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Abstract

Tropical cyclone (TC)-related rainfall mostly depends on the atmospheric moisture uptake from local and remote sources. In this study, the
mean water vapour residence time (MWVRT) was computed for precipitation related to TCs in each basin and on a global scale by applying a
Lagrangian moisture source diagnostic method. According to our results, the highest MW VRT was found for the TCs over the South Indian Ocean
and South Pacific Ocean basins (~3.08 days), followed by the Western North Pacific Ocean, Central and East North Pacific Ocean, North Indian
Ocean, and North Atlantic Ocean basins (which exhibited values of 2.98, 2.94, 2.85, and 2.72 days, respectively). We also found a statistically
significant (p < 0.05) decrease in MW VRT, at a rate of ~2.4 h/decade in the North Indian Ocean and ~1.0 h/decade in the remaining basins. On
average, the MWVRT decreased during the 24 h before TCs made landfall, and the atmospheric parcels precipitated faster after evaporation when
TCs moved over land than over the ocean. Further research should focus on the relationship between global warming and MWVRT of atmo-
spheric parcels that precipitate over TC positions.
© 2022 The Shanghai Typhoon Institute of China Meteorological Administration. Publishing services by Elsevier B.V. on behalf of KeAi
Communication Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Heavy precipitation related to tropical cyclones (TCs),
which commonly cause flash flooding, landslide events, and
economic and life losses, is one of the most significant impacts
of TCs in coastal regions of tropical and subtropical latitudes
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(Rogers et al., 2009; Willoughby, 2012; Rappaport, 2014).
Despite its negative effects, authors have shown the positive
role of precipitation associated with TCs in attenuating drought
episodes (e.g. Maxwell et al., 2012; Brun and Barros, 2014).
Other research findings (Jiang and Zipser, 2010; Xu et al.,
2017) have revealed that the contribution of TCs to annual
rainfall totals ranged from 3% to 19%. More recently, Guzman
and Jiang (2021) found an increasing trend of ~1.3% per year
in the average TC rainfall rate.

In general, TC-related precipitation depends on atmospheric
moisture availability (Guo et al., 2017; Xu et al., 2017) and
moisture transport mechanisms (Schumacher and Galarneau,
2012). Studies have concluded that the moisture transported
by these systems is crucial for the water budget over East Asia
(Guo et al., 2017) or the North American continent (Xu et al.,
2017). More recently, Pérez-Alarcon et al. (2021a, 2022a)
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measured the origin of moisture for TC-related precipitation
during their lifetime along the North Atlantic basin.

Moisture transport mechanisms were strongly modulated by
the mean water vapour residence time (MWVRT). This water
vapour lifetime is defined as the time that moisture spends in
the atmosphere between evaporation and precipitation
(Laderach and Sodemann, 2016; Sodemann 2020). Because
MWYVRT cannot be calculated directly, indirect metrics have
been developed to estimate it (Gimeno et al., 2021). One of
these indirect metrics is based on the size of the atmospheric
reservoir divided by the incoming or outgoing flux (Savenije,
2000); according to this method, MWVRT ranges from 8 to
10 days. Likewise, Trenberth (1998) found a global MWVRT
of 8.9 days by applying local depletion times (the rate of water
in the atmospheric column and precipitation). Moisture
tracking models have been used to estimate it reaching
different results. Bosilovich and Schubert (2002) and
Yoshimura et al. (2004) have estimated that the MWVRT
varies from 7.3 to 9.2 days, a range confirmed as reasonable by
Van der Ent and Tuinenburg (2017), who found values of 8-10
days; however, theirs were lower those of Liderach and
Sodemann (2016), with an MWVRT of 4-5 days. More
recently, Sodemann (2020) concluded that the MWVRT dis-
tribution is highly skewed. These discrepancies in MWVRT
estimations were mainly caused by the use of different defi-
nitions. Gimeno et al. (2021) reconciled these differences by
framing MWVRT as a probability density function with a mean
of 8-10 days and a median of 4-5 days.

