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Atmospheric moisture transport is the primary component of the atmospheric branch of the water cycle, and its
anomalies strongly influence drought and precipitation extremes. We utilised the full geographical and temporal
spectrum of the ERA-5 reanalysis data and extreme value theory to identify regions where the atmospheric
moisture transport, quantified as local integrated moisture vertical transport (IVT), influences daily extreme
precipitation, and where this influence has a relevant dynamic component, which may alter the dependency
between IVT and extreme precipitation as temperatures increase with climate change. We showed that this
dependency is weak or negligible in tropical regions and strong but nonuniform in extratropical regions. Its
influence is much greater in areas where the main moisture transport mechanisms occur, namely, atmospheric
rivers, low-level jets, and tropical cyclones. The dynamic component of IVT, linked to wind, is highly conse-
quential in regions with landfalling atmospheric rivers, landfalling tropical cyclones, or moisture-transporting

low-level jets.

1. Introduction

Few topics bring as much consensus in the scientific community as
the importance of the mechanisms of extreme precipitation and how
they are influenced by climate change (Douville et al., 2021; Seneviratne
etal., 2021; Caretta and Portner, 2022). In fact, extreme precipitation, in
addition to being the main cause of floods and their dramatic socio-
economic impacts, also arouses an important theoretical interest in
relation to the mechanisms causing its intensification in response to a
warming climate. Despite limitations in defining extreme precipitation
periods and its various behaviours in tropical or extratropical regions
(Zhang et al., 2019), a robust signal indicates that extreme precipitation
increases globally with temperature, following the thermodynamic
constraints imposed by the water-holding capacity of the atmosphere
but varying regionally owing to atmospheric dynamical changes
(O’Gorman, 2015; Bao et al., 2017).

Depending on the selected temporal and spatial domains, extreme
precipitation can be caused by multiple meteorological systems. On the
synoptic scale, tropical cyclones and monsoon lows in the tropics and
baroclinic systems such as extratropical cyclones, warm conveyor belts,
and fronts in the extratropics are the most prominent. The only common
factors between these systems are the production of atmospheric
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instability with strong vertical motion and the potential for intense
moisture transport to a region of extreme precipitation (De Vries, 2021).
It is very difficult to generate intense precipitation with the sole hu-
midity contained in the atmospheric column; strong and sustained
moisture contributions are required from outside regions (Trenberth
et al.,, 2003), in some cases very remote (Insua-Costa et al., 2022).
Hence, great importance has been given to the main global mechanisms
of moisture transport, namely the atmospheric rivers in the extratropics
and the low-level jets (LLJs) in tropical regions (Gimeno et al., 2016).
Among the various methods of quantifying moisture transport (see
Gimeno et al., 2012 for a review) the Eulerian scheme based on the
integrated moisture vertical transport (IVT) has been the most wide-
spread in extreme precipitation analyses, mainly due to its use in the
identification and characterization of the atmospheric rivers (ARs) (Zhu
and Newell, 1998; Gimeno et al., 2014; Payne et al., 2020). ARs are
organised structures with high IVT that extend thousands of kilometres
in length and a few hundred kilometres in width; they are responsible for
approximately 90% of the meridional moisture transport from the sub-
tropics to the extratropics (Zhu and Newell, 1998). Many global and
regional studies have analysed the link between the current and future
frequencies and intensities of ARs and precipitation extremes (e.g., at a
global scale (Waliser and Guan, 2017), for the regional-scale current
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climate (Lavers and Villarini, 2013; Ralph and Dettinger, 2012), and for
the future climate (Gao et al., 2016; Whan et al., 2020). However, the
relationship between IVT and extreme precipitation is not restricted
only to the occurrence of ARs. There are values of IVT that are not
categorised as ARs owing to the size of the structure (e.g., in the Medi-
terranean area including the Alpine region (Lorente-Plazas et al., 2020;
Mahlstein et al., 2019)), the magnitude of the IVT, or the mechanism
responsible for the high IVT values (e.g., tropical cyclones or LLJs-
Gimeno et al., 2016-). Therefore, local IVT-extreme precipitation re-
lationships have also been considered, so the IVT has been used as a
precursor for extreme precipitation (Froidevaux and Martius, 2016) or
to attribute singular extreme events to climate change (Reid et al,,
2021). Notably, the IVT field is much more predictable than the pre-
cipitation field (Lavers et al., 2014, 2016), thereby increasing its already
broad relevance.

