A useful thermodynamic framework for the
diagnosis of tropical climate variability
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Motivation
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In the tropics, large-scale flows introduce instability into
atmospheric column while convection activities act to release
the column instability through a quick convective overturning,
with the latter typically lasting only a few hours—a mutual
balance must occur between the two very different scales.
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MSE profile & CAPE
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Moist Static Energy Budget

(G + Dagy)S + @S = Q¢ + 9y Fy (1)
(Gt + Dagy)a+ @d,q =Qq + 9, Fy (2)

where Fr and Fg (in w/m2) represents heat and
moisture fluxes, respectively; Q¢ and Qq represent
“convective heating” and “moisture sink”, respectively.
S =T+gz is the “dry static energy” and Dagv is the mean

flow advection. T and g areinJ/kg, and x = R/Cp :
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e (1)+(2) yields the following moist static energy
equation:

(Ot + Dagy)h + @0ph =Q¢ +Qq + 9o pFr + 9o pFq  (3)

where h=T+gz+q is the “moist static energy” in
meteorology or the “moist entropy” in physics.

e Vertically integrating (3) from the top of atmosphere
(PT) to surface (Po), one gets the moist static energy
budget:

(B¢ + Dagy)h)+(@dph) = F™ ()

\

FMet—swMe W™ 4 H +E

where

(=971 ()dp
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e Vertically integrating (2), one gets the moisture
budget:

(8 + Dagy) ) +(0,0) =E—P | (5)

e Vertical integrating (1), one gets the dry static energy

budget:

(G +Dagy)S) +{@pS) = SW™ + LW™ 1 H 1 P

* In deriving (4), we’ve employed the following
convective closure'

IpOQ +[50 =0
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e Under convective quasi-equilibrium constraints (Yu
and Neelin 1997; Yu et al. 1998; Neelin and Zeng
2000), the vertical advection of moist static energy,
moisture, and dry static energy by convection can be
approximated by

where AP is the depth of troposphere and VT is
the baroclinic wind.



e M, Mqg, Ms (in J/Kg) denotes respectively the “gross
moist stability” (GMS), “gross moisture stratification”,

and “gross dry stability” of the tropical atmosphere,
which are defined as

M = Ap~ [P0 (9 ,h) Q(p)dp
1
Mg =-Ap~~[50(9p0) Q(p)dp

Ms = Ap~[F0(9,,S) (p)dp

where Q(p) describes the vertical structure of
convection.
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* Physically, M measures the net stability of moist
atmosphere or, alternatively, the effectiveness of

exporting moist static energy in presence of
convection.

Mg measures the effectiveness of precipitation or,
alternatively, the available moisture for condensation

in presence of convection.

 Ms measure the net stability of atmosphere without

moisture effect.
 The relation between M, Mq, Ms, and NGMS:

NGMS = (@0ph)
~(@2p0)

e
M :MS—I\/Iq; NGI\/IS=I\/I/I\/Iq (Raymond et al. 2009)

* Intropics, warming = Mg T ; moistening = Mg 1
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Definitions of Key Variables
(1) VT : baroclinic wind, defined as
V(XY p.t) - Vp(x,y,t)
A" (p)
(2) Q(p) : vertical structure of convection, defined as
Q(p) =P (A" ~A) dp!

VT(X’ Y p’t) —

Temp. perturbation subject

where

A+ ( p) — I(‘j Po A( p) dIn D to moist adiabatic process

1+7)

and y =dggy /dT is the fractional change of water
vapor per unit T change.

A(p) = ——ex { eI
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A(p) and /> (p) Profiles
(ERA-interim climatology)
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Vertical Structure of Convection
(Pr=100hPa)
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Vertical Structure of Convection

(Varying Pr)
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How Closeness to Moist Adiabat?

(sounding observations)
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Spatial pattern of VeV
V7= ( Vis0-Viooo) /A"
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VOVT >0 implies upper (lower) level divergence
(convergence) and upward transport of
MSE.
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Climatology of M, Mq and Ms
(ERA-interim)
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Precipitation Efficiency
(Mqg/TCWV)

Mg/TCWV (%)
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1. Physically, the ratio Mq/TCWV (in unit of %) measures the
fraction of water vapor available for precipitation in the
presence of convection.

2. Over the tropical convergence zone, only 12~18 % of the
total column water vapor (TCWV) can be condensed to form
precipitation.
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Vertical Modes of Convection
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Vertical Modes of Convection
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Vertical Modes of Convection
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Vertical MSE transport in Tropics
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Profiles of MSE & Omega
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Decomposition of MSE transport

(@oph') =(@dps') + (@Dyq')
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How vertical structure of convection
impacts MSE transport ?
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Surface flux PBL convergence
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 Asimple decomposition of the MSE budget equation
shows that the sign of vertical MSE advection is
determined mainly by the vertical moisture transport,
which is very sensitive to the structure of convection.

e For a top-heavy (bottom-heavy) structure of
convection, such as the case occurring in the western
Pacific (eastern Pacific) ITCZ, the value of vertical
MSE advection tends to be positive (negative),
implying an export (import) of the column MSE and a
stabilization (destabilization) of the atmosphere.
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Why MJO has slow phase speed?

* Gross moist stability has the following equivalence
for equivalent depth and moist Kelvin-like wave
phase speed,

he=M/g ; C=(M)"?2

* |n the tropics, GMS: 50~100 J/kg within 20'N~20'S,
corresponding to an equivalent depth of 5~10 m and
a moist Kelvin wave phase speed of 7710 m/s,
consistent with the observed MJO phase speed over
the tropical Indo-Pacific region.
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When MIJO starts to propagate?
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Why faster MJO in warming world?
(ECHAMS-SIT/RCP8.5)
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Under global warming, MJO remains wavenumber one structure, but
with a larger amplitude and a greater eastward-propagating phase speed.
( courtesy of June Chang)
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GMS in present and warming climate

Present climate
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e GMS (M) increases from 50~100J/kg to 65~120J/kg,
corresponding to about 20% increase in moist Kelvin
wave phase speed, consistent with model results.

 Under global warming , enhanced deep convection
associated with MJO occurs, resulting in an increased
upward transport of moist static energy and a more
stable troposphere, in turn, producing a faster MJO
cycle (because of larger GMS) as shown in the
ECHAMS5-SIT/RCP8.5 simulation.
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