Chapter Ten

Moist dynamics of tropical convection zones in

monsoons, teleconnections and global warming

J. David Neelin

10.1 INTRODUCTION

10.1.1 Approach

In tropical dynamics, a leading feature is the interactibthe large-scale circula-
tion with moist processes arising at small scales. This &h@ummarizes a recent
avenue of tropical theory for this interaction, in which stnaints from the moist
dynamics can actually simplify large-scale theory undetaie conditions. Im-
portant tools in this approach include convective quasiddgium (QE) and the
moist static energy (MSE) budget. Convective QE (Arakawa &ohubert 1974;
Emanuel et al. 1994) is the postulate, used in various fonmasiumber of convec-
tive parameterizations, that moist convection tends &r #ite large-scale tempera-
ture and moisture vertical profiles in a manner that reduce$dtoyancy available
to small-scale overturning motions. A further summary of @&y be found in
Chapter 7 in this volume. The aspects required here are tioetey of moist con-
vection to constrain the temperature profile and to estalliselationship between
temperature and moisture.

In outlining the approach to moist dynamics advocated hbreg applications
are considered—monsoons, tropical teleconnections apittl precipitation changes
under global warming. Background for these is provided m tmainder of this
section, aiming also to convey the challenges of analysimgglscale flow inter-
acting with moist convection. With this motivation, sectib0.2 outlines the moist
static energy budget and a useful quantity that arises ftamder QE approxima-
tions, the gross moist stability. A numerical model, the emjuilibrium Tropical
Circulation Model (QTCM), whose formulation has been deseidjto mesh with
this theoretical framework is sketched in section 10.3.sThodel is used in sim-
ulating the phenomena considered, but its particular vialtiee relative simplicity
of analysis—either in pointing to solution features to selin observations or
more complex models, or generating simpler models fromgtsagions.

A consequence of viewing the thermodynamics via the maagicseénergy bud-
get is the importance of the net flux into the atmosphericrooland implications
for land-sea contrast, as outlined in section 10.4. Thisdieectly to the first appli-
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cation, mechanisms setting monsoon poleward boundamigection 10.5. Theory
for how precipitation anomalies arise in these moist dymairinteractions, along
with treatment of cloud feedbacks and land versus ocears ¢gagkis framework,

is summarized in sections 10.6 and 10.7. How such diagrscpigly to moist tele-
connection theory (section 10.9), and tropical precipatahnomalies under global
warming (section 10.10) is then addressed.

We know there are limits of validity to the approximationgdsere, particularly
as one moves to the small scales. The boundaries of the redivaédity have not
yet been well determined and this is part of the current timacof this research
area. Statements of where limitations or modifications ateeted by this author
(in discussion with several colleagues noted in the ackedgrnents) to be likely to
arise are included in the form of postulates, den@peén questionor Postulateas
appropriate. The hope is to summarize phenomena and scadzs this particular
approach shows promise, while tempting the reader withcsgbat are as yet
unresolved.

10.1.2 Monsoon background

There is arich literature on various monsoon systems: Agkamage 1971; Riehl
1979; Luo and Yanai 1984; Murakami 1987; Ding 1992; Yasuaad Seki 1992;
Ding 1994; Lau and Yang 1996; Li and Yanai 1996; Webster et1®98; An-
namalai et al. 1999 and references therein), North Amer{eamn, Douglas et al.
1993; Higgins et al. 1997; Barlow et al. 1998; Yu and WallaG®@®, African
(e.g., Palmer 1986; Xue and Shukla 1993; Lare and Nichol€9#;1Rowell et
al. 1995; Eltahir and Gong 1996; Cook 1997; Semazzi and SO ;1¥%nicot et
al. 1998) and South American (e.g., Lenters and Cook 199@uAmd Lau 1998,
Nogues-Paegle et al. 2002). It is not possible here to rettiésvvast body of
work [see, e.g., Webster (1987); Young (1987) for an intaiaun]. Rather the aim
here is to add a particular moist dynamical perspective eiteige-scale aspects of
these systems. Chapter 9 in this volume provides a complamygoerspective on
monsoon dynamics.

The term monsoon has migrated from older definitions (Ram8ga) to recent
usage emphasizing regions with “pronounced summertimagtation maxima”
(Yu and Wallace 2000), sometimes including ocean regiojecadt to continental
monsoon regions (Chao 2000). Many aspects of the circulatich as an upper
level anti-cyclone, and energetics commonly associatékd mbnsoons (Webster
1987; Douglas et al. 1993; Zhou and Lau 1998) are intimatekel to this large
scale seasonal movement of the tropical convergence zones.

For reference, and to illustrate issues that arise in a pitation-centred view
of the monsoons, Fig. 10.1 shows climatological rainfathif the Xie and Arkin
(1997) data set, 1979-1998 average) for Dec.-Feb. (DIJF)ametAug. (JJA), pro-
cessed in two ways. First, as a percent of annual rainfatbrse, as the seasonal
excess relative to the annual mean. Both are measures ofdhsaon character-
istic of high summer rainfall relative to the annual meanorfrFig. 10.1a,b, a
fraction of 40% of annual occuring in JJA would be a plausiblensoon indica-
tor (50% would exclude some traditional monsoon regionsit B this measure,
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Figure 10.1 Observed climatological rainfall for JJA andFDidespectively, displayed as
(a) and (b) seasonal rainfall as a percent of annual raifdfaiitour interval ten
percent, masked blank where annual rainfall less than 0.&ayy)1 (c) and (d)
seasonal rainfall minus the annual mean (mm/day).

60S

monsoon regions would extend far poleward in continentatiars in the summer
hemisphere. Discussing the “Canadian Prairie monsoonher‘Siberian mon-

soon” might be stretching the terminology, although by thisasure they clearly
exceed the “Arizona monsoon”. To have an impact on the atan, the monsoon
deep convective diabatic heating should be sufficientigdarFrom this point of

view, Fig. 10.1c,d provides a better measure. A threshokiraple as 2 mm/day
summer season precipitation excess (above the annuabaystialds regions that
correspond fairly well to current notions of the large saalensoons. For the pole-
ward boundary, the 2 mm/day precipitation contour liedyaifose to this in most

locations, and this will be used later in model evaluation.

In terms of what maintains summer monsoons, land-oceamnasifias long been
considered fundamental (Webster 1987; Young 1987). Onétneignjecture that
the thermodynamics of ocean-atmosphere-land interactiaid be the controlling
factor in the forcing of monsoons. However, examining tHatien between solar
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heating of the continent and the associated monsoon riithf@alrain zone does not
extend as far poleward as the maximum heating would seendicaite. This sug-
gests that other mechanisms besides the land-sea heatitngstaetermine north-
ward extent of summer monsoon. Many studies (Lofgren 1998eli11994a,b;
Xue and Shukla 1993; Yang and Lau 1998; Nicholson 2000) dsstiue impor-
tance of land processes, such as soil moisture and surfaedalin affecting the
magnitude and position of the monsoon. Topography, suchea§ibetan Plateau,
also affects the monsoon circulation (Flohn 1957; Muraka@887; Meehl 1992;
Yanai and Li 1994; Wu and Zhang 1998). The approach presdraesifollows
Chou et al. (2001), Chou and Neelin (2001; 2003, CN03 hegaft showing how
the land-sea constrast can be viewed in terms of the motst steergy budget and
how large-scale dynamical mechanisms can mediate landesiast to determine
the poleward extent of the monsoon.

10.1.3 Moist teleconnection/tropical precipitation in gbbal warming background

To motivate development of theory for precipitation chasigetropical teleconnec-
tions and global warming, Fig. 10.2 shows a composite ENSQipitation pattern
from observations and three models forced by observed S&3 afe general cir-
culation models (GCMs) used in numerical weather predictiom the European
Centre for Medium-Range Weather Forecasts (ECMWF) and tgonkl Cen-
ter for Environmental Prediction (NCEP), and one is therimidiate complexity
climate model, QTCM, summarized in section 10.3. The cornt@ds for warm
events (average of 1982-83, 1986-87, 1991-92, 1994-95)srinld events (aver-
age of 1983-84, 1988-89, 1995-96).