Nevertheless, these studies have generally focused on a
global scale and considered the worldwide mechanism of
moisture transport and all the weather systems, which have
several different lifetimes. This fact was revealed when a
particular weather system is analysed separately from the
others. For instance, for extratropical cyclones Papritz et al.
(2021) found an MWVRT of ~2 days, and for TCs in the
North Atlantic Pérez-Alarcon et al. (2022a) showed values
from 2.6 to 2.9 days.

Gedzelman et al. (2003) linked the stable isotope ratios of
rain and water vapour to the water budget of hurricanes. Based
on all the aforementioned evidence, our aim in this study was
to estimate the MWVRT for precipitant water vapour during
the complete TC lifetime in each oceanic basin of the planet by
applying a Lagrangian moisture source diagnostic method.
Additionally, an MWVRT interbasin comparison was per-
formed to advance the knowledge of TC climatology.

2. Materials and methods
2.1. Data

The TC historical records (best track archives) over the
worldwide oceanic basins were provided by two United States'
agencies: the National Hurricane Center (NHC) Atlantic hur-
ricane database (HURDAT?) (Landsea and Franklin, 2013) for
the North Atlantic (NATL) and North East Pacific (NEPAC)
basins, and the Joint Typhon Warning Center (JTWC) for the
remaining basins. Both agencies guarantee the homogeneity of
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the estimation methods of the TC parameters recorded in the
best track records.

The TC size database (TCSize) developed by Pérez-Alarcon
et al. (2021b, 2022b) was used to delimit the area inside a TC's
outer radius, which is necessary to apply the Lagrangian
moisture sources diagnostic method to compute the MWVRT.
The study period was set from 1980 to 2018.

The ERA-Interim reanalysis dataset (Dee et al., 2011) from
the European Center for Medium Range Weather Forecasting
(ECMWF) at 61 vertical levels and 1°x°1 horizontal grid
spacing, was used as input data to run the FLEXPART model
(Stohl et al., 2005). We used the trajectories of atmospheric
parcels from a global FLEXPART experiment, in which the
atmosphere was uniformly divided into ~2 million parcels of
equal mass every 6 h, which moved with time through a three-
dimensional wind field, to determine the moisture sources
associated with TC-related precipitation and therefore the
MVWRT. Similar experiments with different aims have been
performed (Sori et al.,, 2017; Ciric et al., 2018; Nieto and
Gimeno, 2019; Gimeno et al., 2020; Algarra et al., 2020,
Pérez-Alarcon et al., 2022a, c).

2.2. Lagrangian MWVRT estimate

To compute the MWVRT of parcels that precipitated over
the TC's location (defined by TCSize), we selected those in
which the specific humidity decreased more than 0.1 g/kg in
the 6 h before arrival at the target area (using the methodology
of Liaderach and Sodemann (2016)). To identify where air at-
mospheric parcels gain or lose moisture along their trajectories,
we followed them backward in time for up to 10 days by
applying the moisture source diagnostic method developed by
Sodemann et al. (2008).

An atmospheric parcel can gain or lose a specific humidity
(q) along its trajectory through evaporation (e) or precipitation
(p), as defined by the Lagrangian water budget equation (Stohl
and James, 2004; 2005):

(e=p=m()

©)
where m is the parcel mass. The used of the specific humidity
in Eq. (1) allow to estimate the moisture changes in air parcel
three dimensionally. The specific humidity change between
time ¢ and time .4 is assigned to time ¢ according to Eq. (2):

Aq(r)=q(x(1)) — q(x(t - 6)) @)

where x(t) denotes the parcel position at time ¢. Based on the
objective selection criteria, a moisture uptake event was iden-
tified along a trajectory if a moisture increase occurred
(Aq > 0), but the parcel can also undergo moisture loss
(Aq < 0). Because of the precipitation en route, previous
moisture uptake from evaporative locations contributed less
and less to the precipitation over the target area (Sodemann
et al., 2008). Notably, from the end to the start point, the
precipitation en route was discounted from all previous
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Fig. 1. Three-dimensional schematic representation of the atmospheric particle trajectory of 48 h. Red dots denote the particle position at each time step, grey dots
represent the red dot projections over the surface, and the target area is indicated by the blue cylinder.

