rosen 1993;
Weickmann and Sardeshmukh 1994; Hendon 1995;
Madden and Speth 1995; Weickmann et al. 1997) and
also those with idealized numerical models (Itoh 1994)
and GCMs (Feldstein and Lee 1995). However, most of
these studies either use data that span the entire year,
or restrict examination to the the boreal winter. As a
result, there has been little attention focused on the
LOD-AAM fluctuations of the austral winter.
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Two studies that do examine austral winter intrasea-
sonal GAAM fluctuations are Kang and Lau (1990) and
Weickmann et al. (1992). They find that the intrasea-
sonal GAAM fluctuations are associated with friction
torquesin the central tropical Pacific Ocean. Weickmann
et al. (1992) also estimate the globally integrated friction
torque and find a temporal in-phase relationship with
the GAAM tendency. These results indicate that unless
the globally integrated mountain torque isin phase with
globally integrated friction torque, the globally inte-
grated mountain torque must be relatively small during
large austral winter intraseasonal LOD-GAAM fluctu-
ations. However, as observed values of the surface stress
were not readily available at the time of these studies,
the authors resorted to inferring the surface stress field,
and hence the friction torque, from the observed 850-
mb wind field. More recently, these estimates of the
friction torque have come into question, as Itoh (1994)
presented results showing that the use of the 850-mb
winds for estimating the friction torque leads to alarge
overestimation within the Tropics.

The above studies clearly reveal that many of the
basic features of austral winter intraseasonal LOD-
GAAM fluctuations have yet to be documented. Noting
the above problem of estimating the tropical friction
torque with the 850-mb winds, important issues that
need to be addressed for the austral winter include 1)
the relative role of the friction and mountain torques
and 2) the geographical locations that account for the
largest contribution to these torques. A more interesting
challenge, however, is to explain the underlying atmo-
spheric dynamical processes that determine these
torques. Although more definitive statements on these
dynamical processes require the use of simplified mod-
els, much can be learned about these dynamical pro-
cesses with an appropriate selection of diagnostic tech-
niques applied to observational data. In this study, we
follow the latter approach to address issues such as
whether convectively driven Rossby waves excite the
torques and whether the anomalous friction torque is
forced by an eddy-driven meridional circulation. For
this purpose, the National Centers for Environmental
Prediction—National Center for Atmospheric Research
(NCEP-NCAR) reanalysis dataset is used. One partic-
ular advantage to this dataset is that the daily surface
stress field is provided.

The data and methodology are presented in section
2. This is followed in section 3 by a detailed docu-
mentation of the friction and mountain torques. Section
4 presents the results of a diagnostic analysis of the
outgoing longwave radiation (OLR), eddy streamfunc-
tion, mass streamfunction, and surface pressure. The
conclusions are presented in section 5.

2. Data and methodology

Most fields to be presented in this study are derived
from daily (0000 UTC) NCEP-NCAR reanalysis data
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extending from 1 January 1979 to 31 December 1995.
This includes the friction and mountain torques, eddy
AAM flux convergence, 200-mb streamfunction, sur-
face pressure, and mass streamfunction. Additional
quantities utilized are the LOD timeseries, which was
kindly provided by P. Nelson of Atmospheric and En-
vironmental Research, Inc.; and OLR, which is pro-
duced by the National Oceanic and Atmospheric Ad-
ministration. The latter quantity is used as a proxy mea-
surement for convection within the Tropics. As stated
in the previous section, this investigation of intrasea-
sonal LOD-GAAM variability is being applied to the
austral winter, which we define as the months of May
through September.

The zonally and vertically integrally absolute an-
gular momentum M(#, t) can be defined in sigma co-
ordinates as

2 27 1
M(6, 1) = % f f p.(u+ Qacosh) cogb dordr, (1)
(o] 0

where u and p, denote the zonal wind and surface pres-
sure, respectively; o, A, and 6 the vertical, longitudinal,
and latitudinal coordinates; t time; a the earth’s radius;
Q) the earth’s angular velocity; and g the gravitational
acceleration. The corresponding equation for the con-
servation of M(#6, t) can be written as

oM 1 N
— = - 9 (Pspv COSH a cosf do dA
ot acosd J, J, 90 g

+ T+ Ty + Tg, (2

where © = (u + Qa cosf)a cosh, v is the meridiona
wind, T; the friction torque, T,, the mountain torque,
and T the gravity wave drag torque, which is included
in (2) for completeness. (Note, however, that T, asso-
ciated with the intraseasonal LOD-GAAM fluctuations
is found to be substantially smaller than the other
torques, so we will not consider it further in this study.)
This equation relates the absolute angular momentum
tendency to the absolute angular momentum flux con-
vergence and the sum of the three torques. The friction
and mountain torques can be expressed as

Tw

2 8h
—a? cos’h J ps— dA;
o oX

Te

2
a2 cos?6 f (7,),—y dA, (3)
0

where h is the topographic height, x is the zonal length
coordinate, and the sign of the surface stress (7,),_, is
defined to be positive when there is atransfer of angular
momentum from the solid earth to the atmosphere. The
calculations of these torques are straightforward, as the
p., h, and (7,),_, fields are included within the NCEP-
NCAR reanalysis dataset. A straightforward latitudinal
integration of (2) yields
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The relationship between the LOD tendency and the
torques can then be easily determined with thefollowing
relationship: 6(LOD) = 1.68 X 10-2° §(GAAM) (Rosen
and Salstein 1983). The units for GAAM are kg m? s—*
and for LOD, s.

