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Primitfive Equations

®» Thermodynamic Equation

(0; + v.V)T + wdps

= Q.+ gopR" — gdpR* — gopS + gopFr
+ K, V2T

Moisture equation
(at +v.V )q + (Uapq — Qq + gaqu + KHVZCI

T & g are in energy units

= Energy constraint, Q¢ + Qg =0

Source - Neelin and Zeng 2000

» Verfically integrafing and adding the
two equations gives the moist stafic
energy equation

0.(T + q) + DT + Dyq + wdph
=9g/pr(E+H+R)

Where,

dry static energy, s =T + gz

moist static energy,
h=s+q=T+gz+q

Dy =Dy = v.V — KyV?



» Hydrostatic balance is balance between the gravitational and pressure
forces acting on a parcel.

» |n general the vertical acceleration observed in the atmosphere is much
smaller than what one would expect solely due to gravity. Hence, we
assume that hydrostatic balance is maintained.

®» Momentum equation (combined with hydrostatic balance)

Prs
(0 + Dy)v+ fk X v+ gopT = —Vj KTdInp — V¢
p

Whel’e, DV =v.V + wap — KHVZ
®» Mass conservation equation for an incompressible flow

Ps
a)=a)5+f V.vdp
p

Where, w, is approximated to zero, as effects of topography are neglected

Source - Neelin and Zeng 2000




Quasi-equilibrium (QE) framework

®» [nteraction between large scale circulation, and moist convection.

» Moist convection responds at time scales much faster than large scale
circulation, and dissipates the available energy for convection (APE) being
produced by the large scale circulation. As a result, the rate of change of
APE is nearly zero, and the system is in said to be in “*quasi-equilibrium™.
(Arakawa and Schubert, J. Atmos. Sciences, 1974)

®» One implication of QE is that it constrains the tfemperature profile. The result
of moist convection is to adjust the atmosphere towards a equilibrium
temperature profile, T€

TC =Tf(p) + A1(p)T{ (x,y,1)




Temperature reference profile and
pbasis function

0
T =T (p) + A ()T 009
200+
E 300
e 400+
Moist static energy perturbation E 500
at the boundary layer 7 |
a 600
ﬁ 700-
emperature reference profile 8OO
800~
« Dry adiabat — temperature lapse rate observed by a s S NS SE——— S—
dry parcel rising adiabatically ~ 9.8K/km 230 300 310 320 330 340 330 360

KI/KG
« Moist adiabat — temperature lapse rate observed by a

saturated parcel rising adiabatically ~ 4.5K/km Figure from Neelin and Yu, J. Atmos. Sciences, 1994




5]
K
3
5]
73]
(5]
—
Q.

» Reference temperature profile,
Tr (p)
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» Temperature basis function, 4;(p)
cpT = A1 (p)h'p
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Velocity components

Prs
(0, + DY)V + fk X v+ gdpT = —VJ KT dinp — V¢,
p

®» Solution comprises of a barotropic and baroclinic term.

v=vy(x,y,t)+Vi(p)vi(x,y,t)

/ N\

BQrofropiC Baroclinic
(height invariant) (varying with height)

Source - Neelin and Zeng 2000




/ Where, 4% (p) = [, A, (p")dlnp

Baroclinic velocity basis function, V; (p)
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Vertical velocity basis function, Q4 (p)
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Moisture reference profile and basis
function

» Similar fo temperature, moisture is also adjusted towards a equilibrium
profile due to convection.

Reference moisture profile in tropics
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Galerkin expansion of variables

T=T,(0) + ) i (MTe(x,,0)

1= a:0)+ ) b )36y, t)

v =) Ve @wey,0

» T.(p), q-(p) are the reference profiles whereas ay, by, andv, act as the
various basis functions.

» Using QE concepts, constraints are placed on the vertical reference
temperature profile

Source - Neelin and Zeng 2000




®» Also, based on QE, the series are fruncated after the first basis function for
temperature and moisture, and two basis function for winds.

» Quote from Neelin and Zeng, 2000 —

“In a more general case, a limited number of basis functions tailored to
the dominant physical processes, in particular convective QE constraints,
would be used. This approach is predicated on the assumption that
convective QE consfraints tend fo reduce the number of vertical degrees of
freedom that are crucial fo the solution.”

T=T-(p) + a; P)T1(x,y,t)
q = qr(p) + by (P)q1(x,y,1)

v =v(x,y,t) + Vi(p)vi(x,y, 1)

Source - Neelin and Zeng 2000




Precipitation Parameterisation and
adjustment time scale

TC

Qc = if (T°-T)>0

Tc

0 otherwise

* 1.1S the convective adjustment time scale of the order of ~ 2h (Betts
Miller 1986).

* Limiting case of 7, --> 0 represents strict QE

Source - Neelin and Zeng 2000




Derivation of final QTCM equations

®» The Galerkin series expansion is truncated after the first basis function
for temperature and moisture, and the second basis function for
momentum.

T = Tr(p) + Al (p)Tl(x' Y t)

q = qr(p) + B (p)q1(x,y,1)

v =vo(x,y,t) + Vi(p)v1(x, ¥, 1)

» The primitive equations are projected onto these basis functions and
further simplified to yield the final form of model equations used in
QTCM




Final form of equations

atvl ~+ DVl(Uo,vl) + fk X V1 = —KVTl — €1V1 — €01V

0:&o + curl(DVO (vo, vl)) + Bvy = —curl(eyvy) — curl(€{ov1)

g

I‘T;(at + Dyr)Ty + Mg V.vy =(Q,) + p_ X |R + H]
T
— g
Bl(at + DC[l)ql — Mq1|7. v1 — (QCI) + E X E

— T
(Qc) = ~(Qq) =

Cc

Source - Neelin and Zeng 2000




Simplified versions of QTCM

®» /onal symmetry assumed.

» Mean background flow, can be neglected by setting it to zero. (v, = 0)

The non-linear advection terms and diffusion terms, present in the

momentum equation, can be neglected as a first approximation to
linearize about a resting state. (Dy4(vy, v1)~0)

» Fffect of rotation of Earth can be neglected for small scale systemes.




Reduced form of QTCM

dT
0.0, + €.V = —K—
tV1 T &1V &

ElatT1+aTv1%—Tyl+MS 2~ p+2 x[R+H]




Gross moist stability, GMS

My, = p7t fﬂl(—aps)dp Dry static stability

Mq1 = p7_~1 f.()l(apq)dp Gross moisture strafification

GMS = Msl — Mq1 (Neelin and Held, Monthly Weather Review, 1987)
= pr' [ 02:(=0ph)dp

GMS > 0 implies that horizontal motion in monsoonal
circulation exports energy out of the system




Conclusions

QTCM is an intermediate complexity model based on quasi-
equilibrium framework and Betts-Miller convective adjustment
scheme.

QE constraints allow to restrict the vertical degrees of freedom
crucial fo the model and analytically solve for part of the solution.
This makes the model computationally cheaper.

The constraints on the structure of the basis functions and the
vertical stability parameters allow for analytical studies on the
dynamics and stability in the model.

Due to QE constraints, the model is expected to work reasonably in
convective regions. Outside these regions, the model maybe highly
truncated making it unable to capture the circulation effectively.

QTCM can be easily used to develop a range of reduced models to
study specific phenomena.



Supplementary

Ai(p) = = — - dinp]
exp[—k 1
1(p) 1+y p LTV

AdLqsqt
- dcpT




