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A B S T R A C T   

Previous studies indicate atmospheric instability, total column water vapor, and horizontal moisture transport as 
major drivers of precipitation extremes, however little is known about how the combination of these drivers 
affects precipitation extremes across the world. Here, using daily data from the ERA-5 reanalysis spanning the 
period 1981–2020, we identified the combinations of extreme values for these three major drivers that enhance 
the probability of daily precipitation extremes on a global scale. Our findings show that extreme daily precipi
tation is practically impossible without any of these drivers being extreme. Atmospheric instability is the primary 
driver of precipitation extremes, meaning that, among the three cases of the drivers being extreme in isolation, 
extreme atmospheric instability is associated with the highest average probability of extreme precipitation over 
landmasses (29% during December–February, 32% during June–August). When considering the combination of 
two drivers being simultaneously extreme, joint extremes of atmospheric instability and total column water 
vapor (and non-extreme horizontal moisture transport) lead to the highest probability of extreme precipitation 
(69% during December–February, 70% during June–August), which is similar to the probability under three 
drivers in extreme conditions (67% and 72%). Our results point to a latitudinal variation of the combination that 
leads to the highest probability of extreme precipitation. In subtropics, the case of the three extreme drivers 
dominates, whereas in extratropical regions, the dominant combination is that of the joint extremes of atmo
spheric instability and total column water vapor (and non-extreme horizontal moisture transport). By providing 
information on the most important drivers of precipitation extremes worldwide, these results can serve as a basis 
for evaluating precipitation extremes in climate models and understanding projected changes, which is vital for 
developing robust risk assessments.   

1. Introduction 

An unequivocal consequence of global warming is the change in 
precipitation extremes (Douville et al., 2021; Seneviratne et al., 2021; 
Caretta et al., 2022). With considerable spatial variability, these changes 
have already been documented for the current climate (e.g. Donat et al., 
2016 or Sun et al., 2021) and are projected for future climates (e.g. 
Westra et al., 2014 or Bao et al., 2017). Behind these changes, there is a 
thermodynamical cause affecting precipitation extremes everywhere in 
the world: the increase of extreme precipitation with the increase of the 
water-holding capacity of the air, which grows at a rate of 6–7% per 
degree of warming according to the Clausius–Clapeyron relationship 
(Soden and Held, 2006; Allen and Ingram, 2002). Additionally, there is a 
dynamic cause: changes in atmospheric circulation and, therefore, in the 

convergence of atmospheric moisture, which modulate regional extreme 
precipitation (O'Gorman, 2015; Bao et al., 2017). Depending on the 
region, such a dynamic effect can enhance or dampen the 
thermodynamically-driven increase (Pfahl et al., 2017). Thermody
namical and dynamic contributions to changes in extreme precipitation 
can be well represented with the drivers studied in this article, i.e., at
mospheric instability, mostly accounting for dynamic contribution; total 
column water vapor, mostly accounting for thermodynamical contri
bution; and horizontal moisture transport, accounting for both dynamic 
and thermodynamical contributions. 

Although the relationship between extreme precipitation and mois
ture is complex (Neelin et al., 2022), in the first approximation, extreme 
precipitation broadly scales with moisture content and any indicator of 
atmospheric instability, such as vertical velocity. Unlike total 
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precipitation (e.g., annual or seasonal precipitation), daily extreme 
precipitation is more sensitive to moisture content than to atmospheric 
instability (Emori and Brown, 2005; Nie et al., 2018). The exceedance of 
an atmospheric instability threshold is required for extreme precipita
tion to occur; however, once this threshold is reached, extreme precip
itation increases with increasing water vapor content (Emori and Brown, 
2005; Kunkel et al., 2020a). To study precipitation extremes, moisture 
content can be quantified from the vertically-integrated water vapor or 
precipitable water (IWV), a variable of great climatic interest as a 
promising covariate for projecting extreme precipitation in future cli
mates. In a recent study, Kim et al. (2022) pointed out three advantages 
of considering total water vapor content: its dependence on temperature 
in general, its estimation from satellites and models, good agreement 
with radiosonde observations as opposed to precipitation, and its higher 
correlation with precipitation compared to other covariates, such as 
surface air temperature or dew point temperature (Roderick et al., 
2020). 

