Dynamic Meteorology: lecture 15

21/1/2022 (Friday, 9:00-10:45)

Sections 1.42-1.43 (part I)

Vertical motion in statically stable atmosphere part 2

Ageostrophic motion is due to frontogenesis

Large-scale vertical motion: the omega-equation

Relation between Q-vector and large-scale vertical motion

Case of problem 1.35 : vertical velocity according to the omega equation

After this lecture: eight presentations of project 5

Abhi, Filippo, Maren and Martin - NAO, EA, temp Florida, temp Middle East

Jim, Koen and Derk — Tropical cyclones and NAO/NAM

Famke, Marijn and Hannah — AA, jet stream shift and weaking of storm tracks

Laura, Elian and Emilia — cyclones, SST, wind and moisture

Rens, Marjolein and Marius - hurricanes, SST, jet and rising CO2 levels

Jos and Ben - Sea Ice, NAO, SOI, Winter temp NL

Anja, Rainette, Joao and Mattia — Sea ice in arctic and Antarctic, (ant) arctic oscillations and global mean temp
Lorenzo, Fiona and Lotje — Himalayan ice thickness, rising CO2, rising temp and precipitation

(a.j.vandelden@uu.nl)
(http://www.uu.nl/~nvdelden/dynmeteorology.htm)
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Conceptual model of life-cycle of
unstable baroclinic wave

Starts with a “wave” in the “Polar Front”. This wave grows due to the
instability of thermal wind balance, producing “secondary fronts”.

(a) Norwegian Model 1\Y (b) Shapiro—Keyser Model
III

warm front
f T v
warm front

a Sz
o

Cold front
Upper panels: sea level isobars

a few days Figure 1.119 *%/

%7




Ascent in warm sector and descent in cold sector
of a planetary wave

north f\‘\/f

ascending warm air

(Palmen and Newton, 1969) coldfront Figure 1.43 428



section 1.43 and previous lecture

Equations needed to study the dynamics of
frontogenesis in a quasi-geostrophic atmosphere

| du, R OT| |9v, R oT
Thermal wind balance: = =——— eq.1.347
dp  pfydy| |0p  pfy dx
d a—T+I/t a—T+v a—T—S 60—+i (previous lecture)
T o o sy P e P

I aug aug aug f 5 ( |
also: | —>+4u,—°>+v,—>=fyv, +Byv 1.247a
ot S odx & dy i v

This lecture investigates the relation between vertical motion in a

statically stable atmosphere and frontogenesis based upon the
above equations.




section 1.43

Equations needed to study the dynamics of
frontogenesis in a quasi-geostrophic atmosphere

| du, R OT| |0v, R 9T
Thermal wind balance: = =——— eq.1.347
dp  plody| |dp  pfy dx
and a—T +u a—T +v a—T— S W= +i (previous lecture)
ot ®ox Sy P s
aug aug aug
also: §+Mga—x+vgg=fova +ﬁyvg (1.247a)

Start by neglecting ageostrophic motion (w=0), and assume =0 and J=0:

then a—T+u a—T+v a—T—O \

8 8 -
ot ox ay These assumptions are
not realistic but “didactic’,
aug aug aug as we shall see later

becomes j'i'uga—x‘l‘vgg:()




section 1.43

Dynamical consequences of frontogenesis in a
quasi-geostrophic atmosphere

aug R OT| |0v, R oT

Thermal wind balance: = -

dp pfydy| |dp  pfy ox

Previous slide:

of T 9T ug =~ oup o Oup
o ”ga_x“’gg 0 or '8 gy T8 dy =Y
\ Do the derivations \
% aT =_8vg aT_aug oT |d, aug _ aug aug_ng aug
dt \ dy dy dy dy ox |dt\ dp dp dx dp dy

Are these equations consistent with thermal wind balance?



section 1.43

Dynamical consequences of frontogenesis in a
quasi-geostrophic atmosphere

du, R OT| |, R IT
dp  pfooy| |dp  pfy 0x

Thermal wind balance:

aug aug aug 0
et U, —+V, = —S tu, — 4y, ==
ot T 0x Ve dy 0 ot s ox '8 dy

l
ﬁ oT =_6vg aT_aug oT
dt

oy dy dy dy ox \
d, (aug) _ _aug u,, ) v, du, R (_aug oT X u,, GT)

oT  of  oT

dt\ op op dx Jdp dy - fop %x dy dy oOx
aug+avg=0
dx Oy 432




section 1.43

quasi-geostrophic atmosphere

Dynamical consequences of frontogenesis in a

du, R JT| |0v, R aT

Thermal wind balance: = -

dp  pfoody| |0p  pfy 0x

oT oT oT au g, au g, au
o ey TVey, 7Y o Megy Ve ay

=0

l
d_g 8_T ~ E)v BT 8u oT
t\ dy - E)y ay E)y ox

fopr 4g a”g dvg aT duy 9T
R dt\ op ay ay ay ox

Subtract:

Result: dg(dT _fopdg a”g 5 dvg aT dug T
dt \ dy R dt\ dp ay 8y ay ox

» next slide




section 1.43

Dynamical consequences of frontogenesis in a
quasi-geostrophic atmosphere

aug R OT| |0v, R oT

Thermal wind balance: = -

dp pfydy| |dp  pfy ox

Previous slide: d—g a—T _f()pdg aug ) av aT au oT
dr \ dy R di\ dp ay ay ay ox

dg (9T  fyp Oug dv,, oT diy 9T oT
_ =2 —2 — [=-20
di\dy R Oop / ay 8)7 ay ox T 8y 52

Error found by Anja: insert minus sign 8 a_T - _ avg aT _ al/tg aT
t\ dy dy dy dy ox

(previous slide)
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section 1.43

Dynamical consequences of frontogenesis in a
quasi-geostrophic atmosphere

du, R OT| |0v, R dT

o pfydy| |ap  pfy ox

Thermal wind balance:

Error found by Anja: insert minus sign

dg (9T _ fop Oug \_‘2 9V 8T+3ug oT dg(oT =20
dt\dy R Jp dy dy dy ox dy ) i

This equation is consistent with thermal wind balance only if Q,,=0.
But, remember that we have neglected ageostrophic motion

- T dr

Now if we include ageostrophic motion and repeat the derivation,
we conclude that ageostrophic motion is needed to maintain
thermal wind balance !




section 1.43

The role of ageostrophic flow is to preserve
thermal wind balance

Neglecting ageostrophic flow we have (previous slides) :

dg fol?aug_aT =20
dt\ R dp Jy 52

Repeating the derivation of the previous slides including ageostrophic flow yields

dg fopa“g_aT — 20 +f02p8va_p5p 80)'
dt\ R dp 9y R dp R 9y

(=0 and J=0)




section 1.43

The role of ageostrophic flow is to preserve
thermal wind balance

Neglecting ageostrophic flow we have (previous slides) :

dt

81 J0 8§ -9
[ R Op ay] Ce,

Repeating the derivation of the previous slides including ageostrophic flow yields

dg

JoP aug _ oT

dt

|

R dp Oy

]: —20,,

+f02pava _PSp dw

R dp R Oy =0

1

“Conservation’ of thermal wind balance

_2Q82

+f02pava PS5, aa):O
R dp R oy

to next slide
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section 1.43

The role of ageostrophic flow is to preserve
thermal wind balance

: , 2
Previous slide: _ng + fop aVa _ pSp ow _0 eq.1.355
2 R dp R Oy

Likewise, the x-component of thermal wind balance yields:

2
fopou, PSpow _ 0 eq.1.356
R dp R ox

—20, +




section 1.43

The role of ageostrophic flow is to preserve
thermal wind balance

9 fop vy PSpow

-20, + — =0
dy 2 R dp R Oy

+
2
9 20 +f0paua_PSp8w:O
0Xx 51 R op R ox
: 0 9%w 2R -
From the two equations above: |S Vha)+f - ——5 =—— V-0, ea135
D P

(“omega equation”)

we have used

= (0| and V}%s

+
ox% 9y’




section 1.43

The omega equation

S Vha)+f2a Y —2—RVQ8 eq. 1.359
op°
x-component Q-vector: y-component Q-vector:
[ Oug BT Ive 9T ) ~(Oug aT dvg oT
le B ax 8x ax dy | ng B ay Bx By dy

Since both 7, uy, and v, can all be expressed as a function of ®, we
can can calculate the vertical motion from the distribution of ® only!!!

With the hydrostatic approximation and the equation of state,
show that T can be expressed as a function of @ .



section 1.43

The omega equation: interpretation

2
2R~ —
ap p
eq. 1.359

The omega equation is a Poisson-like equation, i.e. second order
elliptic partial differential equation.

The left hand side is proportional to —w (see eq. 1.363).

