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University of Washington
Abstract
Frictional Convergence and the Madden-Julian Oscillation
Eric Daniel Maloney

Chairperson of Supervisory Committee:
Professor Dennis L. Hartmann
Atmospheric Sciences

Frictional surface convergence is shown to be important to the Madden-Julian
oscillation (MJO) of the tropical troposphere using both observations and an atmospheric
general circulation model (GCM). An observed composite MJO lifecycle is created using
the first two empirical orthogonal functions of the NCEP 850 mb equatorial zonal wind as
an index. Lower tropospheric water vapor over the Indian and western Pacific Oceans is
significantly correlated with 1000 mb convergence during an MJO lifecycle. Frictional
convergence may help to precondition the atmosphere for strong MJO convection by
moistening the lower troposphere.

Several convection schemes were substituted into the NCAR CCM3 GCM to
improve model intraseasonal variability. The McRAS convection scheme, that includes a
parameterization of unsaturated convective downdrafts and a relative humidity threshold
for convective initiation, produces much improved intraseasonal variability over the
defauit CCM3 convection scheme of Zhang and McFarlane. Intraseasonal variability is
decreased for higher relative humidity thresholds with McRAS, contrary to the results of
Wang and Schlesinger (1999). Removal of the unsaturated convective downdraft and rain
evaporation parameterization greatly diminishes intraseasonal variability in zonal winds
and precipitation. An excessively dry tropical troposphere is most likely responsible for
the degradation of intraseasonal variability.

Low-level MJO specific humidity anomalies in the model are strongly correlated
with surface convergence. This strong coupling with surface convergence causes model

MIJO convection anomalies to be associated with 850 mb easterly perturbations. Where



the eastward propagating model MJO signal is strong, low-level specific humidity anom-
alies precede those at middle and upper levels. Surface convergence affects model con-
vection by moistening the lower troposphere, suggesting that surface convergence during
an MJO lifecycle may help to precondition the atmosphere for intense MJO convection.
Meridional convergence onto the equator contributes most of the anomalous convergence
during an MJO lifecycle in both the model and observations. The wind-induced surface
heat exchange (WISHE) mechanism of Emanuel (1987) and Neelin and Yu (1994) does
not significantly contribute to the MJO-like mode in the CCM3 with McRAS.
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1) Introduction

1.1) Madden-Julian Oscillation Overview

The Madden-Julian Oscillation (MJO) was discovered during the early 1970’s in
radiosonde and surface data across the tropical oceans (Madden and Julian 1971). Signifi-
cant spectral peaks on the order of 40-50 days were found in zonal winds and surface
pressure for numerous stations near the equator. Since then, an enormous body of work
has been published on this phenomenon. The MJO is now understood to be an interaction
between tropical convection and the large-scale tropical circulation. It is characterized by
an eastward propagating convective envelope over the tropical Indian and Western Pacific
Oceans that may contain several convective systems (Chao and Lin 1994). This convec-
tive envelope interacts with an eastward-propagating wind pattern dominated by zonal
wavenumbers 1 and 2 (Salby and Hendon 1994). The wind response has characteristics of
both Kelvin and Rossby waves, often resembling the response to heating described by Gill

(1980). Wind anomalies at 850 mb are generally easterly to the east of convection, and

westerly to the west of convection. Upper tropospheric winds are 180° out of phase with
those at lower levels. Winds at the surface deviate slightly from those at 850 mb due to
frictional effects (Hendon and Salby 1994). Rossby wave signatures are present to the

northwest and southwest of convection over the Indian and western Pacific Oceans. The
speed of propagation of the wave circulation is roughly 5 m s'! in the eastern Hemisphere,
where the circulation is strongly coupled to convection, and 12 m s'! in the Western
Hemisphere, where equatorial convection is weaker (Salby and Hendon 1994). Figure 1.1

shows a lag regression plot of equatorial (10°N-10°S averaged) 20-80 day filtered 150 mb

zonal winds derived from National Centers for Environmental Prediction- National Center

for Atmospheric Research (NCEP-NCAR) reanalyses for a reference point at 90°E. The
differing phase speeds between the eastern and western Hemispheres are apparent. Slower
phase propagation occurs where the intraseasonal convective signal is strong, shown by

the lag regression plot of outgoing longwave radiation (OLR) in Figure 1.2.



(8]

The collocation of climatological convection and the equator may be important for
maintaining the strong equatorial wave signature of the MJO. The MJO signal has a pro-
nounced seasonal cycle. The signal is most prominent in the period December-May when
climatological convection is closest to the equator, and is weakest in June-November
when convection is to the north of the equator (Salby and Hendon 1994). The location of
maximum convection is strongly related to the location of highest SSTs. Although the

equatorial signal is weakest in June-September, the MJO does affect the intraseasonal

150 mb Zonal Wind Lag Regression-90°E
07T T —

Longitude
Observations (20-80 day periods) December-May

Figure 1.1. Lag regression plot of 20-80 day filtered 150 mb equatorial (10°N-10°S aver-
aged) zonal wind derived from NCEP. Reference time series is located at 90°E and the

equator. Contour interval is 0.3 m s’!. Data are available from 1979-1997. Negative con-
tours are dashed.
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variability of the Indian summer monsoon (Hartmann and Michelsen 1989, and Chapter
2). The MJO aiso modulates hurricane activity throughout the Pacific basin, Guif of Mex-
ico, and western Caribbean Sea during Northern Hemisphere summer (Liebmann et al.
1994, Maloney and Hartmann 2000a,b).

Although many studies have documented the existence and general structure of the
MJO, its underlying mechanism is not well understood. Theories abound. One group of

theories involves the interaction between equatorial tropospheric Kelvin waves and con-

OLR Lag Regression-90°E

VU. U

30

15[

Lag (days)
(=]

H

0o "1480 360
Longitude

Observations (20-80 day periods) December-May

Figure 1.2. Lag regression plot of 20-80 day filtered equatorial (10°N-10°S averaged)
outgoing longwave radiation. Reference time series is located at 90°E and the equator.

Contour interval is 1.0 W m™2. Data are available from 1979-1997. Negative contours are
dashed.
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vection. Wave-CISK ideas (Hayashi and Sumi 1986, Lau and Peng 1987, Chang and Lim
1988) are one such manifestation. In wave-CISK theories, the atmosphere is assumed to
be conditionally unstable to parcel ascent. The convergent region of an equatorial tropo-
spheric Kelvin wave feeds convection. The strengthening convection forces a stronger
wave convergence, which then leads to stronger convection, and so on. This theory has
some inherent problems, however. For one, instability seems to occur at the smallest
wavelengths, unlike in observations where zonal wavenumbers 1 and 2 are preferred.

Wave-CISK theories also have problems explaining the faster propagation speed in the

! eastward propagation over the

western Hemisphere, and cannot explain the slow S m s~
Indian and western Pacific Oceans. Others have criticized wave-CISK in that the atmo-
sphere may not be conditionally unstable, but rather convectively neutral to parcel ascent
(Emanuel 1987). Any instabilities created in the tropics may be quickly removed by moist
convective adjustment.

The introduction of friction into models of Kelvin-wave CISK has led to an
improvement in their ability to explain the MJO (Hayashi and Miyahara 1987, Wang and
Rui 1990, Salby et al. 1994, Jones and Weare 1996). Boundary layer friction leads to a
“coupling” between Kelvin and Rossby wave modes which slows down propagation and
causes the largest spatial scales to be preferred. The maximum surface convergence now
occurs to the east of inviscid wave convergence due to frictional effects. Meridional con-
vergence contributes a large fraction of this surface convergence to the east of convection.
Wave amplification occurs when convective anomalies are supported by surface conver-
gence and convective heating anomalies coincide with positive tropospheric temperature
anomalies, leading to the production of eddy available potential energy (EAPE, Hendon
and Salby 1994).

Some studies have expanded upon frictional wave-CISK to examine the role that the
ocean mixed layer plays in intraseasonal oscillations (Hendon and Glick 1997, Lau and
Sui 1997, Flatau et al. 1997, Jones et al 1998, Waliser et al 1998). These studies theorize
that SST increases to the east of MJO convection (easterly perturbations) via an increased

solar flux into the ocean due to low fractional cloudiness. Light winds in easterly regimes
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may also increase SST by decreasing the latent heat flux out of the ocean. These effects
would presumably enhance the meridional convergence onto the equator to the east of
convection by increasing the temperature gradient between equatorial and non-equatorial
regions (Lindzen and Nigam 1987). SST is decreased near and to the west of convection
due to decreased shortwave radiation reaching the surface, and an increased latent heat
flux accompanying westerly wind bursts. Some studies have theorized that the inclusion
of realistic ocean mixed layer dynamics into atmospheric general circulation models
(GCMs) will improve simulations of the MJO by slowing the speed of propagation in the
eastern Hemisphere, and increasing the oscillation amplitude (Flatau et al. 1997, Waliser
et al., 1998). Some of the assumptions made in these studies (for example, specifying a
relaxation time of 50 days for adjustment of SST back to climatology) may strongly influ-
ence the results, however. Reproducibility also needs to be demonstrated more rigorously.
For example, Hendon (2000) found that the addition of an interactive upper ocean to an
atmospheric GCM influences intraseasonal variability very little. The exact mechanism
that slows the eastward propagation speed also needs to be more clearly defined. GCM
simulations of the MJO will be discussed in more detail below.

The wind-induced surface heat exchange (WISHE) theory views surface evapora-
tion, rather than moisture convergence, as crucial to the evolution of the MJO (Emanuel
1987, Neelin and Yu 1994, Yu and Neelin 1994). WISHE operates under the premise that
the tropical atmosphere is nearly neutral to moist convective ascent. WISHE, in its pure
form, assumes a mean easterly state in lower tropospheric equatorial zonal winds. Con-
vection is accompanied by easterly (westerly) wind perturbations to the east (west), as
would be expected with an equatorial Kelvin wave. The latent heat flux from the ocean is
higher to the east of convection than to the west, increasing the boundary layer equivalent
potential temperature there. The high boundary layer equivalent potential temperature air
to the east favors convection, which communicates the high moist entropy in the boundary
layer to upper levels. One problem with this theory is that lower tropospheric mean winds
are not always easterly in the tropical W. Pacific and Indian Oceans, but MJO events still

occur in these regions. Some studies have also found that the greatest positive latent heat
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flux perturbations during an MJO lifecycle occur during westerly wind bursts (Jones and
Weare 1996, Lau and Sui 1997). Other work has suggested, however, that mean easterly
zonal winds are not necessary for WISHE to produce realistic intraseasonal oscillations
(Xie et al., 1993; Crum and Dunkerton, 1994).

Several proposed mechanisms for the MJO do not explicitly require Kelvin wave
dynamics. The idea of radiative-convective relaxation is one such theory (Hendon and
Liebmann 1990, Blade and Hartmann 1993, Hu and Randall 1994). After the passage of
an MJO convective event, low level drying and cooling, and upper level heating cause sta-
bilization of the atmosphere. Preconditioning must take place before convection can again
occur. Lower levels must be sufficiently moistened, and upper levels must be cooled radi-
atively before the atmosphere is ripe for convection. This period of preconditioning sets
the timescale for the next convective event. This relaxation theory cannot explain the east-
ward propagation and organization of convective anomalies without some dynamical con-
siderations. Frictional moisture convergence may assist the preconditioning process and
can favor the eastward propagation of convective anomalies. This issue will be examined
in Chapters 2 and 4. Surface fluxes and convection of low-precipitation efficiency have
also been proposed as a means to precondition the lower atmosphere (Raymond and
Torres 1998). Wang and Schlesinger (1999) instituted a relative humidity threshold for
initiation of convection in an atmospheric GCM to simulate the requirement of boundary
layer preconditioning. They concluded that intraseasonal variability increases as the rela-
tive humidity threshold is increased. The use of a relative humidity threshold, and how it
influences intraseasonal variability in the National Center for Atmospheric Research
Community Climate Model 3 (NCAR CCM3) GCM, will be analyzed in Chapter 3 of this
dissertation.

Another non-Kelvin wave theory for the MJO is the theory of teleinduction (Chao
and Lin 1994, Chao and Deng 1997, Chao and Deng 1998). Mean flow at lower levels is
assumed to be from the east, as with the WISHE mechanism. Equatorial mesoscale con-
vective systems teleinduce new convection to the east via gravity waves. The Kelvin and

Rossby wave structure that is observed with the MJO is simply a response to convective
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heating, as in Gill (1980). No new convection is generated to the west because moisture is
consumed by the original cluster in the mean easterly flow. Individual cloud complexes
move westward, but the convective envelope moves eastward. Convective gust fronts
induced by downdraft evaporation and precipitation drag can also induce teleinduction.
Surface convergence caused by gust fronts can spawn additional convection at a distance,
with regions to the east being favored in mean easterly flow. These teleinduction theories
are in their infancy relative to the other theories, and much more study is needed to deter-
mine if they are viable mechanisms.

Other work suggests that the extratropics can play an important role in the intrasea-
sonal variability of the tropics (Lau and Phillips 1986, Hsu et al. 1990, Dickey et al. 1991,
Bladé and Hartmann 1993, Meehl et al. 1996). These studies hypothesize that the extrat-
ropics can influence the triggering and/or propagation characteristics and timescale of
MJO convective events. Such ideas are outside the realm of this dissertation and will not
be explored here.

GCMs have had a notoriously difficult time in reproducing the MJO (Slingo et al.
1996). Some deficiencies in the simulations as compared to observations include:

- Too fast a speed of propagation in the eastern Hemisphere

- Amplitudes that are too weak

- Less coherent zonal wind structures, particularly over Indonesia and the W. Pacific

- Too weak a seasonal dependence in the signal

- Lower than observed 200 mb zonal wind variance at periods of 50-60 days

The performance of GCMs in simulating the MJO is very dependent on the convec-
tive parameterization. Slingo et al. (1996) has found that convective schemes closed on
buoyancy generally perform better than those closed on moisture convergence. Similarly,
GCMs that have convection well correlated with SST perform better than those with
smaller correlations. Models with the most realistic mean states produce the best oscilla-

tions.
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1.2) Goals of this Dissertation

The goal of this research is to better understand the mechanisms responsible for
tropical intraseasonal variability. In particular, I will analyze the hypothesis that lower tro-
pospheric water vapor and frictional moisture convergence play critical roles in the evolu-
tion of the MJO. Observations and the NCAR CCM3 GCM (Kiehl et al. 1998) will be
used in this analysis. I will also use the CCM3 to determine the importance of the WISHE
mechanism for MJO variability.

The flow of this dissertation is explained in the next few paragraphs. Chapter 2
examines frictional moisture convergence in an observed MJO lifecycle. An MJO index
derived from the first two empirical orthogonal functions (EOFs) of the equatorial
intraseasonal 850 mb zonal wind is used as a basis for compositing the MJO. Lower tro-
pospheric water vapor is found to be significantly correlated with surface convergence
during an MJO lifecycle. The growth of positive water vapor anomalies precedes that of
MJO convection. The modulation of break periods in the Indian summer monsoon by the
MJO is also briefly examined using the equatorial wind index.

Chapter 3 attempts to find a convective parameterization suitable for studying tropi-
cal intraseasonal variability when implemented in the NCAR CCM3. The goal is to pro-
duce a GCM simulation with which to study the effects of frictional convergence on the
MIJO. An intercomparison of intraseasonal variability in the CCM3 is conducted using
four different deep convection parameterizations. The MJO is most realistically simulated
by the microphysics of cloud with relaxed Arakawa-Schubert (McRAS) convection
scheme of Sud and Walker (1999a). Convective rain evaporation with unsaturated down-
drafts are found to be crucial to realistically simulating the MJO in McRAS. Convective
rain evaporation with unsaturated downdrafts act to moisten the lower troposphere in the
mean. The simulation of intraseasonal variability with MCRAS is not sensitive to a bound-
ary layer relative humidity threshold.

Chapter 4 examines the role of frictional convergence in an MJO lifecycle, as simu-
lated by the CCM3 with McRAS convection. Frictional convergence is found to be

strongly correlated with composite water vapor anomalies and intraseasonal convective
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anomalies. Lower tropospheric vertical advection associated with surface convergence
controls lower tropospheric water vapor during a composite lifecycle. WISHE is shown
not to be important for maintaining the model MJO. Conclusions and suggestions for

future work follow in Chapter 5.



10

2) Frictional Moisture Convergence in a Composite MJO Lifecycle

This chapter describes work published in the Journal of Climate (Maloney and
Hartmann 1998).

2.1) Introduction
Much has been published conceming the Madden-Julian Oscillation (MJO) since it

was first discovered by Madden and Julian (1971,72) in rawinsonde and sea level pressure
data from the tropical oceans. The MJO is now understood to be a dominant mode of vari-
ability in the tropical circulation that has characteristic periods of 30-60 days (Madden
and Julian 1994). Ultimately, a complete understanding will probably involve the interac-
tion among convection, wave dynamics, boundary later circulations, and moisture. This
paper seeks to further that understanding by constructing a composite lifecycle of the
MJO using wind, convergence, water vapor, and precipitation fields.

Recent work suggests the importance of interactions among the large-scale wave, the
boundary layer, and convection in determining the mechanisms that give rise to the MJO.
Frictional convergence in the boundary layer east of the main convective area has been
shown to be important in the evolution and eastward propagation of the MJO in several
recent modeling studies (Wang and Rui 1990, Salby, Garcia, and Hendon 1994, Seager
and Zebiak 1994, Wang and Li 1994). Observational evidence has also shown that the
convective anomaly associated with the MJO is tied to convergence in the boundary layer.
Hendon and Salby (1994) showed this by compositing the 1000 mb divergence field in
relation to outgoing longwave radiation (OLR). Convection is fostered in areas of bound-
ary layer convergence, while boundary layer divergence suppresses convection. A recent
study by Jones and Weare (1996) using ISSCP (International Satellite Cloud Climatology
Project) and ECMWF (European Centre for Medium-Range Weather Forecasts) analyses
has also shown that the maximum low level moisture convergence occurs to the east of the
main convective area. Surface convergence provides an upward flux of moisture in the
boundary layer by increasing the low level equivalent potential temperature, through

moistening (e.g. Seager and Zebiak, 1994).
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Geostrophic zonal wind dynamics, as in classical equatorial Kelvin wave theory,
requires that inviscid lower tropospheric easterly wind perturbations be accompanied by a
surface pressure trough at the equator, whereas inviscid lower tropospheric westerlies
should be accompanied by a pressure maximum (Matsuno 1966). Therefore, friction will
foster convergence into the equatorial pressure trough below 850 mb easterlies. Since the
growing convective area associated with the MJO over the Indian Ocean is accompanied
by 850 mb easterlies to the east over the W. Pacific (Knutson and Weickmann 1987, Hen-
don and Salby 1994), convection will be supported by boundary layer convergence to the
east and suppressed to the west, where 850 mb westerly perturbations and surface diver-
gence are found. Rossby wave generation in the Indian Ocean in the presence of convec-
tive heating may also dry the atmosphere to the west of convection through subsidence or
horizontal advection from the west or extratropics (Gill 1980). Some previous studies
have suggested that the atmosphere goes through a period of preconditioning before being
able to sustain convection associated with the MJO (Hendon and Liebmann 1990, Bladé
and Hartmann 1993, Hu and Randall 1994). The humidity profile at a fixed point in the
lower troposphere moistens slowly and then dries quickly as the convection passes and
westerly winds ensue (Bladé and Hartmann 1993). These studies reason that a period of
buildup of moist static energy is required for the atmosphere to recover from the previous
cycle of convection, which had the effect of stabilizing and drying the atmosphere. In the
present study we speculate that a period of buildup of moisture is required over the Indian
and W. Pacific Oceans before significant convection can occur, and that this may in fact
set the time scale for the jump in convection from the Indian Ocean to the W. Pacific
Ocean. Frictional surface convergence may be a key player in this preconditioning of the
atmosphere.

Hendon and Salby (1994) (Hereafter referred to as HS) composited 200 mb wind,
850 mb wind, MSU (Microwave Sounding Unit) temperature, OLR, 1000 mb wind, 850
mb divergence, and 1000 mb divergence anomalies. The observed composites are similar
to the typical picture derived from modeling studies of a coupled equatorial Rossby-

Kelvin wave (e.g. Wang and Li 1994). The HS composites show that maximum conver-
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gence at 1000 mb precedes inviscid convergence at 850 mb, which is consistent with the
ideas examined in modeling studies. Divergence at 1000 mb lags to the west of convec-
tion, and may contribute to its demise when the convective area is enguifed by 850 mb
westerly perturbations.

The present study takes a similar strategy as HS in creating a composite MJO lifecy-
cle as a function of 9 phases. In this study, however, the compositing technique, the choice
of fields composited, and the method of filtering are significantly different from HS. First,
we use 850 mb zonal wind as a compositing basis instead of OLR. Whereas in HS a
regression analysis on OLR is used, this paper creates an index for compositing based on
the first two EOFs (empirical orthogonal functions) of the 850 mb equatorial zonal wind
and then selects events based on this index. Details of the technique will be described in
subsequent sections. Second, like HS, this paper composites the fields of 200 mb wind
and 850 mb wind, along with 1000 mb convergence. In addition to the fields considered
by HS, precipitable water anomalies are composited, along with MSU precipitation in
place of OLR. Composites of precipitable water give supporting evidence that regions of
boundary layer convergence actually lead to increased column water vapor in areas under-
going surface convergence. The MSU precipitation data give a better indication of the
location of heating than OLR, at least over the oceans. Thus, the MSU precipitation field
is able to give a more detailed picture of fine structure associated with convective areas. A
third significant departure is that HS zonally filtered all fields to zonal wavenumbers 1-3,
whereas this study uses no zonal filtering. The composites in HS consequently cannot
resolve the separate amplification of convection over the Indian and W. Pacific Oceans
(Weickmann and Khalsa 1990, Salby and Hendon 1994), a fact that is duly noted in HS.
As will be seen later, the composites created here are able to resolve the Indian Ocean
convective center and the W. Pacific convective center and detail the transition between
the two regions.

