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S1 True altitude versus barometric altitude

The barometric altitude and the geopotential are both derived
from the pressure and the temperature using the hydrostatic
equation. The barometric altitude uses the temperature pro-
file of the Standard Atmosphere while the geopotential alti-5

tude uses the observed temperature profile. The discrepancy
between the two quantities in the Asian monsoon region is
the largest over the Tibetan plateau. This is due to the strong
warm anomaly in the middle and upper troposphere induced
by the plateau which visualized by the drop of the isentropic10

surfaces in Fig. S1.
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Figure S1. Difference between the geopotential altitude and the
barometric altitude (in km) averaged over July-August 2017 in the
73E-97E longitude range. Thin contours show potential temperature
(in K).

S2 Montgomery potential

The Montgomery potential M = CpT + gz de-
fines the geostrophic flow on isentropic surfaces as
(fug =−∂M∂y , fvg = ∂M

∂x ). The closed contours of the 15

average M over July and August 2017 in Fig. S2 show how
air circulates around the AMA. The pattern is similar from
θ = 350 K to θ = 400 K, indicating the barotropic structure
of the flow with two centres located respectively over the
Tibetan plateau and Iran, as noticed in many previous 20

studies. At θ = 340 K, the Montgomery potential exhibits a
strong anticyclonic centre over Africa and Arabia, which is
a pattern of the African monsoon.

Using Nakamura (1995) it is easily shown that the circu-
lation time along a closed non singular contour of the Mont- 25

gomery potential is given by

τ(M) =
dA(M)

dM
(1)

where

A(M∗) =

∫∫
M<M∗

fdxdy.

Figure S3 shows the value of τ as a function of A from 30

the exterior to the interior of the AMA, as for several val-
ues of the potential temperature. The left part of the curves
with τ < 10 days must be discarded as it corresponds to non
closed contours. The right part corresponds to the smallest
contours for which the circulation time tends to zero. We 35

see that most of the curves (from 360 K to 400 K) exhibit
a plateau at about three weeks followed by a second one at
about two weeks. The first plateau corresponds to contours
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Figure S2. Average Montgomery potential during Jumy-August
2017 on five isentropic levels (a) 340 K, (b) 350 K, (c) 360 K, (d)
380 K and (e) 400 K

that encompass the whole AMA while the second is for the
internal contours around separate centres. At upper levels,
410 K and 420 K, the slower flow generates circulation times
of the order of 4 to 5 weeks. Therefore, we find a typical cir-
culation time of 2 to 3 weeks within the AMA for the mean5

Montgomery potential between 360 K and 400 K. In prac-
tice, smaller recirculation times are expected due to the tem-
poral variations of the Montgomery geopotential. Bucci et al.
(2019) observe recirculation times of 10 to 20 days inside the
AMA.10

S3 Divergence

Figure S4 shows the horizontal wind divergence of the ERA5
in isentropic coordinates, calculated from the divergence in
hybrid η coordinates as

divU |θ = divU |η −
∂U

∂θ
·∇ηθ .15
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Figure S3. Circulation time calculated form (1) as a function of A
for potential temperatures from 360 K to 420 K.
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Figure S4. Horizontal isentropic divergence (in day−1) averaged
over July-August 2017 in the 73◦E-97◦E longitude range. Thick
contour shows the line of zero divergence. Thin contours show po-
tential temperature (in K).

The nonlinear correction term is calculated from the monthly
mean velocities and temperature and therefore lacks the con-
tribution from fluctuations at smaller temporal scales.

The divergence is maximum near 350 K by 12◦N–, as a
matter of fact over the Bay of Bengal. It is positive every- 20

where from the equator to 45◦N between 340 K and 370 K.
It is also positive above these levels between 20◦N and 45◦N.
As noticed by Garny and Randel (2013), the divergence is a
forcing for the AMA which exhibits maximum jets near the
level of maximum divergence. 25

S4 Normalized cumulated impact

Figure S5 shows the same information as Fig. 5 after nor-
malizing the distribution by its time integral over each level.
The normalized impact then becomes a age spectrum for
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Figure S5. Same as Fig. 5 but after normalizing the distribution on
each isentropic level. The slopes are plotted as a fit to the crest above
370 K. They are, respectively, 1.08, 1.11, 0.97 and 1.35 Kday−1,
for EAZ, EAD, EIZ and EID

each level. The slopes fit the modal age at each level be-
tween 370 K and 420 K. In the simplified model presented
in Sect. S9 below, this slope is identical to the mean ascent
rate.

S5 Longitudinal sections of radiative heating and5

vertical velocities as heating

Figure S6 shows longitudinal sections of the all sky radia-
tive heating rate and of the Lagrangian potential temperature
tendency induced by kinematic motion. We see in the upper
right panel that the level of zero radiative heating (LZRH) is10

fairly flat near 358K at 15◦N except localized drops due to
clouds, over the Bay of Bengal by 85◦E, the Sea of China
near 110◦E and the Red Sea by 40◦E. The LZRH is higher at
30◦N (upper left panel) and bulging over the Tibetan plateau
with a drop between 85◦N and 105◦E, but always above the15

LZRH at 15◦N. We also see an intensification of the tropo-
spheric descent in the West of the domain over the African
and Arabian deserts.