Therefore, a simplified version of the omega equation is

— — ) = W = —v . Qg eq. 1.363

i.e. upward (downward) motion if Q,-vector is convergent (divergent)

lllustrated on the next slide ——
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Red arrows: Q-vectors

N, v kL Lk

— +96 hours 7

ANGLE kL &

1€ .9€

- L /]
T L
el

Q-vector divergence

y- ‘V‘»«

- : 1Q1L1=5%10A-11 K mA-1 sA-1 (min. value:5*10A-12 K mA-1 sA-1)

Figure 1.128 X — 96.00 hrsa
https://webspace.science.uu.nl/~delde102/BaroclinicLifeCycle.htm
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Wind and Vertical velocity at 864 hPa
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Conceptual model

Cold dry intrusion

\

ridge

warm conveyor belt

Schematic of relative flow within a baroclinic wave. Solid arrows represent flow along a
sloping isentropic surface. The surface pressure pattern is indicated. Flow is very slanted.
This can be explained also as a consequence of the preferred large value of aspect ratio.

(Thorncroft, C.D., B.J. Hoskins and M.E. Mclntyre, 1993: Two paradigms of baroclinic-wave life-cycle behaviour.
Q.J.R.Meteorol.Soc., 119, 17-55).
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Apply the omega equation to a hypothetical case

The pattern of vertical motion
- According to the omega equation (relation to frontogenesis)
- Relation to PV-inversion theory: the “vacuum-cleaner effect”

°w 2R =
Omega equation: S Vh +f28 ——V-Qg eq. 1.359

Ve PP

Static stability

x-component Q-vector: y-component Q-vector:
au aT dvg oT au BT dvg oT
Qg = Qg = ) (lecture 15)
1 E)x ax 8x dy 2 8y Bx ay dy

Determine the two components of the Q-vector for the
distribution of the geopotential given in problem 1.35

445




Problem 1.35: theoretical case

The geopotential field is hypothetically given by

@ =Dy (p)+Ufy {—y[oos( > J + 1] + %sin(l(x - ct))} (inear decrease with

Pref

In Q-G-theory geopotential, ®, determines everything else...

The geostrophic wind:

ug:—iaE—U COS & +1 _’%:O ; %:O
fo 9y Pref ox dy

1 0D v
v,=——=Ucos(l(x—ct))] — 8 _—_yisi _ s 8 _
$ 7 4 ox («( ) o Ulsin(I(x — ct)) 5 0

8u 8T 0ve T ) 9vg T au aT dv, 9T
Qo1 = =~ . Qg = =0
ax ax ax dy ox dy By ax ay dy
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Meridional temperature gradient

Zonal geostrophic wind:
ug — —ia;() = UX cos ﬂ +1 (previous slide)
Jo 9y Pref
(ug depends on p)

Temperature gradient is dtermined by thermal wind relation (1.347):
du, R OT T
8 = > J ——ﬂUfO P sinﬂ <0

ap B Pl ay ay - R Pref Pref

Previous slide:

0
% ={, ==Ulsin(l(x - ct))
— Qg =-¢, o _ —Ulsin(l(x — ct)) o PG| T Qe =0
N ay R Pref Pref

forcing associated with rotation of the isotherms by the flow
447



Omega equation

Previous slide:

2
O =~ Ul p sin(np) sin(I(x — ct)) Qg =0
Pref

The 2D (x,p)-approximation of the omega equation is, after substitution of the expression for Qg

2 ) 212
d g)+fo J a2)=2ﬂfoU " gin| ™ |cos(i(x - c)
ox* S, dp S pPref Pref

Left hand side is proportional to —w or +w *. Hence we obtain the following approximate expression:

242
W o< 21U sin| - cos(l(x —ct))
Sppref Pref

* p.263
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Vertical motion according to the omega

equation
Previous slide:
oT wfU’l p . [ mp ). —
242 . — —
W oc 2rfoU”l “in T cos(l(x—ct)) Remember: v, = U cos(I(x — ct))
Sppref Pref Z;g =-Ul sin(l(x — Ct))

- wis in phase with v,:
poleward motion is upward and equatorward motion is downward

- wis proportional to [? (the square of the wave number)
vertical motion is stronger in short waves than in long waves

- wis out of phase with relative vorticity
Vertical motion is zero in the trough and in the ridge
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Lecture 11:

The Rossby wave case of July 1996

Rossby waves in July 1996

Fig. 1.111

Zonal wavelength =~ 36°
(wave number, kK =10)