Without belaboring the obvious, there is no way to constheedomparison of
the GCM response to observations in Fig. 10.2 as satisfaclbis poor simulation
occurs despite the fact that these are well respected modelghich the most
widely used reanalysis data sets are based. The point tdisrlimes is that the
simulation of teleconnected precipitation anomalies istg ¢hallenging problem.
This difficulty not only motivates the effort to understarm tphysical processes,
but the sensitivity appears consistent with the severahagisms that are argued
to be responsible for such precipitation anomalies in eacti0.9, building on the
theory from previous sections.

Regarding the simulation by the QTCM in Fig. 10.2d, the agrest with ob-
servations is qualitative in terms of the region of negatimemalies, although the
magnitude is reasonable. The negative anomalies overatplddouth America
occur along the margin of the model simulated climatologthefconvection zone,
which is shifted with respect to observed. The fact thattibermediate complexity
model fares slightly better than the GCMs in Fig. 10.2b,elljkhas to do with the
fact that ENSO precipitation anomalies were examined anobngr factors, such
as simulation of the climatology, during model developneerd revision (Zeng et
al. 2000, Su et al. 2001) since the model was designed witedahection the-
ory in mind. The simulation makes it plausible that mechausisliagnosed from
the QTCM make a reasonable starting point, subject to deitedveats, for taking
apart the complex processes of moist teleconnections.
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Figure 10.2 Composite precipitation anomaly (mm/day) fofSD events during DJF. (a)
Observed (Xie-Arkin data set) and three models forced byewndesl SST (no
data assimilation). (b) ECMWF model; (c) NCEP model; (d) QT@2.3.
ECMWF and NCEP data sets are from the Atmospheric Modeldotaparison
project (AMIP2).

Figure 10.3 is a schematic based on analysis of the QTCM thatused in a
series of talks trying to promote interest in moist telecection mechanisms dur-
ing QTCM development in the late 1990s. One natural rea¢tidhe diagram is
that it appears complex. The processes, including the djprgaf the warming by
wave dynamics, the interaction of this with convection tigh QE considerations,
cloud-radiative feedbacks and the role of mean flow actingradients of temper-
ature and moisture, are consistent with present underisigmehich section 10.9
attempts to summarize. These processes roughly form the dfesuch studies as
Chiang and Sobel (2002), Su and Neelin (2002), Neelin e803, NCS03 here-
after) Neelin and Su (2005, NSO5 hereafter), Chiang andhkeinf2005), Lintner
and Chiang (2005). which have helped to systematize andwbateondense the
processes. Nonetheless, the fact remains that even imietéaite complexity mod-
els there is a fairly complex set of processes that can onaunpist teleconnections.
This helps to explain the GCM difficulties in capturing thesd¢ed in Fig. 10.2, and
raises the hope that improved understanding will help gingeoved simulation.

In global warming simulations, large tropical precipitatichanges occur (e.g.
Boer et al. 2000b; Hu et al. 2000; Dai et al. 2001; Douville letzD02; Meehl
et al. 2000; Roeckner et al. 1999; Yonetani and Gordon 200iliavi's et al.
2001; Allen and Ingram 2002; Johns et al. 2003; Manabe et@04Y, including
regions of substantial negative anomalies. The agreemethieregional distri-
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Figure 10.3 Schematic of the mechanisms at work in moisteeleections including wave
dynamics spreading tropospheric warming, interactinghvaibnvection and
lower tropospheric moisture, cloud radiative feedbacksdlfeedbacks, and
climatological mean flow acting on the induced moisture amdgerature gra-
dients, as postulated in 1998.

bution of these is poor (Houghton et al. 2001; NCS03), akitht agreement
between models seen in the ENSO case in Fig. 10.2. Modelmsédibat a sub-
set of the mechanisms at work in ENSO teleconnections @d¢héanomalies in
global warming simulations is reviewed in section 10.10.

10.2 MOIST STATIC ENERGY ANALYSIS AND GROSS MOIST STABIL-
ITY

The moist static energy equation (section 10.2.1) sidesseme of the large but
cancelling terms that occur in the individual moisture amahperature equations.
One can then exploit the tendency of convective QE to coindaperature verti-
cal structure through a deep convective layer, and to tiettea moisture and tem-
perature equations (section 10.2.5). If temperature anidtare in a column are
not independent variables due to the QE constraints, themibist static energy
budget can determine the thermodynamics at leading orddencertain approx-
imations. Even when this does not fully apply, analysis & BSE budget can
guide hypotheses regarding mechanism. An effective sttdlaility for deep con-
vective motions, the gross moist stability (sections 13),2lso arises under certain
conditions, and greatly simplifies understanding of phesioato which it applies.
In presenting these, it has proved tempting to include comsneegarding exten-
sions or ongoing work (sections 10.2.2 and 10.2.4) thatianedat those familiar
with this area.

10.2.1 Moist static energy budget

The vertically integrated thermodynamic equation and moésequation from the
primitive equations are

O(T) + (v-VT) + (wdys) = (Qc) + S™" + R + H (10.1)
0i(q) + (v - Vq) + (wipq) = (Qq) + E. (10.2)
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where the pressurg is used as the vertical coordinate. The dry static energy is
s = T+ ¢, with ¢ the geopotential. Temperatufeand specific humidity are in J
kg~!, absorbing heat capacity at constant pressure and latanbheondensation,
respectively, for compactness. The sum of convective hgathd moisteningy).
and@,, must cancel when vertically integrated, since horizotmgaisport by small
scale convective motions is negligible. Precipitationi&g by the vertical integral
of either of these term® = (Q.) = —(Q,). Vertical integrals(-) through the
depth of the atmosphere are here mass integratép/g so all terms are iW/m?,
following NS05.

When the vertically integrated thermodynamic equationi1@nd moisture equa-
tion (10.2) are added, using cancellation of the convebtating and moisture sink
terms, the moist static energy equation is

O((T) + (q)) + (v - V(T + q)) + (wdph) = F1t | (10.3)

where the MSE i$ = s + ¢.
The net flux into the atmospheric columttt, signed positive when heating the
atmosphere, is

Fret = fpet — pret (10.4)
where the net flux at the top of the atmosphere is
Fret =5t — gl — R} (10.5)
and the net surface flux, signed positive when heating thargés
Fret=8t ST+ R -Rl -E—-H. (10.6)

Signs on individual flux terms are chosen such that they guiedjly positive in the
climatology. Surface evaporation and sensible heat aretddiy and H. On the
solar radiation terms' and longwave radiative terni®, arrows denote direction of
the flux in a two-stream radiation treatment, subscripgmd¢ denote surface and
model top and net heating of the atmospheric column term§%te= S} — SJ -
St 4+ STandRr® = —R] + R] — RL, with R} ~ 0.

In GCMs and in QTCM1 there are also horizontal diffusion terim (10.3),
which are small but not negligible in large-scale budgets.omit them for presen-
tation purposes but include them in discussion. Note tiaBjlinvolves neglect of
time variation of surface pressure and is interpreted inggiygroximation that tro-
pospheric transports dominate (or that vertical integaaésover the troposphere,
with F*°* at tropopause level).

10.2.2 Some remarks on format anad,;, versusv,

Note that the{wd,¢) contribution to the{wd, s)term in (10.3) is associated with
conversions to the kinetic energy equation, so the MSE émjua not a standard
conservation equatior;is not conserved over the domaifT; + ¢) is conserved by
horizontal motions in absence of sources and sinks. The MBE&t®n is the ther-
modynamic contribution to the primitive equation total epyeequation, in which
(T + g+ K) is conserved integrated over a closed domain when the kiapérgy
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K equation is added. This is perhaps more clearly seen frorfikdorm of the
MSE equation, here given for clarity in the approximatioatt terms vanish at
the upper and lower limits of vertical integration. Usingetbontinuity equation
(10.8) and integration by parts, (10.3) becomes

O((T) + (@) + (V- (hv)) = (v - Vo) = F™". (10.7)
The(v-V¢) term is the conversion to kinetic energy. The local time determ is
of (T + ¢) but this will vanish when time averages are taken. The fluxtsra flux
of h, so the term moist static energy equation is still apprapridespite caveats on
conservation properties.