As discussed above, we will also analyze the eddy
AAM flux convergence and the mass streamfunction. The
eddy AAM flux isdefined as[u* (p.v)*], wherethe square
brackets denote azonal mean, and the asterisk adeviation
from the zonal mean. The mass streamfunction is ob-
tained from the zonaly averaged v by verticaly inte-
grating the zonally averaged continuity equation down-
ward from the reanalysis model’s top sigma level [this
technique is described in Peixoto and Oort (1992)].

With the exception of the mountain torque and OLR,
all other quantities are generated from data at rhom-
boidal-30 horizontal resolution. As the mountain torque
is found to exhibit some sensitivity to the horizontal
resolution, we have retained the reanalysis model’s orig-
inal triangular-62 horizontal resolution for both the sur-
face pressure and the topographic height fields. The re-
duction in resolution from triangular 62 to rhomboidal
30 for the other quantities was done to save computer
storage. For the zonal mean quantities examined in this
study, such resolution changes are expected to be in-
consequential. Various tests with limited amounts of
data verify thisto be the case. The OLR hasaresolution
of 2.5° longitude by 2.5° latitude. With regard to the
vertical resolution, all 28 of the reanalysis model’s sig-
ma levels are used for calculating M(6, t) and the ab-
solute angular momentum flux convergence. These lev-
els range from o = 0.995 to o = 0.0027.

All quantities to be presented in this study are gen-
erated by first applying a 30—70-day bandpass Fourier
filter followed by alinear regression against the 30—70-
day bandpass LOD tendency. A 30—70-day filter is se-
lected in order to encompass the periods associated with
the MJO. [Not surprisingly, given the large correlation
between the LOD and GAAM time series, essentially
identical results to those presented in this study are ob-
tained if the regression is performed against the 30—70-
day bandpass GAAM tendency. For this set of calcu-
lations, the AAM was determined following the pro-
cedure in Feldstein (1998).] In the regression equation,
the amplitude of the LOD tendency anomaly is always
specified as one standard deviation.

Statistical significance is determined from the cross-
correlation fields, with the number of degrees of free-
dom (NDOF) being estimated with the procedure of
Davis (1976), that is,

NDOF = Nét/r, ®)
7= > C(kdt)C,(kdt)at, (6)

—7l2

where N is the number of days in the time series; ét is
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Fic. 1. The anomalous global friction torque (long dashed line),
anomalous global mountain torque (short dashed line), and the anom-
alous LOD (solid line) regressed against the LOD tendency. The
torques (LOD) are divided (multiplied) by 1.0 X 10 kg m? s~2 (50
ms).

the time interval between adjacent values, that is, one
day; and C, and C, are the autocorrelations of the LOD
tendency and the regressed field, respectively. For most
fields and at most latitudes, it is found that NDOF is
well in excess of 200.

3. Documentation of the torques

We first examine the temporal evolution of the anom-
alous global friction and mountain torques and the
anomalous LOD, by regressing these quantities against
the LOD tendency (Fig. 1). The key features seen are
that the maximum values of the two torques are about
equal and that the anomalous friction torque leads the
anomalous mountain torque by approximately eight
days. A similar phase lag is found in most studies of
intraseasonal LOD-GAAM variability, both when data
from the entire year are used (Hendon 1995) and when
the data are limited to the boreal winter (Weickmann
and Sardeshmukh 1994; Madden and Speth 1995;
Weickmann et al. 1997).

Before examining the temporal and spatial properties
of the anomalous global friction and mountain torques,
we examine the extent to which the angular momentum
budget is balanced at each latitude. Figure 2a shows
both the observed AAM tendency (contours) and the
predicted AAM tendency (shading) as determined from
the sum of each of the terms on the right-hand side (rhs)
of (2). The difference between these two quantities is
indicated in Fig. 2b. As can be seen, the budget is rea-
sonably well balanced at most latitudes, particularly in
the Southern Hemisphere where the torques are largest
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FiG. 2. (a) The observed anomalous AAM tendency (contours) and the predicted anomalous AAM tendency
(shading) and (b) the difference between the observed and predicted AAM tendencies. The contour interval
is 1.0 X 10% kg m? s~2. Shaded values exceed a magnitude of 1.0 X 10" kg m? s~2, with dark (light) shading

denoting positive (negative) values.