Ultimately, the IVT is a product of humidity and wind; therefore, its
values and sensitivity to climate change depend on those of humidity
(thermodynamic component) and wind (dynamic component). This di-
chotomy translates into different influences from “windy ARs” versus
“wet ARs”. For example, in the west coast of the US, a main region for AR
occurrence, more rainfall is associated with windy ARs than with wet
ARs, but the latter is associated with higher AR frequency (Gonzales
et al., 2020). In terms of sensitivity to climate change and, in particular,
increases in global temperature, the thermodynamic component will
follow the global dependence on humidity given by the Clausius—Cla-
peyron relationship, while the dynamic component will exhibit regional
behaviours linked to changes in the atmospheric general circulation. For
example, considering the end-of-century projections for a temperature
increase of 3.5 °C, the thermodynamic component of the IVT increases
uniformly worldwide at a rate of 20-40% per century, whereas the dy-
namic component decreases by 5-15% in the tropics and mid-latitudes
and increases by a similar amount in polar regions (O’Brien et al., 2022).

However, the strength of the relationship between IVT and precipi-
tation extremes varies greatly depending on the method chosen to define
extreme precipitation and the IVT value and extension thresholds, as
well as the region or season. There are regions where IVT has very little
influence on precipitation extremes and others where its influence is
decisive. Moreover, in the latter, the nexus may be more associated with
either the thermodynamic or dynamic component of the IVT. Here, we
utilised the full geographical and temporal spectrum of the state-of-the-
art fifth-generation atmospheric reanalysis (ERA-5) data and the
extreme value theory to model the relationships between daily extreme
precipitation and IVT. This enabled us to determine where, when, and to
what extent the relationship between IVT and extreme precipitation is
important globally. Additionally, considering their importance in the
context of climate change, we estimated the relative influence of the two
IVT components, dynamic and thermodynamic, respectively repre-
sented by IVT/IWV and IWV, where IWV refers to the integrated water
vapor along the atmospheric column, often referred to as precipitable
water.

2. Data and methods
2.1. Data

We used data from the ERA-5 reanalysis (Hersbach, H. et al., 2020)
-the most recent reanalysis from the European Centre for Medium-Range
Weather Forecasts-to obtain daily values of precipitation, integrated
moisture vertical transport (IVT) and integrated water vapor (IWV) for
the period 1981-2020 at 0.5° resolution. IVT and IWV are defined as
follows, in terms of the specific humidity, the eastward component of
wind (u) and the northward component of wind (v):
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where Q refers to the entire atmospheric column and g to gravitational
acceleration. The use of the entire atmospheric column is due to
computational convenience, taking into account that the variables “total
column water vapor” (IWV), “vertical integral of eastward water vapor
flux” (IVT,) and “vertical integral of northward water vapor flux” (IVTy)
from the ERA-5 reanalysis are so defined.

The main reason why the ERA-5 reanalysis was used in this study is
because its primary aim was to identify the regions worldwide where the
relationship between IVT and extreme precipitation is more intense on a
global scale, and this reanalysis provides us with gridded data at a
suitably high resolution for the meteorological interpretation of the
worldwide and large-region results. To analyse how the link between the
variables under study varies seasonally, the data were organised into
four different sets according to the season: December-February
(Northern Hemisphere Winter), March-May (Northern Hemisphere
Spring), June-August (Northern Hemisphere Summer), and Septem-
ber-November (Northern Hemisphere Autumn).

2.2. Assessment of ERA-5 to evaluate daily and extreme precipitation and
wv

Reanalyses combine observations and circulation models to recon-
struct past data with regular spatial and temporal resolution covering
the entire globe, which is its main advantage and reason for its great use.
Thus, they can generate data where there were no observations, the
reason for their great success, but also the source of their strongest un-
certainties. This forces us to be especially careful in its use and indicate
where reanalyses are more appropriate and where less, especially in the
use of daily and extreme data.