There is a history of using a moist static energy equationdbaserves but is
itself an approximation. Typically this is derived by assngithat a—adp term in
the thermodynamic equation can simply be replaceddyBecause thép is fol-
lowing the parcel, this assumption is inaccurate in pres@fiborizontal gradients.
Betts (1974) gives insightful discussion of this approxieeguation. The implica-
tions of using this approximation at large scales seem nbat@ been evaluated.
The interpretation in which the MSE equation (10.3) is disefrom the primi-
tive equations buk is not conserved, is preferred here. The usefulness of10.3
or (10.7) is due to the removal of the large but cancellingveative heating and
moisture sink terms, to permit analysis of balances amomggt¢hat might seem
small in the individuall’ andq equations but are important to the dynamics. For
instance, the horizontal advection terms V(T ¢) will prove important in some
of the mechanisms discussed below.

In the horizontal advection, it can be useful to distinguigtween the irrota-
tional (purely divergent) component of the flow, and the nondivergent (purely
rotational) component of the flow,, wherey andy denote the associated veloc-
ity potential and streamfunction, respectively.

The continuity equation

Opw=-V.-v=-V-v, (10.8)
links the vertical velocity directly to,. Thus this term is best conceptually com-
bined with the vertical advection terfwd,h). Furthermore, global conserva-
tion properties are maintained in experiments that alternth contribution since
vy - V(T +q) =V - [vy(T + ¢)] vanishes in a global integral.

The properties of,, andv,, differ considerably in their effect on an advected
scalar field, in particular moisture. The nondivergent cannot raise moisture
above its upstream value. In a continent, when surface eatipo is secondary
and no precipitation occurs,; simply carries the inflow oceanic air mass around
within the continent. On the other hand, for a field like moistwhere other
physics maintains a decrease of moisture with heightand the implied verti-
cal velocity acts to increase/decrease moisture wheis convergent/divergent at
low levels.

Postulatesin GCMs, commonly - Vg andv - VT terms are not explicit but are
evaluated in flux form. The following recommendations hawélreen tested and
should be regarded as postulates.

Recommendation levaluate and save the, andv, contributions of flux form
transports separately in GCM runs. The MSE transport tefnis@®3) can then be
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written

(v V(T + )+ (wdph) = (V- (vy(T + @) + (V- (vi(T + ) + (080)]
(20.9)
The term in square brackets relates directly to convergenioms and vertical ve-
locity and thus with the work required to raise large scatar@sses, the essence
of the moist stability discussed in the following sectiomile thev,, term is asso-
ciated with advecting air masses horizontally without @ngence. Where strong
gradients occur, the term in square brackets may make mose $e interpret than
w andv,, terms separately.
Recommendation 2In GCMs, terrain-following “sigma” coordinates are often
used, but output is often interpolated to pressure levetsnedimes variables on
a staggered grid in the horizontal are also interpolated antommon grid. The
MSE budget, because of the strong cancellation betweea targis, can be very
sensitive to interpolation. Computing the quantities abiovthe native coordinates
at run time and saving the vertical averages would add tittidne storage require-
ments and much to the accuracy of MSE diagnostics.

10.2.3 Gross moist stability

Suppose for some set of phenomena of interest, associatiedi@ép convection,
one can define a dominant vertical structure of vertical ¢i&yd2; (p) such that

w(z,y,p,t) = = (p)V - vi(z,y,t) (10.10)

wherev; is the projection coefficient of a wind vertical structdrg and
Ps
Ql = —/ Vldp. (1011)
p

Signs are chosen so that is positive wheri/; has the sign of upper level flow for
a first baroclinic structure. One important case where ttigea is given in the next
section. Then théwd,h) term in (10.3) is replaced by

(wOph) = MV - vy (10.12)
whereM is thegross moist stabilityGMS)
M = —(Q10ph) (10.13)

Here M is defined in units of J m? following NSO05, i.e., absorbingr/g) relative
to Yu et al. (1998). This is an effective static stability fimoist motions that
includes the partial cancellation of adiabatic cooling &ght heating (Neelin and
Held 1987; Neelin and Yu 1994).

The GMS gives a measure of the work that must be done to rasge-scale
air mass with a vertical velocity of the given vertical prefilThe measure above
gives the moist static energy transport by motions conwergt low levels, rising
and diverging aloft, under conditions where horizontaldigats are small, as is
conventional to assume for dry static stability measures.
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10.2.4 The gross moist stability in flux form

While the GMS has most commonly been discussed with respeartical mo-
tions, it applies to flux form equations as well. Integrat{i@.13) by parts, and
using$2 = 0 at top and bottom yields

M = (Vih). (10.14)
For convenience, define components of this as
M = MT+M¢_Mq7 (MTaijﬁa]v[q) = <V1(T7 ¢7 _q)> (1015)

The MSE equation in flux form (10.7), assuming that limits eftical integra-
tion have negligible gradients, that~ V;(p)vi, and taking a time averade) ,
becomes

V- (MVl) —Vy - VM¢ = fmet (1016)

where the second term, involvinf,, is the conversion to kinetic energy and is
presumably locally smaller than the MSE convergeice( M v, ). The latter can
be divided into rotational and divergent components using= viy4 + vi,. The
MSE convergence is then

with the second being due to all the effects of the divergent find associated
vertical velocity and the first acting only by,, - V advection terms.
Postulates:When strong horizontal gradients of temperature and me@&stacur,
thenv,, - Vg andv,, - VT terms can be large. The flux form éf (10.14), with
(10.16), appears appropriate to these situations. In GCidrdistics, the term
in square brackets in (10.9) may provide an easier meansaddaing the MSE
convergence associated with the GMS.

In definingV; for (10.14), it may be best to use the typical vertical stuoetof
v, for the region and phenomenon, since the convergent madiso important
to the energetics, but tends to be smaller than the purestiooal component.
Evaluation ofV;, (p) may also be aided by the tendencyyof= V=2(V - v) to
have a smoothing effect that emphasizes larger spatiascal
Open question:If more than one vertical structure is necessary to desdhibe
vertical velocity field for the set of phenomena of interében (wd,h) has con-
tributions from more than one GMS (Neelin and Zeng 2000). flire form of
M makes the extension to this case appear straightforwaridgldssum of a few
velocity vertical structuresy ~ 3. V;(p)vi(z,y,t), then the MSE convergence
term becomes

> V- (Mivi), with M; = (V;h). (10.18)

Exploration of the implications of this has only recenthygiie, and it will be inter-
esting to see under what conditions it leads to simple iné¢ation. Cases that treat
slow spatial variation of2; andM may be found in Yu and Neelin (1997) and Yu
et al. (1998). Moskowitz and Bretherton (2000) and Sobelldedlin (2006) find
nontrivial contributions from impacts of atmospheric bdary layer convergence
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on vertical structure, bringing into a QE context effecteyiously noted in a large
literature summarized in Chapter 8 of this volume. The Ilkebd that changes in
vertical structures affeQ in narrow ITCZs is inferred from reanalysis budgets in
Back and Bretherton (2006).

10.2.5 Relationship to QE

An important case where the GMS arises is when convective @istrains tem-
perature (Emanuel et al. 1994) and thus baroclinic preggadients, and where
frictional effects may be considered secondary. Then thiedtiaic wind coeffi-
cientv; appears in the divergence, giving the horizontal variatiohthe vertical
motions, whose vertical structure has been obtained bydsyaliic and continuity
constraints. A sketch of the derivation follows [for desaitee Neelin (1997) and
Neelin and Zeng (2000)].