The relationship between total precipitation and the IWV is often 
approximated as linear based on simple considerations of the mass 
balance equation (Hagos et al., 2021; Hagos et al., 2021; Kim et al., 
2022), however this relationship is not linear and may vary in different 
locations and seasons. Some regional studies have shown strong positive 
correlations between extreme precipitation and IWV, for example for 
Australia (Roderick et al., 2019) and the contiguous United States 
(Kunkel et al., 2020b). However, this strong correlation does not seem 
sufficient to justify the change in extreme precipitation, as shown for 
extremes in Australia by Bao et al. (2017). Likewise, the linear rela
tionship has also been questioned, for instance Kunkel et al. (2020a) 
showed that under very high amounts of water vapor, as occurs in re
gions closer to the tropics or in hot seasons, the increase in daily extreme 
precipitation is disproportionately larger than the increase in IWV. Such 
non-linearities highlight the relevance of accounting for changes in 
dynamical processes when studying precipitation extreme changes. 
Accordingly, in a recent global study, Kim et al. (2022) found within the 
tropics a very strong relationship between daily extreme precipitation 
and IWV only outside of the rainforests; in the extratropical regions 
(regions outside 30◦ latitudes, except the interior of North America and 
North Asia) the relationship is very weak. Overall, they concluded that 
the IWV is a good driver of daily extreme precipitation in the tropics and 
is better in hot than cold seasons but not for extratropical regions, where 
it is necessary to consider other factors such as horizontal moisture 
transport, which were not considered in their study. 

One major reason for the weak influence of the IWV on extreme 
precipitation in some regions and seasons is the fact that it is not possible 
to determine how much water vapor is involved in precipitation simply 
from the amount of water vapor in a column of air at any given time. In 
fact, the water vapor in the column changes continuously, hence the 
convergence of water vapor into the column from the surrounding area 
needs to be considered. Accordingly, the highest amount of moisture 
measured in the air column at a given time is always much less than the 
amount of precipitation during actual extreme precipitation events 
(Trenberth et al., 2003). This indicates that, depending on the time scale 
used to define the IWV, a constant supply of humidity from the outside, i. 
e. high horizontal moisture transport, is required to maintain high mois
ture in the atmospheric column. Therefore, on a daily scale, that is when 
– on average – the amount of extreme precipitation is twice the amount 
of water vapor (Kunkel et al., 2020a), horizontal moisture transport 
must be considered as a scaling variable to explain extreme 
precipitation. 

In extratropical regions, it is extremely difficult to generate intense 
precipitation with only the humidity contained in the atmospheric col
umn. For the occurrence of precipitation extremes, large and sustained 
contributions of water vapor are required from regions outside the air 
column (Trenberth et al., 2003; Gimeno et al., 2010), which are often 
very remote regions (Insua-Costa et al., 2022). Horizontal moisture 
transport is not spatially or temporally homogeneous, but there are some 

major horizontal moisture transport mechanisms, namely atmospheric 
rivers (ARs), low-level jets (LLJs), and tropical cyclones (TCs) (Gimeno 
et al., 2016) that make the relationship between horizontal moisture 
transport and extreme precipitation spatially and temporally diverse. 
There are many ways to quantify horizontal moisture transport (see 
Gimeno et al., 2012 for a review), most of which are based on vertically- 
integrated horizontal moisture transport (IVT). IVT is widely used, for 
example for the identification and characterization of ARs, which are 
phenomena closely associated with extreme precipitation in extra
tropical regions (Zhu and Newell, 1998; Gimeno et al., 2014; Payne 
et al., 2020; Gimeno-Sotelo and Gimeno, 2022). In a recent global study 
of the relationship between IVT and extreme precipitation on a daily 
scale using extreme value analysis, Gimeno-Sotelo and Gimeno (2023) 
showed that the dependence between IVT and extreme precipitation is 
very weak or negligible in tropical regions, but important in extra
tropical regions, especially in those where the main mechanisms of 
horizontal moisture transport are effective, which encompasses some of 
the areas with the greatest productive economy and population on the 
planet. 