(Fig. 3). Interestingly, the balance is weakest near the
equator and in the Northern Hemisphere Tropics, the
range of latitudes where the OLR anomalies is greatest
(Fig. 6). A similar relationship between the latitude of
the maximum OL R anomalies and the degree of angular
momentum balance can also be seen in the boreal winter
LOD-GAAM study of Weickmann et al. (1997, cf. their
Fig. 9).

A decomposition of the two torques into functions of
lag and latitude is shown in Fig. 3. Contours illustrate
the value of the torque and stippling denotes val ues that
exceed the 95% confidence level. It can be seen that the
largest anomalous friction and mountain torques both
occur within the subtropics and midlatitudes of the
Southern Hemisphere. However, fairly substantial
anomalous friction and mountain torques do extend into
high latitudes. The most striking of these high-latitude

anomalous torques is the large mountain torque that
reaches Antarctica at 80°S.

We next examine the particul ar geographical locations
that are the dominant contributors toward the anomal ous
torques. This is performed for the friction torque by
illustrating the anomalous (7,),_, c0s?6 as a function
of longitude and latitude at lag —6 (when the anomal ous
global friction torque is largest) and lag +2 days (see
Fig. 4). As can be seen, the main contribution to the
anomalous global friction torque comes from southeast
Asiaand Australia, and from the subtropical Indian and
west Pacific Oceans.

We next address the question of whether it isthe land
or ocean contribution that dominates the anomalous
global friction torque. The motivation for this question,
as discussed in the introduction, arises from the obser-
vation of the large contemporaneous correlation be-
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Fic. 3. (8) The anomalous zonal mean friction torque and (b) the anomalous zonal mean mountain torque
regressed against the LOD tendency. The contour interval is 3.0 X 10*” kg m? s2. Solid contours are positive,
dashed contours negative, and the zero contour is omitted. Shaded values exceed the 95% confidence level,
with dark (light) shading denoting positive (negative) t values.

tween the LOD and GAAM time series. This implies
that if the oceanic friction torque is large, then most of
the angular momentum exchanged between the atmo-
sphere and ocean must be rapidly transfered to the solid
earth [using a barotropic ocean model, Ponte (1990)
proposes that this rapid angular momentum transfer can
be accomplished by barotropic Kelvin waves]. A cal-
culation of the separate land and ocean contributions to
the anomalous global friction torque does indeed verify
that the ocean torque dominates at most lags. For ex-
ample, at lag —6 days, the ratio of the ocean to land
friction torque is found to be 3.1, and at lag +2 days
this ratio equals 1.5.

The boreal winter LOD-GAAM study of Weickmann
et a. (1997) aso finds that the dominant anomalous
surface stresses occur over water. However, compared
with the present study, there are important differences

in the regions that are the primary contributors to the
anomalous global friction torque. Although the tropical
Pacific Ocean is important during both seasons, during
the austral winter, the subtropical Indian Ocean aso
plays an important role, and during the boreal winter,
it isthe north Atlantic Ocean that also has alarge anom-
alous friction torque. As there must be arapid exchange
of angular momentum between the ocean and solid earth
during both seasons, these seasonal differences in the
geographical locations of the ocean frictiontorqueimply
that there must be corresponding seasonal differences
in the oceanic dynamical processes that account for this
angular momentum exchange.

A similar analysis is performed for the anomalous
mountain torque, shown as p(oh/ox) cos?6 (Fig. 5). We
first examine this quantity at lag +4 days, the time of
the maximum anomalous global mountain torque (see



3048

JOURNAL OF THE ATMOSPHERIC SCIENCES

VOLUME 56

T T T T T T T 1T

T

T T T T

120°E

160°E

160°W  120°W

T T T T T T T T T T T 1T T

120°E

80°E

1680°E

180°W  120°W 80°W 40°W o’

FiG. 4. Theregression of the anomalous surface stress(r,),_, cos?6 asafunction of longitude
and latitude at (a) lag —6 days and (b) lag +2 days. The contour interval is 0.003 N m-2,
and shaded values exceed a magnitude 0.006 N m~2, with dark (light) stippling denoting
positive (negative) values. Solid contours are positive, dashed contours negative, and the zero

contour is omitted.

Fig. 5a). At this lag, it is obvious that the largest con-
tribution to the anomalous global mountain torque
comes from the Andes. The fractional contribution by
particular mountain ranges toward the anomal ous global
mountain torque can be quantified by calculating the
mountain torque due to particular regions. This calcu-
lation reveals that at lag +4 days, the fractional con-
tribution by the Andes is 0.74, and that from the Him-
alaya and Rockies is 0.25 and 0.01, respectively. We
also illustrate the anomal ous p,(9h/dx) cos?6 at lag +18
days (Fig. 5b). At this lag, the anomalous Antarctic
mountain torque reaches its largest value. Although the
Antarctic mountain torque does not dominate the anom-
alous global mountain torque, it is nevertheless inter-
esting that a torque of relatively large magnitude can
exist so close to the earth’s axis of rotation. As can be
seen, the primary contribution from Antarctica is as-
sociated with Victoria Land, where there are high, steep
mountains on the western boundary of the Ross Sea.