Consider the momentum equations combined with the hydiostquation, in
an approximation where friction is neglected and only theotvapic wind v is
retained as the advecting velocity

Prs
(O +vo-V)v+ fkxv= —V/ kT'dlnp — Vs (10.19)
P

whereg; is the geopotential at the surface reference pressureg fevelands =
R/C,, whereR is the gas constant for air, appears in the baroclinic prespadi-
ent term sincd” has absorbed’,.

If QE tends to move the column toward a prefered temperatuuetsare such
that

VT = a1(p)VTi(z,y,t), (10.20)

then (10.19) can be separated to yield an equation for trerogic velocity com-
ponentvy with constant vertical structure and an equation for a Haroovelocity
component/; driven by the baroclinic pressure gradients associateld Tyt The
associated baroclinic vertical structure

Vi(p) = af —a; (10.21)

wherea] = [ kaidInp. From (10.21)4(p) can be derived by the conti-
nuity equation (10.11). The gross moist stability (10.18&n arises naturally for
motions obeying QE.

Open questionsThis derivation will not work uniformly for all motions. Atreall
scales, departures from QE temperature structure willlodguand Neelin (1994)
have noted that QE slowly gives way to other balances as onesrfoom large
spatial scales to scales much smaller than the time scaléhaihwonvection es-
tablishes QE times the gravity wave speed. In other sitoatibaroclinic pressure
gradients may not dominate friction or baroclinic advestiBor instance, Back and
Bretherton (2006) have noted that in the zonally elongattattiropical convection
zones (ITCZs), MSE balances occur in which,/ is not the dominant export of
MSE, and strong low-level convergence occurs.

Postulate: In ITCZs the meridional velocity is primarily balanced byction at
low levels and baroclinic advection at upper levels, not bgridional pressure
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gradients. The vertical structure of the mean meridionaldas then not given by
(10.21). However, a large-scale wave disturbance paskioggh the same ITCZ
whose convergent velocity does obey these balances witresqce a QE-based
GMS.

10.3 QTCM

The QTCM, introduced in Neelin and Zeng (2000) and Zeng €28l00) projects
the primitive equations onto vertical basis functions &t derived under QE ap-
proximations as in the previous sections. The resultinggos are not necessar-
ily in or near QE unless convection happens to be very stoagatticular location,
but the vertical structures are well suited to QE conditions

The MSE budget for QTCML1 is a close counterpart to the pnmitquations
case (10.3). The considerations of the previous sectiahttethe simpler form for
the MSE divergence term (10.12) wifti given by (10.13).

Here the anomaly case is presented for use in discussiodegbtenection or

. . . . ——t
global warming anomalies. For time averages over some g@fiinterestX as

departure from a climatologi *, the anomaly ist’ = X' — X°. Neglecting time
derivative terms, the anomaly MSE equation becomes

MV -vy) + (v -VT) + (v -Vq)' = Fpet’ — pret’ (10.22)
t s

where the vertical integrals are evaluated on the retaimetical structures. The
time averages can also be extended to include ensemblegamgfaom a set of
numerical experiments. Anomalies in nonlinear terms suefva Vg)' contain
changes in the contributions of transients. For instarfagguible primes denote
departures from the time average in which they oc&trorfc), there are transient
terms such aév”9,h"") as discussed in Su and Neelin (2002). The transient term
will be carried, although discussion will center on ternk@lM V - v7.
Postulate:The role of terms due to transients is likely to be scale ddpat) since
at the scale of individual convective elements, transientst dominate. Evaluation
of (10.9) with some spatial averaging scale may be a routesolving this. While
the transient terms can be important in the climatologycfionate anomalies their
role is not clear. In QTCM simulations (which have substrgiplicit diffusion
presumed to stand in for some aspects of transients), taefdtansients is often,
though not always, secondary. This appears not to have be#rexamined in
observations.

10.4 SOME IMPLICATIONS OF THE MSE BUDGET AND QE

10.4.1 Implications for land convective zones

Because of the low heat capacity over land, the net surfaegyerilux on time
scales longer than a day obeys

Fret =0 (10.23)
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so F*¢* drops out of (10.3) over land. Under conditions where the MBHget
is the leading thermodynamic balance this provides corsiide simplifications
for treatment of land surface feedbacks within convectiomes (Zeng and Neelin
1999; Neelin and Zeng 2000). Only top-of-atmosphere raidorcing £t and
transport processes, i.e., advection of temperature anstune, come into play in
balancing the MSE divergence.

To a first approximation, i.e., to the extent that convect@/e holds and the
MSE budget alone controls the dynamics in the convectivezaie atmospheric
dynamics can be solved without any referencdfo The partition betweerk’
and other fluxes does have some effect, especially whentdepafrom QE must
be considered. Nonetheless, this is a powerful leadingraideplification. The
physics can be understood as follows: in a deep convectjierremoisture and
temperature equations are being strongly linked by coimwecthrough the entire
troposphere; the partition between latent and other forimiseat release at the
surface is thus less important at leading order than the flatl dorms of energy
into the tropospheric column.

10.4.2 Land-ocean contrast and the net flux into the atmospie

The consequences of the zero net flux condition (10.23) avet for land-ocean
contrast are striking. Figure 10.4 shows an estimate of éidlux into the atmo-
spheric column from observations (Chou and Neelin 2001; N0 he top-of-
atmosphere net flux is from the Earth Radiation Budget Expent. Over land,
this is the only flux required, due to (10.23). Over oceandhgia strong net sur-
face flux varying with season, balanced by ocean heat staragjgansport. While
estimates of the net flux at the ocean surface differ in dataitng data sets [here
from the Comprehensive Ocean-Atmosphere Data Set and Datred. (1992)
shortwave], the land-ocean contrast is large enough to lmbast feature. Sea-
sonally, at midlatitudes it is on the order of 50-10Q'm? difference from land to
ocean. In the tropics, differences between ocean regiahdavge heat export and
continents have similar magnitude. In the view argued héis difference in net
flux is the leading cause of land-ocean contrast, not sutiogerature. Conse-
quences of this difference for summer monsoons are eladmbratthe following
section.

10.5 DYNAMICAL MECHANISMS IN MONSOON POLEWARD BOUND-
ARIES

Comparing the poleward boundary of strong seasonal ptatim in Fig. 10.1c,d
with the poleward extent of positive net flux into the atmaosthicolumn over sum-
mmer continents in Fig. 10.4 raises a question posed in Chal €001), Chou
and Neelin (2001) and CNO3. If the leading balance typicatafical dynamics
applied, positive net flux into the column would lead to risimotion and precip-
itation, with the associated low-level convergence suipglgufficient moisture to
meet the convective threshold (a substantial fraction etithe). Since the bound-
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Figure 10.4 Net flux into the atmospheric column of longwaskeortwave, sensible and
latent heat through surface and top of the atmosphere, @&stihfrom observa-
tions for (a) January (from Chou and Neelin 2001) and (b) fiuym Chou and
Neelin 2003).

ary of the convection zone, as measured by substantialgitatodn, clearly does
not extend nearly as far poleward as the region of positivélme, there must be a
transition in terms of the dynamics of the system that seésdibundary. What are
the dynamics setting the poleward boundary?

Two main dynamics mechanisms were found.
(i) The ventilation mechanism, defined as the import into ¢batinents of low
moist static energy air from ocean regions (or export of higbist static energy
from continents). Advection terms, (T + ¢) are important to this import, which
breaks the simplest balance introduced above, and pres@misctive criteria from
being reached in large parts of the continent. Ocean sebbkent storage and
transport keep the oceanic MSE low relative to what would dmpuired to meet
convective criteria in a warm continent.
(ii) The “interactive Rodwell-Hoskins” (IRH) mechanismelinteraction of Rossby-
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wave-induced subsidence to the west of monsoon heatingthétttonvergence
zone. Rodwell and Hoskins (1996; 2001) examined barocRuissby wave sub-
sidence to the west of a specified heating. The adjectiveraative” in IRH is
intended to underline that the monsoon heating and its adpaditern are them-
selves determined interactively with the subsidence patte

To test the ventilation mechanism, CNO3 suppressedrtheV (g, T') terms in
the model moisture and temperature equation over targangg Note that con-
servation relations are maintained within the target regimcev,, is divergence-
less (see section 10.2.1 or CNO3 for details). They fountiiinen ventilation is
suppressed, monsoon rainfall indeed extends far polewah®&mormal boundary
for North American and Asian monsoons, while similar expemts in Chou and
Neelin (2001) showed the same for the South American case. exbeption is
the northern African summer monsoon, where albedo playad dele in current
climatology. This may be anticipated from Fig. 10.4 sinceroworthern Africa,
there is not a substantial net flux of energy into the atmaspleelumn. In the
model, if albedo is artificially set to constant over northéfrica, then the dynam-
ical mechanisms become important. Implications of theilaiin mechanism for
the mid-Holocene “green Sahara” problem are explored in®uNeelin (2005)
and Hales et al. (2006) including interaction with vegetafeedback.