The seasonal dependence of the MJO has been examined in some detail in previous
studies (a good review can be found in Madden and Julian 1994), and an examination of

the Northern Hemisphere summer composites in the present study (Chapter 2.5) proves to
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be somewhat enlightening. Particularly interesting is the role of the MJO in the regula-
tion of the Indian summer monsoon. Previous studies have examined this aspect of the
MJO and have shown that “break” periods of the Indian monsoon seem to occur on
intraseasonal time scales, with strong indications of being phase-locked to MJO events
(e.g. Hartmann and Michelsen 1989, Madden and Julian 1994). Creating a composite
view of the NH summer case proves to be very interesting in this respect in that “break”
and *“‘active’ periods of the monsoon can be directly traced to the phase of the MJO being
examined in the composites. High spatial resolution shows that Rossby-wave structure is
responsible for northward propagating precipitation areas.

Section 2 describes the data products used and section 3 describes the compositing
technique. Section 4 will present the composites created for all seasons of the year, while
section 5 will look at the Northern Hemisphere summer. Conclusions will be presented in

section 6.

2.2) Data
NCEP/NMC reanalysis data (Kalnay et al. 1996) were used for the 200 mb, 850 mb,

and 1000 mb wind fields. Convergences were derived using these wind fields. Pentad (5-

day mean) averages were used from 1979-1995 in a gridded 2.5° x 2.5° format. Opera-
tional ECMWF analyses were originally used in the study, but then replaced by the NCEP
reanalysis product when it became available. The NCEP data for the entire 1979-1995
period were derived from the same model and data assimilation scheme. Our results do
not significantly differ for the two datasets. In this study the wind convergence at 1000 mb
plays an important role. Over the oceans the surface winds are largely generated by the
model dynamics and boundary layer scheme, and not by direct observations, so our con-

clusions are subject to the assumption that the model produces realistic surface wind con-

vergence. Surface meridional convergence anomalies at 165°E and the equator from
NCEP and the TAO (Tropical Atmosphere Ocean) buoy array were compared for the
years 1988-1995 using the compositing technique described in Section 3. Similar anoma-

lies were seen in both datasets (see Appendix A), although the sample size was too small
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to produce statistically significant results.

MSU precipitation data were used in pentad form for the years 1979-1995. The pre-
cipitation dataset is derived by using Channel-1 of the Microwave Sounding Unit which is
sensitive to emission by cloud water and rain water in the lowest few kilometers of the
atmosphere (Spencer 1993). The MSU precipitation product is only able to detect precipi-
tation over the ocean, which is adequate for this study, since ocean surface dominates the
region of interest. The reliability of MSU precipitation over the Maritime continent is a
question, but the OLR signal does not indicate any strong convective signals over island
areas that do not exist in the MSU precipitation data. The AVHRR (Advanced Very High
Resolution Radiometer) NOAA OLR product (Gruber and Krueger 1984) was used to

EOF1 and EOF2
.25 prrrrre—— T T—————————————— -

.20 F
ASF

A0 F

gnitude

.05 F

|

o

N o
LS vy

I‘llonnalizcd Ma
)
S

—
wn
TYVYYY
A

b E
N DWW DU ONS s W W et A |

(o] S0 10 150 20 250 300 350
Longitude

i
N
o

Figure 2.1. EOF!1 (solid) and EOF2 (dashed) of 850 mb zonal wind as a function of lon-
gitude. Magnitudes were normalized in the computation of the EOFs.

corroborate signals in MSU precipitation in certain key regions, and proved useful in
examining signals around the Indian subcontinent.

NVAP (NASA Water Vapor Project) precipitable water data (Randel et al. 1996) were
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available from 1988-1992 in pentad form. The NVAP product is a merged product of three
different datasets: Radiosonde, SSM/I (Special Sensor Microwave/Imager), and TOVS
(TTIROS Operational Vertical Sounder). The merged product gives water vapor values for
three different levels: surface to 700 mb, 700 mb to SO0 mb, and SO0 mb to 300 mb.

2.3) Compositing Technique
The index used for compositing was constructed using the 20-80 day bandpass filtered

850 mb zonal wind field. The filter was designed to have a frequency response with half-

power points at 20 and 80 days, effectively retaining near full amplitude frequencies in the

30-60 day range. The 850 mb zonal wind was averaged from 5°N to 5°S every 2.5°
around the equator. EOF analysis was then done on the resulting equatorially averaged
zonal wind field for the entire 1241 pentad record (1979-1995). EOF 1 and EOF 2 are dis-
played in Figure 2.1. EOF1 explains 32% of the total bandpass filtered variance, while
EOF 2 explains 22%. EOFs 3 and 4 explained 10% and 7%. Using the criterion devel-
oped by North et al (1982), the first two EOFs are significantly different from the rest.
Principal component analysis by projection of the first two EOFs onto the filtered 850 mb
zonal wind field shows that the principal component for EOF 1 peaks in magnitude an
average of 2-3 pentads before the principal component for EOF 2.

EOF 1 and EOF 2 appear to form a propagating signal in the zonal wind. EOF 1 in its

positive polarity appears to show westerlies at lower levels over the Indian Ocean chang-

ing over to easterlies over the Pacific Ocean at roughly 130°E. Peaking 2-3 pentads later,
EOF 2 corresponds to the strong low-level westerly winds that accompany many MJO
events over the western and central Pacific Oceans. (e.g. Lau et al. 1989) Further progres-
sion with time reveals that the EOFs nicely depict the cycle of 850 mb wind perturbations
which accompany MJO events that have been detailed in prior observational work. (e-g.
Madden and Julian 1972, Knutson and Weickman 1987, Hendon and Salby 1994)

An index was constructed in the following manner, where ¢ is the time in pentads:
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Index(t) = PC1(t) + (PC2(t+2)+PC2(t +3))/2 2.1

The index is a linear combination of the principal components (PCs) of EOF 1 and
EOF 2. Since the principal component of EOF 2 peaks an average of 2-3 pentads after the
principal component of EOF 1, contributions from the principal component of EOF 2 both
2 and 3 pentads later are added to the principal component of EOF 1 in order to form the
index. The results are insensitive to reasonable variations in the time at which PC 2 is

taken into account. Since the PCs are proportional to the amplitude explained, no weight-
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Figure 2.2. Power spectrum of the MJO index obtained by projecting the first two EOFs
onto the unfiltered equatorial time series of 850 mb zonal wind for 1979-1995. The red
noise spectrum is displayed along with the a priori 95% confidence limit.

ing between PC 1 and PC 2 other than this is required. The selection of events is not sen-

sitive to this weighting. The time at which the index is at a maximum is when a region of

maximum convergence of the 850 mb zonal wind anomalies is centered at about 130°E.
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To test whether the index indeed captures the essence of the zonal wind signal associ-

ated with the MJO, the first two EOFs were projected onto the unfiltered 850 mb zonal

wind time series averaged over 5°S to 5°N. The index above was then reconstructed using
these unfiltered principal components and the power spectrum was computed. The results
of the spectral analysis are shown in Figure 2.2. Two features are readily apparent. A large
peak is associated with the annual cycle and, most importantly, a second peak promi-
nently stands above the background spectrum at intraseasonal periods of roughly 30-80
days. The intraseasonal peak is significantly different from the red noise spectrum at the
95% level. This zonal wind index thus captures the nature of the MJO, even when pro-
jected onto unfiltered data.

Once the index was constructed, phases were assigned. The time variation of the index
is that of an oscillating pattern much like a sinusoidally varying function. Key events were
determined by choosing events that had peak amplitudes greater than one standard devia-
tion away from zero. Periods in which the index did not have succeeding positive and neg-
ative anomalies were ignored, but as it turns out, these periods would have been filtered
out by the selection process regardless, because the magnitudes were small during these
times. Criteria such as choosing events with maximum peak to trough amplitude and max-
imum trough amplitude were also tried, and the results were found to be insensitive to the
exact criterion used. As a result of this selection criterion, 81 events were isolated during
the period 1979-1995 for all seasons. Once the events were isolated, each event was bro-
ken into 9 different phases for compositing. Phase 5 was designated the time in each event
at which the index had maximum peak amplitude. Phase 1 and Phase 9 were given to the
times in each event with largest trough amplitude before and after Phase 5 respectively.
Phases 3 and 7 were given to the zero increasing and zero decreasing points in each event,
and the other phases were placed equidistant in time between Phases 1,3,5,7, and 9. The
81 events were then averaged together to produce a composite event.

Water vapor values were available for only the years 1988-1992, so the number of
events included in the water vapor composites is only 28. Compositing the fields other

than water vapor for the years 1988-1992 showed the same features as for the longer
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period of 1979-1995, so we feel it is justified to display the water vapor composites along-
side the composites for the other variables that were determined from the entire 1979-95

record.

2.4) Composites

Figures 2.3-2.14 detail the evolution of a composite cycle of the MJO. All seasons are
included. Wind fields were bandpass filtered to 20-80 days and convergences were
derived from these filtered wind fields. The annual cycle was removed from the precipita-
tion and water vapor fields. Winds at 200 mb are displayed along with MSU precipita-
tion for all nine phases. Vectors that are significantly greater than zero at the 90% level are
plotted in black. The significance of wind vectors was determined by comparing the mag-
nitude of the vector wind anomalies to a null hypothesis of zero. Winds at 850 mb are
displayed along with the 1000 mb convergence field. Water vapor anomalies are dis-
played with the 90% significance levels shaded. Since the patterns in the water vapor field
show no significant dependence on the particular level examined, we show the anomalies
of column integrals from the surface to 300 mb. In the Indian and W. Pacific Oceans at the

lowest levels, the moisture anomalies in our composites correspond to equivalent potential

temperature variations of 2-3°C.

2.4.1) Phase 1

Figure 2.3 shows the situation at Phase 1 of the composite cycle. At this time the pre-
cipitation anomaly over the Indian Ocean is weakly negative. Westerly 200 mb wind
anomalies extend across this region with easterlies at 850 mb. Patches of surface conver-
gence can be seen near the equator over the Indian Ocean in association with the 850 mb

easterly winds, a theme which will be repeated in the composite pictures for other phases.

A positive water vapor anomaly appears over the western Indian Ocean at about S0°E near
the westernmost convergence center at 1000 mb. A small anomaly appears in the precipi-
tation record coincident with the water vapor record from 1988-1992 (not shown). The

precipitation anomaly is not significant, whereas the water vapor anomaly is. The devel-
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Figure 2.3. The top two panels are Phase 1 composites of bandpassed 200 mb and 850
mb wind anomalies, MSU precipitation anomalies (without annual cycle), and the band-
passed 1000 mb convergence anomaly field for the period 1979-1995 (all seasons). Sig-
nificant vectors are shown in black while others are shown in gray. The third panel is a
composite of NVAP water vapor anomalies (without annual cycle) integrated to 300 mb,

displayed for the years 1988-1992. Maximum wind vectors are 6.l ms! and 2.8 ms!
for 200 mb and 850 mb respectively. Precipitation contours are at intervals of 0.6 mm

day™! starting at 0.3 mm day'l. Convergences are at intervals of 2x107 s°! starting at

1x1077 s°!. Water vapor anomalies are at intervals of 0.8 mm starting at 0.4 mm. Regions
significant at the 90% level are shaded. Convergence contours are solid and divergences
are dashed. Negative contours are dashed for precipitation and water vapor.

opment of a strong positive water vapor anomaly without a strong signal in precipitation

over the W. Indian Ocean is intriguing. It is notable that this same feature will appear in
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Phase 9. The timing of this feature in Phases 8 and 9 seems to correspond to the onset of
easterly 850 mb wind anomalies in this region.

Farther to the east, negative precipitation anomalies and negative water vapor anoma-

lies are occurring from the Central Indian Ocean near 70°E eastward to the dateline. The

remnants of the previous cycle of convection can be seen just to the east of the dateline at

about 10°S. Significant water vapor anomalies match up nicely with this feature. Westerly

anomalies at 850 mb and strong 200 mb easterly wind anomalies occur from the dateline

eastward to past 60°W. Another intriguing feature that is also seen in Phase 9 is the posi-

tive precipitation and water vapor anomaly to the south of Mexico and Central America

extending northwestward from 90°W. This feature is most prominent in the Northemn
Hemisphere summer (not shown). This precipitation is coincident with cyclonic shear of
the zonal wind associated with the westerly wind anomaly near the equator at 850 mb.
The MJO strongly modulates tropical cyclone activity in this region of the Eastern Pacific
Ocean during northern Hemisphere summer. Maloney and Hartmann (2000a) found that
eastern Pacific hurricanes are four times more likely during MJO westerly anomalies than

easterly anomalies.

2.4.2) Phase 2

In Phase 2, weak positive anomalies in precipitation are present over the equatorial

Indian Ocean at the African coast and at about 80°E (Fig. 2.4). The eastern edge of this
developing precipitation area is where the main convective area for the Indian Ocean will
develop during subsequent phases. The water vapor anomaly has expanded slightly
toward the east. Both the precipitation and water vapor anomalies are growing in a region
of increasing 1000 mb convergence which is expanding eastward with the 850 mb easterly

wind perturbations. Negative water vapor anomalies over the western Pacific and the Mar-

itime Continent (90°E- 150°E) have begun to weaken along the equator in the area coinci-
dent with the surface convergence. We hypothesize that surface convergence plays the

necessary role of eroding negative water vapor anomalies over the W. Pacific thereby cre-
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Figure 2.4. Phase 2 composites. Otherwise, same as Figure 2.3.

ating an environment favorable for convection. Upper tropospheric wind perturbations are
westerly over the equator from 60°E to 150°E and are associated with cyclones in the 200
mb wind field at about 25°N and 25°S, a picture consistent with HS.

To the east, a weak area of convection can still be found near 150°W and 15°S. Precip-
itation and water vapor anomalies are still enhanced along the Mexican and Central
American coasts associated with summertime convection. The 1000 mb convergence field
continues to show positive anomalies over this area also. Rather strong easterly 200 mb

wind anomalies are occurring along and just to the south of the equator from 150°W to

30°W.
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2.4.3) Phase 3
In Phase 3 rainfall begins to blossom in the E. Indian Ocean at about 80°E (Fig. 2.5).

This convection is accompanied by a strong water vapor anomaly. The convection is

accompanied by surface convergence, which extends eastward of the convection with the
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Figure 2.5. Phase 3 composites. Otherwise, same as Figure 2.3.

850 mb easterlies that extend to about 160°E. The water vapor field shows that the nega-

tive anomalies over the equatorial W. Pacific have been eliminated and some positive

anomalies are developing near 150°E, which is consistent with persistent surface conver-
gence in these areas. Positive anomalies in the water vapor field generally precede positive

anomalies in the precipitation field in the western and central Pacific Oceans. This sug-
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gests that the atmosphere in this region needs to be preconditioned before convection is
able to occur there. This idea is similar to the idea proposed by Hendon and Liebmann
(1990), Bladé and Hartmann (1993), and Hu and Randall (1994) that the atmosphere
requires a period of buildup of moist static energy before convective events can be main-
tained. In the present paper, we see that surface convergence acts to increase the precipi-
table water in the W. Pacific and thus increase the moist static energy of that region. The
drying of the atmosphere after passage of the previous convective event is counteracted in
part by the moistening of the atmosphere by surface convergence below the 850 mb east-
erly wind perturbations. In the Indian Ocean also, a buildup of moisture anomalies serves
as a precursor to the actual convective event. As was seen in Phase 1, a strong buildup of

anomalies in the water vapor field occurs before the strong onset of convection in the

Indian Ocean near 80°E, although the precursor event in the Indian Ocean is not collo-
cated with the main convective development.

Figure 2.6 shows lag correlations between convergence at 1000 mb and 850 mb and
column integrated water vapor anomalies for the Indian and W. Pacific Oceans. Conver-
gence at 1000 mb leads positive vapor anomalies by 0-1 phases over the Indian Ocean and
1-2 phases over the W. Pacific Ocean. Positive correlations on the order of 0.4-0.45 that
are significantly different from zero at the 95% level are found in both regions. Conver-
gence at 850 mb lags positive vapor anomalies by one phase over the W. Pacific Ocean
with no phase lag over the Indian Ocean. Correlations between 850 mb convergence and
vapor anomalies are lower (0.3-0.35) than for 1000 mb convergence. These correlations
provide evidence that surface convergence and water vapor anomalies are indeed linked
and that convergence at 850 mb is not crucial for the development of water vapor anoma-
lies. Convergence anomalies at 850 mb are generally about 50% weaker than those at the

surface (not shown).

2.4.4) Phase 4
Phase 4 shows the convection over the Indian Ocean at its peak (Fig. 2.7). The center

of convection has moved very little since Phase 3, indicating that this convective center is
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Figure 2.6. Plot of lag correlations between 850 mb and 1000 mb convergence and col-
umn water vapor anomalies in the Indian and W. Pacific Oceans as a function of the lag
in phases for 1979-1995 (all seasons). A positive phase lag means convergence leads

water vapor. Indian Ocean correlations are averaged over an area from 5°N to 5°S and
65°E to 85°E. (solid-1000 mb, short dash-850 mb) W. Pacific correlations are averaged

over an area from 5°N to 5°S and 130°E to 150°E. (long dash-1000 mb, dot-dash-850
mb) The dashed horizontal lines represents the limits at which correlations are signifi-
cantly different from zero at the 95% level at 1000 mb for the W. Pacific Ocean.

virtually growing in place over the eastern Indian Ocean between 80-85°E along the equa-
tor. HS note that the same stationary feature in convection would have been obtained in

their composites had they not filtered all fields to zonal wavenumbers 1-3. Positive water
vapor anomalies have now taken hold eastward from this area to about 150°E along the

equator, and a tongue of surface convergence now extends to about 135°W in the com-
pany of 850 mb easterly perturbations. These easterlies are flanked to the north and south
by anticyclones evident in the 850 mb wind field and cyclones at 200 mb. The precipita-

tion anomaly to the south of Central America has reversed. Negative precipitation anoma-



25

200 mb Wind, Precipitati Phase 4
N is e “ee - S e, - g 2F A NS ENMNENENEESY ST
v T e e e e . A —_—— s _,‘.,,7..\.‘.,4_‘.__-_ “9"':’"30N
P B B R N e S [N 4 .«.—} ~ Vool T . ‘o Tl e -
- 8 NN Ao/ AR N~E s P TA a.’,’:;).,‘-‘rf—s -l e -
-~ N P e R A R ")‘.o-\——q-\-—,o.~s\.— - -
— - d o »e—a—tow—od. - . ~.a X o Y o S S i
—— — W s.ﬁ.-‘ohug_ -——< . JUPIRN P S, -t zo—- -
P P L - =) _.(_‘ — i g -V S M e e s S g \5.'—"2&. — — e ] Eq
o - o Oy Vg el m NN s L DA ol e
- . - perg >~ V.8 - . A . e /m
L el S KR ) W P Sy ) . f'e - - &\ e g (@ + oy Gty
- - Mo N Ny U e et e A emrer s e e e
[ . A e e ~ 4 - e L T S
T i , et ot N~ L Ry = et L LS| 30 S
— o = > »< P S G i P —.z
N M, T4 ' s
850 mb Wind, 1000 mb Convergence Phase 4
D e A2 [§ ~ N 3
L T I N oL » ll“ - S A 74 S s
B L L R I L N, Y R AV SR 41 0 ~ e s & Q‘ PR L o :3"
Tp =G DY RIS i - - 2. N
. Tese &l PRI "l - s, - .
. B L - .. A -
- - w7 . -
IV ”i o . - - E
-t v -fo — . - ® - -
« - “’: - - q

Figure 2.7. Phase 4 composites. Otherwise, same as Figure 2.3.

lies and anticyclonic shear of the 850 mb zonal wind will continue to develop in this area
during subsequent phases. The beginning of cyclones in the 850 mb wind field can be
seen to the immediate northwest and southwest of the main convective region, along with
a broader anticyclone pair in the 200 mb wind field. These features are consistent with
Rossby wave propagation away from the main convective area. Circulation patterns in
the Indian Ocean appear to be most interesting during Northern Hemisphere summer, par-
ticularly north of the equator. These will be examined in more detail in section 5.

Westerly perturbations at 850 mb are apparent from the Indian Ocean convection

westward. A dry water vapor anomaly is beginning to grow near 50°E. A couple of
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mechanisms may explain the appearance of this anomaly. One possibility is that surface
divergence (barely detectable by the first contour level over the W. Indian Ocean) due to
an equatorial pressure maximum dries the lower atmosphere. Second, subsidence or hori-
zontal advection from the west or extratropics associated with Rossby wave circulations
may dry the air (Gill 1980). Subsequent composites will show that these westerlies will
form a wedge of dry anomalies along the equator that will act to suppress convection in
areas affected by it. Winds at 200 mb are out of phase with those at 850 mb and display
easterly anomalies.