The Lagrangian potential temperature tendency induced
by the kinematic motion (lower panels) is calculated as20

Dθ

Dt kin
= ω

∂θ

∂p
+U ·∇|pθ ,

where ω =Dp/dt, from the monthly mean archive of ERA5.
This estimate therefore ignores the fluctuating component in
the second term of the right hand side. This tendency is much
noisier than the heating rates. It is positive within the mon- 25

soon region in the whole atmospheric column but is nega-
tive below 355 K over the deserts where the air is subsiding
within the troposphere. The LZRH is quite close to that of
the heating rate at 15◦N and does not show any rise at 30◦N.
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Figure S6. Upper row: vertical section of the all-sky radiative heat-
ing rate dθ/dt averaged over July-august 2017 at 30◦N (left) and
15◦N (right). Lower row: vertical section of the Lagrangian po-
tential temperature tendency induced by the vertical and horizontal
kinematic motion.

S6 Impact and source for ERA5 in the FullAMA 30

domain

Figure S7 compares the equalized impact, as defined in
Sec. 2.5 ,for the diabatic and kinematic experiments using
ERA5 in the FullAMA domain. The two calculations differ
strongly at the lowest level 340 K (panels a and b) where the 35

lack of kinematic descent in the monsoon region generates
a low impact centre over the Bay of Bengal (panel b). The
descending monsoon branch in the diabatic calculations cou-
pled with horizontal transport also generates impact south
of 12◦N in Africa which is absent in the kinematic calcu- 40

lations. Both calculations generate descent and impact over
Iran, Arabia and the Sahara. This monsoon deficit is still vis-
ible at 350K (panels c and d) although it is shifted northward
with respect to 340 K and the two patterns are much closer.
At higher levels, 360 K and above (panels e to l), the patterns 45

are essentially similar in both calculations, and the isolines
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Figure S7. Distribution of the equalized impact for EAD (left column) and EAZ (right column) at potential temperatures 340 K, 350 K,
360 K, 370 K, 380 K and 400 K. The superimposed contours are those of the Montgomery potential at the same levels averaged over
July-August 2017.

of the impact follow quite closely that of the Montgomery
potential, except near the maxima. The distribution in the di-
abatic case at 360 K is more compact than in the kinematic
case (panels e and f).

The distribution of sources for the same levels, shown in5

Fig. S8, is very similar in the diabatic and kinematic calcu-
lations. There are, nevertheless, a few differences: the con-
tributions of the Indian subcontinent and the Bay of Bengal
are reinforced at 340 K in the kinematic case (panels a and
b); the contribution from the Sea of China is smaller for the10

upper levels in the kinematic case.

S7 Impact and source for ERA-Interim in the global
domain

In the global domain with ERA-Interim calculations, Fig. S9
corroborates the results shown for ERA5 in Fig. S7. At 15

340 K, the global ERA-Interim diabatic impact ( Fig. S9(a))
closely follows the FullAMA diabatic impact of Fig. S7(a).
The kinematic impact shown in Fig. S9(c) exhibits a clear
separation and a fairly good symmetry between the two
hemisphere with a strong component near 18◦S that corre- 20

sponds to the descending branch of the Hadley circulation
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Figure S8. Distribution of the equalized sources for EAD (left column) and EAZ (right column) at potential temperatures 340 K, 350 K,
360 K, 370 K, 380 K and 400 K.

in the Southern hemisphere. This component is present but
much more diffuse in panel (a) where most of the impact re-
mains in the northern hemisphere. The part of impact within
the FullAMA domain remains close to that of Fig. S7(b).

At 350 K (Fig. S9(c-d)), the ERA-Interim global impact5

pattern still fits closely that of the FullAMA calculations for
ERA5 in Fig. S7(c-d) but for a deeper depletion over the
monsoon region in the kinematic case. A strong impact is
still visible outside the FullAMA region, especially for the
kinematic case.10

At 360 K and above, the impact is dominated by the now
familiar confinement within the FullAMA region which ex-

hibit a very similar pattern for both cases and when compared
to the ERA5 calculations in the FullAMA domain.

It is, however, obvious that the confinement gets reduced 15

with altitude as more and more parcels are leaving the Ful-
lAMA domain.

The distribution of sources, shown in Fig. S10 is extremely
close between diabatic and kinematic cases at 340 K and
350 K (panels a-d). It remain close at higher levels but the 20

diabatic calculations exhibit a larger contribution of the mar-
itime convection than the kinematic calculations. When com-
pared to Fig. S8, it is clear that the maritime contribution to
the impact in the global domain is much larger than for the
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Figure S9. Distribution of the equalized impact for EID-FULL (left column) and EIZ-FULL (right column) at potential temperatures 340 K,
350 K, 360 K, 370 K, 380 K and 400 K. The dashed box indicate the FullAMA domain.
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Figure S10. Distribution of the equalized sources for EID-FULL (left column) and EIZ-FULL (right column) at potential temperatures
340 K, 350 K, 360 K, 370 K, 380 K and 400 K. The dashed box indicate the FullAMA domain.