4. Dynamical processes associated with the torques

In this section, we first examine the OLR and eddy
streamfunction fields, as anomalies of these quantities
are closely linked to the generation of both friction and
mountain torques. Next, we investigate the character-
istics of the anomalous meridional circulation, in order
to examine whether the anomalous friction torque is
driven by fluctuationsin the meridional circulation. This
is followed by a calculation of the anomalous surface
pressure field, in order to better understand the prop-
erties of the anomalous mountain torque.

a. Outgoing longwave radiation

Many studies have presented results that relate the
anomalous friction and mountain torques associated
with intraseasonal LOD-GAAM fluctuations to tropical
convection. It has been suggested that the tropical con-
vection can excite poleward-propagating Rossby waves
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negative, and the zero contour is omitted.

whose surface eddy wind and pressurefield can generate
anomalous friction and mountain torques, respectively
(Feldstein and Lee 1995). This process must involvethe
eddy, that is, deviation from zonal mean, component of
the tropical convection. It has also been proposed that
fluctuations in the zonal mean tropical convection can
generate anomalous friction torques via fluctuations in
the Coriolis torque acting on the low-level branch of
the anomalous Hadley cell (Hendon 1995). For these
reasons, in this section, we examine the detailed evo-
lution of the OLR field, including its zonal mean.

The temporal evolution of the anomalous OLR field
at specific lags is illustrated in Fig. 6 (note that a neg-
ative OLR anomaly implies enhanced convection). In
order to emphasize its planetary-scal e features, the OLR
field is truncated to wavenumber three in the zonal di-
rection. Calculations at less severe truncations, such as
at zonal wavenumber six, yield essentially the same
large-scale spatial patterns. As can be seen, at lag —8

days (Fig. 6a), which is two days before the anomalous
global friction torque maximum, thereisalarge negative
OLR anomaly confined primarily to the tropical Indian
Ocean. Also, there are weak positive OLR anomalies
over southeast Asia and the far northeastern tropical
Pacific. At lag —3 days (Fig. 6b), the negative OLR
anomaly in the Indian Ocean has further strengthened,
expanded poleward in both hemispheres, and expanded
eastward to cover the the tropical northwestern Pacific.
The positive OLR anomaly in the far northeastern trop-
ical Pacific has also strengthened. At lag +2 days (Fig.
6¢), which is two days prior to the anomalous global
mountain torque maximum, the negative OLR anomaly
in the Indian Ocean has slightly weakened and has
moved farther northward into the Asian continent. At
the same lag, the negative OLR anomaly in the west
and central tropical Pacific has strengthened. At lag +7
days (Fig. 6d), the negative OLR anomaly over southern
Asia has weakened, and a positive OLR anomaly has
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FiG. 7. The anomalous zonal mean OLR regressed against the LOD tendency. The contour interval is0.15
W m~2. Solid contours are positive, dashed contours negative, and the zero contour is omitted. Shaded values
exceed the 95% confidence level, with dark (light) shading denoting positive (negative) t values.

formed over much of the equatorial Indian Ocean. This
pattern for the OLR field is very similar to that at lag
—13 days (not shown), but of opposite sign.

Two notable features in the above description of the
OLR temporal evolution are also found in studies that
examine the seasonal variation of the MJO. These are
the northward propagation of an OLR anomaly from the
equatorial Indian Ocean into the Asian continent during
the austral winter, and the eastward OL R anomaly prop-
agation from the Indian to the west Pacific Ocean that
takes place throughout the year (e.g., Madden 1986;
Knutson and Weickmann 1987; Wang and Rui 1990).
Such northward OLR anomaly propagation has been
associated with the active and break periods of the Asian
summer monsoon (e.g., Yasunari 1980; Sikkaand Gadg-
il 1980; Murakami 1984).

We next examine the anomalous zonal mean OLR as
a function of lag and latitude (see Fig. 7). The most
striking feature of the anomalous zonal mean OLR is
its northward propagation. For example, proceeding
from lag —10 days to lag +10 days, the extremes of
the negative zonal mean OLR anomaly has shifted from
about 10°S to 15°N. An examination of Fig. 6 reveals
that much of this northward movement can be attributed
to the northward movement of the negative OLR anom-
aly from the Indian Ocean into southeast Asia. Also,

Fig. 7 indicates that the convection is not simply a
strengthening and weakening of a single sign anomaly,
but at most stages during the LOD evolution, the anom-
alous zonal mean OLR takes on a dipole structure in
the latitudinal direction.

b. Eddy streamfunction

In this section, we examine the anomalous 200-mb
eddy streamfunction field and its relationship to the
OLR field. In later sections, we will investigate the re-
lationship between the anomal ous 200-mb eddy stream-
function field and the anomalous friction and mountain
torques. To the extent that there is a consistent rela-
tionship between the eddy streamfunction field and each
of these quantities, we can hypothesize that the anom-
alous eddy streamfunction field provides the connection
between the anomalous tropical convection and the
anomalous friction and mountain torques.