moisture uptakes in proportion to the precipitation amount,
according to Eq. (3):
. Ag;
Ag; = Ag; + Aqii_éi forallj>1
2 Agy

k=tena

©)

where Ag; and Aq'; denote the precipitation losses at a precip-
itation location and the new moisture contribution from pre-
vious evaporative locations at times j > i, respectively. The
fractional contribution (f.) of each evaporative location at each
time step to the final precipitation over the target area can be
defined as

_Adl
0

where Q denotes the moisture content of the atmospheric parcel
before its arrival at the target area. Therefore, the water vapour
residence time (WVRT) of each parcel was estimated by
weighting the effective moisture contribution of each evapo-
ration event to the final precipitation (Liderach and Sodemann,
2016), according to Eq. (5). MWVRT can be computed by
averaging the water vapour residence time (WVRT) of all
precipitant parcels over the target area.

Je “)

o

WVRT = )" tife,
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Fig. 1 shows a three-dimensional schematic representation
of the trajectory of an atmospheric parcel with a length of 48 h.
The supplementary information in Liderach and Sodemann
(2016) provides a further explanation for this method. As an
example, in Fig. 1, we present a detailed description of the
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Table 1

Moisture source diagnostic for the particle trajectory in Fig. 1, where q (g/kg) is
the specific humidity of the atmospheric particle; Ag (g/kg) is the moisture
change between sequential time steps, according to Eq. (2); Aq’; (g/kg) is the
new moisture contribution of each evaporative location after the discount in
proportion the precipitation amount en route, according to Eq. (3); and f, is the
fraction of moisture contribution to the final precipitation over the target area.

Time —48h —-42h -36h -30h —-24h —-18h —I12h —-6h
q 0.2 4.5 12.1 8.7 10.2 6.4 9.8 12.2
Aq - +4.3 +7.6 -34 +1.5 -3.8 +3.4 +2.4
Aq 360 — 3.1 5.4 0 - - - -

Aq 2n - 3.1 5.4 0 1.5 - - -
Aq’ysn - 1.9 34 0 0.9 0 - -
Aq’on - 1.9 3.4 0 0.9 0 34 -

AG oen - 19 34 0 09 0 34 24
fe - 0.158 0.283 0 0.075 0 0.283  0.200

WVRT estimation based on the trajectory of a parcel. Table |
lists the specific humidity values at each time step and their
time-step changes. At the starting point of the trajectory,
t = —48 h, the atmospheric parcel had a specific humidity value
of g = 0.2 g/kg. During the two next time steps, q increases
from —48 h to —42 h by +4.3 g/kg, and from —42 hto =36 h
by +7.6 g/kg. Subsequently, precipitation occurred en route
from —36 h to —30 h, losing —3.4 g/kg. According to the
aforementioned Ldderach and Sodemann (2016) diagnostic
method, all previous moisture uptakes (4.3 + 7.6 = 11.9 g/kg)
contributed to this precipitation. Therefore, by applying Eq.
(3), the new contribution to the final precipitation at t = —42 h
was 4.3-3.4 x (4.3/11.9) = 3.1 g/kg. Similarly, for —36 h,
5.4 g/kg was obtained. The parcel again gained +1.5 g/kg from
—30 h to —24 h, and lost —3.8 g/kg from —24 h to —18 h.
Consequently, the new contribution to the final precipitation at
t = —42 h was 3.1-3.8 X (3.1/10) = 1.9 g/kg; at t = =36 h,
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3.4 g/kg; and at t = —24 h, 0.9 g/kg. Finally, from —18 h to
—12 h and from —12 h to —06 h, the parcel gained 3.4 g/kg and
2.4 g/kg of moisture, respectively.

The last row in Table | lists the fractional contributions
(Eq. (4)). The WVRT for the final precipitation over the target
area was estimated using Eq. (5), resulting in 23.22 h or ~0.97
days.