Overall, in the first approximation, daily extreme precipitation may 
have a very diverse spatial and seasonal dependence on three drivers: 
atmospheric instability, the water vapor column, and horizontal mois
ture transport. This study examines how the combination of these three 
drivers affects extreme precipitation on a global scale. Identifying the 
combination of drivers that favor extreme precipitation in each region 
and season will serve both for the design of process-oriented diagnostics 
(POD) related to extreme precipitation for the evaluation of climate 
models and as a basis to determine the predominant role of thermody
namical or dynamic factors in changes in extreme precipitation. 

2. Data and methods 

We used the ERA-5 reanalysis (Hersbach et al., 2020) for the period 
1981–2020 to obtain daily data for the following variables at a 0.5◦

resolution: precipitation, vertically-integrated horizontal moisture 
transport (IVT), vertically-integrated water vapor (IWV), and vertical 
velocity at 500 hPa. IWV (also known as precipitable water or total 
column water vapor) and vertical velocity at 500 hPa were directly 
obtained from the reanalysis, whereas IVT was computed as the vertical 
integral of eastward and northward water vapor flux (IVTu and IVTv, 
respectively). The IWV and IVT can be expressed as follows: 
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where q refers to specific humidity, u to zonal wind, v to meridional 
wind, g to gravitational acceleration, and Ω to the entire atmospheric 
column. Please note that in this article vertical velocity refers to “-ω”, 
where ω =

dp
dt, and p refers to the atmospheric pressure, i.e., “-ω” is the 

measure that is used for representing atmospheric instability (Holton, 
1973). 

In this study, using ERA-5 reanalysis data allows for analyzing the 
relationship between extreme precipitation and the extremes of the 
three studied drivers (i.e., IWV, IVT and vertical velocity) on a global 
scale. The limitations of using reanalysis data for these variables have 
been comprehensively discussed in previous studies (Gimeno-Sotelo 
et al., 2022, Gimeno-Sotelo and Gimeno, 2023). As explained in 
Gimeno-Sotelo and Gimeno, 2023, we use ERA-5 data only for the 
period 1981–2020 because the recently released backward extension up 
to 1950 does not provide reliable IVT data. 

To study the effect of seasonality on the obtained results, the analysis 
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was performed independently for the boreal and austral winters, i.e. 
December–February (DJF) and June–August (JJA), respectively. For 
each of the analyzed seasons, we define an extreme value of a variable 
when the variable is larger than its corresponding 95th percentile 
(computed for the corresponding season within the period 1981–2020), 
and vice-versa for non-extreme values. We also tested that using 
different thresholds (90th and 98th percentile) does not substantially 
affect the results. Successively, based on empirical counting, we esti
mate the conditional probability of extreme precipitation for all com
binations of extreme and non-extreme conditions of the drivers. 
Specifically, we consider the following combinations of drivers:  

i) the three drivers being non-extreme, which is the reference case 
here.  

ii) one driver being extreme and the other two drivers being non- 
extreme.  

iii) two drivers being extreme and the other driver being non- 
extreme.  

iv) the three drivers being extreme. 

The conditional probability of extreme precipitation for a given 
combination of drivers in extreme conditions is estimated as the ratio 
between the number of days in which both extreme precipitation (Pcpext) 
and the combination of drivers occurred, and the total number of days in 
which the combination occurred, that is: 

P̂(Pcpext|combination of extreme drivers)

=
#{Pcpext, combination of extreme drivers}

#{combination of extreme drivers}
,

where “#” refers to the number of elements of a set. 
Among the combinations considered (those with only one extreme 

driver, those with two extreme drivers, or all the combinations), the 
dominant combination is the one that maximises the conditional prob
ability of extreme precipitation. 

To quantify the influence of extreme conditions of the drivers on 
precipitation extremes, we compute the difference between the proba
bility associated with the cases (ii-iv) and the probability associated with 
the reference case under no extreme drivers (i). Statistical significance 
for these differences is assessed using a test based on continuity- 
corrected score intervals (see Method 11 in Newcombe, 1998), using R 
software (R Core Team, 2022), namely the function prop.test(); see 
Supplementary Method for further details. 