ERA-5 is the latest reanalysis generated by the European Centre for
Medium-Range Weather Forecasts (Hersbach et al., 2020), and far ex-
ceeds its predecessor ERA-interim, and practically all reanalyses in use
in quality for the study of the hydrological cycle (Nogueira, 2020). Due
to its construction process, based on a circulation model, one of its
strong points is the good reproduction of the large-scale general circu-
lation of the atmosphere and it can be expected that it reproduces well
its extremes, but it is more difficult to affirm that reproduces well daily
and extreme values of precipitation and water column.

ERA-5 has been used since its launch in 2018 and there are not many
previous assessment studies of daily precipitation and water column
values at a global level, although there are some regional ones, espe-
cially linked to some type of precipitation -e.g. Hénin et al. (2018) in the
Iberian Peninsula, Amjad et al. (2020) in Turkey, Bandhauer et al.
(2022) in several European regions, Timmermans et al. (2019) or Xu
et al. (2019) in the USA, Gleixner et al. (2020) in East Africa or Jiang
et al. (2020) in Chinese mainland-. However, there are two global
studies (Rivoire et al., 2021 for precipitation and Eiras Barca et al., 2022
for water column) that assess ERA-5 daily data against satellite data and
one (Lavers et al., 2022) that assesses ERA5 daily precipitation data
against gauge-based precipitation observations. They can help us to
indicate where ERA-5 has more problems in reproducing daily and
extreme precipitation and water column data and therefore the results of
our study should be taken with caution.

Rivoire et al., 2021 assessed daily precipitation in ERA-5 against
CMORPH satellite data (Joyce et al., 2004) over the entire globe for the
period January 1979 to December 2018 in a regular grid with 0.25°
resolution. To do this, they analysed the co-occurrence of precipitation
extremes quantified by the hit rate, adjusting the extreme distributions
using a generalized Pareto distribution for each grid point and
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calculating the Kullback-Leibler divergence to quantify the distance
between the entire EGPDs obtained from ERA-5 and the observations. In
this study, it was concluded that ERA-5 and CMORPH precipitation in-
tensity agree well over the midlatitudes and disagree over the tropics in
all seasons. A view of the hit rate for events greater than the 95th
percentile between ERA-5 and CMORPH (figure C2 in Rivoire et al.,
2021) shows values that are higher than 70% in practically all the re-
gions of interest in our study.

Lavers et al. (2022) used daily precipitation observations from 5 637
stations from 2001 to 2020 to assess daily precipitation in ERA-5, using
the nearest neighbor approach to match the closest ERA-5 grid point to a
station and the mean, the standard deviation of the differences and the
Stable Equitable Error in Probability Space (SEEPS) score (Rodwell
et al., 2010; Haiden et al., 2012) to estimate errors. They showed that
the smallest ERA-5 errors occurred during winter in the extratropics and
the largest in the tropics mostly across the Maritime Continent. An
analysis of four extreme precipitation events showed a general agree-
ment between the precipitation patterns from ERA-5 and the observa-
tions, although there are some limitations associated with strong
convection and orography. The authors concluded that for both daily
data and extreme precipitation events, ERA-5 is more skillful in the
extratropics than in the tropics, and in extratropics during winter than
during summer because of the convective systems.

Eiras-Barca et al. (2022) assessed daily ERA-5 integrated vertical
water vapor column (IWV) data against the new Total Column Vater
Vapor Data Record (CDR-2 (v2)) —developed by the European Space
Agency (ESA) in coordination with the Satellite Application Facility on
Climate Monitoring (CM SAF), for a unified grid of 0.5° x 0.5° and the
period July 2002-December 2017. The study was done globally but with
a focus on regions of critical interest for moisture transport mechanisms
(almost 40 000 atmospheric river (AR) and nocturnal low-level jet
(NLLJ) events were identified on a global scale between 2002 and 2017).
Results show low bias between ERA-5 versus CDR-2 in the regions of
interest of our study (generally less than +2 kg m—2) and temporal
correlations in the IWV fields above 0.8 in most areas. The highest
disagreement was reported in the main tropical rainforest regions,
which in general are not areas of critical interest for moisture transport
phenomena.