Retumning to the idea of surface convergence, the 850 mb convergence and wind fields

are plotted for Phase 4 in Figure 2.8. Although at 1000 mb a tongue of convergence

extends across the equatorial Pacific to about 130°W, no such tongue is found at 850 mb.
This implies that it is the surface convergence which must be causing the moisture
increase to the east of the main convective area and not the effect of inviscid convergence.
Inviscid convergence is prominent in the region at which 850 mb easterly and westerly
zonal wind anomalies converge along the equator, but not toward the east. Convergence

fields are generally weaker for the 850 mb field than for the 1000 mb field.
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Figure 2.8. Wind anomalies at 850 mb and 850 mb convergence anomaly field for Phase

4. Contour interval is 2 x 10-7 s°! starting at 1 x 10-7 s™!. Wind vectors are of same mag-
nitude as Fig 2.7.
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2.4.5) Phase 5

Interesting things occur in the Indian and W. Pacific Oceans during Phase 5 (Fig 2.9).
Convection at the equator in the Indian Ocean is no longer being supported by surface
convergence and is consequently beginning to move off the equator accompanied by

cyclonic (anticyclonic) circulations at 850 mb (200 mb) to the north and south of the

equator at about 80°E. As discussed earlier, these low level cyclones and upper level anti-
cyclones are characteristic of the Rossby wave response seen with the MJO. A split in the

anomaly pattern is rather well shown in the 1000 mb convergence field and water vapor

field. Bands of surface convergence at about 15°N and 15°S flank the equatorial diver-
gence over the Indian Ocean. Westerly equatorial 850 mb wind perturbations and anoma-
lous surface divergence have also started to split convection into two separate centers on
either side of the equator. This same structure has been reproduced in several recent mod-
eling studies (Wang and Rui 1990, Salby, Garcia, and Hendon 1994, Seager and Zebiak
1994, Wang and Li 1994).

To the east of the convective region, strong water vapor anomalies are now present in
the W. Pacific, along with growing precipitation anomalies. It appears that the atmosphere
is becoming sufficiently moistened for convection to be favored in the W. Pacific. A

strong tongue of positive water vapor anomalies also extends past the dateline at about

5°N to 10°N. Weak positive precipitation anomalies are becoming apparent in this tongue
of moisture anomalies. This precipitation structure resembles an ITCZ (Intertropical Con-
vergence Zone) and is forming in the transition zone between positive and negative sur-
face convergence anomalies. Thus, the link between this development and surface
convergence is inconclusive. However, the link between surface convergence and vapor
anomalies in the western Pacific is robust. The surface convergence signal now extends
along the equator to South America in association with the 850 mb easterly wind pertur-
bations. Weak water vapor anomalies are also present in the vicinity of South America.
Negative water vapor anomalies and suppressed precipitation are present just to the south

and west of Central America.
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200 mb Wind, Precipitation Phase 5
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Figure 2.9. Phase 5 composites. Otherwise, same as Figure 2.3.

2.4.6) Phase 6
Phase 6 shows a rather impressive structure in the precipitation field (Fig. 2.10). The

main equatorial convective anomaly has made the transition from the Indian Ocean to the

Western Pacific around 130°E. Bands of precipitation at about 15°N and 15°S extending
across the northern and southern Indian Ocean are associated with Rossby waves evident
in both the 1000 mb convergence field and the water vapor anomaly field. Strong anticy-
clonic circulations at 200 mb in association with these features are readily apparent. At
the equator in the Indian Ocean strong 850 mb westerly anomalies and surface diver-

gence are present with a strong tongue of anomalously low precipitation and water vapor
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values extending across the Indian Ocean. Rapid drying of the atmosphere occurs in asso-
ciation with these westerly anomalies. Possible mechanisms for this drying were dis-

cussed in section 2.4.4.
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Figure 2.10. Phase 6 composites. Otherwise, same as Figure 2.3.

The main convective area is at a node in the surface convergence at 130°E, with strong
convergence to the east toward South America. Strong positive water vapor anomalies are

occurring along and to the north of this convergence. An ITCZ signature in the precipita-
tion extends out to 120°W at about 5-10°N. A similar ITCZ structure was detected by

Bantzer and Wallace (1996). Strong 850 mb easterly perturbations and very strong 200
mb westerly perturbations straddle the equator just to the south of the ITCZ.
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The phase relationship between the precipitation signal and the water vapor signal
over the western Pacific is interesting. To show this relationship, a 5° by 5° box centered

at the equator and 130°E was chosen and water vapor anomalies and precipitation anoma-
lies were plotted as a function of phase (Fig 2.11). Results from this region were typical of

the western equatorial Pacific in general. Water vapor anomalies are increasing over this
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Figure 2.11. Precipitation anomalies and water vapor anomalies for the years 1988-1992

(all seasons) as a function of phase for a 5° by 5° box centered at the equator and 130°E.
Precipitation (dashed) Vapor (solid). The dotted horizontal lines are the limits at which
the water vapor signal is significantly different from zero at the 95% level.

region after Phase 1. The precipitation anomalies only start to increase significantly after
Phase 4. Positive water vapor anomalies are reached at Phase 3 preceding the onset of
positive precipitation anomalies at Phase 5. The vapor anomaly peaks at Phase 5 or 6,
whereas the precipitation anomaly peaks at Phase 6. After they peak, both fields decline
rapidly. This suggests again that the atmosphere needs to be slowly preconditioned before
convection can begin in eamest, and that the passage of the maximum in convection and

large-scale wave structure quickly dries the atmosphere. Surface convergence associated
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with the 850 mb easterly perturbations of a Kelvin wave helps to slowly moisten the atmo-

sphere, and rapid drying accompanies the strong 850 mb westerly anomalies of the

Rossby and Kelvin wave features after the passage of convection.

2.4.7) Phase 7

At Phase 7 the convective center has shifted to 155°E with a bull’s-eye of suppressed

precipitation and humidity over the Indian Ocean accompanied by 1000 mb divergence

(Fig. 2.12). Westerly 850 mb wind anomalies are continuing to drive into the convective
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Figure 2.12. Phase 7 composites. Otherwise, same as Figure 2.3.

area with precipitation areas to the north and south of the equator at about 120°E flanking

the strong westerlies at lower levels. Strong anticyclones at 200 mb accompany these fea-
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tures in association with Rossby waves at 130°E. A strong dry anomaly is located over the

Indian Ocean to the west of the main convective area with some moist anomalies stretch-

ing eastward from the main convective area to about 110°W with additional pockets over

S. America. Surface convergence has weakened over the E. Pacific Ocean along the equa-

tor and strong moist anomalies in the water vapor field are beginning to decay and become
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Figure 2.13. Phase 8 composites. Otherwise, same as Figure 2.3.
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disjointed. An ITCZ still extends out to about 120°W. The main convective area is in a

region of surface divergence now as the equatorial Kelvin wave begins to propagate away

from the central Pacific, and 850 mb westerly wind anomalies overtake the convective

area.
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2.4.8) Phase 8

The convective area over the central Pacific at 170°E has weakened and the water
vapor anomaly has started to become diffuse over the central and eastern Pacific (Fig.
2.13). Evidence for a positive ITCZ anomaly still remains just to the north of the equator.
The dry anomaly over the Indian Ocean has expanded into the W. Pacific Ocean to about

150°E, and it is this anomaly which must be eroded in order for convection to be reestab-

lished in the W. Pacific when the cycle in convection begins again.

In the W. Indian Ocean at about 60°E a small patch of surface convergence and a
newly formed positive water vapor anomaly have appeared in a region previously inhab-
ited by dry anomalies. Thus, the preconditioning of the atmosphere in the Indian Ocean

has begun and moist anomalies are forming which are a precursor to a new convective

anomaly near 80°E. Strong westerly flow anomalies at 200 mb are expanding into the W.

Indian Ocean from the west.

2.4.9) Phase 9
If the MJO were periodic, Phase 9 would be identical to Phase 1. The MJO is not
perfectly periodic, but Phase 9 (Fig. 2.14) shows many similarities to Phase 1, especially

in the water vapor and precipitation fields. The remnants of convection are located to the
east of the dateline near 10°S, which is reflected in the water vapor and precipitation

fields. A strong area of positive water vapor anomalies has grown near 60°E and the equa-
tor, that is the precursor to convection in the Indian Ocean mentioned earlier. This feature
is being supported by surface convergence and lies within the region of 850 mb easterly
wind anomalies. Evidence exists for a weak precipitation anomaly accompanying this
water vapor anomaly when the precipitation field is examined for 1988-1992 (not shown).
A similar anomaly was seen in Phase 1.

Enhanced precipitation is occurring along the Mexican and Central American coast as
in Phase 1, associated with convection there during the Northem Hemisphere summer.

Positive moisture anomalies are also found. A tongue of surface divergence and 850 mb
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Previous studies have noted the seasonal aspects of the MJO, in particular the Indian

Figure 2.14. Phase 9 composites. Otherwise, same as Figure 2.3.
ning to establish itself on either side of the equator at upper levels in the Indian Ocean

monsoon during the Northem Hemisphere summer (see Madden and Julian 1994 for a
review). Break periods of the monsoon have been attributed in part to different phases of
the Intraseasonal Oscillation (e.g. Hartmann and Michelsen 1989). Using the index devel-

westerlies lies along the equator from 120°E to 90°W.

2.5) The Northern He

region.
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oped in Section 3, an enlightening picture of the MJO during Northemm Hemisphere sum-
mer can be obtained. Composites of 850 mb wind anomalies and MSU precipitation
anomalies for the months May-October in the Indian Ocean region are displayed in Figure
2.15. This period encompasses the Indian summer monsoon period and 43 events of the
81 total events derived in the all-season composites fall within this period. Phase 1 is very
similar to Phase 9 and so only phases 2-9 are displayed in the composite picture. One
need only look at Phase 9 to see how the cycle of convection is initiated. Since the MSU
precipitation dataset is only available over ocean areas, precipitation values over the
Indian subcontinent are either nonexistent, or reflective of nearby ocean surfaces through
smoothing. However, a very good indication of the widespread precipitation anomalies
over the Indian subcontinent can be inferred by examination of the precipitation fields
over the Bay of Bengal and the Arabian Sea to the east and west of the Indian subconti-
nent. OLR data were used to support inferences about precipitation over the Indian sub-
continent, but is not suitable to determine fine spatial structure.

Composites based on the equatorial 850 mb zonal wind index are very similar to those
obtained by Hartmann and Michelsen (1989) (Hereafter referred to as HM) using indices
based on precipitation and 850 mb zonal wind for selected observing stations around
India. HM describe “active” periods of the monsoon as being accompanied by enhanced
precipitation centered over central India with an associated cyclonic circulation at 850
mb. “Break” periods are accompanied by a precipitation minimum over central India with
an associated anticyclonic circulation at 850 mb. Spectral analysis indicated that such
variations occur on intraseasonal timescales of 40-50 days. These features in the precipi-
tation and winds appear first over the far southern portions of the Indian subcontinent and
then propagate toward the north. Precipitation anomalies terminate their northward move-
ment and then die in place once the Himalayas are reached.

The composites in this paper provide a large-scale context for the results of HM. Con-

vection grows along the equator from 80-90°E during Phases 2 and 3. Westerly wind per-

turbations at 850 mb begin to divide the convective system at Phase 4, and the resulting

shear spawns a cyclonic circulation to the north of the equator at roughly 10°N with a



36

May-October 850 mb Wind and Precipitation Anomalies
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Figure 2.15. May-October 850 mb bandpassed wind anomalies and MSU precipitation
anomalies as a function of phase for 1979-1995. Wind vectors significant at the 90%
level are plotted in black and non-significant vectors are gray. Contours are every 0.6 mm

day'l starting at 0.3 mm day'l. Maximum vectors are 3.3 m s'!. Dashed contours are neg-
ative.

lesser circulation in the Southern Hemisphere. Precipitation anomalies have reached the

southern part of India at this time. At Phase 5 the precipitation area near the equator has
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been completely sheared into two centers to the north and south, consistent with the dry-
ing mechanisms discussed in section 4d. Precipitation anomalies have reached central
India (confirmed by the OLR signal (not shown)) and are accompanied by a strengthened
850 mb cyclone. This northward and westward propagation of Rossby waves away from
the equator explains the northward propagation of the precipitation and wind anomalies
seen in HM and other studies. In Phase 6, the precipitation maximum and associated
cyclonic circulation over central India are consistent with the “active” monsoon period
described by HM. A dry anomaly is centered over the equatorial Indian Ocean that will
propagate northward to eventually provide a “break” monsoon period for India. Phase 3 is
typical of such a period in that a precipitation minimum appears over central India with
associated anticyclonic circulation at 850 mb. Phases 7-9 detail the northward propagation
of this dry anomaly from the equator. The positive anomaly eventually dies over the north
of India (confirmed by the OLR signal).

These composites paint the picture of alternating positive and negative precipitation
anomaly areas and associated cyclonic and anticyclonic 850 mb wind circulations begin-
ning in the east equatorial Indian Ocean and then propagating northward and westward
across the Indian subcontinent. Weaker precipitation and wind anomaly features occur in
the Southern Hemisphere during this season. This pulsation in altemnating northward mov-
ing wet and dry anomalies is a rather robust feature independent of the portion of the NH
summer record examined and provides compelling evidence in locking at least some of
the intraseasonal variability associated with the Indian monsoon to the phases of the MJO.
This same type of feature, sometimes described as a “northward moving cloud bank™
when associated with an active monsoon period, has been observed in numerous studies
(see Madden and Julian 1994). The timing of the monsoon onset may also be affected by
the phase of the MJO, so that the MJO may be important for Indian agriculture (Webster
1987).

2.6) Conclusions

A composite lifecycle of the Madden-Julian Oscillation based on an 850 mb equato-
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rial averaged zonal wind index has shown that convergence in the boundary layer due to
friction plays a key role in the evolution of the Madden-Julian Oscillation. The large
scale structure of the MJO is that of a coupled Kelvin-Rossby wave, with wavenumber 1
structure along the equator at upper levels. Equatorial Kelvin wave theory indicates that
regions of 850 mb easterlies are accompanied by negative pressure perturbations at the
surface and that positive pressure perturbations occur below 850 mb westerlies. Thus,
frictional moisture convergence takes place near the surface beneath 850 mb easterly per-
turbations, and divergence of moisture occurs beneath 850 mb westerly perturbations. The
convective complex associated with the MJO generally has moisture convergence in the
boundary layer lying along the equator to the east, and divergence to the west. Subsidence
or horizontal advection from the west or extratropics associated with Rossby wave circu-
lations may also contribute to drying to the west of convection Convergence at 850 mb is
more bound to the regions of maximum convection (Fig. 2.7 vs. Fig. 2.8). This phase lag
between regions of inviscid convergence and frictional convergence has been noted in
other studies (e.g. Hendon and Salby 1994).

Frictional convergence acts to moisten the atmosphere in regions which had been
dried out by the previous cycle of convection. A significant correlation exists between sur-
face convergence and positive water vapor anomalies over the W. Pacific and Indian
Oceans with surface convergence leading water vapor in time (Fig. 2.6). Convergence at
850 mb has a weaker correlation and lags water vapor over the W. Pacific Ocean. The time
required for the formation of new convection in a region may be determined by the
amount of time it takes surface convergence to reestablish a certain level of moisture. As a
prime example, dry anomalies in the western Pacific to the east of the growing area of
convection in the Indian Ocean are subjected to a period of moisture convergence (Figs.
2.4, 2.5, 2.7). The timescale required for convection to shift into the Pacific may be set by
the time it takes frictional convergence to sufficiently moisten the atmosphere. Positive
water vapor anomalies precede the development of positive precipitation anomalies in
areas east of the main convection (Fig 2.11). Additionally, water vapor anomalies peak in

many areas of the W. Pacific before the peak precipitation is observed. A similar process
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occurs for the onset of convection in the Indian Ocean. Curiously, in the Indian Ocean the
main convective area forms to the east of where the initial perturbation in the moisture
field is located (Fig. 2.3 vs. Fig. 2.5).

Rossby wave circulations propagate poleward and westward away from the main con-
vective areas of the Indian and W. Pacific Oceans, and accelerate the westerly flow at 850
mb along the equator. This 850 mb westerly flow associated with both the Kelvin and
Rossby wave components dries out the equatorial region of the Indian Ocean rapidly, end-
ing convection there. The convection then shifts off the equator with the Rossby compo-
nents while a second convective center is forming in the western Pacific Ocean.
Anticyclonic flow at 200 mb and cyclonic flow at 850 mb are characteristic of these
Rossby waves (Figs. 2.9, 2.10). Rossby wave features of the opposite polarity are
observed in association with dry periods of the oscillation.

During the Northern Hemisphere summer, the Indian monsoon seems intimately tied
to phases of the MJO. The northward propagation of precipitation across India during the
summer monsoon is associated with northward and westward movement of Rossby wave
features trailing the main center of equatorial convection associated with the MJO.
“Break” and “active” phases of the Indian monsoon seem to be tied to the phases of the
MJO. Cyclonic winds at 850 mb accompany “active” periods, while anticyclonic winds
accompany “break’ periods. The composites obtained are consistent with the fields
described in Hartmann and Michelsen (1989).
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3) The Sensitivity of CCM3 Intraseasonal Variability to Convection

Scheme

This chapter describes work submitted to the Journal of Climate (Maloney and

Hartmann 2000c). Figure 3.1 is the only significant addition to the analysis in that paper.

3.1) Introduction

The Madden-Julian oscillation (MJO), or tropical intraseasonal oscillation, is a
dominant mode of variability in the tropical troposphere with characteristic eastward peri-
ods of 30-60 days (Madden and Julian 1994, Hendon and Salby 1994). The oscillation has
a mixed Kelvin-Rossby wave structure over the Indian and western Pacific oceans, where
the circulation is strongly coupled to convection and propagates slowly eastward. Kelvin
wave structure with more rapid eastward propagation is characteristic in regions away
from convection. Winds at 200 mb are out-of-phase with those at 850 mb. Amplitude over
the western Pacific and Indian Oceans peaks during December-May.

Atmospheric general circulation models (GCMs) have had difficulty in simulating
the observed characteristics of the MJO. Many GCMs are able to simulate eastward prop-
agating equatorial zonal wind signals. The vast majority, however, produce intraseasonal
signals with unrealistically high phase speeds in convective areas, periods that are too low
(< 30 days), and unrealistically low amplitudes (Park et al. 1990, Slingo et al. 1996). Most
models also do not capture the seasonality of the signal. Models that employ convective
schemes closed on buoyancy tend to produce better intraseasonal oscillations than those
closed on moisture convergence (Slingo et al., 1996). Other methods have been suggested
for improving intraseasonal variability in GCMs. Flatau et al. (1997) and Waliser et al.
(1999) suggest that coupling an atmospheric GCM to a simple slab ocean model may
increase intraseasonal variability, and slow the eastward propagation of equatorial wave
disturbances. Wang and Schlesinger (1999) find that a relative humidity threshold for ini-
tiation of convection may increase intraseasonal variability with certain convection

schemes. Raymond and Torres (1998) suggest that convective parameterizations must
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properly simulate convection of low precipitation efficiency during dry regimes to prop-
erly moisten the mid-troposphere for MJO deep convection events.

This study will analyze intraseasonal variability in the National Center for Atmo-
spheric Research (NCAR) Community Climate Model, version 3.6 (CCM3) (Kiehl et al.
1998). As we will show later, the standard CCM3 deep convection parameterization of
Zhang and McFarlane (1995) produces tropical intraseasonal variability in zonal winds
and precipitation with amplitude much weaker than observed. The intraseasonal variabil-
ity of the model can be improved with alternate deep convection schemes. We will com-
pare the performance of four quasi-equilibrium type schemes in the CCM3 (Table 1).
Quasi-equilibrium schemes assume that convection is controlled by the rate at which
instability is supplied by the large-scale environment. The timescale for convection is
much less than the timescale at which the instability is created (Manabe and Strickler
1964, Arakawa and Schubert 1974, Emanuel 1986). The four schemes we use in this
study relax the atmosphere toward a stable state rather than remove the instability
instantly. The convective parameterizations are described in section 2. The microphysics
of cloud with relaxed Arakawa-Schubert (McRAS) scheme of Sud and Walker (1999a)

gives the best MJO simulation in both zonal winds and precipitation.

Table 3.1. Quasi-equilibrium convection schemes.