3. Results and discussion

Fig. 2 reveals notable inter-basin differences in the proba-
bility density function (PDF) of TCs trajectories. While TCs
over NATL most frequently straight moved toward the
Caribbean Sea and the Gulf of Mexico or crossed bordering the
north portion of the Antilles islands and the eastern coast of the
United States (Fig. 2a), TCs over the NEPAC often described a
north-westward track close to the Mexican coast (Fig. 2b). The
Bay of Bengal and the Arabian Sea are the home for TCs
formed over NIO (Fig. 3c), although they most probably
crossed over the former. The PDF of TCs trajectories over SIO
exhibited a quasi-zonal maximum in the band between
10°-20°S of latitude and a secondary maximum over the North
Australian basin (Fig. 2d), while a zonal pattern was also
observed over the Coral Sea in the SPO basin (Fig. 2e). TCs
over WNP mainly moved from the western North Pacific to the
Philippine Sea and South China Sea (Fig. 2f). Based on the
PDFs shown in Fig. 2, TCs in NATL moved over a larger area
than in any other basin. Overall, during the study period, WNP
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recorded approximately 31% of the annual global average of
TCs, followed by NEPAC (~20%), SIO (~17%), NATL
(~16%), SPO (~11%) and NIO (~5%).

The Lagrangian moisture source diagnostic method for the
trajectories of precipitant parcels over the TC locations applied
in this study yielded relevant information on the WVRT. Fig. 3
shows the MWVRT for each TC basin. The South Indian
Ocean (SIO) and South Pacific Ocean (SPO) basins exhibited
the highest MWVRT, with 3.08 + 0.4 days (uncertainty given
as one standard deviation), followed by the Western North
Pacific Ocean (WNP) (2.98 + 0.4 days), NEPAC (2.94 + 0.4
days), North Indian Ocean (NIO) (2.85 + 0.4 days), and NATL
(2.72 + 0.4 days). From a global perspective, the MWVRT of
atmospheric parcels that became in precipitation over TC lo-
cations was estimated to be 2.96 + 0.4 days.

The MWVRT found in this study is three times lower than
the widely used MWVRT of 8-10 days (Trenberth, 1998;
Bosilovich and Schubert, 2002; Van der Ent and Tuinenburg,
2017); however, it is closer to, but also lower than, the
global estimation of 3.9 + 0.8 days by Liderach and Sodemann
(2016). These studies in the literature were performed for all
weather systems on a global scale, not for specific systems such
as TCs, as in our case. Additionally, the MWVRT estimate of
Laderach and Sodemann (2016) only reported the lifetime of
water vapour within the boundary layer. Nevertheless, the
circulation associated with evaporating downdraft motion in
tropical clouds, and thus in TC clouds (Gray, 2012), transports
the colder and drier air from the upper levels to the surface,

30°N
20°N

10°N

25°E 50°E ~75°E 100°E 125"E

80°E 180°W 155°W

1.731
TC trajectory probability density (1073)

2.077 2.423 2.769

Fig. 2. Probability density of tropical cyclones trajectories over (a) North Atlantic Ocean, (b) Central and East North Pacific Ocean, (¢) North Indian Ocean, (d)
South Indian Ocean, (e) South Pacific Ocean, and (f) Western North Pacific basins.
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Fig. 3. Lagrangian estimate of mean water vapour residence time. NATL: North Atlantic Ocean, NEPAC: Central and East North Pacific Ocean, NIO: North Indian
Ocean, SIO: South Indian Ocean, SPO: South Pacific Ocean, and WNP: Western North Pacific.

leading to a local decrease in MWVRT (Worden et al., 2007;
Gimeno et al., 2021), which supports our results.