Recently, an extension to the 50s has been made for the ERA-5
reanalysis (Bell et al., 2021), which would allow the period of record
to be extended. This would substantially reduce the impact of sampling
variability on the fitted extreme value distributions by increasing the
annual maxima sample size. However, the extension of the ERA-5
reanalysis to 1950 is a new product and is still in the testing phase
due to the large uncertainties it has in the upper air. Because the massive
assimilation of satellite data occurs in the operational phase, since 1979,
the vast majority of assimilable data at different vertical levels are those
derived from radiosondes with limited spatial coverage. IVT is an
extraordinarily sensitive variable to this since it integrates zonal and
meridional winds and specific humidity data at multiple vertical levels,
so a quality product cannot be expected. The extension to the 50s indeed
incorporates some satellite data before the operational era, but in any
case, they are very limited and do not guarantee adequate minimum
spatial and temporal coverage. Therefore, introducing data before 1979
into our analysis would disturb the results, making them more uncer-
tain, that is why we have limited the analysis to the most reliable period
since 1980.

2.3. Statistical methods

We relied on the annual maxima method from the Extreme Value
Theory (EVT). For extensive information about this method, see
e.g. Coles (2001) and Beirlant et al. (2004). In short, for a given variable,
the method consists of fitting a GEV distribution to the sample of the
maximum annual values of that variable. Let Y be the random variable
corresponding to the annual maxima of the variable under study;
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according to the annual maxima method, the distribution function of Y
is assumed to have the following expression (GEV distribution function):

G(y; pu,0,7) :exp{ - [l + 7%] 1//}with 1+ y¥>0

where y is a value of the random variable Y, and y € R,0 > 0, andy € R
are the location, scale, and shape parameter of that distribution,
respectively. The parameter y quantifies the central tendency of the
distribution, o refers to its dispersion, and y indicates whether the dis-
tribution is bounded and, if not, how “thick” the tail of the distribution
is. If y < 0, the distribution is bounded. If y > 0, it is unbounded and has
a “heavy” tail; if y—0, it is also unbounded and has an exponential tail. In
the latter case, the GEV reduces to the Gumbel distribution, which takes
the form:

G(y; p,0) :ew{ — exp [—“%] }

It is possible to express u and ¢ in terms of a covariate z (non-sta-
tionary approach), for example, as linear functions: u(z) = g, + ;2 and
G(Z) = Ho + 612 .

For each season between 1981 and 2020, linearly detrended pre-
cipitation, IVT, IVT/IWV and IWV data were used to fit non-stationary
GEV models to the annual maxima of precipitation at each grid point,
considering separately the covariates IVT, IVT/IWV, and IWV (these
covariates were centred and scaled before being used for the model
fitting). The use of linearly detrended data is justified by the fact that the
aim of this study is to assess the influence that these covariates have on
extreme precipitation, regardless of the trends that the variables may
have. Although the analysis is performed by means of linearly detrended
data, it has been checked that the effect of removing trends is negligible
in this study, as the use of detrended or non-detrended data produces
very similar results in this case. The location and scale parameters were
expressed as linear functions of the respective covariate, and the
resulting coefficients f,, f,, 6o and 6; , as well as the shape parameter y,
were estimated using maximum likelihood fitting using the software R
(R Core Team, 2022; namely the ismev package -Heffernan and Ste-
phenson, 2018). This estimation method enables the construction of
asymptotic confidence intervals based on the normal approximation; see
Casella and Berger (2002) for a theoretical explanation of maximum
likelihood estimators and their asymptotic properties. Using confidence
intervals, the significance of the coefficients f,, #;, 6o and 6; can be
assessed; for a given confidence level, if the value 0 is contained in the
confidence interval of a coefficient, that coefficient is judged not to be
statistically significant at that level.

