

http://orcid.org/0000-0001-5445-337X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12040-024-02278-3&amp;domain=pdf
https://doi.org/10.1007/s12040-024-02278-3




























J. Earth Syst. Sci. _#HHHBHAEHFHHBRBAAERAE

10°S

J
10°30'S K&

11°30'S

12°S -
i
S -
12°30'S

13°S

Page 11 of 24 _####_

V4 R ERTY
R
VT O
ERA A

-60 -50 -40 -30

A

N 1) 04-07 |

Figure 8. Surface flux of moisture (uq[dz/dz + dz/dy)/sqrt(dz/dz x dz/dz + dz/dy * dz/dy)) associated with upslope (positive
values) and downslope (negative values) components determined from WRF simulations for precipitation events during summer
(DJF), where reference vector (the lower right corner) has unit: g/kg * m/s, the red contour is the Huaytapallana mountain
range. (a) 08-11 LT, (b) 12-15 LT, (c) 16-19 LT, (d) 20-23 LT, (e) 00-03 LT, and (f) 04-07 LT.

mountain-valley scale play an important role dur-
ing the early morning hours because when they
interact with northeasterly flows, they promote
pronounced convergence in the Andes—Amazon
transition zone (Giovannettone and Barros 2009;
Chavez and Takahashi 2017). This statement is
discussed in more depth in section 3.5 using
figure 11.

The IVTge 500 npa (figure 9) indicates the trans-
port of water vapor across the transition zone A—A.
It is observed that the transport of water vapor
occurs in north and northwest directions, following
the contour of the topography of the eastern side of
the Andes. Likewise, the intensity of IVT . 500 npa
shows varying patterns during the diurnal cycle.
Early in the morning (08-11 LT), the flows enter
the Andes through the ravines. These flows inten-
sify at 12-15 LT, increasing water vapor transport
in the A—A transition zone. In turn, these flows
enter the inter-Andean valleys through the ravines
located to the north and south of the Huaytapal-
lana mountain range. The water vapor transport
persists during the following hours (16-19 LT)
without significant variations. At this time of day
(12-19 LT), when the transport of water vapor flow
intensifies in the A-A transition zone, conse-
quently, precipitation patterns increase strongly

along the Andes mountain range (figure 4b and c).
During the period from 20 to 23 LT, the magnitude
of IVT 500 npa decreases notably in the ravines on
the eastern side of the Andes. During the period
from 00 to 03 LT, IVT 500 npa presents higher
intensities compared to the other periods of the
day, particularly intensifying in the ravines of the
transition zone A-A. Finally, during the period
from 04 to 07 LT, the IV T 500 .pa decreases over
the entire study region. At night (00-07 LT),
increased precipitation occurs in transition zone
A-A as water vapor flow intensifies (figure 4e and

f).

The IVT500_200 hPa (ﬁgure 10) is conditioned by
the easterly circulation during 24 hours of the day
due to the influence of Alta Bolivia. Meanwhile, its
intensity changes depending on the diurnal cycle.
During the period from 08 to 11 L'T, an increase in
the intensity of IV T500_200 npa is Observed over the
transition zone A—A and the Amazon. During the
period from 12 to 15 LT, the intensity of
IVT500_200 npa decreases slightly in the transition
zone A—A. During periods 16-19 LT and 20-23 LT,
the intensity of IVT500_200 npa again increases to
the north and south of the Huaytapallana moun-
tain range and over the highlands of the Andes
(west of the Huaytapallana mountain range).
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Figure 9. Diurnal cycle of integrated vapor transport (IV T 500 hpas K& m™ sfl) between the surface level and 500 hPa of the
troposphere from WRF simulations for precipitation events during summer (DJF). (a) 08-11 LT, (b) 12-15 LT, (c) 16-19 LT,
(d) 20-23 LT, (e) 00-03 LT, and (f) 04-07 LT.

10°S 10°S 10°S

é

P’

11°8 11°8 £ 1°8
4 Y3
12°8 128 24 LFA 12°8

"C;‘
Tb) 12-15LT

e

13°S 13°S 13°S

. 2
77°W 76°W 75°W 74°W 73°W |—> 77°W 76°W 75°W 74°W 73°W —»

10°S 10°S 10°S

11°8 11°S 11°S

12°S 12°S & 12°S

13°S

'S W) 04-07

! 2 2
TPW T6W 75°W 7AW 73°W | — TPW T6W  75W 7AW 73°W —» 77°W

76°W

[ [ [T [T 1T T 1 T I

.001 .021 .041 061 .081 .101 121 141 161 181 201 221 241

75W 7AW 73°W|—»

Figure 10. Similar to figure 9, but for the IVT500_200 npa (kg m™ s_l) integrated in the range between 500 and 200 hPa of the

troposphere.
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3.5 Atmospheric dynamics in the A—A
transition region

Figure 12 shows the horizontal wind circulation
and its magnitude at 730 hPa focused on the A-A
transition region (black rectangle in figure 11). It is
observed that the winds are well channeled from
the north to the south in regions with low eleva-
tions. These winds are associated with low-level
jets. The direction of these winds undergoes a sig-
nificant deviation when they meet the winds com-
ing from the slopes of the A—A transition zone due
to the blocking effect of the mountain range. The
wind direction is deflected to the east (figure 12b)
when it meets the mountain range. This region of
strong interaction between the intense winds from
the north with the winds from the slopes and the
topography of the Andes coincides with the most
productive region of clouds and precipitation
(black box), mainly at night. During the night, the
winds coming from the north intensify their mag-
nitude and, therefore, have a greater capacity to
overcome the obstacle of the mountain range
(figure 12e). This mesoscale interaction process
causes an attenuation effect of the intensity of the
winds; the greater this intensity, the attenuation
process will also be greater (figure 12e), and as a
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result, the wind flow only escapes towards higher
levels of the tropospheric layer, causing a signifi-
cant increase in air masses. Around the intense
wind flows, horizontal wind magnitude decreases.
It is evident that the north wind enters with an
increased magnitude and leaves with a reduced
magnitude, as seen in figure 12(e). This process is
caused by the convergence of winds that are asso-
ciated with the formation of ascending vertical
movements. This behavior of the winds is consis-
tent with the result shown in figure 11(e), which
shows the moisture flux convergence patterns
during the night.

In figure 13, the moisture flux is shown in three
dimensions for levels near the surface. The flow
transports water vapor from the north to the south;
these flows are intense at levels close to the surface
that enter the Andes, particularly entering through
a deep ravine known as the Canyon Valley. At
12-15 LT (figure 13a), the flows from the north
enter along the Canyon Valley. Likewise, it is
observed that the flows are diverted towards the
higher slopes of the Andes. These upslope flows are
associated with thermal circulations induced by
solar radiation that heats the slopes during the
day. At 16-19 LT (figure 13b), the same pattern of
the previous hours persists, although a slight

75°30'W 75°W 74°30'W

15 2 25 3 35 4 45 5 55 6 65 7 7.5 8 85 9 95 10

Figure 12. Vector field and magnitude of horizontal winds (m/s) at 730 hPa for the black box in figure 11. The white box
represents the PEI hot-spot region (see figure 4f). Line C-D (magenta vertical line) shows the transect along the 75°W longitude

for figure 15.
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