As the El Nifio-Southern Oscillation (ENSO) influences the
TC activity in each basin by changes in vertical wind shear,
humidity, low-level vorticity, the strength and position of
subtropical highs, sea surface temperature (SST) and upper
ocean heat content and structure (e.g. Lin et al., 2020), we also
computed the MWVRT during the warm (EI Nifo), cold (La
Nina) and neutral phases of ENSO. However, we did not find
notable differences in the MWVRT for the precipitation of
TCs. Overall, the highest MWVRT values (higher than the
mean values in each basin) were found during El Nino, while

80°N =

L e
“u

Wy

b >o el
==

60°N
3

0° 30°E 60°E 90°E 120°E 150°E

180°W

an opposite pattern was detected during La Nina. Further
studies will investigate the influence of climatic modes on the
MWYVRT during TCs.

Fig. 4 provides a global spatial view of MWVRT for TC-
related precipitation. In all basins, the maximum MWVRT
values appeared close to the equator, coinciding with the
climatological mean position of the Inter-Tropical Conver-
gence Zone (ITCZ, Lashkari et al., 2017; Byrne et al., 2018).
This pattern can be directly linked to the upward vertical mo-
tion in the ITCZ, which induces generalised moisture conver-
gence from the subtropical regions towards the ITCZ. The
higher MWVRTs at low latitudes reflect the quasi-continuous

150°W 120°W 90°W 60°W 30°W

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 28 3.0 3.2 3.4 3.6 3.8 4,0 4.2 4.4 4‘.6 4.8 5.0
Days

Fig. 4. Mean water vapour residence time (MW VRT) of atmospheric parcels that precipitate over the TC locations from 1980 to 2018. The MW VRT was estimated

by applying a Lagrangian moisture source diagnostics method.
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evaporation in the subtropics and the subsequent moisture
transport driven by the trade winds towards the equator. This
result agrees with findings in the literature (Ldderach and
Sodemann, 2016; Van der Ent and Tuinenburg, 2017,
Gimeno et al., 2021).

Fig. 4 also reveals a gradual poleward decrease in MW VRT,
which is most evident in the NATL basin. According to Van
der Ent and Tuinenburg (2017), regions of low MWVRT
coincide mostly with areas of low precipitation. This result can
be confirmed by considering that the TC trajectories over the
NATL are more dispersed than in the remaining basins (see
Fig. 2) and therefore the spatial distribution of TC-related
precipitation. The low MWVRT values in the Arabian Sea,
Western Caribbean Sea, and surrounding the Gulf of California
and the Lower California Peninsula are striking, confirming
that regional and local processes influence the spatial distri-
bution of MWVRT, in agreement with Tuinenburg and Van
der Ent (2019) and Gimeno et al. (2021).

The spatial distribution of the MWVRT shown in Fig. 4 can
also explain why the MWVRT in NIO and NATL show a
slightly larger difference than in the remaining basins by
comparing it with the global average. In the case of NATL,
TCs can move poleward until high latitudes, crossing the
subtropics, where the lowest MWVRT values were observed
considering only TCs (Fig. 4) or all weather systems (Ldderach
and Sodemann, 2016; Van der Ent and Tuinenburg, 2017).
These lowest values influenced the average time spent by the
water vapour in the atmosphere from evaporation to the pre-
cipitation over the whole NATL. Conversely, the relatively
lower MWVRT values over NIO can be related to the land-sea
configuration of NIO, which confines TCs to the Bay of Bengal
and the Arabian Sea. The moisture gained by TCs in NIO
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mainly came from these local sources. Overall, the difference
of the average MWVRT in each basin with the global mean
could be explained by the heterogeneous distribution of TCs
trajectories and evaporation, in agreement with Van der Ent
and Tuinenburg (2017).