Configuration Deep Convection Scheme Description
1 Zhang and McFarlane (1995) Mass flux scheme with saturated down-
drafts
2 Hack (1994) Three level adjustment (triplet) cloud
model
3 Emanuel and Zivkovic- Buoyancy sorting with unsaturated down-
Rothman (1999) drafts
4 Moorthi and Suarez (1993) Relaxed Arakawa-Schubert scheme with
with Sud and Walker (1999a) prognostic cloud water, RH threshold, and
(McRAS) evaporation of convective precip. in

unsaturated downdrafts and the environ-
ment.
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Convective downdrafts have been observed to significantly affect the lower tropo-
spheric temperature and moisture budgets of tropical convective systems (Betts 1976,
Zipser 1977, Houze 1977). Although downdrafts cool and dry the lower troposphere
immediately near convection, they promote a cooler and moister mean tropical lower tro-
posphere due to weaker compensating subsidence away from convection (Johnson 1976,
Cheng 1989). The parameterization of convective precipitation evaporation and convec-
tive downdrafts has been shown to improve the simulation of convection by cumulus
parameterizations (e.g. Garstang and Betts 1974, Kao and Ogura 1987). Molinari and
Corsetti (1985) found that parameterizing convective downdrafts is essential for realisti-
cally simulating the lifecycle of a mesoscale convective system. Sud and Walker (1993)
and Seager and Zebiak (1995) found that including convective downdrafts in their models
improves the mean simulation of tropical convection. Models with realistic mean states of
convection are more likely to produce realistic intraseasonal oscillations (Slingo et al
1996).

Convective evaporation may also help to precondition the tropical atmosphere for
deep MJO convection. After stabilization of the atmosphere by the passage of an MJO
convective event, the troposphere needs to be sufficiently destabilized before the recur-
rence of deep convection (Bladé and Hartmann 1993, Hu and Randall 1994, Maloney and
Hartmann 1998). Radiative cooling aloft and moistening of the lower and middle tropo-
sphere by shallow and mid-level convection may contribute to this destabilization (Ray-
mond and Torres 1998). The evaporation of convective rainfall in unsaturated air may also
contribute toward moistening the lower troposphere for more intense convection. Bound-
ary layer relative humidity thresholds for the initiation of convection parameterize the
requirement of lower tropospheric preconditioning in a simple manner (Wang and
Schlesinger 1999). Convective downdrafts can also help stabilize the boundary layer after
a strong MJO convective event by transporting air of low moist entropy to lower levels.
Rain evaporation in tropical mesoscale convective systems has been observed to stabilize
the lower troposphere (e.g. Leary and Houze 1979).

The McRAS convection scheme includes a relative humidity threshold for initiation



43

of convection, and a parameterization of convective rain evaporation and unsaturated
downdrafts. We will show that the simulation of intraseasonal variability in CCM3 with
MCcRAS is very sensitive to the rain evaporation and downdraft parameterization. The
simulation of MJO variability is not improved through use of a boundary layer relative
humidity threshold, and is in fact degraded if the threshold is set too high. The McRAS
convection scheme also contains prognostic cloud water. Cloud mass fractions are
allowed to entrain, advect horizontally and vertically, diffuse, evaporate, and condense
with a detailed parameterization of cloud microphysics. The treatment of cloud water as a
prognostic variable rather than a diagnostic variable can improve the simulation of deep
convection and atmospheric temperature and moisture profiles (e.g. Randall 1989, Tiedtke
1993, Del Genio et al. 1996, Das et al. 1998). Our experiments indicate that the simulation
of intraseasonal variability in CCM3 with McRAS is not sensitive to prognostic cloudwa-
ter, and so results examining prognostic cloud water will not be presented here.

Section 2 will describe the CCM3, the four convection parameterizations, and the
model experiments. Section 3 will compare the intraseasonal variability of the CCM3
using the four different convective schemes. Section 4 examines a composite MJO lifecy-
cle in CCM3 with McRAS convection. Section 5 examines the sensitivity of CCM3 with
MCcRAS convection to relative humidity threshold and the evaporation of convective pre-

cipitation with unsaturated downdrafts. Conclusions are presented in section 6.

3.2) The CCM3 and Quasi-Equilibrium Convection Schemes

3.2.1) The NCAR CCM3

The standard version of the NCAR CCMS3 used here is a global spectral atmo-

spheric GCM with T42 horizontal resolution (a roughly 2.8° x 2.8° Gaussian grid) and 18
levels in the vertical. The top of the model is at 2.9 mb. The model time step is 20 min-
utes. Deep convection is simulated by the mass-flux scheme of Zhang and McFarlane
(1995), and the triplet convective scheme of Hack (1994) simulates shallow convection.

The mean simulation of tropical convection is much improved over that of CCM2 which

eV d
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uses the Hack (1994) scheme for deep convection (Hack et al. 1998), but overall convec-

tive variability is reduced. See Kiehl et al. (1998) for a complete description of the CCM3.

3.2.2) Quasi-equilibrium convection parameterizations

We compare the performance of the CCM3 at intraseasonal timescales using four
different deep convection schemes: Zhang and McFarlane (1995), Hack (1994), Emanuel
and Zivkovic-Rothman (1999), and Sud and Walker (1999a, McRAS). Relaxation times-
cales for convection of one hour were used for all schemes except for the Emanuel
scheme. For the Emanuel scheme, the relaxation parameters were set to the values pre-
scribed in Emanuel and Zivkovic-Rothman (1999).

The Zhang and McFarlane (1995) parameterization is a mass flux scheme inspired
by the convective parameterization of Arakawa and Schubert (1974). An updraft ensem-
ble of entraining convective plumes, all having the same mass flux at cloud base, relaxes
the atmosphere toward a threshold value of convective available potential energy (CAPE).
Results are not sensitive to the threshold used. In-cloud saturated downdrafts commence
at the level of minimum moist static energy. The effects of these downdrafts are generally
weak. Detrainment of ascending plumes also begins at the level of minimum moist static
energy. Therefore, only ascending plumes that can penetrate through the conditionally
unstable lower troposphere are present in the ensemble. The Hack scheme (described
next) accompanies the Zhang scheme for simulation of shallow convection.

The Hack (1994) triplet cloud model was implemented in CCM2 as the primary
deep convection scheme. The scheme uses a simple cloud model based on a triplet, in
which convective instability is assessed for three adjacent layers in the vertical. If a parcel
of air in the lower layer is more buoyant than one in the middle layer, adjustment occurs.
The mass flux is related to the parcel buoyancy and an autoconversion parameter, and is
modified by a relaxation timescale. Detrainment occurs at the highest level. After adjust-
ment occurs for three levels, the triplet moves up one level and the process is repeated.

The Emanuel scheme (Emanuel and Zivkovic-Rothman 1999) is a buoyancy sorting

scheme. Parcels ascend undiluted from cloud base to upper levels, where mixing with the
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environment and precipitation formation occurs. The mixed parcels then ascend or
descend according to their buoyancy. Detrainment occurs at the level where the liquid
water potential temperature equals that of the environment. Relaxation parameters and
CAPE determine the rate of adjustment per time step toward equilibrium. Both saturated
and unsaturated downdrafts are simulated.

The relaxed Arakawa-Schubert (RAS) scheme of Moorthi and Suarez (1992)
relaxes the atmosphere toward equilibrium by adjustment through an ensemble of entrain-
ing plumes. Adjustment is initiated when the critical value of the cloud work function (a
measure of the buoyancy of lower tropospheric parcels, see Appendix B) for a particular
cloud type is exceeded. Cloud types are distinguished by differing entrainment parame-
ters. The version of RAS we use includes modifications made by Sud and Walker (1999a,
MCcRAS). McRAS has a relative humidity threshold (RH,) for initiation of convection,
where cloud base is determined to be the lowest level in the atmosphere between 700 mb
and 960 mb that satisfies RH.. We use an RH_, of 0.81 in the control simulations of
MCcRAS. Evaporation of convective precipitation in unsaturated environmental air is
included in McRAS following Sud and Walker (1993). Convective rainfall in each cloud
is partitioned between the convective core and lighter precipitation areas. Convective
downdrafts driven by evaporation are generated in the regions with the most intense rain-
fall, where about one-third of the total rain generation occurs. An evaporation efficiency
parameter determines the fraction of the total possible evaporation that occurs in a layer
(Kessler 1969). Downdrafts commence near the level of minimum moist static energy and
crash at the surface, displacing boundary layer air upward. The cloud regions with lighter
convective rainfall (such as below the anvil) also experience evaporation, but do not expe-
rience downdrafts. A third major modification in McRAS is the inclusion of a prognostic
cloud water scheme. Cloud liquid water values and cloud fractions are retained as prog-
nostic variables at each time step. Explicit cloud microphysics act on the cloud variables.
Clouds advect, convect, and diffuse in the horizontal and vertical. Due to computational
constraints, we use the standard CCM3 radiation scheme in our simulations, which does

not directly interact with cloud microphysics. Cloud properties required by the radiation
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scheme are diagnosed at each radiation time step. A different model climate may result
from using a radiation parameterization that explicitly interacts with the prognostic cloud-

water scheme.

3.2.3) Perpetual March simulations of CCM3
Four-year perpetual March simulations with full topography were conducted for
each of the four convection schemes. Results are insensitive to increasing the length of the

simulation. Results become increasingly subject to sampling variability as the length of

March SST Climatology

~ 308

60S

0 90E 180 oW 0

Figure 3.1. March SST climatology used in the model simulations. The values over land
are interpolated from nearest ocean points, and have no meaning.

the simulation is shortened, and may not generalize well. March is the month of maxi-
mum amplitude of the MJO over the western Pacific and Indian Oceans (Salby and Hen-
don 1994). Perpetual March simulations enable us to adequately sample the most active
month of intraseasonal variability within the time constraints imposed by computational
requirements. Insolation is fixed at its March 15 distribution. The monthly mean sea sur-
face temperature (SST) climatology for March, described by Shea et al. (1992), is used for
the ocean surface (Figure 3.1). Mean March stratospheric ozone values are specified for
use in radiative transfer calculations. Although a perpetual March simulation does not
have seasons, we will use the word “intraseasonal” to describe variability with periods

between 20 and 80 days.
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3.3) Intraseasonal Variability Intercomparison

3.3.1) Data

Observed 850 mb zonal wind and precipitation fields are compared to CCM3 gener-
ated fields to determine the model performance at intraseasonal timescales. National Cen-

ters for Environmental Prediction (NCEP)- National Center for Atmospheric Research

(NCAR) gridded (2.5°x2.5°) pentad reanalysis data (Kalnay et al 1996) are used for 850
mb zonal wind. Data were available during 1979-1997. Xie and Arkin (1996) merged

gridded (2.5°x2.5°) precipitation data in pentad format were available during 1979-1996.

This dataset includes both land and oceanic precipitation.

3.3.2) Model performance
Slingo et al. (1996) found that GCMs with the most realistic intraseasonal variabil-

ity generally have realistic mean states. Figure 3.2 compares the Xie/Arkin March precip-
itation climatology to climatologies from the CCM3 perpetual March simulations using
varying convection schemes. Strictly speaking, a direct comparison cannot be made
between a perpetual March simulation climatology and a March climatology derived from
observations. In nature, SSTs vary within the month of March, and so we should not
expect the simulation of tropical convection to exactly match the long-term March clima-
tology. A comparison between the perpetual March simulations and observed March cli-
matologies should indicate the general quality of the simulation, however.

Note that we only show the convective precipitation climatology from the Emanuel
scheme here. The CCM3 with the Emanuel scheme has a problem with excessive large-
scale precipitation in tropical areas. Large-scale precipitation magnitudes can be four
times the value of the convective precipitation. Consequently, total precipitation is unreal-
istically high over many regions of the tropics. Inadequate boundary layer resolution in
the CCM3 may be responsible for the poor simulation of mean tropical precipitation with
the Emanuel scheme (Kerry Emanuel, personal communication). This deficiency should

be noted as a caveat when examining intraseasonal variability results from the CCM3
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March Precipitation Climatology
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Figure 3.2. March precipitation climatology. a) Observed mean March precipitation from
Xie/Arkin and the mean precipitation from the four 4-year perpetual March CCM3 simu-

lations using b) the Zhang/McFarlane, c) Hack, d) Emanuel, and e) McRAS convective
schemes. Only convective precipitation is displayed for the Emanuel convective scheme.

The contour interval is 3 mm day’l. Values greater than 6 mm day'l are shaded.

Emanuel simulation. The Emanuel scheme may perform significantly better in higher res-
olution versions of the model.

Both the McRAS scheme and the Zhang/McFarlane (ZM) scheme produce reason-
able March precipitation distributions. A somewhat stronger than observed ITCZ signa-
ture occurs with both schemes over the tropical Pacific, and mean precipitation tends to be

somewhat weaker than observed over the Indian Ocean. Tropical land precipitation over
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Figure 3.3. March 850 mb zonal wind climatology from model and observations. Obser-
vations are derived from NCEP. The contour interval is 2 m s} starting at | m s'L. Values
greater than I m s’! are shaded. The zero contour is not shown.

South America and Africa is also somewhat more intense. Although McRAS and ZM pro-
duce similar mean precipitation, subsequent results will show that their simulations of
intraseasonal variability are vastly different. The Hack scheme tends to produce excessive
precipitation over the western Pacific, especially near the Maritime continent. Mean pre-
cipitation to the north of the equator in the intertropical convergence zone (ITCZ) tends to
be too low. Tropical land precipitation tends to be too intense in isolated pockets. The

convective precipitation distribution with the Emanuel scheme tends to be too diffuse
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across the tropics, although magnitudes over the westem Pacific warm pool are realistic.
Figure 3.3 shows March 850 mb zonal wind climatologies from NCEP reanalysis
and from the CCM3 simulations. The McRAS and ZM schemes do a reasonable job of
reproducing the observed mean equatorial 850 mb westerly winds from the Indian Ocean
into the western Pacific, with easterlies over the eastern tropical Pacific. The Hack and
Emanuel schemes produce westerlies over the Indian and western Pacific Oceans that are

less widespread than in observations. Mean westerlies with the Emanuel scheme are also

too intense.

NCEP 850 mb U Regression

90E 180  GOW
Longitude
20-80 Day Periods, 155°E

Figure 3.4. Lag regression plot of the NCEP 850 mb zonal wind averaged from 10°N to

10°S as a function of longitude. The reference time series is at 155° E. Winds were band-
pass filtered to 20-80 days. December-May data during 1979-1997 are used. Contours

are plotted every 0.2 m s’!. Positive values are shaded.

Figure 3.4 shows a lag-regression plot of intraseasonal equatorial 850 mb NCEP
reanalysis zonal wind. Data during December-May were used in the regression. The
December-May period corresponds to the months of maximum MJO amplitude over the
western Pacific and Indian Oceans (Salby and Hendon 1994). Zonal winds at 850 mb

were filtered to 20-80 days, averaged from 10°N to 10°S at every equatorial longitude,
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850 mb U Lag Regression 20-80 Day Periods, 155°E
A)  Zhang/McFarlane B) Hack

W
L=

—_
18]

Lag (days)
(@

W A\
0 90E 180 oW 0

M s
90E 180
Emanuel

0] 90E 180 9ow O0 O 90E 180 90W O
Longitude Longitude

Figure 3.5. CCM3 lag regressions. Same as Fig. 3.4, except for perpetual March CCM3
simulations with the a) Zhang/McFarlane, b) Hack, ¢c) Emanuel, and d) McRAS scheme.

and then regressed onto the zonal wind timeseries at 155°E. A lag-regression analysis can
give information on the propagation characteristics and amplitude of zonal wind signals

along the equator at intraseasonal periods. Slow eastward propagation of zonal wind

anomalies at about 6-7 m s™! occurs from the Indian Ocean (~70°E) to just past the date-

line. More rapid eastward propagation occurs outside of these areas. The regions of slow
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eastward phase speed correspond to where the zonal wind signal is strongly coupled to

convection. The wind signal near 120°W lags the signal over the Indian Ocean by about
30 days.

Figure 3.5 shows lag-regression plots for zonal wind from the perpetual March
CCMS3 integrations with the ZM, Hack, Emanuel, and McRAS schemes, which can be
compared to the observations in Figure 3.4. The ZM convective scheme shows only a
weak eastward propagating signal. Time-longitude diagrams (not shown) do show some
fast eastward propagation of zonal wind signals outside of convective areas. No consistent
eastward propagation is present over the western Pacific and Indian Oceans, however. The
Hack and Emanuel schemes produce eastward propagating signals with amplitudes gener-
ally stronger than observed, but with realistic phase speeds. The McRAS scheme pro-
duces realistic eastward propagating signals with slightly faster than observed phase
speeds and slightly lower than observed amplitudes over warm pool convective areas.
Both the Hack and McRAS schemes show evidence of a change in propagation speed
between the western and eastern Pacific Oceans. The Emanuel scheme shows little coher-
ent eastward propagation outside of warm pool convective areas. Results for upper tropo-

spheric levels are similar.

Averaged wavenumber-frequency spectra for observed equatorial (10°N-10°S) 850
mb zonal winds and precipitation are plotted in Figure 3.6. All seasons were used in com-
putation of the spectra in order to obtain a reasonably small bandwidth. Using all seasons
may tend to smooth the spectra obtained since intraseasonal variability in the tropics may
have spatial and temporal characteristics dependent on season (Madden 1986, Hartmann
et al. 1992). The annual cycle was removed before computation. An averaged spectrum is
derived from individual spectra that are 64 pentads in length, overlapping each other by
50 pentads. The averaged spectra are not sensitive to the number of overlapping pentads.
A Hanning window was applied in the temporal domain, although results do not differ
from using a window function constant in time. The zonal wind spectrum is dominated by
power at wavenumber one and eastward periods of 30-80 days. The precipitation spec-

trum is also dominated by eastward periods of 30-80 days, with power concentrated at
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Wavenumber-Frequency Spectra
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Figure 3.6. Observed wavenumber-frequency spectrum of 10°N to 10°S averaged a)
NCEP 850 mb zonal wind and b) Xie/Arkin precipitation. Data during 1979-1997 (1979-
1996) are used for the zonal wind (precipitation) spectrum. The zonal wind spectrum

contour interval is 2.5 m2s™ starting at 6.0 m?s~2. Values greater than 8.5 m?s2 are
shaded. The precipitation contour interval is 1.5 mm? day'2 starting at 4.5 mm? day'z.
Values greater than 6.0 mm? day™ are shaded.

wavenumbers 1-3. The maximum values in both spectra occur near periods of 50-60 days

and wavenumber 1. These results are consistent with those of Salby and Hendon (1994).
Figure 3.7 shows 850 mb zonal wind spectra for the perpetual March CCM3 simu-

lations. Although perpetual March simulations were conducted, frequencies characteristic

of the annual cycle and lower were removed from the data for consistency with the
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850 mb Zonal Wind Wavenumber-Frequency Spectra
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Figure 3.7. CCM3 zonal wind spectra. Same as Fig.3.6a, except for the perpetual March
CCM3 simulations with the a) Zhang/McFarlane, b) Hack, ¢) Emanuel, and d) McRAS
scheme.

observed spectrum. Model timeseries were converted to pentad format before calculation
of the spectra to make a direct comparison with observations. All model simulations show
a preference for eastward propagating disturbances. The ZM scheme produces much less

variance at intraseasonal timescales than observations. The McRAS, Hack, and Emanuel

schemes produce improved intraseasonal power over ZM convection scheme with magni-
tudes comparing favorably with observations. All tend to have the highest power at

slightly higher frequencies than observed. The McRAS simulation has power concen-
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trated at wavenumber 1, peaking at 40-50 days. Intraseasonal variance is high at both
wavenumbers 1 and 2 with the Hack and Emanuel schemes. The highest power in the
Hack scheme is at 30-40 days and wavenumber 1, while the highest power in the Emanuel
scheme is near 40 days and wavenumbers 1 and 2. The Hack scheme has a prominent sec-
ondary maximum near 60 days.

The McRAS scheme is the only scheme with notable eastward power at intrasea-
sonal periods in the convective precipitation spectrum (Figure 3.8). This spectrum high-
lights a limitation of the simulation, however, in that power is lower than observed,
although the intraseasonal variance of the Xie/Arkin precipitation product may be higher
than that of other observed precipitation products (see Figure 3.10 and below). Note that
the CCM3 contour interval is different than the contour interval in the observed precipita-
tion spectrum. We compare convective precipitation generated by the model to total pre-
cipitation from observations because the convective parameterization accounts for almost
all tropical precipitation in CCM3. One exception, as noted earlier, is that the Emanuel
scheme tends to produce excessive large-scale precipitation in certain tropical areas.
Including large-scale precipitation for the Emanuel scheme, however, does not alter the
wavenumber-frequency spectrum. The Hack and Emanuel schemes produce reasonable
eastward power in zonal winds, but no coherent spectral peaks in precipitation. Interest-
ingly, both the ZM and McRAS schemes have heightened westward convective precipita-
tion power at wavenumbers 3 and 4 at intraseasonal periods. These spatial and temporal
scales are not present in observations. Regardless of this fact, the McRAS scheme is supe-
rior to the other three convective schemes in simulating eastward intraseasonal convective
precipitation variance.

We now want to compare the distributions of tropical equatorial intraseasonal vari-
ance in observations to the CCM3 simulations. Intraseasonal variance plots of the equato-
rial 850 mb zonal wind as a function of longitude for observations (NCEP, December-
May) and for the four CCM3 configurations are displayed in Figure 3.9. Winds at every

longitude were filtered to 20-80 days and then averaged from 10°N to 10°S. Observed

zonal wind variance is maximum over the western and central Pacific and Indian Oceans.
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Convective Precip. Wavenumber-Frequency Spectra
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Figure 3.8. CCM3 precipitation spectra. Same as Fig3.6b, except for the perpetual
March CCM3 simulations with the a) Zhang/McFarlane, b) Hack, c) Emanuel, and d)

MCcRAS schemes, and with a contour interval of 0.5 mm? day'2 starting at 2.0 mm? day'z.
Values greater than 2.5 mm? day'2 are shaded.