One prominent feature in the temporal evolution of
the eddy streamfunction field (see Fig. 8) isan eastward-
propagating zonal wavenumber-one disturbance in the
Tropics. In general, this disturbance consists of one pair
of anticyclonic anomalies and another pair of cyclonic
anomalies, both pairs straddling either side of the equa-
tor, with the anticyclonic (cyclonic) anomalies being



JOURNAL OF THE ATMOSPHERIC SCIENCES VOLUME 56

3052

"PONILIO S| JNOJUOD 0J9Z 3y} pUe ‘BAITeBaU SIN0JU0D paysep ‘@AlIsod afe SINoJU0D PIIoS “1-S W 0T X 0 SI
[eAJo1uUl INOJUOD By 'sAep 6+ Be| (p) pue ‘skep 1+ Be| (0) ‘skep T— Be| (q) ‘shep 9— Be| (e) T Aduspusr O T ayl sukefie passalfia.l uonounjwealls Apps qui-00g Shofewoue ay| g ol

20 M0P MO8  MO2T M O09T HO09T 3021 EO08  HO¥ 0 0 M,0v M08  MO02] MO0OT E 09T HO02T EO08  HOF 0

0 MO¥ MO8  MO2T M09 HO09T F 02T @08 @ T,O0¥ 0 0 MO0F M08  MO2I M 09T H09T H 02T @08  HOF 0
i | {

Awhﬁu_w.m m_ﬂ _Ao



1 SeEPTEMBER 1999

FELDSTEIN

3053

90°N T T T

45N

0°

Latitude

45°8 P

90°g &
-30

—-10

0 T 20 30
Lag (Days)

Fic. 9. The anomalous eddy AAM flux convergence regressed against the LOD tendency. The contour
interval is 1.5 X 10 kg m? s~2. Solid contours are positive, dashed contours negative, and the zero contour
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positioned west (east) of the maximum negative OLR
anomaly. Furthermore, the location of these anomalies
does bear some resemblance to what is found in steady-
state primitive equation models that are forced by trop-
ical diabatic heating anomalies (e.g., Ting and Sardesh-
mukh 1993). This same spatial relationship between the
relative location of OLR, anticyclonic, and cyclonic
anomalies is found for the MJO (e.g., Knutson and
Weickmann 1987), providing further support for a close
link between the MJO and intraseasonal LOD variability
during the austral winter.

The anomalous eddy streamfunction field can also be
related to the anomalous eddy AAM flux convergence
(see Fig. 9). This relationship is important for better
understanding the LOD fluctuations, since, as we will
see in the next section, the amplitude and structure of
the anomalous friction torque is closely linked to that
of the anomalous eddy AAM flux convergence, viathe
meridional circulation. Before examining these rela-
tionships, it is helpful to first break up the anomalous
eddy AAM flux into several contributing termsand write
it asthe vertical integral of the sum of linear, [U* (pv)'*]
+ [u™*(p.v)*], and nonlinear, [u'*(p.v)'*], terms (see
Weickmann et al. 1997), where an overbar (prime) de-
notes a time mean (deviation from the time mean). The

linear terms arise from the interaction between the tran-
sient eddy field, such as that displayed in Fig. 8, and
the climatological eddy field, and the nonlinear terms
result from the interactions among transient eddies. A
calculation of the vertical integral of the meridional con-
vergence of these terms finds that the linear terms con-
tribute approximately 50% equatorward of 30° latitude
in both hemispheres. Thus, if we were to assume that
the anomalous wind field is primarily rotational, at the
time of the largest anomalous linear eddy AAM flux
convergence, the anomalous eddy streamfunction field
should be near quadrature with the climatological eddy
streamfunction field, as thislongitudinal phase relation-
ship maximizes the anomalous linear eddy AAM flux.
A comparison of the location of the eddy streamfunction
field in Fig. 8 with the upper-tropospheric climatol ogical
eddy streamfunction field (cf. James 1994, p. 167) does
indeed reveal this relationship (not shown). Thus, the
location of the anomalous eddy streamfunction field
does contribute in an important manner to the strength
of the anomalous eddy AAM flux, and hence, as we
will see, to that of the anomalous friction torque.
Using scaling arguments, it is straightforward to show
that the meridional convergence of the linear eddy AAM
flux terms is proportional to k(12 + 2IL + L?2), where
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k(l) is the zonal (meridional) wavenumber of the dis-
turbance, and L the dominant meridional wavenumber
of the austral winter climatological mean flow. Since
zonal wavenumber one dominatesthe climatological up-
per-tropospheric eddy streamfunction within the Tropics
during the austral winter (cf. James 1994, p. 167), dis-
turbances with zonal wavenumber one and a large me-
ridional wavenumber, such as the eddies shown in Fig.
8, have the preferred spatial structure for generating a
large linear eddy AAM flux convergence.