Several authors (e.g. Bulgin et al., 2020; Pérez-Alarcon et
al., 2021c) have addressed the increase in SST in recent de-
cades, and Knutson et al. (2020), using the Clausius—Clapeyron
equation, demonstrated that a warmer SST under constant
relative humidity conditions favoured higher availability of
water vapour. Accordingly, an increase in global MWVRT
(considering all weather systems) by 3-6%/°C has been pro-
jected (O'Gorman and Muller, 2010; Gimeno et al., 2021).
However, by analysing the annual variation in MWVRT in
each basin (Fig. 5), we found a statistically significant decrease
(p < 0.05) in MWVRT at a rate of ~2.4 h/decade in NIO and
~1 h/decade in the remaining basins. These decreasing trends in
the MWVRT of atmospheric parcels that precipitate in TCs
could be related to the increasing trend in the average TC rain
rate that has been found by Guzman and Jiang (2021) and Tu
et al. (2021), caused by the increasing water vapour availability
in the atmosphere with rising SST. As aforementioned, a
downdraft motion during TC precipitation might decrease
MWVRT, in agreement with Gimeno et al. (2021). By
computing the Spearman correlation coefficient, while the
MWYVRT tends to decrease when the amount of precipitation
within the TC outer radius increase in NATL and WNP, an
opposite pattern was observed in the remaining basins. The
correlation coefficients for NATL and WNP, although statis-
tically significant at a 95% confidence level, are too small,
being —0.05 and —0.07, respectively. For the other basins, the
Spearman correlation coefficients were 0.12, 0.14, 0.24, and
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Fig. 5. Annual variation in mean water vapour residence time (MWVRT, solid black line) for precipitation of tropical cyclones in (a) North Atlantic Ocean, (b)
Central and East North Pacific Ocean, (¢) North Indian Ocean, (d) South Indian Ocean, (e) South Pacific Ocean, and (f) Western North Pacific basins. Red dashed
lines represent the statistically significant (at a 95% significance level) trend line; the shaded grey area denotes the interquartile [q1—q3] range.
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0.38 for SIO, SPO, NEPAC and NIO, respectively. This rela-
tionship is complex due to the several dynamic and thermo-
dynamic processes involved in TCs precipitation. Additionally,
the Lagrangian moisture tracking method applied in this work
to estimate the MAVRT neglects the presence of liquid water
and ice in the atmosphere, evaporation of hydrometeors and
mixing of air parcels that can influence the total amount of
precipitation (Sodemann et al., 2008).

We also hypothesized that the variability and spread of the
MWVRT could be modulated by the same large-scale envi-
ronmental parameters that modulated TC activity, such as sea
surface temperature, 200-850-hPa vertical wind shear, low
tropospheric moisture content, 200-hPa divergence and ocean
heat content; however, we did not further investigate on how
this modulation occurs. Future studies will further explore the
variability of the MWVRT for TCs precipitation caused by
large-scale environmental factors.

Furthermore, the highest MWVRT occurred in July (the
second month of the official TC season) in the NATL basin,
but no notable differences were from May to November. The
lowest MWVRT was in January and December, but these
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months are out of the TC season in NATL. For the remaining
basins, the monthly MWVRT oscillated around the MWVRT
estimated for the study period. Interestingly, we found an
MWVRT of ~3.5 days in March for TCs over NEPAC, but it
was an atypical value because March is out of TC season, and
only one TC formed from 1980 to 2018. These results suggest
that the seasonal variation of TCs did not modulate the
MWVRT in each basin.

We also found that MWVRT had a significant (p < 0.05)
inverse Spearman correlation with TC intensity in the SIO
(—0.10), NATL (—0.16), NIO (—0.18), WNP (—0.25), and SPO
(—0.05), but not in NEPAC. Accordingly, the fastest circulation
of air in these basins suggests a short MWVRT, which is ex-
pected during the development of intense TCs. Therefore, the
discussed decreasing trend in the MWVRT is also supported by
the increase in TC intensity over the past four decades
(Emanuel, 2005; Elsner et al., 2008; Wing et al., 2007; Holland
and Bruyére, 2014; Wang et al., 2017; Bhatia et al., 2019;
Kossin et al., 2013; 2020). Nevertheless, this finding must be
cautiously interpreted because the sample size was smaller as
TCs intensified. For example, the total entries during the HS
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category represented from 0.2% (in NIO) to 1.2% (in WNP) of
all 6-hourly TC records. Therefore, the MWVRT values for
stronger TCs could be influenced by the sample size.

