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The weak temperature gradient approximation (Charney 1963, JAS)

For large-scale (L = 1000km) motion in tropical free-troposphere:

aﬁ+* VU + fz2xu = 1V
5% v-Vu+ fZxu = pzp
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The weak temperature gradient approximation (Charney 1963, JAS)

For large-scale (L = 1000km) motion in tropical free-troposphere:
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GCM shows weaker temperature gradient in a warmer climate
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GCM shows weaker temperature gradient in a warmer climate
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GCM shows weaker temperature gradient in a warmer climate
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GCM shows weaker temperature gradient in a warmer climate
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Question: what causes weaker (zonal)
temperature gradient (close to equator)?
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Hypothesis 1: masked CO2 forcing

Climatological 7 Circulation Merlis 2015, PNAS

clouds

Larger CO2 forcing in subsiding regions
g t S 4% CO,—1xCO, causes greater free troposphere warming?
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Hypothesis 2: patterned SST warming

Larger surface warming in subsiding regions —> larger free-troposphere warming?

(a) AM2.5, fix CO2, patterned SST warming (b) AM2.5, fix CO2, patterned SST warming
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Hypothesis 2: patterned SST warming

Larger surface warming in subsiding regions —> larger free-troposphere warming?

(a) AM2.5, fix CO2, patterned SST warming (b) AM2.5, fix CO2, patterned SST warming
oy 14
'2 06_ Q
g =
g 0.4 © 0 -
c o= 1.49K =
$029  g=1.18K S _1d
O N
Q
t 0.0 Ll T T T 1 T T L] 1 T T 1
-8 —6 -4 -2 0 2 0 60 120 180 240 300 360
500hPa T,(K) longitude
(c) AM2.5, fix CO2, uniform SST warming (d) AM2.5, fix CO2, uniform SST warming
oy 14
£ .
$ 0.4 <
© ~ 0 -
9 a
qC) 0.2 - o= 1.49K g
2 o=1.29K S _1-
Q
t 00 1 1 1 1 1 1 1 1 1 I 1 1 1
-8 -6 -4 =2 0 2 0 60 120 180 240 300 360
500hPa T,(K) longitude

Without patterned SST warming, temperature gradient still becomes weaker



Hypothesis 2: patterned SST warming X

Larger surface warming in subsiding regions —> larger free-troposphere warming?
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Hypothesis 3: circulation weakening

od

E close to equator (Bao et al., 2022, JCLI)



Hypothesis 3: circulation weakening
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Hypothesis 3: circulation weakening
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CRM verification: weaker circulation = weaker T gradient

(a) SST and precipitation
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CRM verification: weaker circulation = weaker T gradient

(a) SST and precipitation
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CRM verification: weaker circulation = weaker T gradient

(a) SST and precipitation
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CRM verification: weaker circulation = weaker T gradient

(b) streamfunction W(x, z) = u(x Z)dz' (m2s™1)
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CRM verification: weaker circulation = weaker T gradient

(b) streamfunction W(x, z) u(x Z)dz' (m?2s~1)
15.0
X 04 . - .
P D10 —— Cold end subsiding velocity: w = 0,-,4/S
E s ------- SRIgIT e e _
N : e R i ™ de(< 0)' radiative cooling rate
2.5 - “\_\:::::::::::::::::::::::::: """""""""" S =— + — Stab”'ty
; p
0 2 4 6 8 10
x (103km)
1. Fix Qrqq 2. Fix SST (fix stability S)
x1072 (c) x1072 (c)
—2.0 ~ =1.0 4 A
A 1
o~ el WX
s ] . W oC — -5 Qrad °
D Sy I =2.0
" £ —3.01 \\\ £ 5. //
smaller w 5 35 o om s § 304 e smaller w
S peak = —5— SO S ’/ Qrad
-4.0 A \\\\ ™) =351 ¢ ® ‘/ Wpeak = S,
N -4.0 4
—45 . . . . . . . . . .
12 14 16 18 20 22 -3.0 -25 -2.0 -15 -1.0
é (km/K) QOrad (Kday_l)
<€ >

warmer SST (larger stability S) Smaller Q44



CRM verification: weaker circulation = weaker T gradient
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ou + ow -0 —> HN Y — (quantitative predictions)
dx 0z L H

10dp du dp oT, See our preprint for
——xU— = — x U? S— Y 2 Prep

p 0x ¢ 0x 0x 0x xw estimation of the coefficient
dp p oT, OJp




CRM verification: weaker circulation = weaker T gradient
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CRM verification: weaker circulation = weaker T gradient

ou + ow -0 —> g,\, K —_— (quantitative predictions)
dx 0z L H
10p _ u du dp < 12 aT, o w2 See our preprint for
- T~ u > — — Ep— w . . . .
p 0x 0x 0x 0x estimation of the coefficient
@ = — P —_ Ty e op e
dz R,T, dx ox _
W = Qraa/S
dT, oT, T,
v 2 - ‘v 2 - v —2
E X w Fix S, Ox X Qrad Fix Qrad, ax x5
(a) (b) (c)
0.4 — perturb Qraq os 536 (12 [) o« 52
c —— perturb SST = - e
2 03 2 04 (15 1) = Qg % 025
— My 1y o — —
g “Wl) Wgeak g 03 g 0.20
= 0.2 1 = =
2k o2 B 015
ek L 0.10
—0'.04 —0'.03 -OI.OZ -0.01 -3.0 —2'.5 -2'.0 —i.5 —1'.0 0:5 0.[6 017 0.[8 079

Wpeak (Ms~1) Qraq (Kday™?) S (K/km)



CRM verification: weaker circulation = weaker T gradient
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Conclusion: weaker circulation causes weaker tropical free
troposphere temperature gradient in a warmer climate
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Conclusion: weaker circulation causes weaker tropical free
troposphere temperature gradient in a warmer climate
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Conclusion: weaker circulation causes weaker tropical free
troposphere temperature gradient in a warmer climate
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The WTG approximation will be
more accurate in the future! ‘&

[m] 24 [m]
[=]

Contact me:;
hengquan@princeton.edu
https://heng-quan.github.io



mailto:hengquan@princeton.edu
https://heng-quan.github.io/

The weak temperature gradient approximation (Charney 1963, JAS)

midlatitude free-troposphere
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The weak temperature gradient approximation (Charney 1963, JAS)

Tropical free troposphere cannot maintain large horizontal temperature gradient due to the
smallness of the Coriolis parameter close to equator (Charney 1963, JAS).

Weak temperature gradient is NOT zero temperature gradient; Convective regions can be ~3K
warmer than subsiding regions (Bao et al., 2022, JCLI).

500hPa Ty, present climate
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Virtual temperature T, = T(1 + 0.61q) where q is specific humidity

Question: How will tropical free troposphere temperature gradient respond to global warming?
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GCM shows weaker temperature gradient in a warmer climate
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Annual mean results similar to January mean results
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Hypothesis 3: circulation weakening
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Weaker meridional pressure gradients balanced by weaker Coriolis force (i.e. weaker westerly)
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Hypothesis 3: circulation weakening
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CRM verification: weaker circulation =2 weaker T gradient
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CRM verification: weaker circulation =2 weaker T gradient
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2-D horizontal velocity structures show regime shift when Q,.,4 becomes very small
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