The Hack and Emanuel schemes produce 850 mb zonal wind variances over the Indian
and western Pacific Oceans that are far too high. The Hack scheme also shows excessive
variances in other regions of the tropics. The ZM scheme produces reasonable zonal wind
variance over the Indian Ocean, but very low variance over the western Pacific Ocean.
Intraseasonal zonal wind variance is close to observed over both the Indian and western

through central Pacific Oceans with the McRAS convection scheme.
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Figure 3.9. 10°N to 10°S averaged 20-80 day 850 mb zonal wind variance as a function
of longitude for a) NCEP and b) CCM3 with Zhang/McFarlane (bold dashed), McRAS
(bold solid), Hack (thin dashed), and Emanuel (thin solid).

Figure 3.10 shows a similar plot of intraseasonal convective precipitation variance.
Note that the scales on the observation plot and CCM3 plot are different. Precipitation
variance derived from the Microwave Sounding Unit (MSU, Spencer 1993) during 1979-
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Figure 3.10. Precipitation variance. Same as Fig. 3.9, except for a) Xie/Arkin and MSU
precipitation and b) CCM3 convective precipitation.

1994 is plotted along with the Xie/Arkin precipitation product. The MSU precipitation
product indicates lower intraseasonal variability over the Indian and western Pacific

Oceans than the Xie/Arkin product, and consequently the McRAS scheme precipitation
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variance agrees more closely with MSU precipitation than with Xie/Arkin. We however
use the Xie/Arkin product in most of this paper because the MSU product is only valid
over ocean areas, and therefore has significant gaps over the Maritime Continent, Africa,
and South America. The differences between the two data products should be noted as a
caveat when considering the results derived from Xie/Arkin precipitation.

All convective schemes produce intraseasonal precipitation variability that is lower
than observed. However, the McRAS convection scheme produces significantly higher
variability over the Indian and western Pacific Oceans than the other three convection
schemes, particularly over the westem Pacific. The lower than observed variability of pre-
cipitation with McRAS over the Indian Ocean is not surprising, since the simulated clima-
tology of convection over that region is poor (Figure 3.2). The Hack scheme in general
produces extremely variable convection (not shown), but little of it seems to be organized
in intraseasonal timescales at low wavenumbers. The Hack scheme has much higher pre-
cipitation variability than the other schemes at high wavenumbers (not shown). With the
Hack scheme convection tends to be very intense, short lived, spatially isolated, and with-
out a preferred timescale for recurrence. The convection is not efficiently coupled with the
large-scale circulation. These results suggest that intraseasonal equatorial wave distur-
bances in certain GCMs may be forced stochastically by convection, rather than by con-
vective-dynamical coupling as seems to occur in nature.

In summary, the McRAS convective scheme shows superior performance at
intraseasonal timescales to the ZM (default CCM3), Emanuel, and Hack schemes. The
ZM scheme produces much lower than observed tropical intraseasonal variability in both
850 mb zonal winds and convective precipitation. The Hack and Emanuel schemes pro-
duce high variability in tropical 850 mb zonal winds, but no coherent intraseasonal pre-
cipitation signal. The McRAS scheme produces improvements in the simulation of both
tropical winds and convective precipitation at intraseasonal timescales over the standard
CCM3 ZM scheme. We will use the McRAS convection scheme in tests to determine
which aspects of the scheme are important for improving the simulation of intraseasonal

variability.
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3.4) Composites

Before we conduct sensitivity tests using the CCM3 with McRAS, we should
briefly examine the structure of model-generated intraseasonal oscillations to ensure that
they are realistic. An 8-year perpetual March CCM3 simulation with McRAS was con-
ducted. Data were saved in pentad (5-day mean) format. A composite MJO lifecycle was

created following the method used in Chapter 2. Zonal winds at 850 mb were filtered to

D
©
= <
=
=]
S
=
©
.g T =
©
£ ;
5 -
Z ’
EOF2. ;
-2 “l‘ N
——l—l——l—_‘_}
0 60E 120E 180 120W 60W O
Longitude

Figure 3.11. First two EOFs of the equatorially averaged (7°N-7°S) 20-80 day 850 mb
zonal wind from the CCM3 with McRAS convection. Magnitudes are normalized.

20-80 day intraseasonal periods and then averaged from 7°N to 7°S at every longitude.
Empirical orthogonal function (EOF) analysis on the zonal wind timeseries yields two
significant EOFs (Figure 3.11). EOF1 explains 27% of the variance and EOF2 explains
18% of the variance. EOF1 and EOF?2 are significantly different from the other EOFs
based on the eigenvalue criterion of North et al. (1982). EOF1 resembles the second EOF
in Figure 2.1 with a maximum amplitude over the western Pacific. EOF 2 is analogous to

their first EOF with highest amplitudes over the Indian Ocean and central Pacific,
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although somewhat more noisy.

Principal components (PCs) are derived by projecting the first two EOFs onto the
filtered data. A lag correlation analysis indicates that when PC1 lags PC2 by two pentads,
the principal components are correlated at 0.4, and when PC1 leads -PC2 by two pentads,
the principal components are correlated at 0.5. These correlations are somewhat lower
than those between observed PCs, but are still significantly different from zero at the 95%
confidence level. Thus, EOF 1 and EOF 2 describe an eastward propagating signal in the
intraseasonal equatorial 850 mb zonal wind. For consistency with Chapter 2, we define an

MJO index as follows, where ¢ is the time in pentads:

Index(t) = PC2(t) + PCl(t+2) (3.1)

To ensure that this index describes a coherent intraseasonal signal in unfiltered data,
we project the first two EOFs onto the unfiltered equatorial timeseries, reconstruct the
index, and then compute the power spectrum (Fig 3.12). Adjacent 64 pentad segments of
the 8-year timeseries were used to compute the spectrum. Spectral peaks, significantly
different from the red noise spectrum at the a priori 95% confidence level, are found at
intraseasonal periods. Thus, the index represents a coherent signal, evident even in the
unfiltered data.

Phases of the composite lifecycle were chosen as in Chapter 2, with positive devia-
tions of the index greater than one standard deviation from zero defining significant
events. As a result of this selection criterion, 33 events are isolated. Phase 5 is assigned to
maximum peak amplitude in each event. Phases 1 and 9 are assigned to the troughs before
and after the significant peak, respectively. Phases 3 and 7 are times where the index
crosses zero. See Chapter 2 for more details.

Figure 3.13 shows tropical Pacific and Indian Ocean 850 mb wind and convective
precipitation anomalies for phases 3,5,7, and 9 of the composite lifecycle. The panels in
Figure 3.13 average two pentads apart. These composites are similar in many ways to

composites derived from observations (Chapter 2). Convection first forms over the Indian
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Figure 3.12. Power spectrum of the MJO index reconstructed by projecting the first two
EOFs onto the unfiltered data. The red noise spectrum is displayed with the a priori 95%
confidence limit.

Ocean (Phase 3) with easterly 850 mb anomalies extending over the western Pacific. Con-
vection then shifts eastward into the western Pacific (Phase 5), where westerly anomalies
ensue soon afterward (Phase 7). Suppressed convection is present over the western Pacific
by Phase 9. Wind anomalies in the upper troposphere (not shown) are out of phase with
those at 850 mb. Notable differences do exist between the observed and model compos-
ites. Convection tends to be less concentrated along the equator in the model than in
observations, the model convection favors low-level anomalous easterly winds across the
equatorial Pacific, and the simulation of Indian Ocean convection and winds is weaker
than observed.

Figure 3.14 compares intraseasonal equatorial precipitaiion and 850 mb zonal wind
anomalies as a function of phase during composite lifecycles for the CCM3 with McRAS
and observations. Only observed events during December-May are included in the com-

posite. Model convection tends to be shifted more toward the center of the 850 mb east-
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Figure 3.13. Intraseasonal 850 mb wind and convective precipitation anomalies for an
MJO composite lifecycle in CCM3 with McRAS. Phases 3,5,7, and 9 are displayed. Con-

tour interval is 1.2 mm day™! starting at 0.6 mm day!. Negative contours are dashed.

Maximum vectors are 3.6 ms’!.

erly wind anomalies than in observations. This phase relationship may result from
simulated intraseasonal convection being more highly correlated with surface conver-
gence along the equator than is observed convection. Experiments were conducted using
fixed surface wind speeds to calculate surface heat fluxes (not shown), and the phase rela-
tionship between convection and easterlies remained the same. The wind-induced surface
heat exchange (WISHE) mechanism (Emanuel 1987, Neelin and Yu 1994) therefore can-
not explain the preference for intraseasonal convection to form in anomalous easterly

winds. Western Pacific model intraseasonal convection has a correlation of about 0.7 with
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Figure 3.14. Equatorial 20-80 day 850 mb wind (contours) and precipitation (shading)
anomalies as a function of MJO phase for a) observations (NCEP winds and Xie/Arkin

precipitation, S°N-5°S averaged) and b) CCM3 with McRAS (7°N to 7°S averaged).
Contour interval is 0.50 m s’} starting at 0.25 m s™!. Easterlies are dashed. Dark shading
represents precipitation anomalies greater than 0.3 mm day'l. Light shading represents
anomalies less than -0.3 mm day..

surface convergence at zero lag, whereas observed convection is less highly correlated
(about 0.4) with surface convergence, and convergence tends to lead intraseasonal convec-
tion slightly. Pacific intraseasonal precipitation anomalies in the model extend farther east
than in observations.The simulation over the Indian Ocean is notably weaker than in
observations with some indications of westward propagation across this region. Some of
these differences may be caused by comparing a perpetual March simulation to observed
composites derived during December-May. Further study is warranted to explore the dif-

ferences between the model and observations. However, the simulation of the MJO in the
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CCM3 with McRAS shows some broad similarities to observations.

Although the MJO equatorial convective envelope in the CCM3 generally moves
eastward across the Pacific (Figure 3.14), westward propagating signals can be found in
convection during enhanced periods of the MJO. An example of such westward propaga-
tion during an enhanced MJO period is shown in Figure 3.15. These westward-propagat-

ing convective signals are strongest off the equator, and are likely due to convectively

Precipitation Anomalies 10°N
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Longitude (degrees east)

Figure 3.15. Time-longitude diagram of precipitation anomalies (long-term mean
removed) at 10°N for a period with strong westward propagation. The contour interval is
12 mm day!, starting at 6 mm day'l. Negative values are dashed.

coupled Rossby or mixed Rossby-gravity waves (e.g. Wheeler and Kiladis 1999). These
waves may be strengthened during active MJO periods in the model, and heating associ-
ated with them may project strongly onto the model MJO, strengthening the equatorial
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circulation. Further study is needed, however, to explain their role in the model oscilla-

tion.

3.5) Sensitivity Tests

We will now assess the sensitivity of the MJO simulation in the CCM3 with
McRAS to 1) relative humidity threshold (RH,) and 2) to convective rain evaporation and
unsaturated downdrafts. Four-year perpetual March simulations at standard model resolu-
tion were conducted for all the sensitivity tests. Wang and Schlesinger (1999, hereafter
WS99) found intraseasonal variability in an 11-layer GCM to be sensitive to RH, with a
variety of convection schemes. We hypothesize that GCM performance on MJO times-
cales is sensitive to the parameterization of rain evaporation and subsequent downdrafts in
unsaturated regions near convection. Although the Emanuel convection scheme also
includes a parameterization of unsaturated downdrafts, issues such as excessive large-
scale tropical precipitation and the dependence of model performance on vertical resolu-
tion (see Section 3b) need to be addressed before the sensitivity of GCM performance to
unsaturated downdrafts with the Emanuel scheme can be examined. The Emanuel scheme
also does not account for cooling and moistening by lighter convective rainfall away from
downdraft areas, as does the McRAS scheme. We note, however, that every convective
scheme interacts with its environment differently. Implementing the rain evaporation and
downdraft scheme of McRAS into a different convective parameterization may not pro-

duce similar behavior.

3.5.1) Relative humidity threshold
Blad€ and Hartmann (1993) and Hu and Randall (1994) suggested that MJO con-

vective events stabilize the atmosphere and that time for atmospheric preconditioning is
needed before significant convective events can recur. WS99 hypothesized that a bound-

ary layer RH, for initiation of deep convection is consistent with the idea of precondition-

ing. They found that imposing an RH_. in the UIUC 11-layer GCM significantly improves
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Figure 3.16. McRAS sensitivity spectra. Same as Fig. 3.6a, except for CCM3 McRAS
simulations with a) RH.=0.0, b) RH_=0.91, ¢) RH_=0.81 (control), and d) no unsaturated

downdrafts or convective precipitation evaporation, and with a contour interval is 3.5
m?s? starting at 3.5 m?s2. Values greater than 7.0 m?s 2 are shaded.

intraseasonal variability with certain convection schemes. Higher thresholds produced the

most realistic intraseasonal oscillations.

The McRAS control run has an RH, of 0.81 for initiation of convection. Cloud base
is designated as the lowest level between 700 mb and 960 mb satisfying this threshold.
None of the other convection schemes we use with CCM3 have such a threshold. We

compare the McRAS base run to simulations having RH, of 0.0 and 0.91. Tropical mean
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relative humidities in the lower and middle troposphere in the western Pacific and Indian
Oceans generally do not vary by more than 2% among these experiments.

Figure 3.16 includes equatorial 850 mb zonal wind wavenumber-frequency spectra
for RH.=0.91, RHc=0.81 (the control run), and RH, =0.0. Note that the contour interval is

slightly different than that in Figure 3.7. Eastward power at intraseasonal periods is

diminished for the higher RH_ of 0.91, a somewhat surprising result, in view of the find-

ings of WS99. The highest power at eastward periods and intraseasonal timescales occurs

for a RH, of 0.0. No significant differences in the dominant frequency or wavenumber can

be discerned among the runs, and the exact location of spectral peaks may change slightly

for two different simulations with the same RH,.. The dominant periods are more robust

for simulations in which the WISHE mechanism is removed (not shown), suggesting that
differential surface evaporation may influence the run-to-run consistency of the dominant

periods. The deterioration of the eastward intraseasonal signal with higher RH_. is con-

firmed by an equatorial lag regression analysis of 850 mb zonal wind (not shown).

Figure 3.17 compares the equatorial intraseasonal 850 mb zonal wind variance as a
function of longitude for the three relative humidity experiments. The highest intrasea-
sonal variance in 850 mb zonal wind occurs with the RH.=0.0 simulation. The locations
of the maximum variance coincide with those of the McRAS control simulation. Intrasea-
sonal variability decreases slightly with the higher RH_. of 0.91, particularly over the cen-
tral Pacific. Intraseasonal precipitation variances show analogous differences among the
relative humidity experiments (not shown).

These results differ from those of WS99. In some of their experiments, they use a
RAS scheme that implements a relative humidity threshold at the top of the boundary
layer for initiation of convection. Increasing values of RH_. produce stronger intraseasonal
variability in winds and convection. As mentioned above, RH,. is used somewhat differ-
ently in the McCRAS scheme than in WS99. However, we can say with confidence that this
threshold is not the reason for the improved intraseasonal variability in the CCM3 with

MCcRAS. The interactions between convection and boundary layer relative humidity are
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Figure 3.17. Relative humidity experiment variance. Same as Fig. 3.9b except for CCM3
MCcRAS simulations with RH_=0.0 (bold dashed), RH_=0.81 (control, bold solid), and

RH_=0.91 (thin dot-dash).

likely different in MCRAS than in the convection schemes of WS99. A high RH_. in

MCcRAS may stifle intraseasonal variability by making convection too sporadic, prevent-
ing realistic moisture processes in the MCRAS scheme (such as the rain evaporation and

downdraft scheme) from properly functioning.

3.5.2) Evaporation of convective precipitation and unsaturated downdrafts

Evaporation of convective precipitation by the McRAS scheme in unsaturated envi-
ronmental air drives unsaturated downdrafts in the convective core, and moistens and
cools the atmosphere in regions of lighter precipitation outside of the convective core
(such as below the anvil). The Zhang and McFarlane scheme has saturated downdrafts,
but downdrafts are caused by convective evaporation within the cloud. Therefore, evapo-

ration only contributes toward keeping the in-cloud downdrafts in a saturated state during
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descent. The effects of these downdrafts are small. As mentioned above, the Emanuel
scheme does have unsaturated downdrafts, but it does not account for the evaporation of
convective precipitation outside of downdraft regions. The Hack scheme has no down-
draft parameterization.

Figure 3.16d shows a wavenumber-frequency spectrum for a CCM3 McRAS simu-
lation in which the tendencies associated with convective downdrafts and rain evaporation
are set to zero. We will call this simulation the “no-downdraft” simulation. Eastward
power at intraseasonal timescales and wavenumber 1 is strongly reduced over the control
simulation. An 850 mb zonal wind lag regression analysis (not shown) indicates that east-
ward propagation appears to be more rapid than in the control run, and the amplitude of
the signal is strongly reduced. This observation is reinforced by Figure 3.18, which plots

intraseasonal equatorial 850 mb zonal wind variance as a function of longitude. Zonal
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Figure 3.18. Downdraft experiment variance. Same as Fig. 3.9b except for CCM3
MCcRAS simulations with RH_=0.81 (control, bold solid), no convective evaporation,
downdrafts (thin solid), and time-invariant (mean) convective evaporation, downdrafts
(bold dashed).
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wind variance dramatically decreases without convective evaporation with few prominent
features at any longitude along the equatorial belt. Similar trends are found in precipita-
tion variance (not shown). When comparing the precipitation climatologies of the simula-
tions (not shown), the simulation without downdrafts and rain evaporation tends to have
slightly stronger mean ITCZ structures over the central and eastern Pacific and slightly
stronger mean convection over the northern Indian Ocean. Equatorial precipitation is
greater when downdrafts are included. Rain evaporation and downdrafts considerably
moisten the lower and middle troposphere in the mean (see below). In addition to moist-
ening by the direct effects of rainfall evaporation, downdrafts can lead to less compensat-
ing subsidence away from convection, promoting a moister lower and middle troposphere
(Johnson 1976).

Evaporation of convective precipitation in downdrafts and in the larger environment
appears to be crucial in simulating realistic intraseasonal oscillations with the McRAS
scheme. A serious degradation of the simulation of intraseasonal variability occurs when
convective evaporation is not accounted for in the model. The improvement in tropical
intraseasonal variability supplements the documented beneficial effects that including
unsaturated downdrafts in convection schemes have on the mean temperature and mois-
ture profiles of the tropical atmosphere (e.g. Sud and Walker 1993).

Figure 3.19 shows the contributions to the specific humidity and temperature ten-

dencies by convective rain evaporation processes at the equator and 160°E during several
phases of the CCM3 with McRAS MJO composite lifecycle described in Section 4. The
contributions due to both unsaturated downdrafts in convective cores and convective pre-
cipitation evaporation in lighter precipitation areas are included. All of the drying due to
unsaturated downdrafts occurs at the lowest model layer with a notable peak in moisten-
ing near 900 mb, where boundary layer air has been displaced upwards. Moistening at the
900 mb level is 34% higher at phase S than phase 9. Rain evaporation moistening occurs
into the upper troposphere. The maximum cooling occurs at the lowest model layer with
lesser cooling aloft. Boundary layer diffusion will act to mix the lowest level tendencies

throughout the boundary layer (see below). Since the downdraft tendency variations in
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our simulation are considerably smaller than the mean tendencies, time-mean downdraft
effects may be important for improving model intraseasonal variability. We will examine
this hypothesis in the next section. Variations of downdraft tendencies with phase may,
however, contribute to MJO variability. Downdrafts may help stabilize the atmosphere
after a strong convective event by bringing low moist entropy air into the boundary layer.
The atmosphere must be sufficiently destabilized before strong convection can again
occur. Evaporation of convective precipitation into the environment may be a factor in
preconditioning the atmosphere for strong MJO convective events. Moist boundary layer
air displaced upward when unsaturated downdrafts reach the surface can contribute to
atmospheric moistening. Sud and Walker (1999b) compared MJO simulations in the God-
dard Earth Observing System II (GEOS II) GCM with and with without McRAS and
found that MJO variability was similar in both models. The GEOS II GCM does however
have a parameterization of evaporation of falling convective precipitation (Sud and Molod

1988) in use with a RAS convective scheme.

3.5.3) Time-invariant downdraft experiment

Figure 3.19 indicates that variations in moisture and temperature tendencies due to
downdrafts and rain evaporation in the CCM3 with McRAS are smaller than the mean
values. Slingo et al. (1996) suggested that the GCMs with the most realistic mean cli-
mates produce the most realistic intraseasonal oscillations. We will now determine
whether the mean effects of convective evaporation and downdrafts, and not their variabil-
ity, are most important for producing realistic tropical intraseasonal oscillations in the
CCM3 with McRAS.

A four-year, perpetual March simulation was conducted with the convective rain
evaporation and unsaturated downdraft schemes removed. Time-invariant rain evapora-
tion and downdraft tendencies were imposed at each convective time step, however. The
imposed temperature and moisture sources are the climatological rain evaporation and

downdraft tendencies derived from a McRAS simulation with convective evaporation

included. For example, the climatological temperature and moisture tendencies at 160°E,
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Figure 3.19. Specific humidity and temperature tendencies due to the evaporation of
convective precipitation, including unsaturated downdrafts, for phase 3 (thin, dot-dash),
phase 5 (thick, solid), phase 7 (thin, solid), and phase 9 (thick, dotted) of an MJO lifecy-
cle in CCM3 with McRAS.
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0°N would lie between phase 5 and phase 9 in Figure 3.19. The tendencies at other grid
cells show similar structure, but vary in amplitude with the strength of mean convection.