These results were partially confirmed by analysing the
variations in MWVRT according to intensity categories.
Fig. 6a shows a decrease in the MWVRT as TCs intensify in
the NATL basin, ranging from ~2.8 + 0.3 days for tropical
depressions (TDs) to ~2.5 + 0.4 days for Category 5 hurricanes
(H5, on the scale Saffir-Simpson wind scale). In the NIO basin,
the MWVRT also decreased from ~2.9 + 0.6 days for TDs to
~2.6 + 0.3 days for categories H2 and H3 (Fig. 5c). For the
WNP, the results were similar to those of NIO, the MWVRT
decreased from ~3.1 + 0.5 days for TDs to ~2.8 + 0.4 days for
category H2, but few differences were found for category HS.
In NEPAC, no changes in MWVRT were observed among the
categories (Fig. 6b), confirming the weak relationship between
TC intensity and MWVRT in this basin. Moreover, the in-
tensity categories in the basins in the Southern Hemisphere did
not exhibit significant differences in the MVWRT (Fig. 6d and
e), which supported the lower Spearman coefficients between
the MWVRT and TC intensity, as discussed in this study.
Overall, the highest MWVRT was for TCs in the TD phase
(~3.1 + 0.6 days) and the lowest for category H2 (~2.8 + 0.4
days).
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Pérez-Alarcon et al. (2022c) have shown that remote
moisture sources support less atmospheric humidity than those
close to the area occupied by TC circulation (our target region),
and this phenomenon has a signal in the MWVRT. The
MWYVRT showed a positive correlation (p < 0.05, Spearman
test) with the radial distance between the weighted centroid of
moisture sources and the boundary of the TCs in the SIO
(0.15), NATL (0.22), SPO (0.28), NEPAC (0.35), and WNP
(0.35) basins.

3.1. Changes in the Lagrangian MWVRT before TC
landfall

Fig. 7a depicts the climatology of the TC tracks 24 h before
the landfall. In general, 1320 trajectories were identified and
distributed as follows: 79 in NEPAC, 108 in the SPO, 119 in
the NIO, 142 in the SIO, 247 in the NATL, and 625 in the
WNP. Notably, these values did not represent the total number
of landfalling events recorded in each basin during the study
period. We only considered landfalling events if the TC moved
over the water in the previous 24 h (Rappaport et al., 2010; Liu
et al., 2021; Zhu et al., 2021; Fudeyasu et al., 2014).

The MWVRTs in the 24 h before the TC's made landfall
were estimated, being ~2.7 + 0.3 days in the NATL and
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NEPAC, ~2.8 + 0.4 days in the NIO and WNP, ~2.9 + 0.4
days in the SIO, and ~3.0 + 0.4 days in the SPO. Next, we
determined if any change occurred along each trajectory: the
difference between the MWVRT at landfall and 24 h before
landfall was computed, and this value was assigned to the
centroid of each 24 h track. Fig. 7b shows these differences
averaged over a grid with 2.5 X 2.5 horizontal resolution.
Positive (negative) values imply an increase (decrease) in the
MVWRT of the atmospheric parcels 24 h before the landfall. In
general, a decrease in the MWVRT is observed before a TC's
landfall on a global scale, being more notable in the East China
Sea, the western Bay of Bengal and the Arabian Sea, the
eastern Pacific Ocean bordering the Mexican coast, the seas in
northern Australia, and the seas surrounding Cuba, where the
values fall between —0.2 and —0.5 days. Likewise, a slight
decrease was observed in the Gulf of Mexico, varying from
—0.1 to —0.2 days. Fig. 7b also reveals regions where the
MWVRT before landfall increases: the Caribbean Sea, the East
Coast of the United States, the southern Indochina Peninsula,
and the coast of Africa in the Mozambique Channel.