An example of the effects of the ventilation mechanism imseeFig. 10.5.
Rather than showing climatologies with and without vetitia, it shows a succes-
sion of days during the transition from an experiment withtilation suppressed to
an experiment with standard model dynamics. The initialfaral contour roughly
typify the climatology without and with ventilation, resg&ely. There is transient
synoptic variability present as well, but the change overdbntinent is representa-
tive of the change in the climatology (CNO3). The 2 mm/daycjg#ation contour
is used as a measure of the edge of the convection zone (mobsondary). In the
climatology, the model maximum precipitation over Mexieaches 10 mm/day.

While the ventilation is off, the precipitation extends farleward over the con-
tinent. A dry region persists in the southwestern U.S. dula¢dRH mechanism.
In general both ventilation and IRH mechanisms contribotedst-west asymme-
try in the continent and maintainance of southwestern tessuppressing the beta
effect has been used to demonstrate the role of IRH interosd i/ wave dynamics
in this.

When the ventilation is restored, the oceanic air mass ssviegp the continent
over a period of a week, carrying modest moisture valuedfiegnt to maintain
sustained convection over most of the continent.

Open questionssuch experiments have not been conducted on full general cir
culation models, so there is as yet no corroboration of thehaeisms analysed in
the QTCM. Analysis of output might yield some insight, altigh challenges exist
because of the number of features acting at once. For instanaoceanic air mass
carried into a dry region created by subsidence tends te raisture, but when
carried into a region that has enough moisture to meet coireecriteria over a
warm continent it tends to reduce moisture.

Postulate: A potentially useful (but untested) diagnostic: find the {@wel mois-
ture or moist static energy value that would be required ttiate convection at
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May 30 (No Ventilation) &
----June 1 (Ventilation On) Y
-------- June 2

June 8

Figure 10.5 Boundary of the monsoon as measured by the 2 mrprdaipitation contour
for an experiment where the ventilation mechanism is swiichn May 30,
beginning from from a prior experiment where the ventilatiwas artificially
suppressed. The precipitation thus initially extenddfiaiily far poleward in
the continent (ghost-shaded contour labelled May 30). Qheeventilation
mechanism is switched on, low MSE oceanic air propertiesaarected in
from the west. The retreat of the monson boundary over theesjuent week is
shown by a succession of contours labelled by date. Thetfatled area shows
the region with precipitation exceeding 2 mm/day on June lckvis typical
of the model climatology. Data from experiments conductedCiNO3.

every point in the model climatology. This would be done bpragimating the
value typically associated with the onset of strong coriwedor a given free tropo-
spheric temperature. Tracing back along streamlines,ofthese values could be
compared to the inflow values of moisture and potential teatpee at the oceanic
boundaries to address the importance of ventilation.

10.6 IMPLICATIONS OF THE MSE BUDGET AND QE: ANOMALY CASE

10.6.1 Implications for precipitation and the GMS multipli er effect

Following NS05, the moisture budget (10.2) gives the piitaiipn anomalies (ver-
tically integrated convective heating) as

P =M,V -vy) —(v-Vg) + E (10.24)
Using the MSE equation (10.22) for the divergence yields
P/ — L]é[q |:—<V . VT> / 4 Ftnct I anct /:| (1025)
(S +1) vV (M) Vv B

The nonlinear terms of the forgv - V¢)’ must be expanded intg andg’ con-
tributions (and an additional term for changes in transiernEach term in (10.25)
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is typically associated with some particular pathway fagipitation anomaly im-
pacts, as elaborated in sections 10.9 and 10.10.

The factor(M,/M) is a measure of the moisture convergence relative to the
MSE divergence. This factor tends to be several times lafger unity (Yu et al.
1998, Zeng and Neelin 1999). NSO05 refer to the effects suriaethin (M, /M)
as theGMS multiplier effect It boosts a small signal in the MSE equation to a
convective heating and precipitation impact several tilagger. This effect is basi-
cally what has earlier been referred to as a “convergenckofeek” (Webster 1972;
Zebiak 1986) recast in terms of moist thermodynamics. Inath&ervation-based
estimates of Yu et al. (1998), this would be roughly 4 or 5 ia tleep convective
zones.

Postulate: Even for GCMs wherél/ has not been estimated or where it is chal-
lenging to do so, the principle of this effect may be evaldatiat large vertical
velocity and moisture convergence, with large consequefargrecipitation, may
occur with little work being done in the MSE equation.

10.6.2 Implications for anomalies over ocean

Consider an ocean surface layer governed by

Oi(csTs) + Dl = Fret (10.26)

whereT} is SST and we have assumed the vertical integral over thencueéace
Iayerfs pcwT'dz ~ 5T socg is an effective heat capacity of the layér; is the di-
vergence of the ocean heat transport in the layer, inclutlifgulent and advective
fluxes from below; and primes denote anomalies. A simple saagassive ocean
surface layer, such as a fixed-depth mixed layer, simplytiega¢o atmospheric
heat flux anomalies wit®’, = 0. The surface layer energy budget (10.26) then im-
plies that surface flux vanishes when the layer equilibrates:;0,7. — 0. Thus
despite non-zero SST anomalies, fiE* ' term drops out of the perturbation MSE
budget (10.22) and hence out of the precipitation anomalaton (10.25). While
the ocean is in disequilibrium with the teleconnected foggthe SST anomaly can
contribute to driving MSE divergence. Once the SST anomeiches approxi-
mate equilibrium with the atmosphere, then the SST is apprately a by-product
in convective regions, much like the land surface tempegatThis has consid-
erable implications for global warming cases, where negiitdrium conditions
often apply. For regions where net surface flux is small cargavith other terms
in the anomaly MSE budget, the SST anomaly should be regasiady-product
in analysing precipitation changes.

Open questionsTo what extent do disequilibrium surface fluxes contribotpite-
cipitation anomalies in interannual teleconnections™traalies in winds or sur-
face fluxes create changes in ocean transports, then théiooscabove do not
hold. Non-zero net surface flux can then continue to impaeatinospheric MSE
budget and drive sustained anomalies. For which phenorsehisiimportant?
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10.7 CLOUD-RADIATIVE FEEDBACKS AS A MODIFICATION TO THE
EFFECTIVE STATIC STABILITY

A manipulation of cloud-radiative effects that clarifiegithnature as a feedback
was presented in Zeng and Neelin (1999) for the land case(ulifferent notation)
and in Su and Neelin (2002) for the ocean case. Here, thess aas summarized
and contrasted under uniform notation following NS05. s have been used
in Bretherton and Sobel (2002), and Sobel and Gildor (2003).