FullAMA impact (see aso Table 1). This is due to the fact
that trajectories from maritime sources travel rapidly along
the jets at the periphery of the AMA, in particular the south-
ern easterlies, do not penetrate within the core and exit also
rapidly across the boundaries.5

S8 Age for the backward calculations

Figure S11 shows age distribution for the backward calcu-
lations. At 360 K and above (Fig.S11(c-h)) the age pattern
closely follows that of the forward calculation both in the tar-

get and the source spaces. The backward age value is slightly 10

smaller than the forward age because only the first backward
encounter is accounted.

S9 Advective-loss 1-D model with idealized heating
and sources

The solution to (1) of the main text with θ̇ = Λ(θ− θ0) 15

for θ0 < θ < θ1, θ̇ =A= Λ(θ1− θ0) for θ > θ1 and S(θ) =
S0e

−β(θ−θ0) is
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Figure S11. Left column (a,c,e,g): mean age with respect to convection for backward parcels hitting a convective cloud at 350 K (a), 360 K
(c), 380 K (e) and 400 K (f). Right column (b,d,f,h): mean age in the source domain for the same parcels as in the left column for each level.

for θ < θ1:

F (θ, t) = S0 exp
{
−(α+ Λ)t−β(θ− θ0)e−Λt

}
(2)

for θ > θ1 and t < (θ− θ1)/A:

F (θ, t) = S0 exp{−(α−βA)t−β(θ− θ0)} (3)

for θ > θ1 and t > (θ− θ1)/A:5

F (θ, t) = S0 exp

{
−αθ− θ1

A
− (α+ Λ)

(
t− θ− θ1

A

)

− βA

Λ
exp

[
−Λ

(
t− θ− θ1

A

)]}
(4)

This solution is illustrated in Fig. S12 for the basic set of
parameters θ0 = 360 K, Λ = 0.1 day−1, β = 0.4 K−1 and
A= 1 K day−1, that mimic the situation for the ERA5 dia-10

batic transport in the monsoon area, as a function of age at
the level θ = 360 K. The modal age and mean age are about
30 days in rough agreement with the curve shown on Fig. 7.
Figure S12 also shows the effect of changing the parame-
ters by multiplying Λ by 3, β by 0.4, α by 2 and A by 3.15

It is visible that, for the displayed regime, Λ basically con-
trols the width of the distribution without changing the modal

age. Changing α both changes the shape and the modal age.
The parameter β, when reduced, leads to a new regime where
the maximum is attained at t= (θ− θ1)/A; when increased 20

or less decreased (not shown), the effect reduces mainly to
a translation in time. A performs essentially a translation in
time.

The full range of the parameters can be thoroughly ex-
plored with interactive plots provided in the accompanying 25

Mathematica CDF notebook that can be played using the free
Wolfram player.

S10 Variability of the impact during the summer
season

In order to dwell on the variability of the impact during the 30

monsoon season, Fig. S13 shows a sequence of charts for
five decades of arrival time at 380 K from July 11 to Au-
gust 31, 2017. There are significant variations in the detailed
distribution of the impact with temporary sharp concentra-
tions within filamentary structures. However, the main pat- 35

tern remains that of the seasonal mean shown on panel (f).
Figure S14 shows the variation of the cumulated impact per
day over the season for levels between 340 K and 410 K. In
the right panel, the curves have been normalized and shifted
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Figure S12. Solution of (1) described by (2-4) for the parameters
given in the text and modified solutions according to the changes
indicated in the legend. Each curve is normalized with respect to its
integral in the displayed interval.

to show better the vertical propagation. During the first half
of August, the propagating signal from 370 K to 390 K fol-
lows the slope of the mean ascent in this region. At 380 K
and above, a break occurs at the beginning of August as the
loss from the FullAMA domain temporally increases, while5

the confinement temporarily increases in the lower levels be-
low 370 K .
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Figure S13. Impact density at 380 K for forward trajectories of ages less than 40 days reaching that level within the decades July 11-July 20
(a), July 21-July 30 (b), Aug 1 - Aug 10 (c), Aug 11 - Aug 20 (d), Aug 21 - Aug 30 (e) and for the whole summer (f).
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Figure S14. Upper panel: cumulated daily impact per level for parcels with age less than 40 days for the nine levels from 340 K to 410 K
listed in the legend. Lower panel: same curves but each normalized by its maximum value over the shown time interval and shifted by
0.04× (θ−340) where θ is the potential temperature in K. Therefore the curves are in increasing order from the bottom according to θ. The
black line shows the slope corresponding to a heating rate of 1.1 Kday−1 that fits the ERA5 diabatic mean ascent (see Fig.5).