On average, over each ocean basin (Fig. 8), the MWVRT
decreased by 3.5% at TC landfall in the NATL basin, and 6.5%
and 6.9% in the NIO and SIO, respectively. In the WNP and
SPO basins were 9.4% and 9.8%. The reduction in NEPAC is
notable: the MWVRT decreased 16.7% at TC landfall. The
interaction of TC circulation with land influenced these
changes. The general reduction is related to the effects of the
orography, which is more evident in mountainous regions than
in other areas, inducing changes in the steering flow, and
cyclonic circulation tends to favour precipitation processes
associated with spiral bands (Lin, 2007; Liu et al., 2016). The
high percentage observed in the NEPAC basin may be directly
related to the mountainous orography of Central America over
TC landfall. Several authors (e.g. Tuleya et al., 1984; Andersen
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and Shepherd, 2014; Zhu et al., 2021; Wang and Matyas, 2022)
have highlighted the impact of the land surface on the dy-
namics and thermodynamics of TCs, such as the decrease in
water vapour availability and low evaporation rate, reducing
latent heat flux. During the interaction of the TC circulation
with land, the evaporation rate drops dramatically compared
with the evaporation rate over the ocean (e.g. Wang and
Matyas, 2022), mainly caused by the decreased moisture and
increased roughness length over land. Based on these previous
findings, we hypothesized that the surface characteristics (e.g.
vegetation, orography) influenced the MWVRT after the TCs
made landfall. Therefore, studies in more depth than this are
required to identify the factors and their linkages with a
decrease in MVWRT.

4. Conclusion

The time spent from evaporation to precipitation, or mean
water vapour residence time (MWVRT), is a fundamental
characteristic of the atmospheric branch of the hydrological
cycle. In this study, we applied a Lagrangian moisture source
diagnostic method based on backward trajectories up to 10
days from the global outputs of the FLEXPART model to es-
timate the MWVRT of precipitant parcels during the lifetime of
tropical cyclones (TCs) in each ocean basin.

The highest MWVRT was in the South Indian Ocean (SIO)
and South Pacific Ocean (SPO) with ~3.08 + 0.4 days (un-
certainty given as one standard deviation). TCs in the North
Atlantic basin (NATL) exhibited the lowest value, 2.72 + 0.4
days. In addition, the MWVRT for the Western North Pacific
Ocean (WNP), Central and East Pacific Ocean (NEPAC), and
North Indian Ocean (NIO) was estimated to be 2.98 + 0.4,
2.94 + 0.4, and 2.85 =+ 0.4, respectively. The analysis of all the
basins demonstrated that the global MWVRT estimate for TC
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precipitation was ~2.96 + 0.4 days, approximately two—three
times lower than the classical estimate of 8-10 days, which
considered all weather systems. Nevertheless, the spatial dis-
tribution of MWVRT provided a picture that agreed with other
global studies, with MWVRT decreasing from the tropics to
the subtropics. Therefore, the MW VRT spatial pattern reflected
the temporal and spatial scales of moisture transport within the
TC location.

Our study also revealed statistically significant decreasing
trends in the MWVRT of ~2.4 h/decade in the NIO and a
~1.0 h/decade in the remaining basins, which could be related
to the increase in TC intensity and precipitation rates over the
last four decades. At global scale, the tropical depressions
exhibited the highest MWVRT and Category 2 hurricanes on
the Saffir-Simpson wind scale the lowest.

Additionally, we found that the MWVRT generally de-
creases between 0.2 and 0.5 days in the 24 h before the TCs
made landfall, although we identified regions where the
MWVRT increased, which was most significant in the Carib-
bean sea and the east coast of the United States. The MWVRT
during this period ranged from 2.7 to 3.0 days. Moreover, the
MWYVRT decreases over the land by ~3.5% (in NATL) to
16.7% (in NEPAC) of its mean value over the ocean.

This work aimed to advance the knowledge of TC clima-
tology in each basin and on a global scale based on MWVRT.
Further research should conduct sensitivity studies to investi-
gate the impact on the MWVRT estimates depending on the
length of the backward trajectories and the threshold for
considering the occurrence of precipitation. Furthermore, our
results lead to new questions regarding how global warming
affects the mean residence time of water vapour during TC
precipitation. Therefore, further research should analyse the
relationship between SST in a warmer climate and the
MWVRT of atmospheric parcels that precipitate over TC
locations.
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