We will call this simulation the “mean-downdraft” simulation.
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Figure 3.20. Mean downdraft simulation spectrum. Same as Fig. 3.16, except for a
CCM3 McRAS simulation with time-invariant (mean) convective evaporation, down-
drafts.

Figure 3.20 displays a wavenumber-frequency spectrum for the mean-downdraft
simulation. Intraseasonal variance at eastward wavenumbers is increased considerably
over the no-downdraft simulation (Figure 3.16d), and power approaches that of the
MCcRAS control simulation. The distributions of 850 mb intraseasonal zonal wind vari-
ance as a function of longitude for the mean-downdraft and McRAS base runs are also
similar (Figure 3.18). These results provide evidence that the mean effects of convective
evaporation processes, and not their variations, are responsible for the large difference in
intraseasonal variability between the McRAS control simulation and the no-downdraft
simulation.

We will now diagnose model climate changes that accompany the improvement in
intraseasonal variability due to time-mean rain evaporation and downdraft tendencies.

Temperature and humidity climatologies from the McRAS base run and the mean-down-
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Figure 3.21. Zonally averaged (150°E-110°W) differences in a) specific humidity, and
specific humidity tendencies due to b) vertical advection, c) unsaturated downdrafts and
rain evaporation, d) horizontal advection, e) boundary layer vertical diffusion, and f)
convective updraft moistening or drying (McRAS mean-downdraft simulation minus

MCcRAS no-downdraft simulation). Contour interval in a)is 0.6 g kg'l, starting at 0.3 g
kg’l. Values greater than 0.3 g kg'l are shaded. Contour interval inb)-f)is03 g kg‘l

day'l, starting at 0.15 g kg'l day‘l. Values greater than 0.15 g kg'l day’l are shaded.
Contours less than zero are dashed.

draft simulation are almost indistinguishable (not shown). Figure 3.21a compares Pacific

mean specific humidity as a function of latitude (150°E-110°W averaged) between the

mean-downdraft and no-downdraft simulations. The longitudes selected for the average
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include those containing significant Pacific MJO convective activity (Figure 3.14). No

land points fall within 20° of the equator at these longitudes. Downdrafts and rain evapo-
ration considerably moisten the troposphere, especially near the equator. The largest
equatorial Pacific moisture increases in the mean-downdraft simulation occur near the 800

mb level. A hint of drying occurs near 900 mb off the equator.
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Figure 3.22. Mean downdraft minus no downdraft temperatures. Same as Fig. 3.21a,
except for temperature differences. Contour interval in a) is 0.6 °K, starting at 0.3 °K.
Values greater than 0.3 °K are shaded.

Figure 3.21 also shows the change in specific humidity tendency between the mean-
downdraft and no-downdraft simulations due to vertical advection (19b), mean down-
drafts and convective rain evaporation (19c), horizontal advection (19d), boundary layer
diffusion (19¢), and convective adjustment (19f). Changes in the specific humidity ten-
dency terms conspire to produce a moister equatorial troposphere in the mean-downdraft
simulation. Increased vertical advection on the equator fosters a moister equatorial tropo-
sphere, and increased horizontal advection contributes to moistening at the lowest levels.
Increased convective drying partially balances this moistening due to advection. The pre-
scribed convective evaporation processes directly moisten all levels above the surface
layer, although boundary layer diffusion drys the boundary layer by redistributing the dry
surface air generated by the downdraft scheme. Seager and Zebiak (1995) noted that
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downdrafts in their model tend to inject low 0, air into the boundary layer, leading to con-

vection being favored over the warmest SSTs. This may contribute to equatorial convec-
tion being favored in our McCRAS simulation with downdrafts (see below). The mean-
downdraft simulation also produces a warmer troposphere than the no-downdraft simula-

tion, especially at upper levels (Figure 3.22).
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Figure 3.23. Zonally averaged (150°E-110°W) differences in a) specific humidity and b)
temperature (McCRAS mean-downdraft simulation minus March NCEP climatology).

Contour interval ina) is 0.6 g kg‘l, starting at 0.3 g kg'l. Values greater than 0.3 g kg™

are shaded. Contour interval in b) is 0.6°K, starting at 0.3°K. Contours less than zero are
dashed.

Figures 3.21a, 3.22, and 3.23 show that the mean-downdraft simulation produces
tropospheric temperature and moisture values closer to March observed values (NCEP
reanalysis) than the no-downdraft case. A realistic mean climate is more likely to produce
realistic intraseasonal variability. The no-downdraft simulation is severely dry across the

tropics compared to observations, especially at the equator. One caveat in this comparison
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is that the NCEP specific humidity analyses may contain large uncertainties in the tropics

(Trenberth and Guillemot 1995). Although closer to observations, the mean-downdraft

simulation does show a considerable cold bias of up to 6°C in the upper troposphere.
Temperature biases may be reduced with a radiation parameterization that explicitly inter-

acts with the cloud microphysics.

Mean equatorial Pacific precipitation is 4 mm day'l greater in the mean-downdraft
case than in the no-downdraft case (Figure 3.24), a two- to three-fold increase. Mean

equatorial precipitation for the McRAS control simulation (not shown) is also higher (2

mm day™!) than the no-downdraft case. Increased equatorial convection may be important
for intraseasonal variability, since Salby and Hendon (1994) observed that the MJO signal
is greatest when climatological convection is near the equator. Observed mean western
Pacific precipitation is high along the equator during March (Figure 3.2), a month of sig-
nificant MJO activity.
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Figure 3.24. Zonally averaged (150°E-110°W) differences in precipitation and upper
tropospheric cloud work function (McRAS mean-downdraft simulation minus McRAS
no-downdraft simulation).
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The degree of convective adjustment in McRAS is determined by the cloud work
function, a measure of the total buoyancy of lower-tropospheric parcels for moist convec-
tive ascent (see Moorthi and Suarez 1992, Appendix B). The difference in cloud work
function for clouds detraining at model level 6 (near 150 mb) between the mean-down-
draft and no-downdraft simulations is shown in Figure 3.24. Convection is assumed to
originate in level 17 (one level above the surface), the level at which McRAS tropical con-

vection originates the vast majority of the time. The equatorial cloud work function is

over 800 J kg'! higher in the mean-downdraft simulation, almost doubling the mean equa-
torial work function of the no-downdraft case. The increase in equatorial cloud work
function is predominately due to the moister equatorial boundary layer in the mean-down-
draft simulation. Although tropospheric temperatures are generally higher, the tempera-
ture increases are overwhelmed by the moisture signal on the equator, leading to a greatly
increased cloud work function. Similar results are obtained for clouds detraining at other
model levels. In practice, one cloud type will affect the environmental conditions felt by
other cloud types during the adjustment process. Our calculations give a general indica-
tion, however, of the likelihood of tropical deep convection.

Increased equatorial convection in GCMs may not be a sufficient condition for
improved intraseasonal variability, however, since both the Hack and Emanuel schemes
produce significant equatorial convection, but unrealistic intraseasonal variability. The
MCcRAS scheme also produces mean Pacific equatorial convection that is only slightly
higher than that produced by the Zhang/McFarlane scheme. We therefore cannot general-
ize to all convection schemes the importance of equatorial convection in producing realis-
tic intraseasonal variability. Our results do indicate, however, that equatorial convection
may be important for intraseasonal variability with the McRAS scheme.

In summary, the McRAS simulations with parameterized convective rain evapora-
tion and unsaturated downdrafts produce an improved climate over a McRAS simulation
where these processes are neglected. The simulation without downdrafts produces a tro-
posphere that is excessively dry, especially at the equator. The excessively dry equatorial

atmosphere reduces the mean cloud work function, a measure of buoyancy that regulates
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convection in McRAS. The cloud work function is most sensitive to moisture variations in
the boundary layer. Increased equatorial convection associated with a more realistic cli-

mate may foster improved intraseasonal variability.

3.6) Conclusions

The NCAR CCM3.6 with the RAS convection scheme of Moorthi and Suarez
(1992), modified by Sud and Walker (1999a, McRAS), exhibits superior performance in
the tropics at intraseasonal timescales, compared to simulations with the convection
schemes of Zhang and McFarlane (1995) (the CCM3 default deep convection scheme),
Hack (1994), and Emanuel (Emanuel and Zivkovic-Rothman 1999). The standard CCM3
with the Zhang and McFarlane convection scheme produces only weak equatorial
intraseasonal zonal wind signals at eastward periods and very little variability in convec-
tion. The McRAS scheme produces a much improved simulation in intraseasonal zonal
wind variability with realistic eastward phase speeds. Precipitation variability is also
much improved, particularly over the western Pacific warm pool regions. Deficiencies
remain over the Indian Ocean. MJO convection also tends to be more closely aligned with
easterly wind anomalies, indicating a stronger relationship between convection and sur-
face convergence than in the observations. The Hack and Emanuel schemes tend to pro-
duce high amplitude eastward propagating signals in intraseasonal equatorial zonal winds
with realistic propagation speeds, but little coherent intraseasonal variability in convective
precipitation. The atmospheric circulation and convection do not seem to be very well
coupled. The intraseasonal wind signals may be due to stochastic forcing by convection.
Performance of the convection schemes as implemented in the T42L18 CCM3 may not be
indicative of their performance in higher resolution models.

Sensitivity tests suggest that convective precipitation evaporation processes are
important to the success of the McCRAS scheme in simulating the MJO. Removal of the
evaporation of convective precipitation in unsaturated downdraft regions and in the larger

environment greatly reduces the amplitude of intraseasonal oscillations in the CCM3. The
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time-mean effects of downdrafts and rain evaporation, and not their variations, may be
most important for improving intraseasonal variability. Including a parameterization of
convective evaporation effects lead to more realistic specific humidity and temperature
climatologies, and increases equatorial convection. The mean equatorial cloud work func-
tion for convective plumes detraining at upper levels is increased due to a moister lower
troposphere. Our results suggest that a realistic simulation of specific humidity is crucial
for correctly simulating the Madden-Julian oscillation.

Imposing a relative humidity threshold does not improve the success of the McRAS
scheme in simulating intraseasonal variability. In fact, removal of the threshold somewhat
increases intraseasonal variability. These results suggest that the interaction between con-
vection and lower tropospheric humidity are different in CCM3 with McRAS than in the
model simulations of Wang and Schlesinger (1999), where intraseasonal variability in
their atmospheric GCM strengthens with increasing relative humidity threshold for a vari-
ety of convective parameterizations. Our work and that of Wang and Schlesinger (1999)
are consistent in that they point to the importance of lower tropospheric moisture pro-
cesses for tropical intraseasonal variability.

A relative humidity threshold and a thorough treatment of convective precipitation
evaporation with unsaturated downdrafts are two major differences between the McRAS
scheme and the other convective schemes we use in this study. The Emanuel scheme con-
tains unsaturated downdrafts, but does not account for the evaporation of convective pre-
cipitation in lightly precipitating areas away from downdrafts. We do not claim that
implementing the McRAS parameterization of downdrafts and rain evaporation in the
other convective schemes will necessarily improve intraseasonal variability, since every
scheme interacts with its environment differently. Our results indicate, however, that a
proper simulation of lower tropospheric water vapor may be crucial in producing realistic
GCM intraseasonal variability. More analysis needs to be done on the McRAS simula-
tions to understand the feedbacks between lower troposphere water vapor and atmo-

spheric convection during an MJO lifecycle.
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4) Frictional Convergence in the CCM3 with McRAS

4.1) Introduction

Previous studies have suggested the importance of frictional convergence during a
Madden-Julian oscillation (MJO) lifecycle (e.g. Wang and Rui 1990, Hendon and Salby
1994). Hendon and Salby (1994) found that amplifying MJO convective anomalies are
supported by surface convergence. Maximum convergence at the surface leads conver-
gence at 850 mb, and leads peak positive convective anomalies (Jones and Weare 1996).
Surface convergence during an MJO lifecycle may be enhanced through interactions with
sea surface temperatures and the oceanic mixed layer (Waliser et al. 1999). The inclusion
of surface friction improves upon MJO theories espousing wave-CISK (conditional insta-
bility of the second kind) by explaining the selection of unstable, planetary-scale modes
(Wang and Rui 1990).

Other work has indicated the importance of atmospheric preconditioning to the
MJO (Bladé and Hartmann 1993, Hu and Randall 1994). After the atmosphere has been
stabilized by a strong MJO convective event through latent heating and lower tropospheric
drying and cooling from downdrafts, the atmosphere must be preconditioned before
strong MJO convection can again occur. Moistening of lower levels and radiative cooling
aloft may be particularly important for atmospheric preconditioning (Hu and Randall
1994). Raymond and Torres (1998) hypothesized that convection of low precipitation effi-
ciency and surface fluxes are important for moistening the middle and lower troposphere
during an MJO lifecycle.

Frictional convergence can also contribute to lower-tropospheric moistening. Mal-
oney and Hartmann (1998) found that lower-tropospheric precipitable water and 1000-mb
convergence are significantly correlated during an MJO lifecycle. Wang and Schlesinger
(1999) concluded, using the University of Illinois Urbana-Champaign (UTUC) general
circulation model (GCM) with several convective parameterizations, that frictional mois-
ture convergence and lower-tropospheric moistening may be important for simulating

realistic intraseasonal variability. They found that a relative humidity threshold for initia-
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tion of convection improved model intraseasonal variability in their GCM, although Mal-
oney and Hartmann (2000c, hereafter MHOO, Chapter 3) found that a relative humidity
threshold may not improve the performance of all models.

MHOO (Chapter 3) examined MJO variability in the National Center for Atmo-
spheric Research (NCAR) Community Climate Model 3 (CCM3, Kiehl et al., 1998) using
several deep convection schemes. MHOO found that the microphysics of clouds with
relaxed Arakawa-Schubert (McRAS, Sud and Walker 1999a) convection scheme pro-
duced the most realistic MJO variability of the four convective schemes used. Intrasea-
sonal zonal wind variability with McRAS is close to observed, and McRAS tropical
intraseasonal precipitation variability is more realistic than that of the other convection
schemes. The parameterization of convective rain evaporation in unsaturated air and
unsaturated downdrafts is important for producing realistic intraseasonal variability in
McRAS (MHO00). Intraseasonal variability in McRAS varies inversely with relative
humidity threshold, contrary to the findings of Wang and Schlesinger (1999).

MCcRAS intraseasonal oscillations differ from those observed, however, in that posi-
tive convective anomalies tend to occur in association with lower tropospheric easterly
wind anomalies. Hendon (2000) found a similar phase relationship in a GCM simulation
with strong intraseasonal variability. Observed MJO convective anomalies tend to occur
closer to the nodal points in 850 mb zonal wind anomalies, and may even extend west-
ward into regions of surface westerlies (Hendon and Salby 1994).

This chapter will examine the importance of surface convergence and low-ievel spe-
cific humidity to the MJO, as simulated by the CCM3 with McRAS. The phase relation-
ship between model anomalous MJO convection and lower tropospheric easterly wind
anomalies will also be examined. Model results will be compared to those from observa-
tions. Analysis will show that moistening of the lower troposphere by frictional conver-
gence is important for maintaining the model MJO. This mechanism was also found to be
important during an observed MJO lifecycle (Maloney and Hartmann 1998, Chapter 2).
The last section will discuss whether the wind-induced surface heat exchange (WISHE)

mechanism of Emanuel (1987) and Neelin and Yu (1994) is important for supporting
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intraseasonal variability.

4.2) Data and Model Simulations

Xie/Arkin precipitation and NCEP wind reanalyses during 1979-1997 are used as
observations, and described in section 3.3.1. An 8-year perpetual March simulation of the
CCM3 with McRAS convection is used in this chapter. This simulation is identical to the
8-year McRAS control stimulation used in MHOO (Chapter 3). An alternate 8-year run was
generated to examine surface latent heat flux anomalies. Climatological March sea sur-
face temperatures (Figure 3.1) and March 15 insolation are used as boundary conditions.
A third simulation was also conducted, as described in section 4 below, that documents
the effects of removing the WISHE mechanism of Emanuel (1987). I will use the term
“intraseasonal” to describe fields filtered to retain 20-80 day periods, although perpetual
March simulations technically do not have seasons. A non-recursive filter having a fre-

quency response with half-power points at 20 and 80 days was used in filtering.

4.3) Frictional Convergence

This section analyzes the relationship between surface convergence and MJO con-
vection, in both the CCM3 with McRAS and observations. Composite intraseasonal equa-
torial 850 mb zonal wind and precipitation anomalies for the CCM3 with McRAS were
shown in Figure 3.14. Model positive precipitation anomaiies tend to occur in association
with anomalous easterly 850 mb zonal wind anomalies during an MJO lifecycle, unlike

observations, where anomalous precipitation is closer to the nodal point in 850 mb zonal

wind anomalies. Figure 4.1 displays composite equatorial (5°N-5°S averaged) Xie/Arkin
precipitation and NCEP convergence anomalies at 850 mb and 1000mb for an observed
MJO composite lifecycle. Note that the contour interval is different for the two plots.
Fields are composited based on the first two empirical orthogonal functions (EOFs) of the
equatorial 850 mb zonal wind, as described in Maloney and Hartmann (1998, Chapter 2).

Observed surface convergence tends to lead precipitation anomalies, and 850 mb conver-
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Figure 4.1. Observed composite equatorial 20-80 day NCEP 850 mb and 1000 mb con-
vergence and Xie/Arkin precipitation anomalies as a function of MJO phase. Precipita-

tion anomalies greater (less) than (-)3 mm day‘l are shaded dark (light). 850 mb
convergences are plotted every 1x1077 571, starting at 0.5x1077 s*1. 1000 mb convergences
are plotted every 2x 107 57! starting at 1x107 571, Divergences are dashed.

gence tends to be in phase with enhanced precipitation. Lag-correlations during an

observed MJO composite lifecycle between precipitation anomalies and convergence at

850 mb and 1000 mb (5°N-5°S averaged) are shown in Figure 4.2. Correlations signifi-
cant at the 95% confidence level are shaded. Convergence at 1000 mb over the Indian and
western Pacific Oceans generally leads anomalous precipitation by one or two phases.
Maximum correlations are near 0.4 over the Indian and westem Pacific Oceans. Conver-
gence at 850 mb is most highly correlated with precipitation near zero lag, with values
approaching 0.5 over the western Pacific.

The phase relationships between convective precipitation and convergence during a
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Figure 4.2. Observed lag correlations between 20-80 day equatorial NCEP 850 mb

and 1000 mb convergence and Xie/Arkin precipitation anomalies during an MJO lifecy-
cle. Correlations are plotted every 0.2, starting at 0.1. Correlations significant at the 95%
level are shaded. Negative correlations are dashed.

composite MJO lifecycle in the CCM3 with McRAS are somewhat different than
observed. Figure 4.3 displays composite intraseasonal equatorial precipitation anomalies,
and convergence anomalies at 850 mb and the surface (7°N-7°S averaged) during an MJO

lifecycle in the model. Positive model surface convergence anomalies are coincident with
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Figure 4.3. Model composite equatorial 20-80 day 850 mb wind, surface convergence,
and convective precipitation anomalies as a function of MJO phase. Otherwise, same as
Figure 4.1.

850 mb easterly wind anomalies, particularly over the Pacific Ocean (compare with Fig-
ure 3.14). Convective precipitation tends to be located within both surface convergence
and 850 mb convergence, although surface convergence leads that at 850 mb. Surface con-
vergence anomalies over the central Pacific tend to be 2-3 times stronger than observed. A
lag-correlation analysis (Figure 4.4) confirms this relationship. Convergence anomalies at
each longitude are correlated with precipitation anomalies at the same longitude as a func-
tion of phase lag. Model convective precipitation anomalies during an MJO lifecycle are
strongly correlated (greater than 0.7) with surface convergence anomalies at zero lag
across the tropics. Correlations with convergence at 850 mb are also strong, but slightly

weaker. These results suggest that a strong coupling between intraseasonal surface con-
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Figure 4.4. Model lag correlations between 20-80 day equatorial 850 mb and surface
convergence and convective precipitation anomalies during an MJO lifecycle. Other-

wise, same as Figure 4.2.

vergence and convective precipitation is responsible for the coincidence of model easterly
850 mb wind anomalies with convective precipitation. Model convection is more closely
tied to surface convergence than observed convection, and equatorial intraseasonal surface

convergence is stronger than observed.
Figure 4.5 shows the composite meridional component of surface convergence
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anomalies as a function of MJO phase for both observations and the CCM3 with McRAS.

Meridional convergence onto the equator tends to dominate the convergence signal in

Su

Longitude

Figure 4.5. Composite 20-80 day meridional surface convergence and precipitation
anomalies as a function of MJO phase for observations (1000 mb) and the model. Precip-

itation anomalies greater (less) than (-)3 mm day'l are shaded dark (light). Convergences
are plotted every 2x107 571, starting at 1x1077 s°L. Divergences are dashed.

both observations and the model. Meridional convergence in the model is stronger than
observed, especially across the Pacific. The coincidence of meridional convergence anom-
alies with anomalous easterly 850 mb winds is consistent with anomalous frictional con-
vergence into an equatorial pressure trough, as might be associated with the easterly
perturbation region of an equatorial Kelvin wave (Holton 1992).