c. Meridional circulations

In this section, we examine the role of anomalous
meridional circulations in generating anomal ousfriction
torques. In addition to the mechanism involving zonal
mean tropical convection (Hendon 1995), as discussed
at the beginning of section 44, it has also been suggested
that eddy-driven anomal ous meridional circulations can
alter the friction torque via the Coriolis torque acting
on the anomalous low-level mean meridional winds
(Weickmann and Sardeshmukh 1994; Weickmann et al.
1997). This process is simply an adjustment of the cir-
culation toward thermal wind balance by the anomalous
mean meridional circulation in response to the anom-
alous eddy momentum and heat fluxes. [For a review
of the equations for the response of the meridional cir-
culation to mechanical and thermal forcing, and driving
by the eddy momentum and heat fluxes, see chapter 3
of Andrews et al. (1987).]

If anomalous meridional circulations play an impor-
tant role during large LOD fluctuations, then the anom-
alous Coriolis and friction torques must be of similar
magnitude at the lowest sigma level in the reanalysis
model. We show this by examining the relative angular
momentum equation, which can be written as

d
a[PsMr]
-1 i([ ] cosh) — p,f[v]a cosd
= T acospag P P.Tlv
Jd J
- —([ps,u,,c'r] + gacosf[T,] + (acosh) crps—d) )
Jo X

()

where 7, is the viscous stress, . = ua cosf, f is the
Coriolis parameter, and ¢ is the geopotential height. A
calculation of each term in (7) at the reanalysis model’s
lowest sigma level finds that the zonal mean Coriolis
torque [the second term on the rhs of (7)] is typically
at least one order of magnitude larger than each of the
other terms on both sides of (7), except for the friction
torque term [the friction torque term in (7) is not cal-
culated, because the internal viscous stresses are not
readily available in the NCEP-NCAR reanalysis data-
set]. This indeed verifies that the primary balance is
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between the anomalous Coriolis and friction torques at
the lowest model level. As an additional measure of the
relationship between the Coriolis and friction torques,
the linear pattern correlation between the lowest-level
anomalous Coriolis torque and the anomalous surface
friction torque is calculated and then averaged for each
lag between =30 days [note that the surface friction
torque, expressed in (3), differs from the lowest level
friction torquein (7), since it does not involve a vertical
derivative]. The resulting mean pattern correlation has
avalue of —0.91. To some extent, this large correlation
isnot surprising, because thelowest-level frictiontorque
is expected to be approximately proportional to the sur-
face torque, since the viscous stresses decrease very
rapidly with height.

The above relationship between the anomalous Cor-
iolis and friction torques can be seen by examining the
anomal ous mass streamfunction [note that positive (neg-
ative) mass streamfunction contours correspond to a
clockwise (counterclockwise) circulation in the merid-
ional plane] (see Figs. 3a, 10). Inference of the anom-
aous Coriolis torque from the anomalous mass stream-
function shows that at each lag these two torques have
a very similar spatia structure with opposite sign.

We next use this balance between the anomalous fric-
tion and Coriolistorquesto address the question whether
the friction torque is due to eddy surface wind anom-
alies, as described at the beginning of section 4a, or is
generated by the anomalous meridional circulation. In
order to examine this question, we separate the anom-
alous zonal mean surface stress into its zonal mean and
eddy contributions. As the NCEP-NCAR reanalysis
data uses a bulk parameterization schemefor the surface
stress, that is, (7,),-, = —Cpu|V], where C,, is the sur-
face drag coefficient, |V| is the magnitude of the surface
wind, and u is the surface zonal wind, one can write
the anomalous zonal mean surface stress as

[(7)o-dl” = —[(ColVD*(U)*] = [(ColVI)*(T)*]
— [ColVIIUT = [CoVIT[T]. ©)

This representation for the zonal mean surface stress
neglects the temporally nonlinear terms, which were
found to be negligible. The first and second terms on
the rhs of (8) can be interpreted as representing the
interaction between the anomalous surface eddy wind
field and the climatological surface eddy wind field. If
these terms were to dominate, it would imply that the
anomalous meridional circulation and the associated
Corialis torque are primarily driven by the anomalous
friction torque. In this case, the adjustment to thermal
wind balance by the anomalous meridional circulation
is driven by the change in the vertical wind shear due
to the anomalous friction torque. The third and fourth
terms on the rhs of (8) involve the anomalous zonal
mean surface wind field. These terms are primarily due
to the thermal wind adjustment as a result of the anom-
alous eddy heat and momentum flux forcing, as de-
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scribed earlier in this section. Thus, the dominance of
these terms implies that the anomalous friction torque
is driven by the anomalous Coriolis torque.