Regarding the assessment of the goodness of fit of the non-stationary
GEV models, as pointed out in Coles (2001), there is not homogeneity in
the distributional assumptions for each observation, that is, for each value
of the covariate the parameters of the extreme value model take different
values. Therefore, goodness-of-fit tests, which are common in the sta-
tionary case, are not simple to apply in the non-stationary one. Thus,
following indications from Coles (2001), for Y, ~ GEV(u(2),0(2),7) , we

defined the standardized variables 172 = %log{ 1+7 <Y;M) } , which are

% (z)
standard-Gumbel distributed, and produced probability and quantile plots
of the observed y, with respect to that distribution. The probability plot is
constructed as follows: {ﬁ,exp( —exp(—Y)); i= 1,...,m}

and the quantile plot:

~ i .
{y(i)7 —log(—log<m—+l)); i=1,...,m }

where ¥ (), ..., () are the ordered values of the y, .

Having constructed these diagnostic plots, the goodness of fit of the
non-stationary GEV models is assessed by means of the linearity of the
points in those plots. As such, to have a metric that allows the assessment
of global gridded data, we computed the R? of the linear regression
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model which is associated to each plot, for all the non-stationary GEV
models that were fitted.

Having fitted a GEV model to the annual maxima of precipitation, it
is possible to estimate a m-year return level, which is the value of
maximum precipitation which is exceeded on average once every m
years. In a non-stationary framework with a covariate z, letting z* be a
fixed value for that covariate, the estimated m-year return level (¥,;) can
be calculated from the quantile function of the GEV distribution
(denoted as G) as follows:
~—a(1 | PR NPS
ym—G ( 7% ’ ,M(Z )7J(Z )77)
where ji(z) , 6(z), and 7 refer to the estimated parameters of a non-
stationary GEV model with location and scale parameters as a func-
tion of z (note that it is a conditional extreme value model). In this
framework, the return levels estimates are conditional on specific re-
alizations of the covariate, that is, a m-year return level is interpreted as
a value that is exceeded once every 20 years when the covariate equals
z".

In this study, we computed the percentage of variation in the esti-
mated 20-year return level of maximum precipitation between a low and
a high value of a given driver of that variable; thus, the 10th percentile
and the 90th percentile of the centred and scaled covariates IVT, IVT/
IWV, and IWV were calculated. High percentages in a region indicate
that the corresponding covariate has a high influence on the precipita-
tion maxima in that region. The computation of the estimated return
levels was performed using the R package evd (Stephenson, 2002).

Maximum precipitation

NH Winter

0.09 50.64 104.11 187.34

NH Summer

0 369 9136 17517 737.53
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3. Results
3.1. Maximum precipitation and IVT: a first approach

A simple and intuitive way to visualise the fact that extreme pre-
cipitation is not related to extreme IVT everywhere in the same way is to
show the patterns of the highest daily precipitation for the full analysed
period, Py, and the averaged IVT for the corresponding day, IVTp (Fig. 1;
see Supplementary Fig. 1 for intermediate seasons).

A fundamental difference can be observed between the two patterns.
In general, the Py, pattern is visually comparable with those of the mean
precipitation or extreme precipitation above high percentiles (Supple-
mentary Fig. 2 top), with the principal maxima in the Intertropical
Convergence Zone (ITCZ) moving seasonally and secondary maxima in
regions of occurrence of extratropical cyclones in both hemispheres with
regional distinctions linked to tropical cyclones and monsoon
circulations.

The IVTp pattern is no longer as similar to that of the mean or
extreme IVT at high percentiles (Supplementary Fig. 2 bottom). Within
the general pattern, there are coincidences in the extratropical regions of
high IVT (“IVT storm tracks”), which migrate towards the poles in the
summer of each hemisphere, and in the regions of very high IVT values
that occur in June-August in the Indian monsoon region and the east
coast of Asia; however, equatorial IVT maxima are not observed in the
IVTp field, neither in the equatorial band of the Pacific easterly trade
winds nor in the north-eastern South American continent. In large parts
of the coincident regions, the IVTp value is notably above that of the
95th percentile, which indicates that very extreme IVT values corre-
spond to the day of absolute maximum precipitation; therefore, a strong
relationship exists between extreme precipitation and IVT in these

IVT on max. prec. day

kgm's!