The spatial distribution of model MJO surface convergence anomalies can be exam-

ined to judge their collocation with convective precipitation anomalies. Figure 4.6 maps
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CCM3 with McRAS composite 850 mb wind anomalies and surface convergence anoma-
lies for phases 3,5,7, and 9 of an MJO composite lifecycle. The pattern of convergence
anomalies looks strikingly similar to the distribution of precipitation in Figure 3.13. This

figure reiterates the strong coupling between model convergence and intraseasonal precip-

itation across the tropics.
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Figure 4.6. Model 20-80 day 850 mb wind and surface convergence anomalies for an
MJO composite lifecycle. Phases 3,5,7, and 9 are displayed. Contour interval is 6x1077
st starting at 3x1077 s71. Divergences are dashed. Maximum vectors are 3.6 ms™!.

Figure 4.7 shows a plot similar to Figure 4.6, but for 850 mb intraseasonal conver-
gence anomalies. The contour interval is that same as in Figure 4.6. Notable is that 850
mb convergence anomalies are much weaker during an MJO lifecycle than those near the
surface. Maximum 850 mb anomalies also generally lie west of surface anomalies, high-

lighting the effects of surface friction. This relationship can be difficult to see at times,
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since 850 mb convergence anomalies are generally less coherent than those at the surface.
I will next try to determine the means by which the intraseasonal surface conver-
gence field interacts with convection. Correlations between several fields in the lower

equatorial troposphere are now examined during an MJO lifecycle in CCM3 with

850 hPa Wwind and 850 hPa Convergence Anomalles

Figure 4.7. Model 20-80 day 850 mb wind and 850 mb convergence anomalies for an

MJO composite lifecycle. Phases 3,5,7, and 9 are displayed. Contour interval is 6x107’

s’ starting at 3x1077 7L, Divergences are dashed. Maximum vectors are 3.6 m s'L.

MCcRAS. Equatorial convective precipitation (7°N-7°S averaged) is strongly correlated
with lower tropospheric specific humidity (750 mb-990 mb averaged) at zero lag across
the tropics during an MJO lifecycle (Figure 4.8a). Correlations of greater than 0.7 can be
found across the Indian and western Pacific Oceans. Specific humidity at upper levels (not
shown) also has high correlations (0.7 or greater) with convective precipitation, although

precipitation tends to lead the humidity signal. I will discuss this phasing between lower-
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Figure 4.8. Model lag correlations between 20-80 day equatorial a) convective precipita-
tion and low-level g, b) surface convergence and low-level ¢, and c) surface convergence
and low-level moistening by vertical advection during an MJO lifecycle.
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level and upper-level specific humidity anomalies later. Correlations between convective
precipitation and lower tropospheric temperature (Figure 4.9a) are not as strong as those
with specific humidity, suggesting that lower tropospheric water vapor is the dominant

regulator of convection during an MJO lifecycle. The temperature signal at upper levels
(450-750 mb averaged) shows similarly weak correlations with convective precipitation

(Figure 4.9b). Since moisture variations dominate temperature variations in controlling
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Figure 4.9. Model lag correlations between 20-80 day equatorial convective precipitation
and temperature at a) 750-990 mb and b) 450-750 mb. Otherwise, same as Figure 4.2.
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convection during the model MJO lifecycle, I will concentrate on the interactions between
specific humidity and convection during the rest of this analysis.

Lag-correlations during an MJO lifecycle between model equatorial surface conver-
gence and lower-troposphere specific humidity are shown in Figure 4.8b, and lag-correla-
tions between model equatorial surface convergence and lower-troposphere moistening by
vertical advection are shown in Figure 4.8c. Intraseasonal variations in surface conver-
gence are correlated with lower-troposphere water vapor at 0.7 near zero-lag over the
Pacific during an MJO lifecycle. Recall that Maloney and Hartmann (1998, Chapter 2)
found western Pacific MJO lower tropospheric water vapor and surface convergence to be
correlated at 0.4. These results indicate that model surface convergence impacts the MJO
lower-tropospheric moisture budget more strongly than in observations, although lower-
tropospheric moisture convergence is clearly important to the observed MJO. Surface
convergence is correlated at 0.9 with lower-tropospheric moistening by vertical advection,
a somewhat expected result due to continuity considerations. I will show below that verti-
cal advection is, by far, the dominant term in moistening the lower troposphere for
enhanced model MJO convection.

Examination of the vertical structure of CCM3 specific humidity anomalies as a
function of MJO phase can be useful for diagnosing the evolution of the water vapor field.
Figure 4.10 shows an equatorial vertical cross-section of model specific humidity anoma-
lies and circulation anomalies at phases 5 and 9 of a composite lifecycle. These phases
represent times of peak enhanced and suppressed convection near the dateline. The anom-

alous circulation is generally baroclinic with upper and lower tropospheric wind anoma-

lies 180° out of phase, as in observations (e.g. Hendon and Salby 1994 and Chapter 2). As
the entire signal propagates eastward along the equator, lower-tropospheric specific
humidity anomalies lead those at upper levels. Positive specific humidity anomalies grow
in regions of surface easterly wind anomalies and rising motion, consistent with moisten-
ing by surface convergence (Phase 5). Surface convergence may help precondition the
lower troposphere for intense MJO convection. Wang and Schlesinger (1999) similarly

found that lower-tropospheric moistening led upper-level moistening during MJO lifecy-
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Figure 4.10. Model composite equatorial 20-80 day specific humidity and u-w circula-
tion anomalies. MJO phases 5 and 9 are displayed. Contours are plotted every 0.07 g

kg'!, starting at 0.035 g kg‘l. Negative contours are dashed and lightly shaded. The larg-

est zonal velocity is 2.1 m s'!. The largest vertical velocity is 0.003 m st

cles from several GCM simulations, a result they attributed to low-level moistening by
frictional convergence. The CCM3 with McRAS also shows that lower tropospheric dry
anomalies are coincident with regions of westerly wind perturbations and sinking motion
(Phase 9). Enhanced subsidence may help to dry the lower troposphere after a significant
MIJO event. Observed westerly MJO perturbations, associated with Rossby gyres to the
north and west of equatorial MJO heating, are associated with tropospheric drying (Mal-
oney and Hartmann 1998, Chapter 2).

The vertical structure of the CCM3 equatorial intraseasonal specific humidity signal

at 180°E as a function of MJO phase is shown in Figure 4.11. Lower tropospheric specific
humidity (below 800 mb) peaks during phase 5, whereas the specific humidity aloft peak

during phase 6. Lower tropospheric moisture anomalies appear before those at upper lev-
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Figure 4.11. Model 20-80 day q anomalies at 180°E as a function of MJO phase. q is
plotted every 0.07 g kg! starting at 0.035 g kg'l. Positive values are shaded.

els. I will examine below the dependence of specific humidity in these vertical layers on

various terms in the moisture budget. Figure 4.11 is typical of locations across the central
and eastern Pacific Ocean, the regions of most obvious eastward propagation of the MJO
signal in the CCM3 with McRAS (see Figure 3.14). At locations over the western Pacific,

near the edge of the strong eastward propagating region, model upper and lower tropo-

spheric specific humidity anomalies tend to be in phase (e.g. 150°E, Figure 4.12). A
strong coupling of convection with frictional convergence may be important for sustained
eastward propagation of the convective signal.

The leading terms that control intraseasonal variations in water vapor during a
model MJO lifecycle in both the lower troposphere (where tropospheric moistening first

peaks during an MJO lifecycle) and aloft will now be determined. Correlations between

model equatorial intraseasonal specific humidity anomalies at 180°E and 1) vertical

advection, 2) horizontal advection, 3) downdrafts and rain evaporation, 4) boundary layer
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Figure 4.12. Model 20-80 day g anomalies at 150°E as a function of MJO phase. Other-
wise, same as Figure 4.11.

diffusion, and 5) convective moistening/drying are shown in Figure 4.13. I neglect terms
relating to stratiform clouds and evaporation of cloudwater into the environment, since
they do not significantly affect intraseasonal moisture variations. Vertical advection is the
term most strongly positively correlated with specific humidity. The correlation
approaches 0.8 at lower levels (bottom panel) at zero phase lag. Vertical advection tends
to slightly lead specific humidity aloft (top panel), with a correlation peaking near 0.6 at a
lag of one phase. Moistening by downdrafts and convective rain evaporation also tends to
be highly correlated with intraseasonal specific humidity. Interpretation of this result is
difficult in the lower troposphere, however, since dry downdraft air deposited at the lowest
model level will be carried upward by the boundary layer vertical diffusion scheme, a
mechanism not accounted for by the 750-990 mb averaged correlation in Figure 4.13. The
direct contributions to moistening from intraseasonal downdraft and rain evaporation

anomalies are small compared to vertical advection, however, as will be shown in Figure
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Figure 4.13. Model lag correlations at 180°E, equator between 20-80 day g and moisture
terms during an MJO lifecycle. Vertical advection (VADV), rain evaporation and down-

drafts (DD, EVP), horizontal advection (HADV), convective drying (DQCONY), bound-
ary layer diffusion (VDIFF).

4.14. The intraseasonal moisture tendency due to convective updraft drying/moistening is
strongly negatively correlated (-0.7 to -0.8) with specific humidity at both upper and

lower levels at zero lag.
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Figure 4.14. Vertical profiles of model 20-80 day equatorial moisture terms at phase 5 of
an MJO lifecycle.

Since the highest correlations between intraseasonal specific humidity and lower
troposphere moisture tendency terms occur at zero lag in the model, a profile of the verti-
cal moistening terms at the time of peak intraseasonal specific humidity anomalies might

be enlightening. Figure 4.14 shows intraseasonal equatorial moisture tendency terms at

180°E during phase S of the model composite MJO lifecycle. Apparent is the striking bal-
ance between moistening by vertical advection and convective drying. Contributions from
downdrafts, boundary layer diffusion, and horizontal advection are relatively small com-
pared to the leading terms. Vertical advection and convective drying also dominate other
phases of the MJO composite lifecycle (not shown). Thus, vertical advection would seem
to be the dominant term in moistening the lower troposphere during an MJO lifecycle.
By continuity, vertical motion in the lower troposphere implies that convergence
must be occurring below. Anomalous moistening near 900 mb due to vertical advection

should then closely match upward motion due to convergence anomalies below this level.
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I will derive the vertical velocity implied from the continuity equation to check for consis-
tency, and then determine the portion explained by meridional convergence. The pressure

velocity at a pressure P is given by:

o(P) = a(p,) - J'(ax a)dp @.1)

Vertical advection of specific humidity at a given level will be given by:

VADV = -(n(p)g—z, 4.2)

[ will estimate the moistening (7°N-7°S averaged) by vertical advection near 900
mb at phase 5 (see Figure 4.14) due to the anomalous convergence below 900 mb (model
levels 16,17, and 18). Assuming that this moistening can be approximated by anomalous
vertical advection operating on the mean vertical specific humidity gradient, and that ver-

tical motion at the surface (py) is equal to zero., moistening due to anomalous surface con-

vergence produces a specific humidity tendency of 5.7 x 10° (kg kg'l s’1). This value can

explain the anomalous moistening from vertical advection near 900 mb in Figure 4.14.

About 80% of this moistening (4.6 x 10° (kg kg'l s'11) is contributed by meridional con-
vergence onto the equator, the dv/dy component in (1.1), indicating that low-level meridi-
onal convergence onto the equator plays a dominant role in the CCM3 McRAS MJO
lifecycle.

The coincidence of model anomalous convection with low-level easterly wind per-
turbations means that positive convective heating anomalies are coincident with anoma-
lous temperature perturbations. Figure 4.15 shows model intraseasonal equatorial
temperature and convective heating anomalies, averaged from the surface to model level 8
(near 220 mb in the western Pacific). Zonal means were removed from the fields during
filtering. Positive heating anomalies generally lie within positive temperature anomalies

during most of the MJO lifecycle, and negative heating anomalies coincide with negative
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temperature anomalies. This phase relationship holds across the tropical Pacific and

Indian Oceans, supported by the strong relationship between convection and surface con-

Convective Heating, Temperature

0O 90E 180 9OW 0O
Longitude

Figure 4.15. Model composite 20-80 day tropospheric mean convective heating and tem-
perature anomalies as a function of MJO phase. The zonal mean was removed in the fil-

tering process. Heating anomalies greater (less) than (-)1.2°K day'l are shaded dark

(light). Temperature anomalies are plotted every 0.05°K, starting at 0.025°K. Negative
values are dashed.

vergence. Positive correlations of perturbation temperature and convective heating indi-
cate the production of eddy available potential energy (EAPE), which supports equatorial
wave growth. Hendon and Salby (1994) found that EAPE production occurs during the
amplifying stages of an observed MJO lifecycle. The model MJO is characterized by a
longer period of EAPE production, due to the persistent phase relationship between low-

level perturbation easterly winds and anomalous convection.

4.4) WISHE Experiment

A skeptic might say that the bias of convection toward perturbation easterly winds is
a sign that the wind-induced surface heat exchange (WISHE) mechanism of Emanuel
(1987) plays an important role in the CCM3 with McRAS MIJO simulation. The strongest

model eastward propagating anomalies occur over the central Pacific, where low-level
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mean equatorial easterlies are located (see Figure 3.3). I will conduct a simulation in
which average March daily wind speeds at each location from a McRAS control simula-
tion are used to calculate the surface flux of evaporation. This simulation will hereafter be
referred to as the No-WISHE simulation. This experiment should determine whether
WISHE is important in generating the simulated intraseasonal oscillation. Surface evapo-
ration over the ocean in the CCM3 should then only depend on the density of surface air,
and the specific humidity deficit across the ocean-air interface (Kiehl et al. 1998). Average
daily wind speeds used in calculating of the surface latent heat flux in the No-WISHE
simulation are shown in Figure 4.16. The largest tropical average wind speeds are located

over the north Pacific. just to the north of the equator, where average daily wind speeds of

1

greater than 9 ms™ can be found. An 8-year perpetual March simulation is conducted

CCMB3/McRAS Average March Daily Wind Speeds ooN
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Figure 4.16. Model control simulation March average daily wind speeds. Contour inter-

valis 3ms L.

with insolation set at its March 15 value, and SSTs are described by March monthly mean
values, as in the control simulation (Figure 3.1).
The climatology of the No-WISHE simulation in zonal winds and precipitation is

not significantly different from that of the control simulation (Figure 4.17). Only slight
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differences in the mean climates can be found, mainly concentrated near the Maritime
Continent. The surface latent heat climatology for the No-WISHE simulation, and the dif-

ference in climatologies between the control simulation and No-WISHE simulations, are

Figure 4.17. Differences in mean precipitation and 850 mb zonal winds between the con-
trol and No-WISHE simulations. Contour interval is 3.0 mm day-1 for precipitation,

starting at 1.5 mm day'l. Contour interval is 2.0 m s”! for zonal wind, starting at 1.0 m
s Negative values are dashed.

shown in Figure 4.18. The latent heat flux climatologies are generally within 10 W m2 of
each other across the tropics, with slightly higher differences at a few locations over the
far western Pacific. Thus, the model climatology of the No-WISHE simulation seems
quite similar to that of the control simulation.

Wavenumber-frequency spectra of equatorial 850 mb zonal wind and convective
precipitation for the No-WISHE simulation are shown in Figure 4.19. These can be
directly compared to the control simulation spectra in Figures 3.7 and 3.8. Variance in the
No-WISHE simulation is more concentrated at wavenumber 1 and intraseasonal periods
than in the control simulation. In the control simulation zonal wind spectrum, more higher
frequency variance occurs. The control convective precipitation spectrum is also charac-

terized by more westerly variance. The No-WISHE spectra feature prominent peaks near
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Figure 4.18. Mean surface latent heat flux for the No-WISHE simulation and the differ-
ence between the No-WISHE and control simulations. Contour interval in a) is 40 W

m2. The contour interval in b) is 20 W m2, starting at I0 W m=2.

60 days and wavenumber 1. Removing the WISHE mechanism appears to have created a
more robust oscillating signal. Variance at 150 mb is similarly concentrated near wave-
number one and 60 days (not shown). Observed spectra tend to peak near 60 days and
wavenumber 1 (Figure 3.6), although precipitation variance from the No-WISHE simula-
tion is, like the control simulation, lower than observed.

Lag regression plots of intraseasonal equatorial NCEP zonal winds at 150 mb and
850 mb during December-May are shown in Figure 4.20. A prominent eastward propagat-
ing signal with a change in phase speed across the domain is prominent at both levels.
Observed eastward-filtered intraseasonal fields (not shown) look almost identical to the
total intraseasonal fields. Lag regression plots are also shown at 150 mb (Figure 4.21) and
850 mb (Figure 4.22) for the No-WISHE simulation (NW) and the 8-year control simula-
tion (C). Model lag-regression plots are displayed for the total intraseasonal fields, and are
also decomposed into eastward and westward propagating components. Significant differ-
ences between the control and No-WISHE simulations are difficult to detect in amplitude
and phase speed. When both eastward and westward components are included, both simu-

lations produce variability that is somewhat noisier than observations. When westward
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Figure 4.19. Wavenumber-frequency spectra of model 10°N to 10°S averaged a)850 mb
zonal wind and b) convective precipitation from the No-WISHE simulation. The zonal

wind spectrum contour interval is 3.5 m 252, starting at 3.5 m? 2 Values greater than 7.0
m? s? are shaded. The precipitation spectrum contour interval is 0.5 mm? day?, starting at
2.0 mm?> day . Values greater than 2.5 mm?> day are shaded.

components are removed, however, both simulations produce lag-regression plots that
compare very favorably to observations in magnitude and phase speed, with the exception
that magnitudes at 150 mb are somewhat diminished from observations. Differences in
the height of maximum convective detrainment between observations and the models may

partially explain the difference in 150 mb amplitudes. The model eastward propagation
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Longitude

Figure 4.20. Observed lag regression plots of the 20-80 day December-May NCEP a)
150 mb zonal wind and b) 850 mb zonal wind averaged from 10°N to 10°S as a function

of longitude. The regression point is 160°E. The 150 mb regression contour interval is

0.3 ms™!, starting at 0.15 m s™!. The 850 mb regression contour interval is 0.2 m s,

starting at 0.1 m s™L. Positive values are shaded.

speeds at 150 mb are, however, close to those observed. Eastward-filtered 850 mb ampli-
tudes and phase speeds both compare favorably with the observed signal.

A key question that remains is whether the phase relationship between convection
and easterly wind anomalies remains the same in the No-WISHE simulation. Although
lag-regression analyses and wavenumber-frequency spectra indicate that WISHE is not
essential for producing eastward propagating intraseasonal oscillations in the CCM3 with

MCcRAS, the structure of the oscillations need to be examined to confirm that the funda-
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Figure 4.21. Model lag regression plots of the 20-80 day equatorial (7°N to 7°S aver-
aged) 850 mb zonal wind for the control and No-WISHE simulations. The regression

point is 160°E. Regressions for all frequencies, eastward frequencies, and westward fre-

quencies are shown. The contour interval is 0.2 m s}, starting at 0.1 m s™!. Positive val-
ues are shaded.

mental nature of the signal remains unaltered.

I will construct an MJO index for the No-WISHE simulation based upon the first
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Figure 4.22. Model lag regression plots of the 20-80 day equatorial (7°N to 7°S averaged)
150 mb zonal wind for the control and No-WISHE simulations. The regression point is

160°E. Regressions for all frequencies, eastward frequencies, and westward frequencies
are shown. The contour interval is 0.3 m s}, starting at 0.15 m s!. Positive values are

shaded.

two EOFs of the intraseasonal equatorial (7°N-7°S averaged) 850 mb zonal wind, as was

done in MHOO (Chapter 3), and first described by Maloney and Hartmann (1998, Chapter
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2). The first two EOFs are displayed in Figure 4.23. The first EOF is similar to that

derived from the control simulation (Figure 3.11), and the second has a smoother structure

No-WISHE

-y

T

Normalized Magnitude
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Figure 4.23. First two EOFs of the equatorially averaged (7°N-7°S) 20-80 day 850 mb
zonal wind from the No-WISHE simulation. Magnitudes are normalized.

than in the control. Figure 4.24 shows the amount of variance explained by the first 10
EOFs. EOF 1 explains 37% of the variance and EOF 2 explains 20% of the variance. The
leading EOFs are significantly different from the rest based on the criterion of North et al.
(1982). Recall that the first two EOFs of the control simulation explained 27% and 18% of
the variance. Principal components are derived by projecting the EOFs onto the intrasea-
sonal filtered zonal wind data. Lag correlation analysis of the principal components of the
first two EOFs indicates that, when PC1 lags PC2 by two pentads, the principal compo-
nents are correlated at 0.5, and when PC1 leads -PC2 by two pentads, the principal com-
ponents are correlated at 0.6. These correlations are higher than in the control simulation.
The two EOFs explain an eastward propagating signal in the equatorial zonal wind at

intraseasonal periods. Based on the amount of variance explained by the leading EOFs,
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Figure 4.24. Variance explained by the first 10 EOFs of the No-WISHE simulation.

and by the correlations between their principal components, the MJO signal in the No-
WISHE simulation stands more prominently above the background variance than in the
control simulation. I showed earlier that the control simulation was characterized by more
high frequency and westward variance than the No-WISHE simulation (compare Figure
4.19 with Figures 3.6 and 3.7).