As the surface winds and drag coefficient are not
readily available quantities in the NCEP-NCAR re-
analysis dataset, it is not possible to precisely determine
the value of each term on the rhs of (8). Instead, the
approach we adopt is to estimate the surface wind with
the NCEP-NCAR reanalysis wind field at the lowest
model sigma level, and to estimate the surface drag
coefficient following the procedure in Weickmann et al.
(1997), where C, is assigned a constant value of 1.5 X
10-3 over water and 6.5 X 103 over land. A comparison
of this estimate of the anomalous friction torque (see
Fig. 11c) with that shown in Fig. 3aindicates that these
are reasonable approximations.

The zonal mean and eddy wind contributions to the
anomalous friction torque are shown in Figs. 11a and
11b. It can be seen that the zonal mean contribution
accounts for the vast majority of the Southern Hemi-
sphere friction torque. On the other hand, in the North-
ern Hemisphere, the extremes of the zonal mean con-

tribution to the anomalous friction torque are typically
about twice that of the eddy contribution. These results
reveal that it is indeed the anomalous meridional cir-
culation that is the primary contributor toward the driv-
ing of the anomalous friction torque.

There still remains the important question of whether
it is the anomalous eddy fluxes or zonal mean heating
that drive the anomalous meridional circulation. The
answer to this question requires the solution of an in-
homogeneous elliptic partial differential equation for the
mass streamfunction, in which the forcing term is a
function of the zonal mean heating and eddy fluxes. This
question will be fully addressed in a separate paper.
Nevertheless, there are hints from Fig. 9, which shows
the anomalous eddy AAM flux convergence, that this
quantity is indeed important for driving the anomalous
meridional circulation.

If the anomalous eddy AAM flux is an important
factor in driving the anomalous meridional circulation,
one expectsthat 1) the latitude at the center of the anom-
alous mass streamfunction cells should approximately
coincide with that of the anomalous eddy AAM flux
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Fic. 11. The contribution to the anomalous zonal mean friction
torque from its (a) zonal mean wind component, (b) eddy component,
and (c) the sum of (@) and (b). The contour interval is 3.0 X 10% kg
m?2 s2. Solid contours are positive, dashed contours negative, and
the zero contour is omitted. See the text for details describing how
these quantities are approximated.

convergence and 2) the anomalous low-level Coriolis
torque must be of the same sign as the anomal ous eddy
AAM flux convergence. Thisis because it is found that
the anomalous eddy AAM flux convergence is confined
to the upper troposphere, and an adjustment to thermal
wind balance by the anomalous meridional circulation
would require the above characteristics. Upon exam-
ining the anomalous eddy AAM flux convergence, one
can seethat at lag — 6 days, there are regions of negative
anomalous eddy AAM flux-convergence between 15°
and 45°S and poleward of about 5°N. Furthermore, there
is a positive anomalous eddy AAM flux convergence
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between 15°S and 5°N. The corresponding anomalous
meridional circulations that would lead to a thermal
wind adjustment are two thermally direct anomalous
cells, one between 5° and 35°N, the other between 15°
and 45°S, and two thermally indirect anomalous cells,
straddling either side of the equator between 15°S and
5°N. Comparison with Fig. 10b reveals a very good
match outside of the deep Tropics. Within the deep Trop-
ics, where the vertical extent of the meridional circu-
lation is shallow due to the small Rossby depth scale,
the match is reasonably good in the Southern Hemi-
sphere and poor in the Northern Hemisphere. However,
given the fact that the anomalous friction torque is neg-
ligible inside the deep Tropics (Fig. 3a), these results
suggest that the driving of the anomal ous friction torque
by the eddy AAM fluxesisindeed an important process.
With regard to the anomalous eddy heat flux (not
shown), large values are found only in the Southern
Hemisphere, centered at 45°S. Such eddy heat fluxes
will drive anomal ous meridional circulationsat the same
latitude. However, as large anomalous friction torques
are not found at this latitude, it is likely that the anom-
alous eddy heat flux does not play an important role in
the LOD variability.