2.04 274454738 901.02 1261.24 3270.82

0.98 298.54 595.4 895.33 3434

Fig. 1. Highest daily precipitation value and corresponding daily-averaged IVT value for a) and b) Northern Hemisphere Winter (December-February) and c) and d)

Northern Hemisphere Summer (June-August), for the period 1981-2020.



L. Gimeno-Sotelo and L. Gimeno

regions.

Additionally, a careful visual analysis reveals the filamentous
structures of the IVTp maxima, indicating that, in many cases, these
values occurred on the same day through the same moisture transport
structure. For example, this is very visible during both December—Feb-
ruary and June-August in storm track regions owing to ARs (see Fig. 7 in
Guan and Waliser, 2015) or during June—August in the North Atlantic
owing to tropical cyclones (see Fig. 1 in Bloemendaal et al., 2020). The
high coincidence in the IVTp maxima with Py, in the subtropical bands of
maximum LLJs occurrence (see Fig. 4 in Algarra et al., 2019) is also
noticeable. Therefore, the comparison between the P, and IVTp patterns
indicates that the relationship between extreme precipitation and IVT
seems to be highly dependent upon the occurrence of the main global
moisture transport mechanisms, namely ARs, LLJs, and tropical cyclones
(Gimeno et al., 2016).

3.2. Regions and seasons in which IVT influences precipitation maxima

As described in Subsection 2.3, for each season, a non-stationary
generalized extreme value (GEV) model was fitted to the annual pre-
cipitation maxima, allowing the location and scale parameters of the
GEV distribution to vary linearly with IVT, IVT/IWV, and IWV. The
goodness of fit of those models was assessed by means of the R? values
for the linear models associated with the probability and quantile plots
that were constructed as explained in Subsection 2.3; see Supplementary
Figures 3,4 and 5. As can be seen from those figures, the R? values are
very high (very close to 1) almost everywhere (and in every region of
interest) for every season. Thus, these results indicate that the non-

7l
BIVT

NH Winter

mm/day

T
-143 .

Weather and Climate Extremes 39 (2023) 100536

stationary GEV models that were fitted are adequate.

The location parameter (u) of the GEV distribution measures the
magnitude of the extreme precipitation and, considering that yu is
expressed as a linear function of each covariate z, the slope (4;) provides
us with valuable information about the influence that this covariate has
on the precipitation maxima. Fig. 2 (for intermediate seasons, see Sup-
plementary Fig. 6) shows the maximum likelihood estimates for j; for
the fitted GEV models, considering IVT and IVT/IWV separately as a
covariate. For notation simplicity, those estimates are denoted by ﬁIVT
and ﬁrvr/rwv' Only significant values of f,; and BIVT/IWV were plotted,
and their significance was assessed in terms of their normal approxi-
mation confidence intervals (see Subsection 2.3). From this figure, we
quantified the influence that IVT and its dynamic component, IVT/IWV,
had on precipitation maxima.

The ﬁwr pattern (Fig. 2a,c) shows overlapping occurrences of the
main moisture transport mechanisms (Fig. 3). Thus, in general, this
relationship was strong in the subtropical regions of both hemispheres,
practically null in the tropical regions, and moderate in the extratropical
regions; in the latter case, it oscillated between an almost negligible
relationship in the Southern Hemisphere (due to the minimal presence
of continental regions) to a stronger one in the Northern Hemisphere.
Additionally, the influence of ARs was observed in a continuous sub-
tropical band of strong influence along the coastal regions of the con-
tinents and extending to high latitudes, including the polar ones, with
greater intensity during their respective winters. Tropical cyclones
influenced a strong relationship between IVT and extreme precipitation
in all areas of TC occurrence in their corresponding summers. The in-
fluence of LLJs was apparent in the monsoon regions of the Asian

A
BIVT/IWV

NH Summer

mm/day

F T J
-35.22 -165 394 34.82

mm/day

T J
-34.04 -2.96 236 3373

Fig. 2. Spatial patterns of the significant values of the estimated coefficient that represents the influence of IVT (a) and ¢)) and IVT/IWV (b) and d)) on maximum
precipitation according to the GEV analysis (95% confidence level), for Northern Hemisphere Winter (December-February) and Northern Hemisphere Summer