Both solar and longwave feedbacks involving deep cloudgslamdssociated cir-
rostratus/cirrocumulus (CsCc) have a strong linkage toection and thus to pre-
cipitation. For land regions, only the top-of-atmosphexéiative fluxes count in
the MSE budget, while over the ocean, in presence of nonsmrsurface flux, the
net forcing at top-of-atmosphere minus surface is impartame cloud-radiative
forcing (CRF) at top-of-atmospher€,RF}/, and the net cloud radiative forcing on
the tropospheric colum@RE™t’ can be approximated as feedback terms propor-
tional to precipitation,

CRF| ~ C,P, land
CRF™ ~ Cpet P, ocean. (10.27)

The coefficients of these linearizations depend on basie atad thus on loca-
tion; for instance, mean cloudiness and surface albedagpertant to the short-
wave contribution. For the parameters in QTCM v2.2, for eglanover equatorial
South America’; ~ —0.05, and over the equatorial Atlant{¢,.; ~ 0.12. Positive
Chret indicates CRF tending to warm the atmospheric column wheneetis a pos-
itive precipitation anomaly, while the small negatiVe corresponds to deep cloud
feedbacks tending to slightly cool the whole column inchgdihe surface when the
latter is equilibrated. Becaugé results from cancellation of large individual long-
wave and shortwave terms, it is smaller and more sensitae Gh.;. The value
that applies over ocean on short-time scalés;, is larger because surface fluxes
are lost (at least temporarily) into the ocean. Longwavéihgaf the column with
increased cloud dominates this term.

An approximate MSE budget that takes the CRF into accounteesbe written
[using the moisture equation (10.2) to rewri® in (10.27) as moisture conver-
gence and other terms] as

(MegV -vy) + (v-VT) + (1 +C){v-Vq)' = F5"’ (10.28)
where an effective moist stability/.g that includes cloud-radiative feedbacks has
been defined as

Meg = M — Mcrr = M — CM,, (10.29)
C = C;, land; or C = Chpet, Ocean. (10.30)

The effective flux forcing occurring in tropospheric MSE lged is approxi-
mately (neglecting nonlinear cross terms, notably betwsend and moisture ef-
fects)

Ft = ey T + €quq + e T2, land (10.31)
=erT] +eq) +en, T, + (1+C)E’' + H' ocean
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whereer = e, + €75 is the longwave cooling rate of the troposphere per unit tem-
perature, given by top-of-atmosphere and surface coniwibsicr;, e, and simi-
larly for moisture longwave coefficients = e, + €4s; €7, IS the coefficient for
tropospheric absorption of longwave radiation due to sgrf@mperature anoma-
lies T?; er.; is the (small) coefficient of top-of-atmosphere contribatiof T to
OLR; andTy, ¢, are projections of temperature and moisture on their resgec
typical vertical profiles (Zeng et al. 2000).

When evaporation is linearized, and QE is applied to lihko 7’ (and land
surface feedbacks are incorporated in the land case),ffbidiee flux has the form

FIet = enetry) (10.32)
wheree?s' changes from land to ocean, being roughly twice as large oveans
due to downward loss to the surface, while over land theraligloss to space due
to the zero net surface flux condition.

In summary, the zero net surface flux condition over landvaldand surface
feedbacks and cloud-radiative feedbacks to be combinedannodification of
the GMS. This modification is small over land due to approxenzancellation
of longwave and shortwave feedbacks. Over oceans, on tialessshorter than
equilibration of the ocean surface layer, the effectiveshsiiability can be reduced
by more than 25% due to cloud longwave feedbacks. This caareehvertical
velocity anomalies and thus precipitation anomalies.

10.8 KELVINOID SOLUTION AS AN EXAMPLE OF MOIST WAVE DY-
NAMICS

The remote impacts, for instance, of ENSO Pacific SST vanatmust be medi-
ated by wave dynamics, and tropospheric temperature is d malicator of the
baroclinic contribution to this. Figure 10.6 presents ti¢SO composite corre-
sponding to Figure 10.2 but for vertically averaged tempeeaabove the bound-
ary layer. A reanalysis product (which should be reliablexgrfor observations
since satellite tropospheric temperature estimates aiendated) and the same
three models are shown. The comparison between models asdvakions is con-
siderably better than in precipitation, at least in termthefgeneral features of the
tropical warming signal, and the models agree reasonabllyower the equatorial
Pacific and South America.

Among the qualitative features are that warming is confinétdiavon the order
of 20 degrees of latitude of the equator, maxima just off tipeagor in the Pacific
consistent with Rossby wave dynamics, and an equatorialvaas extension of
the warming that one might hypothesize to be in some wayeelat Kelvin wave
dynamics, albeit with some more complicated features taat among models. If
the pattern over Africa is related to this eastward extamdioen there is a poorly
explained increase relative to the Atlantic. In both obatons and models, there is
a substantial gradient of temperature both westward of thie BNSO region and
in the eastward warming over South America. This gradieahdes as a function
of lag (e.g., Chiang and Sobel 2002).
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Figure 10.6 Composite tropospheric temperature anomd&9-850 mb average) (C) for
ENSO events during DJF. (a) NCEP Reanalysis (assimilatedraations) and
three models forced by observed SST as in Fig. 10.2. (b) EC\vEEel; (c)
NCEP model; (d) QTCM v2.3.

To provide an example of how such gradients might be affdayadoist dynam-
ics, the “Kelvinoid” solution of NSO05 is useful. They incladnomentum damping
but the simplest instance occurs when this is neglected.

A simple case of the momentum equation for baroclinic modebeind anoma-
liesu} has the form

Ol + 1, 0u) + kO, T] =0 (10.33)

for a solution with negligible”’ and damping, whera,, is a suitable projection
of the mean wind, assumed constant. In steady state, thadeala (10.33) is
between momentum advection and the baroclinic pressudiegristerm resulting
in a relationship (fol0,, (u, T') # 0) (—u,)uj = T} between anomalies of wind
and temperature that depends on the mean wind. Geostroglaicde ofu) with
0, T immediately yields Gaussiardependence with length scéle-u.,)/3)]/?.
While this is the same as a stationary Rosshy wave scale agthades here differ;
it is simply the only available scale since thestructure can be obtained from the
vorticity equation alone with no reference to thestructure. In more general cases,
for instance if a term representing surface drag/convectiomentum transport is
included, the radius of deformation also enters.

Combining steady (10.33) with a similar form of (10.28) arging the QE
temperature-moisture relation yields a moist wave equoaifdhe form

(2 — Wulin)0: T = tuen T} (10.34)

wherec. is an effective moist phase speed (see also Chapter 7 ofcthisie) that
is proportional toMelff; uy, is the mean wind with a vertical projection suitable to
the MSE equation (10.28).

The solution decays eastward at a rate that depends orf; andeZs. Com-
pared to land, ocean regions have smaifgrdue to cloud feedbacks (10.29), and
largereZs® (10.32) due to surface fluxes. This switch in the parametes@34)
creates changes in divergence, vertical velocity and pitation just associated
with land-ocean contrast. Furthermore, the V(T + ¢) terms of (10.28) give
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Figure 10.7 Schematic modified from Su and Neelin (2002) cdisidoprinciple postulated
to occur in moist teleconnections, here shown for the case warm ENSO
event in the Pacific. Wave dynamics acting to reduce barodliressure gra-
dients spreads the warming from the Pacific. The telecoedesarming and
associated circulation anomalies then interact with cotwe in a manner that
depends on basic state circulation, moisture, temperahdeonvective thresh-
olds. In particular subregions, conditions are satisfigdsfmong local descent
and precipitation anomalies. A number of moist thermodyiedmalances can
apply in these regions, as elaborated in Table 1.

rise to theuy, term of (10.34). It may be seen that the gradient of tempezatnd
thus divergence depends on the interplay of these with th& done against the
effective moist stability. This can be interpreted as thedsatate velocity opposing
effects associated with an eastward phase speed, pegnitgrflux terms to have
more effect per unit distance.

Postulates:inclusion of varying basic state in (10.33) has impacts iditioh to
the basic state variations discussed above. Ongoing woduamtify this may
help shed light on the temperature variations seen in Figh. Ithe wave equation
(10.34) does not include moisture gradients due to exit framvection zones,
essential to one mechanism discussed below that appliesagima of convection
zones. Extensions to this case are feasible.