Based on the above correlations between the first two PCs, an MJO index can be

constructed as follows:, where ¢ is the time in pentads:

Index(t) = PC2(t) + PCl(1+2) (4.3)

To check that this index is physically important on intraseasonal timescales, and is
not just a construct of the EOF analysis, the index is reconstructed with principal compo-
nents derived by projection onto the unfiltered data. If this index is physically meaningful,
a prominent spectral peak should appear at intraseasonal timescales, even when unfiltered
data is used in the construction. Figure 4.25 shows a power spectrum of the index con-

structed from unfiltered principal components. The spectrum is dominated by a significant
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spectral peak near 60 days, and another near 33 days, confirming that the index explains
an actual eastward propagating phenomenon in the model at intraseasonal timescales. The
spectral peaks obtained in the No-WISHE simulation, particularly the one near 60 days,
are more distinguishable from the background spectrum than those in the control simula-

tion (see Figure 3.12).
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Figure 4.25. Power spectrum of the MJO index from the No-WISHE simulation recon-
structed by projecting the first two EOFs onto the unfiltered data. The red noise spectrum
is displayed with the a priori 95% confidence limit.

Composites are generated by averaging events where the index has peak positive
amplitude greater than one standard deviation from zero, as was done in MHOO (Chapter
3). Based on this criterion, 28 events are selected for the No-WISHE simulation. Events

average 43 days in length, as opposed to 34 days in length for the control simulation.

Composite MJO 850 mb equatorial (7°N-7°S averaged) zonal wind and convective
precipitation anomalies for the No-WISHE simulation are shown in Figure 4.26. A plot of
observed composite anomalies is also shown for comparison. Composite anomalies are

slightly stronger in the No-WISHE simulation than in the control simulation (Figure
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3.14), and coherent eastward propagation extends farther westward into the Indian Ocean.
This plot lends credence to my previous observation that removal of the WISHE mecha-
nism leads to a smoother model MJO. Notable, however, is that the phase relationship
between easterly anomalies and anomalous convection does not change from the control

simulation. WISHE, therefore, cannot explain the preference for anomalous enhanced
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Figure 4.26. Equatorial 20-80 day 850 mb wind (contours) and precipitation (shading)
anomalies as a function of MJO phase for a) observations (NCEP winds and Xie/Arkin

precipitation, 5°N-5°S averaged) and b) the No-WISHE simulation (7°N to 7°S aver-
aged). Contour interval is 0.50 m s™! starting at 0.25 m s™!. Easterlies are dashed. Dark
shading represents precipitation anomalies greater than 0.3 mm day'l. Light shading rep-
resents anomalies less than -0.3 mm day'l.

convection to occur in association with easterly anomalies, and the mechanism responsi-
ble is most likely meridional surface convergence onto the equator. Figure 4.27 compares

anomalous surface convergence anomalies with convective anomalies for the No-WISHE
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simulation. Anomalous positive convection remains nearly in phase with surface conver-
gence. The majority of this convergence is due to the meridional component, as in the

control simulation (not shown).
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Figure 4.27. No-WISHE simulation composite equatorial 20-80 day 850 mb wind, sur-
face convergence, and convective precipitation anomalies as a function of MJO phase.
Otherwise, same as Figure 4.1.

Vertical cross-sections of No-WISHE equatorial intraseasonal specific humidity and
circulation anomalies for MJO phases 5, 7, and 9 are also plotted (Figure 4.28). The gen-
eral trend of low-level humidity anomalies leading those at upper levels remains
unchanged from the control simulation (Figure 4.10). The lower troposphere moistens in
regions of anomalous surface easterlies (Phase 5), consistent with moistening by anoma-
lous surface convergence. Strong drying occurs at low-levels with the onset of low-level
westerly anomalies (Phases 7 and 9). Vertical structures in wind and humidity are some-
what better defined than in the control simulation.

I have shown that the MJO simulated by the No-WISHE simulation stands more
prominently above the background variance, and is more coherent than that simulated by
the control simulation. An examination of composite intraseasonal surface latent heat flux
anomalies from the control and No-WISHE simulations may be useful for explaining

some of these differences. Figure 4.29 displays intraseasonal surface latent heat flux
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anomalies during an MJO composite lifecycle in the No-WISHE simulation, and Figure
4.30 displays anomalies for the control simulation. A positive latent heat flux anomaly

designates a net upward flux of latent heat from the surface to the atmosphere. With the
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Figure 4.28. No-WISHE composite equatorial 20-80 day specific humidity and u-w cir-
culation anomalies. MJO phases 5, 7, and 9 are displayed. Contours are plotted every

0.07 gkg™!, starting at 0.035 g kg'l. Negative contours are dashed and lightly shaded.

The largest zonal velocity is 3.4 ms™!. The largest vertical velocity is 0.004 ms™!.

WISHE mechanism removed, the surface latent heat flux over the ocean should only
depend on the surface air density and the specific humidity gradient across the ocean-air

interface. Tropical latent heat flux anomalies in the No-WISHE simulation are generally 9

W m2 or less during an MJO lifecycle, with the strongest anomalies occurring away from
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the equator. The regions of strongest equatorial wind anomalies feature very weak latent

heat flux anomalies. The amplitudes of latent heat flux anomalies in the control simulation

are, however, stronger and more complex. Positive latent heat flux anomalies of 33 W m™
can be found near the Maritime Continent during phase 7. This region corresponds to
westerly wind perturbations coinciding with westerly mean winds. Westerly wind anoma-
lies cause negative latent heat flux anomalies farther east, however, when they coincide

with mean easterly winds (Phase 9). The area of positive latent heat flux anomalies over

850 hPa Wmd and Surface Latent Heat Flux Anomahes No-WISHE
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Figure 4.29. No-WISHE simulation 20-80 day 850 mb wind and surface latent heat flux
anomalies for an MJO composite lifecycle. Phases 3,5,7, and 9 are displayed. Contour

interval is 6 W m™2, starting at 3 W m™2. Negative values are dashed. Maximum vectors

are43msl.

the Maritime Continent tends to move westward from Phase 7 to Phase 9, suggesting that
the WISHE mechanism may feed westward propagating modes in the control simulation.

An area of negative flux anomalies similarly moves westward from phase 3 to phase S.
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Figure 4.3 showed evidence of some westward equatorial precipitation propagation across
the Indian Ocean during an MJO lifecycle in the control simulation. This feature may be
explained by the strong latent heat flux anomalies over the Maritime Continent and Indian
Ocean, to the west of the strongest convective anomalies. The control simulation contains
significantly more westward variance in the precipitation spectrum than the No-WISHE
simulation (compare Figures 3.8 and 4.19). Latent heat flux anomaly fields are also gener-
ally noisier in the control simulation than in the No-WISHE simulation, possibly explain-
ing the increase in high-frequency variance. The WISHE mechanism in the CCM3 with
MCcRAS may help foster con\.'ective variability at timescales and wavenumbers outside of
the MJO band, thus making eastward propagating MJO-like variability less dominant than

it would be in a simulation with the WISHE mechanism removed.

4.5) Conclusions

The NCAR CCM3 with McRAS convection produces an MJO-like intraseasonal
oscillation that is highly dependent on frictional convergence. Model MJO convective
anomalies show a preference to occur within 850 mb easterly equatorial wind perturba-
tions, where meridional surface convergence onto the equator is strong. Model convective
anomalies during an MJO lifecycle are correlated with surface convergence at greater than
0.7 across the Indian and Pacific Oceans, and intraseasonal surface convergence anoma-
lies are similarly strongly correlated with low-level specific humidity anomalies. Correla-
tion analysis also indicates that low-level specific humidity is the dominant regulator of
convection during a model MJO lifecycle. The dependence of model MJO convection on
temperature is much weaker. Moistening of the lower troposphere within MJO easterly
perturbations can be explained by increased lower tropospheric vertical advection associ-
ated with anomalous surface convergence (mainly meridional). Tropospheric moistening
at lower levels leads that at upper levels during a model MJO lifecycle, especially in
regions that contain a strong eastward propagating signal, such as over the central Pacific

Ocean. The preference of convective anomalies to lie within low-level perturbation east-
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Figure 4.30. Control simulation 20-80 day 850 mb wind and surface latent heat flux
anomalies for an MJO composite lifecycle. Phases 3,5,7, and 9 are displayed. Contour

interval is 6 W m2, starting at 3 W m™2, Negative values are dashed. Maximum vectors

are 4.6 msl.

erly winds leads to eddy available potential energy production throughout a MJO lifecy-
cle, supporting equatorial wave growth.

The observed MJO does show significant correlations between intraseasonal surface
convergence and convective anomalies, although those correlations are weaker than in the
model (about one-half the strength). Observed surface convergence also tends to lead con-
vection over the westem Pacific. Maloney and Hartmann (1998, Chapter 2) found that
MIJO surface convergence anomalies were significantly correlated with lower tropo-
spheric water vapor anomalies, although not as strongly as in the model. These results

suggest that equatorial convection in the CCM3 with McRAS responds more strongly to
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surface convergence than does convection in nature. Hence, positive convective anomalies
in the model tend to occur in association with regions of perturbation easterly winds,
where anomalous surface convergence is strongest. Although the phasing of convection
with perturbation winds is somewhat different than observed, these model results suggest
that surface convergence during an MJO lifecycle is an important regulator of the lower-
tropospheric moisture budget during an MJO lifecycle. Maloney and Hartmann (1998,
Chapter 3) also found some evidence that convective anomalies grow within MJO pertur-
bation easterly winds (see phase 5), so the phasing between winds and convection in the
model may not be completely unrealistic. The modeling results indicate, at the very least,
that frictional convergence is a plausible mechanism for producing sustained intrasea-
sonal variability in nature. The results also highlight the importance of realistically simu-
lating boundary layer processes, and their coupling to convection, in atmospheric GCMs.
The wind-induced surface heat exchange mechanism (WISHE) of Emanuel (1987)
and Neelin and Yu (1994) is not important to MJO-like intraseasonal variability in the
model. Removing the WISHE mechanism by fixing the surface wind speed to climatolog-
ical values in the computation of the surface heat fluxes may, in fact, lead to a more robust
MJO simulation. WISHE may contribute to the growth of modes at frequencies and wave-
numbers outside of the MJO band, making the MJO signal less distinguishable from the
background variance. The basic structure of the model MJO signal remains unchanged

when the WISHE mechanism is removed.
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S) Conclusions

This study has demonstrated the importance of frictional surface convergence to the
Madden-Julian oscillation (MJO) of the tropical troposphere using both observations and
an atmospheric general circulation model (GCM). The sensitivity of GCM intraseasonal
variability to changing convective parameterizations was examined in the process. This
section will summarize the conclusions from each of the chapters, and provide sugges-
tions for future work. More detailed conclusions can be found at the end of each chapter.

Chapter 2 used NCEP wind reanalyses, MSU precipitation, and NVAP precipitable
water to understand the effects of surface convergence during an MJO lifecycle. A com-
posite MJO lifecycle was created using the first two empirical orthogonal functions of 850
mb equatorial zonal wind as an index. Lower tropospheric water vapor over the Indian
and western Pacific Oceans was found to be significantly correlated with 1000 mb conver-
gence during an MJO lifecycle. Correlations between water vapor and 850 mb conver-
gence are weaker. Surface convergence tends to slightly lead water vapor anomalies over
the western Pacific. Rapid drying occurs after the passage of an MJO convective event. It
was concluded that frictional convergence may help to precondition the atmosphere for
strong MJO convection by moistening the lower troposphere.

Chapter 3 documented attempts at developing a GCM with realistic intraseasonal
variability. Different convection schemes were substituted into the NCAR CCM3 to test
their effect on intraseasonal variability. The standard CCM3 convective scheme of Zhang
and McFarlane (with the Hack scheme for shallow convection) produces intraseasonal
variability that is much lower than observed in zonal winds and precipitation. The
MCcRAS convection scheme, that includes a parameterization of unsaturated convective
downdrafts and a relative humidity threshold for convective initiation, produces much
improved intraseasonal variability. Intraseasonal zonal wind variance is near observed,
and intraseasonal precipitation variance is greatly improved over the control simulation.
The phasing between convection and wind anomalies during an MJO lifecycle with
MCcRAS is somewhat different than observed, however, in that positive convection anoma-

lies tend to occur in association with 850 mb perturbation easterly winds. Observed con-
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vective anomalies tend to lie closer to the nodal point in 850 mb zonal wind anomalies.

Two other convective schemes were also analyzed in Chapter 3: The Hack scheme
and the Emanuel scheme. Zonal wind variability was generally realistic with these two
schemes, but precipitation variance was much lower than in observations and in the
MCcRAS scheme. The improvement in intraseasonal variability with the McRAS scheme
does not result from the relative humidity threshold for initiation of convection. Variabil-
ity is actually decreased for higher thresholds, contrary to the results of Wang and
Schlesinger (1999). Removal of the unsaturated convective downdraft and rain evapora-
tion parameterization greatly diminishes intraseasonal variability in zonal winds and pre-
cipitation. An excessively dry tropical troposphere was shown to be most likely
responsible for the degradation of intraseasonal variability.

The CCM3 with McRAS, the model configuration that produces the most realistic
intraseasonal variability, was then used in Chapter 4 to study the importance of frictional
convergence to the MJO. Model intraseasonal convective anomalies during an MJO life-
cycle are strongly correlated with surface convergence at zero lag. Observed MJO convec-
tive anomalies are also significantly correlated with surface convergence, although
correlations are weaker, and convergence tends to lead convection. Model surface conver-
gences during an MJO lifecycle are generally stronger than in observations. Model sur-
face convergence peaks during periods of perturbation easterlies, explaining the tendency
of model positive convective anomalies to lie within 850 mb easterly perturbations.

Low-level MJO specific humidity anomalies in the model are strongly correlated
with surface convergence. Where the eastward propagating model MJO signal is strong,
low-level specific humidity anomalies precede those at middle and upper levels. Surface
convergence affects model convection by moistening the lower troposphere, suggesting
that surface convergence during an MJO lifecycle may help to precondition the atmo-
sphere for intense MJO convection. Observed lower tropospheric specific humidities are
also significantly correlated with surface convergence anomalies. The agreement of the
model and observational results indicates that frictional moisture convergence plays a cru-

cial role in maintaining the Madden-Julian oscillation. Meridional convergence onto the
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equator contributes most of the anomalous convergence during an MJO lifecycle in both
the model and observations.

The wind-induced surface heat exchange (WISHE) mechanism of Emanuel (1987)
and Neelin and Yu (1994) is not responsible for producing the MJO-like mode in the
CCM3 with McRAS. Removal of the WISHE mechanism, by fixing surface wind speeds
to their climatological values in computation of surface latent heat fluxes, does not change
the character of the MJO simulation. In fact, the MJO mode explains a greater fraction of
the total variance when WISHE is removed, and the simulation is noticeably more robust.
WISHE may contribute to the growth of modes outside of the MJO wavenumber-fre-
quency band.

Future work is warranted to explain why model MJO positive convective anomalies
occur in association with easterly wind perturbations. Hendon (2000) noticed a similar
phase relationship in a GCM study that analyzed the effects of an ocean mixed layer
model on the MJO. Convection in the CCM3 with McRAS clearly responds strongly to
surface convergence, and the strongest surface convergence coincides with low-level east-
erly wind perturbations. Why model MJO surface convergence is stronger than in obser-
vations, and why model convection responds more strongly to surface convergence than in
observations, are unanswered questions. The answer may lie in the atmospheric boundary
layer scheme of the CCM3, and how McRAS convection interacts with the boundary
layer.

Future work should also include coupling the CCM3 with McRAS convection to a
slab ocean model to judge the effect of coupled ocean-atmosphere variations on intrasea-
sonal variability. Waliser et al. (1999) found that coupling an atmospheric GCM to a sim-
ple slab ocean model improves model intraseasonal variability. Eastward phase
propagation is slowed, and oscillation amplitude is increased. Surface convergence onto
the equator is enhanced due to warm SSTs in regions of low-level easterly perturbations.
Hendon (2000) found, however, that the coupling of a mixed layer ocean to a GCM did
not alter model intraseasonal variability. Hendon attributed this to the tendency for posi-

tive convective anomalies in his model to coincide with perturbation easterly winds.
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Increased shortwave radiation to the surface and low evaporation conspire to raise SST in
regions of anomalous easterlies during an observed MJO lifecycle (Wang and Xie 1998).
Shifting convection into surface easterlies reduces the solar flux to the surface there, pos-
sibly diminishing the prospects for increased SST. These ideas should be tested in the
CCM3 with McRAS convection.
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Appendix A: Western Pacific TAO vs. NCEP comparison

Tropical Atmosphere Ocean (TAO) buoy array data (Hayes et al. 1991) can be used
to check the accuracy of the 1000 hPa NCEP/NCAR reanalysis product over the westemn

Pacific. A comparison between the two datasets can at least indicate how well the reanaly-
sis model assimilates surface wind observations. TAO buoy winds at 165°E (latitudes
5°N, 2°N, 0°, 2°S, and 5°S) were compared to 1000 mb reanalysis winds at 165°E (lati-

tudes 5°N, 2.5°N, 0°, 2.5°S, and 5°S) during February of 1988 through December of
1995. Only days where both TAO and NCEP data were present are used in the compari-
son.

Monthly climatologies for January, April, July, and October are compared in Fig-
ure Al.l. Reanalysis and TAO surface wind climatologies are similar during January and
April in both magnitude and direction. The two wind products do not agree as closely dur-
ing July and October, especially at locations to the south of the equator, where wind mag-
nitudes are stronger in the reanalysis product, and the wind direction has a more southerly
component.

MIJO studies are more dependent on the reliability of reanalysis wind variations

than on the reliability of wind climatologies. Figure A 1.2 compares reanalysis and TAO

surface wind anomalies (annual cycle removed) at 165°E as a function of phase of the
MJO. Phases were determined using the index of Maloney and Hartmann (1998). Phases
3,4,7, and 8 are displayed. The reanalysis product and TAO array anomaly winds gener-
ally agree in direction. Agreement in magnitude is also fairly reasonable, although the
TAO array anomalies during phases 7 and 8 are generally stronger than the reanalysis
product anomalies.

Since frictional moisture convergence may be an important mechanism for the
MIJQ, the reanalysis wind field must be able to properly analyze the observed surface con-

vergence field. Figure A1.3 compares TAO and NCEP meridional convergence anomalies

at 165°E during an MJO lifecycle. Equatorial meridional convergence anomalies are 50-

100% larger than zonal convergence anomalies during an MJO lifecycle (not shown). A



133

Monthly Climatologies
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Figure Al.l1. NCEP and TAO wind climatologies for January, April, July, and October.

The largest vector shown is 5.8 m sL.

comparison of zonal convergence anomalies is assumed to produce similar results. TAO
and NCEP meridional convergence anomalies are comparable during an MJO lifecycle.
This result helps legitimize the use of western Pacific NCEP reanalyses in studying MJO-

related frictional moisture convergence.
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Anomalies vs. MJO Phase
NCEP 1000 mb 165°E
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Figure A1.2. NCEP and TAO wind anomalies as a function of MJO phase. Phases 3,4, 7,

and 8 are shown. The largest vector shown is 1.5 m s
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Meridional Convergence Anomalies
TAO, NCEP 1000 mb 165°E
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Figure A1.3. NCEP and TAO meridional convergence anomalies as a function of MJO
phase. TAO averages are computed from the latitudes 2°N, Equator, and 2°S. NCEP
averages are computed from the latitudes 2.5°N, Equator, and 2.5°S. Phases 3,4, 7, and 8

are shown. The largest vector shown is 1.5 m sL.
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Appendix B: The Cloud Work Function

The development here follows the work function derivation in Moorthi and Suarez
(1992). Adjustment in McRAS occurs through an ensemble of entraining plumes. Each
plume detrains at a different vertical level, and is specified by an entrainment parameter A,
where

MPp) = —5— 8= (o)) (A2.1)
(%) [ 8P)ih*(P) - h(P)1dP
P

D

The subscript B denotes cloud base and the subscript D denotes the detrainment
level for a given cloud type. Moist static energy is designated by A(P), and h*(P) repre-
sents saturation moist static energy. O(P) is the potential temperature, g specifies gravity,
and ¢, is the specific heat of dry air at constant pressure.

The normalized mass flux for an ensemble member increases linearly with height

and is given by

a%m(z) = A (A2.2)

with the mass flux at cloud base taken as 1. Converting the mass flux relationship to pres-

sure coordinates we find,

d Sp
513"1(”) = _?Ok (A2.3)

This equation can be integrated to give the normalized mass flux for a cloud type as a
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function of pressure,

<, Fs
na(P) = L+-ZA | oap (A2.4)
P
The cloud work function is then given by
Py c
_'C u(P) [h5 (P) - h*(P))
A= [ v P ap (42.3)
Pp
where
- Ld .
VP) = = (P) (A2.6)

h%,(P) is the cloud moist static energy for a cloud type A, g*(P) is the saturation specific

humidity of the environment, and L is the latent heat of condensation of water vapor. The
moisture and temperature tendencies for a given cloud type are determined by the devia-
tion of the cloud work function from the critical value of cloud work function (Lord et al.

1982).
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