(June-August), respectively, for the period 1981-2020.
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ATMOSPHERIC RIVERSs (ARs)

LOW LEVEL JETs (LLJs)

HURRICANES

Common ARs Trajectories AR Landfalling Frequency (days/year) 4 Tom/s Common Hurricanes  Hurricane zones &
m==d boreal winter Position of the jet core Trajectories months of occurrence
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Fig. 3. Main regions where atmospheric rivers (ARs), low-level jets (LLJs), and tropical cyclones (TCs) occur. This figure was adapted from Gimeno et al. (2016).
Orange arrows indicate the direction of ARs and orange circles show the frequency of landfalling ARs (days/year), based on Guan and Waliser (2015). Locations of
nocturnal LLJs, as described by Rife et al. (2010), are shown as blue arrows, and their names are also displayed. The size of the arrow is scaled to the speed in the core
of the jet. Green areas and dates indicate the regions and periods of tropical cyclone occurrence (Source: International Best Track Archive for Climate Stewardship,
NOAA (Knapp et al., 2010)). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

continent during June-August, and in the south-eastern region of the
South American continent.

This pattern is much more notable when the influence of the dynamic
component of the IVT, calculated as ﬁIVT /wv » is examined (Fig. 2b,d). At
a continental level, this dynamic component influences extreme pre-
cipitation in the main regions where ARs make landfall (Fig. 3), such as
the western North American, European, or South American coasts dur-
ing their respective winters; in regions where TCs make landfall during
summers, such as the North American and south-eastern Asian coasts;
and in regions where LLJs cross continents, such as those associated with
the Indian monsoon or the easternmost branch of the South American
low-level jet.

In the remaining regions where IVT influences extreme precipitation,
this influence is exclusively due to the thermodynamic component of the
IVT, associated with the IWV (Supplementary Fig. 7). This supplemen-

tary figure represents the significant values of /3y, that is, the estimate
of the slope (f,) considering IWV as the covariate.

3.3. Contribution of the dynamic component of IVT to the precipitation
maxima

The dynamic component of IVT, estimated as the ratio IVT/IWV,
represents the vertically averaged wind, weighted by the specific hu-
midity at each height. Its variations are related to changes in the
magnitude of moisture-transporting winds; hence, they are linked to
changes in atmospheric circulation.

Fig. 4 shows a finer regional analysis than Fig. 2, by representing the
percentage change in the estimated 20-year return levels of the
maximum precipitation when the covariate IVT/IWV is low and high
(the 10th and 90th percentiles). This represents the change in the
maximum precipitation value that is expected to occur on average once

every 20 years, for a high versus a low dynamic component of IVT (it is
important to remind that the return levels estimates are conditional on
specific realizations of the covariate).

As can be seen in Fig. 4, there are regions in which changes were
approximately 50% or higher. These occurred during the boreal winter
on the west coast of North America, west coast of the Mediterranean,
east coast of southern Africa, and central and western Australia. During
the boreal summer, areas of relevant change were observed along the
coasts of the Gulf of Mexico, the Caribbean, and Australia, the central
regions of South America, and the north-western Indian subcontinent. It
is in these regions that the greatest modifications of the relationship
between IVT and extreme precipitation can be expected in a changing
climate. These changes have already been observed in the present
warming climate. A recent study observed changes in the estimated
probability of concurrent IVT and precipitation extremes in most AR-
landfall regions when comparing a recent (warmer) period versus a
previous (colder) period (Gimeno-Sotelo and Gimeno, 2022).