10.9 MOIST TELECONNECTION MECHANISMS

As summarized in section 10.1.3, teleconnections in th@dss—including the im-
portant impacts on land precipitation—are complicatedrigractions with con-
vective heating, shortwave and longwave cloud-radiageelbacks and land-surface
feedbacks. Traditional notions of descent anomalies bealgnced by radiative
cooling, such as are implicit in Gill (1980), are argued hanel in Su and Neelin
(2002) and NSO5 not to be leading balances in the regionsaigest precipita-
tion and descent anomalies. Using the MSE budget and QEd=rasions outlined
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above aids understanding of the contributing mechanisms.

The main principles common to all mechanisms are schentatiz&ig. 10.7,
adapted from Su and Neelin (2002).

(i) Wave dynamicacts to reduce baroclinic pressure gradients that woulerafise
be created by the local heating by surface fluxes in the saegien (e.g., during
El Nifio), spreading warm temperatures.

(ii) The direct effects of the wave dynamics are expressetidpospheric temper-
ature anomalie%” and by the associated wind anomahés Convective QE links
moisture anomalieg to 7" within convection zones (QE mediation). The telecon-
nectedl”, v/ and the QE-mediategl impact various terms in the MSE budget in
particular regions determined by basic state conditions.

(iii) Anomalies in the vertical motion determined by int&ap with other terms
in the MSE equation imply large effects on precipitatiorcgimnomalous moisture
convergence tends to be much larger than the associated M&gehce (the GMS
multiplier effect of section 10.6.1).

In analyzing these teleconnections, we have simplificatautlined in previous
sections, which hold under specified approximations, frjrilie GMS, M (sec-
tion 10.2.3), which accounts for the partial cancellatidradiabatic cooling by
convective heating as a reduced static stability; (ii) taezet surface flux condi-
tion over land (section 10.4.1) within convecting regiowbére moisture equation
and dry thermodynamic equation are linked by convectioiii); qloud-radiative
feedbacks as a change M (section 10.7). These simplifications help to handle
some of the feedbacks, while analysis of the MSE budget sivdvich terms bal-
ance anomalous descent.

This yields a small “zoo” of mechanisms, summarized in Tdblmany of which
have overlapping steps in their pathways. Mechanisms atedstere for an El
Niflo warming case but the mechanisms also tend to work fa Blifia case with
signs reversed, e.g., cool troposphere is in QE with redlm&eevel moisture.
These can be tested numerically in experiments that aatificsuppress terms
involved in the mechanism. Different mechanisms hold intipalar subregions
within the area where wave dynamics has affected tropogpteenperature, wind
and moisture. Note that the mechanisms are not additive amé fiave common
elements. Regarding terminology, C. Bretherton has sugdekat “effect” might
sound better than “mechanism”. Definitions—-respectiv@ifect [...] a real phe-
nomenon, usually named after its discoverer”, and “medmari..] the means by
which an effect is produced” (per Webster’s dictionary){tealfor either. Here the
term originally appearing in the literature is used for slitify and readers may
substitute “effect”, as in “upped-ante effect”, if they fee

10.9.1 The upped-ante mechanism

Figure 10.8 shows a schematic of the upped-ante mechanisntanvective re-
gions, an increase in tropospheric temperature would texéc¢rease parcel buoy-
ance unless low level moist static energy increases to cosgte. In NCSO03 ter-
minology motivated by a poker analogy, this “ups the ante'tfie amount of lower
tropospheric moisture a region must have to convect, in @titipn with neighbor-
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Table 10.1 Moist teleconnection mechanisms, with emplasibose leading to precipita-
tion anomalies. Note that not all are independent. “Comnuertiotes effects
common to several or all mechanisms. Right arrows indicatesal pathways
between mnemonic symbols indicating the terms involved gitoss moist sta-
bility (GMS) is M, v is horizontal velocityV - v’ is a measure of the divergence
and vertical velocity anomalyl” is free tropospheric temperature anomafy,
is low-level moisture anomaly?; is proportional toM.g and measures wave
propagation propagation relative to mean flow projectionsi.; F2°*’ is net
surface flux anomalys, ' is net surface shortwave anomaly gfdis SST.

Mechanism Pathway or Mediating Term

GMS multiplier effect (com- MSE equation= V - v/ = P =

mon) (Mg /M)V -V

QE mediation (common) Convection links low-leyélvith free tro-
posphericl”’

Cloud-radiative feedback (com-CRF~ McrrV - v’ acts like modification

mon) to GMS; Meg = (M — Mcrr) differs be-
tween land and ocean

Upped-ante mechanism Teleconneci®ds ¢’ = v - V¢

Moist wave decay mechanismsv - VI’ due to(v - Vv)’, combined with
(easterly flow effects, radiative surface drag and thermal damping; e.qg.,

damping, surface drag) (¢ — upty,) vs. damping

M’ mechanism T'=q = M), M'; M'V-v = MV-v

Anomaly wind (') mechanisms Teleconnectetl= v’/ - VT, v/ - Vg, v’
effects onE’

Troposphere/SST disequilibrium7’ = ¢ = E', v/ = E', S’ yield Fet’
(surface flux) mechanisms (CRF,only while 9,77 # 0
QE-mediated”’, v’ effects onE”)

ing regions for the available moisture supply. In regionsvehthere is no other
impact on the moisture or energy budget, the boundary laysstore simply in-
creases and precipitation continues. The moisture supglyired for the increase
is small and can be met by a temporary decrease in precgitdtiat does not
persist after the moisture returns to convective QE withwlaemer troposphere.
However, because moisture is not being increased in neigignon-convective
regions, moisture gradients are created. In regions wiere s low-level inflow
of air from a non-convective region,a- V¢’ moisture advection term creates a
drying effect in the margins of the convective zone. Thisaetg vertical motion
via the GMS multiplier effect, leading to a substantial gpéeation reduction from

a modes® - V¢'. NSO05 found the upped-ante mechanism to be the leading con-
tributor to the precipitation reduction over eastern eqtiat South America and a
major contributor to anomalies over the Atlantic ITCZ dgiBNSO.
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Figure 10.8 Schematic of the upped-ante mechanism. Therfspespheric temperature
is affected by remote heating via wave dynamics. To maintafvection into
a warmer free tropospherd™( > 0), the lower tropospheric moisture must
increase ¢’ > 0), creating moisture gradients relative to neighboring -non
convective regions. Advection by low-level inflow tends fipose the moisture
increase, leading to reduced precipitation on the margth@tonvective zone.
Adapted from NCSO03.

10.9.2 Moist wave decay mechanisms

Section 10.8 provides an example of a moist Kelvinoid sofyta steady, eastward
decaying solution that would remain after a time dependstatip by a Kelvin wave
packet interacting with moist convection, the mean flow andgRy contributions.
Some features of the interaction would also apply to decpiinssby-wave-like
solutions.

In deep convection zones, the gross moist stability imgiester vertical mo-
tion anomalies and slower phase speed than would occur fgnaave of the same
vertical structure, due to the partial cancellation of &adiic cooling/warming by
diabatic heating anomalies. The mean wind in which the waspamates can play
an important role because momentum advection terms are dlne lralancing for
baroclinic pressure gradients; and the slow moist wavedsgeethe order of 10-15
m s~!, implies that the zonal wind can be comparable to the phasedspThe
cancellation between terms, such asd,T’, and the moist stability terms that
give the phase speed term can increase gradients in the hesma., faster zonal
decay inT” and greater descent and precipitation anomalies. Thisvaastecay
involved in theud, T’ term can be balanced in part by radiative cooling to space,
or over oceans by surface flux damping terms. Traditionabnstof the balance
would have suggested that radiative damping would be trddrigaerm in driving
anomalous descent. Radiative cooling associated withdeatyore is only a few
W m~2 for even a large ENSO event, considerably smaller than dtvers, so
would not drive much descent if a dry static stability were thain balance. How-
ever, the moist processes and advection can conspire toedlde energy required
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to induce descent anomalies. Over ocean, the radiative idgreffect is roughly
doubled since loss occurs (temporarily) to the surface dsasdo space. Surface
drag communicated upward in the advection terms (as in Basteneand Suarez
2002), though also small, can likewise contribute to theendecay for analogous
reasons.