Phase velocity, ¢c=10.5 m s1

w:Ugl_%
[ +m
)
c=—
[
2k
L

Geopotential at 500 hPa, 29 July 1996, 12 UTC (ERA-Interim)
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Geopotential at 500 hPa, 30 July 1996, 0 UTC (ERA-Interim)
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The planetary wave of July 1996: 6, v and PV-anomaly

Labels in PVU

hour = 0 Date = 28 Jul 1996
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The planetary wave of July 1996: #and C

hour = 0 Date = 28 Jul 1996

le

Q-vector points eastwards in the trough

Q-vector points westwards in the ridge

oT
gga_y{

2.0

% (Q-vector convergence and, as expected, upward
e ———— motion east of the trough and west of the ridge.
= 350
m =
e v" .
z ¥y - “
— 1+ i - N - h—‘- =, \ - \
e 2447 ““l.?mg :’-" \" ridge ',' l\\ ~)
5 7 o WL ‘, AR
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8 “\ =t
S 2.6 1 s Q-vector O-vector
| v - ; \
(@)} P 4 \
. —/ ". <O — |
- [ / — (O-vector convergence) —
| —— S A
-k\\ 300 - ﬁ':f ‘3_ /71_.\ \ —
= VAN
30 ' l ) ; 17 = —a £
—-30 —-25 —-20 -15 -10 -5 0 5 10

longitude [deq.E]

(see lecture 16)

Contour interval vorticity: 0.2x39 s




The planetary wave of July 1996: 6, ® and PV-anomaly

hour = 0 Date = 28 Jul 1996
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The planetary wave of July 1996: 6, ® and PV-anomaly

Log_10(pressure [hPal])

(see lecture 16)

hour = 1 Date = 28 Jul 1996

Note: upward bulging isentropes below the PV-anomaly!:

In advance of the propagating PV-anomaly we see that:

Vi 0z
= =050
——F ot
——f
I 4 —
O /’l — el
—_— I’
= - A 50
//  — I rat
— ——= A 2N
- 4, : = —
"1!5‘?’%‘ ([t
s QI A4
w>0 [ XU o
s\ N i
(w=—po) 7 NS/ P
)II':I' ,:’ ‘. \|!|‘ —
U U T
10 -5 0 5 10
longitude [deg.E] Contour interval ®: 0.02 Pa s
454



The planetary wave of July 1996: 6, ® and PV-anomaly

Note: upward bulging isentropes below the PV-anomaly!:
<

hour = 1 Date = 28 Jul 1996 " 2dvance of the propagating PV-anomaly: 8—:) >0
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Components of vertical motion: “vacuum cleaner effect”

dzp 07 0z
0 -0 L0 1y

dt ot 0x dy

t

Upward velocity of an air parcel

w

Local isentropic displacement*

Isentropic up/downgliding

“Vacuum-cleaner effect” of the PV-anomaly.
Below the PV-anomaly the isentropes are “pulled” upward

*this is what we see in an animation (next slide)
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Animation: watch the isentropes (black contours

wJuly96_LonCS.mov
hour = 0 Date = 28 Jul 1996
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“Vacuum-cleaner effect”

surface /{?5;55

9%

FIGURE 9.6. Topography of isentropic surfaces associated with eastward moving upper PV-
anomalies. The dark lines mark the intersection of the tropopause with the 10 km level,
separating air of PV> 2 PVU to the north from air of PV<2 PVU to the south. Shown also are
system relative isentropic up-and downgliding (arrows directed along 6-surfaces) and vertical
motion due to induced bulging of the isentropic surface (vertical arrows) when viewed from
Earth-relative perspective. The dashed line represents a fixed latitude. Figure due to E.B. Carroll
(published in Meteorol.Apl., 10 (2003), p. 285.)

More about this topic in section 9.5 “PV-8 viewpoint” of forcing of vertical motion
(https://webspace.science.uu.nl/~delde102/AtmosphericDynamics%5b2020a%5dCh9.pdf ) 458
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Next:

Nearly the End

26/1/2022 (Wednesday, 13:15-15:00)

Overview of the content of the course

Weather (forecast) of 23 January 2022
Forecasting sunshine by far most difficult !

Awards for the winner of the weather forecasting competition
Group photograph

Exam: 2/1/2022 (Wednesday - afternoon)

(a.j.vandelden@uu.nl)
(http://www.uu.nl/~nvdelden/dynmeteorology.htm) 459
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