4. Discussion and conclusion

We identified regions where atmospheric moisture transport, quan-
tified as IVT, influences the daily extreme precipitation. Moreover, we
determined where this influence has a relevant dynamic component,
which may cause the relationship between IVT and extreme precipita-
tion to change due to increased temperatures linked to climate change.
Three important conclusions can be drawn from the study:

o The relationship between the IVT and extreme daily precipitation is
very weak or even negligible in tropical regions. Because very high
values of water vapor already exist in the tropics, a continuous and
high external moisture contribution is not necessary to provide water
vapor for extreme precipitation. In situations of atmospheric
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NH Winter

% of variation

T
0 5

instability, the necessary water vapor to potentially generate
extreme precipitation is already present. This agrees with the
auxiliary results presented in this article concerning the dependence
of IWV on extreme precipitation and the results reached in a recent
paper, where a strong relationship between extremes of IWV and
extreme daily precipitation was demonstrated (Kim et al., 2022).

In extratropical regions, IVT strongly influences extreme precipita-
tion, but not uniformly. Its influence is much greater in areas where
the main modes of moisture transport occur, namely: (i) in the ex-
tensions of the subtropical band of moisture transport towards high
latitudes in coastal regions, thereby revealing a signature of the ARs;
(ii) in the regions and seasons of occurrence of tropical cyclones; and
(iii) in the areas where strong low-level jet systems occur, which are

NH Summer
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Fig. 4. Spatial pattern of the percentage of variation
for the estimated 20-year return levels of maximum
precipitation between the 10th and 90th percentiles
of IVT/IWV, for the period 1981-2020. (a), (c), (e),
and (g) refer to the results for Europe, North America,
South America, and Australia during Northern
Hemisphere Winter (December-February); b), d), f),
and h) indicate the same regions during Northern
Hemisphere Summer (June-August). i) corresponds
to Southern Africa during NH Winter, and j) refers to
the Asian monsoon region during NH Summer.

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90 95 100

frequently associated with monsoon circulations. In the polar regions
of both hemispheres, the influence is restricted to the ARs.

e The dynamic component of IVT, linked to the wind, is highly

important in the relationship between IVT and extreme precipitation
in many regions of great meteorological and socioeconomic interest,
such as: (i) the primary regions where ARs make landfall, including
the west coasts of North America, South America, and Europe; (ii) the
main regions of tropical cyclone landfalls, such as the southeast coast
of North America, the Caribbean, and southeast Asia; and (iii) the
regions influenced by large LLJs that transport moisture, such as the
Indian monsoon region and southern South America. In these re-
gions, the importance of the thermodynamic component of the IVT,
associated with the IWV, decreases; Kim et al., 2022 also noted this,
finding a smaller impact from the IWV on non-tropical extreme
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precipitation events, except for continental areas of America and
Eurasia that are far inland.

Our study has important practical implications deriving from the
identification of regions and seasons during which studying the rela-
tionship between IVT and extreme precipitation is particularly impor-
tant. This also implies that the study of the predictability of IVT in these
specific regions and seasons can improve the predictability of daily
precipitation extremes in those regions.

However, this study also has important theoretical implications. In
the regions where the dynamic component of the IVT is important for
extreme precipitation, the magnitude of the relationship between IVT
and extreme precipitation may be more altered by climate change. As
humidity, which defines the thermodynamic component of the IVT, will
influence both IVT and extreme precipitation similarly, in those regions
where the dynamic component of the IVT is important, we should expect
greater changes in the dependence between IVT and extreme precipi-
tation in the future.

This study has some limitations associated with the quality of the
reanalysis precipitation data, which is generally low for regions with less
dense instrument networks. Additionally, the coarse resolution of the
data of the reanalysis necessitated further regional analysis in areas with
complex orography or where small-scale convective processes are rele-
vant. In particular, ERA-5 should be used carefully to study extreme
precipitation over the tropics and IWV in the main tropical rainforest
regions, but its confidence is high in the regions (extratropical) and
seasons (winter) where the main results of our study are reached.
Furthermore, the sample size may be seen as an important limitation
(see Li et al., 2019) because, for each season, we used 40 annual pre-
cipitation maxima for model fitting; therefore, the parameter estimates
may have been affected by sampling variability, as noted by Su and
Smith (2021). If the period of reliable worldwide gridded data for IVT
and precipitation were larger, the obtained results for the GEV analysis
would be more robust. A comprehensive validation of the quality of the
daily data of winds and specific humidity in the upper air of the recently
released extension of ERA-5 to the 50s is clearly necessary for this
purpose.
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