10.9.3 Anomaly wind mechanisms

Anomalous wind mechanisms occur via teleconneetezbntributions to moisture
and temperature advectiow,- V(g, T') and to surface fluxes. The surface flux case
is listed under Troposphere-SST disequilibrium mechasisaiow. Su and Neelin
(2002) found these are leading contributors to precigitainomalies for ENSO

impacts in the Pacific.

10.9.4 Troposphere/SST disequilibrium (surface flux) medmisms

Mechanisms associated with surface fluxes have often beeidered as a means
of teleconnected warming of SST (e.g., Enfield and Mayer 18®in et al. 1999;
Lau and Nath 2001; Chiang and Sobel 2002). The MSE budgetswééar that the
flux warming the ocean is lost from the troposphere. In deepective regions this
tends to be balanced by descent anomalies that reduceifaoip If ocean trans-
port divergence anomalies are negligible, then effectsidase fluxes disappear in
the MSE equation once the ocean surface layer equilibratbstiee troposphere.
Thus SST is simply adjusted to cancel heat flux contributimnsvind or tropo-
spheric temperature plus convection—i.e., SST can be desgea by-product of
surface heat flux equilibrium much as in the land-surface case proposed ter-
minology, troposphere/SST disequilibrium, serves as ander that surface flux
effects are temporary (unless supported by ocean heaptethand that the free
troposphere is involved as well as the atmospheric bounidgeyr. For the time
scale of the onsetting El Nifio, surface fluxes can be impbrtdhe GMS mul-
tiplier effect acts on the net surface flux anomaly to yieldubstantial negative
precipitation contribution.

There are several mechanism active in producing the neasiffux anomalies.
As deep convection acts to bring the boundary layer and fogsphere into QE,
surface fluxes act to bring the atmospheric boundary laygoaean surface layer
into equilibrium (Chiang and Sobel 2002). Cloud-radiatieedbacks, especially
shortwave, yield substantial surface warming tendencylewbngwave radiative
fluxes associated with temperature and moisture contridouteaker tendency to-
ward equilibrium with the teleconnected tropospheric wiagn Additionally, tele-
connections via wind create a contribution to surface fluxmaalies.
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10.10 MECHANISMS FOR TROPICAL REGIONAL PRECIPITATION ANOM  A-
LIES IN GLOBAL WARMING

As discussed in section 10.1.2, tropical regional preafjiih anomalies simulated
in global warming scenarios can be substantial. The roaraysgjuare change over
the tropics can be significantly larger than the tropicatage (Neelin et al., 2006).
Three basic mechanisms have been identified based on disggmafthe type dis-
cussed above, and in the QTCM have been verified by numexipatienents that
suppress them. One mechanism is due to changes in oceaoaranghich drive
the atmospheric response via surface fluxes. The primamgbesof this occurs in
the equatorial Pacific in an El Nifio-like response. The ottve mechanisms occur
even in an equilibrated mixed-layer ocean with negligilbidace fluxes. For these,
SST is not useful as an indicator, since it is simply equélibd toward a vanishing
surface flux condition.

10.10.1 Upped-ante mechanism

The upped-ante mechanism in global warming works much deitefeconnection
case above (Fig. 10.8), but the tropospheric warming is dabsorption of long-
wave radiation by increased greenhouse gases. The temeeguilibrates toward
cancelling the top-of-atmosphere net radiative flux sodlielittle driving of circu-
lation by fluxes. Instead, the large-scale warming indudterdntial moistening
between convection zones and non-convective regions. intitow margins of
convection zones the upped-ante mechanism then inducenatgegative pre-
cipitation anomalies (NCS03, Chou and Neelin 2004). Thuosin the QTCM,
and there is evidence supporting it in at least one coupledma@atmosphere GCM
(Chou et al. 2006). The signatures to be sought in GCMs aferdiftial moisten-
ing between convection zones and their surroundings, agidne wherev - V¢’
has a drying tendency coinciding with negative precipitatinomalies.

10.10.2 M’ or rich-get-richer mechanism

Figure 10.9 shows a schematic of th€ (anomalous gross moist stability) mech-
anism, also known as the rich-get-richer mechanism sin&vdrs precipitation
increases in regions of large climatological precipitatamd decreases in dry re-
gions as the troposphere warms. Moisture increases in ctiveeegions, as in the
closely related upped-ante mechanism, to maintain QE balatith warm tropo-
spheric temperatures. This tends to incredfge thus reducingl/. In the anomaly
MSE equation (10.22), the balandéV - v{ = —M'V - vy, yields a low-level
convergence anomaly where there is mean convergence andleMel divergence
in the climatological descent regions whé&rev; has opposite sign. Thereis also a
contribution by mean divergence acting on the increasedtwm@. Together these
lead to the contribution t& in (10.25)(—M,/MM '+ M)V - v,. This tends
to increase precipitation in climatological convergenoees while decreasing it in
subtropical descent regions. Chou and Neelin (2004) firgltthbe important in
QTCM global warming experiments. Chou et al. (2006) find ewick in a GCM
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convective threshold
>0

Center of convergence zone:
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lower gross moist stability
=incr. convergence

Figure 10.9 Schematic of th&/’ or rich-get-richer mechanism, shown for the case of tro-
pospheric warmin@” due to greenhouse gas increase. The increase of moisture
with T” creates increased moisture convergence and lower gross sbability.

The latter is balanced in the moist static energy budget lojtiadal conver-
gence. Both aspects increase precipitation in the conmeegeones and de-
crease it in the descent regions.

of the signature ofwd,¢’) driving positive precipitation anomalies in the center of
convection zones, enhanced fy 9,q) feedback.

10.11 FINAL REMARKS.

A theme that recurrs in both the ventilation mechanism, iedpto the poleward
extent of monsoons, and in the upped-ante mechanism, dppliprecipitation
changes under ENSO teleconnections and global warminigeisote of inflow of
air into a region that might potentially convect. The infloiw groperties must be
considered relative to a critical value for convection tas@nunder the QE pos-
tulate, for instance, low-level moisture must exceed asthoéd relative to free
tropospheric temperature. Between this and the MSE andtaneisudgets, the
transition from convecting to non-convecting region is($et the climatology) or
shifted (for anomalies). The upped-ante mechanism andlagon mechanisms
are thus essentially variants on a theme.

The mediating terms for these mechanisms can be thought thieasdvection
terms, such as - Vq. However, there appears likely to be an advantage to thinkin
in terms of advection by the purely rotational flow, and the horizontally con-
vergent flowv, separately. The latter can be wrapped neatly with the effetct
convergence/vertical velocity, including in the gross staitability. The sum of
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these effects tends to concentrate column moisture in megiblow-level conver-
gence. Thev, term, on the other hand, simply advects the air mass. Often th
contribution ofv, in the moisture budget is substantial, tending to oppose con
vection where it flows into a convection zone (in realistises; two-dimensional
analogs, such as Hadley cell cases, typically have oglgrossing moisture con-
tours by construction, and thus should be used with cautidi)s is postulated

to be implicated in the concentration of droughts in pattcuegions along the
margins of the convective zones in global warming, and gestmay be relevant
to the sharp equatorial "notches” in the convective zoneh si3 over Northeastern
Brazil.

Theory for the gross moist stability is still at a rudimentatage. The clearest
case applies for inviscid motions when temperature streétin convective quasi-
equilibrium and the baroclinic pressure gradient is a legdiérm in the momentum
equation. While there may be many motions in the atmosplareiich these
are reasonable assumptions, there are also phenomenaifir mbdification of
these is likely required. For example, a zonally symmeffi€Z does not have
baroclinic pressure gradients balancing the convergenpoment of the wind, and
does depend strongly on a frictional boundary layer. Zgraltbngated ITCZs are
then likely to require different approximations.

The approach advocated here should be viewed as one thatisdjress”, with
several useful results and tools, but where a number of rAoalegd postulates
must be further assessed in data, and where progress satg@sis many aspects
that await refinement. It is hoped that the combination of mamy and postulated
directions here will help stimulate this process.
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