One can get an appreciation of the role of the zonal
mean heating by comparing Figs. 7 and 10. As expected,
the latitude of the negative OLR extremes closely co-
incides with that of the maximum anomalous vertical
winds as inferred from the anomalous mass stream-
function. This relationship is apparent between lag —11
and lag +4 days as both the negative OLR extrema and
the center of the two tropical cells move northward to-
gether. Furthermore, because the above eddy flux anal-
ysis suggests that the eddies do not directly drive the
entire anomalous deep tropical meridional circulation,
itislikely that at least the low-latitude anomalous me-
ridional circulation is in part driven by the anomalous
zonal mean heating. However, because the present anal-
ysis cannot distinguish whether or not the zonal mean
heating is itself driven by the eddies, it is not possible
to speculate whether a zonal mean heating anomaly,
independent of the eddy driving, plays an important role
in driving the anomalous friction torque.

d. Eddy surface pressure

In order to investigate the relationship between the
anomalous eddy streamfunction field and the anomal ous
mountain torque, it is useful to examine the anomalous
eddy surface pressure field. Thisisillustrated in Fig. 12
at lag +4 days, the time of the maximum anomalous
global mountain torque. It can be seen that the anom-
alous mountain torque at South America is associated
with a surface anticyclone on the eastern side of the
Andesthat extends over alarge fraction of the continent.
The anomalous mountain torque at the Himalaya is as-
sociated with a weak surface cyclone on the western
side of the mountains.
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A comparison between the anomalous eddy stream-
function and eddy surface pressurefields at lag +4 days
reveals a complex relationship between these two fields
(see Figs. 8c, 12). However, in general, the eddy surface
pressure anomalies tend to occur in similar geographical
locations as the eddy streamfunction anomalies. An ex-
amination of the signs of the anomalies of both fields
suggests a baroclinic structure in the Tropics, and an
equivalent barotropic structure in middle and high lat-
itudes. For example, east of the Andes, the 200-mb eddy
streamfunction field consists of a relatively strong
(weak) upper-tropospheric anticyclone (cyclone) that
overlaps with the southern (northern) half of the surface
anticyclone. This indicates that the Andean mountain
torqueisassociated with adisturbance of both baroclinic
and barotropic characteristics. In the Himalaya region,
where most of the mountain torque occurs at a lower
latitude than in the Andes, the eddy surface pressure
and streamfunction anomalies have opposite sign, re-
vealing that this particular mountain torque is linked to
a baroclinic disturbance.

These results imply that one cannot simply infer the
sign of the anomalous mountain torque by assuming
that the anomalous surface pressure field resembles the
anomal ous upper-tropospheric streamfunction. Presum-
ably an understanding of these properties can be ob-
tained with the aid of potential vorticity inversions(Hos-
kins et al. 1985).

5. Conclusions

The primary aims of this study are both to document
the spatial and temporal properties of the friction and
mountain torques and to investigate several of the basic
atmospheric dynamical processes associated with intra-
seasonal LOD variability during the austral winter. For
this purpose, we use the LOD timeseries, the NCEP-
NCAR reanalysis dataset, and OLR, and regress a num-
ber of different quantities against the LOD tendency.

It is found that the anomalous global friction torque
leads the anomalous global mountain torque by about
eight days. The largest contributions to the anomalous
global friction torque occur at Australia and the adjacent
Indian and Pacific Oceans, and southeast Asia, while
the largest anomal ous mountain torque is mostly due to
the Andes. A closer examination of the anomalous fric-
tion torque reveal s that the dominant contribution comes
from ocean surfaces, implying that ocean dynamics must
rapidly transfer angular momentum to the solid earth
during the austral winter.

The regression analysis yielded results that suggest
that the friction and mountain torques are both driven
by the response of the atmospheric circulation to the
diabatic heating field associated with the MJO. This
response to the MJO heating includes an anomalous
meridional circulation, which excites the anomalous
global friction torque via an anomalous Coriolis torque,
and adirect eddy response to the diabatic heating, which
has the appropriate phase relative to the topography to
generate alarge mountain torque. Although thisanalysis
did suggest that the anomalous meridional circulation
is forced by the anomalous eddy AAM fluxes, and that
the anomalous eddy AAM fluxes were in turn driven
by the MJO heating, the analysis also points to possible
forcing of the anomalous meridional circulation by zon-
al mean heating, as suggested by Hendon (1995).

The results of this study raise several important ques-
tions on intraseasonal LOD variability. However, these
guestions are not limited to the austral winter, as they
are equally relevant for the boreal winter. For example,
both the present investigation and the intraseasonal bo-
real winter LOD-GAAM study of Weickmann et al.
(1997) find relationshipsto tropical convection. To place
this relationship on firmer grounds, it would be nec-
essary to use either a barotropic or a multilevel baro-
clinic model and examine the response to diabatic heat-
ing anomalies resembling those found in observations.
Furthermore, the link between the anomalous upper-



3058

tropospheric eddy streamfunction field and anomalous
eddy surface pressure field, and hence the anomalous
mountain torque, is found to be rather complex. Last,
there remains the question of whether the anomalous
friction torque is driven by the zonal mean eddy angular
momentum flux or the zonal mean diabatic heating. This
question is also particularly relevant for the boreal win-
ter, as the analysis of section 4c as applied to the boreal
winter also reveals that the anomalous friction torque
is driven by the anomalous meridional circulation. The
latter of these three questions is a subject of ongoing
research.
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