3. Results and discussion 

We begin by analyzing the estimated probability of occurrence of 
extreme daily precipitation when none of the three drivers (IWV, IVT, 
and vertical velocity) is extreme. In line with the physically-based choice 
of the precipitation drivers, probabilities are very low, in particular, they 
are smaller than or equal to 5% (the value expected under the inde
pendence of precipitation extreme occurrence from the drivers) over 
virtually all (>99.9%) landmasses in DJF and JJA. This result indicates 
that at least one of the three drivers must be extreme for daily precipi
tation extremes to occur. In the following subsections, we analyze the 
extent to which precipitation extremes occurs when one, two, or all 
three drivers are extreme. 

3.1. Only one extreme driver 

Fig. 1 shows which is the dominant driver of precipitation extremes 
over different regions, i.e. which among the three drivers being extreme 
in isolation maximise the probability of precipitation extremes. In gen
eral, vertical velocity is the most frequent dominant driver. IWV domi
nates in tropical and subtropical regions, with the exception of the 
central axis of the ITCZ, while IVT dominates in the regions where 

atmospheric rivers occur (Gimeno et al., 2016). Specifically, extreme 
vertical velocity dominates over 59% of global landmasses in DJF (65% 
in JJA), while IWV dominates over only 26% of landmasses in DJF (27% 
in JJA) and extreme IVT over 15% of landmasses in DJF (8% in JJA). 

Fig. 2 shows the differences between the estimated probability of 
extreme daily precipitation when only one of the three drivers is extreme 
and the probability in the reference case of no extreme drivers. The 
absolute values of the conditional probabilities related to the three 
conditions in Fig. 2 are shown in Fig. S1. 

In line with Fig. 1, Fig. 2 shows that the highest deviations from the 
reference case are found when vertical velocity is extreme, and the other 
two drivers are not. That is, vertical velocity is the main driver of pre
cipitation extremes, especially over landmasses, where precipitation 
extremes are most impactful. Probabilities differ significantly from the 
reference case in most regions worldwide (Fig. 2a,b), except for the 
subtropical oceanic areas and some continental areas where extreme 
instability by itself does not guarantee the occurrence of extreme pre
cipitation. Low probabilities are found in subtropical oceanic subsidence 
regions (Fig. S1a,b), which are areas with very low precipitation, with 
the greatest effect in the corresponding summer. In the rest of the 
oceanic areas, high probabilities (40%–60%) are generally observed 
with even higher values (60%–80%) in some areas of the Intertropical 
Convergence Zone (ITCZ). Over landmasses, the pattern is heteroge
neous, including regions with high probabilities (40%–60%), such as the 
continental areas of the ITCZ, the Amazon and Congo basins, the east of 
the North American and Asian continents, and the interior of the Eu
ropean continent in summer. 

Regarding the case of only extreme IVT (Fig. 2c,d) and only extreme 
IWV (Fig. 2e,f), the probability of precipitation extremes is also signif
icantly different from that in the reference case in many regions. In the 
case of only extreme IVT, probabilities in the order of 40%–60% are 
found in winter in some regions affected by atmospheric rivers, such as 
the west coast of North America, Norway, and the east coast of Russia 
(Fig. S1c). Specifically, these high values mark very well atmospheric 
rivers' oceanic track and landfalling areas (Fig. 2c,d). The strong rela
tionship between IVT and extreme precipitation and its link with the 
occurrence of atmospheric rivers has already been revealed in recent 
studies by Gimeno-Sotelo and Gimeno (2022, 2023). In the case of only 
extreme IWV, we found probabilities of 40%–60% in the entire tropical 
and subtropical regions (with values reaching 60%–80% locally), except 
for the ITCZ axis, where it is low (Fig. S1e,f). This result agrees with the 
recent work by Kim et al. (2022), indicating that IWV is necessary for 
extreme precipitation to occur in tropical regions; in extratropical re
gions, extreme IWV in isolation does not guarantee extreme precipita
tion, as additional drivers are required. 

3.2. Two extreme drivers 

Despite the dominant contribution of vertical velocity to precipita
tion extremes (Fig. 1), all drivers contribute to a certain extent to 
extreme precipitation (Fig. 2). Hence, the combination of two drivers in 
extreme conditions may enhance the occurrence of precipitation ex
tremes. As shown in Fig. 3, the dominant combination of two drivers is 
extreme vertical velocity and IWV (and non-extreme IVT). Such a 
combination dominates over 76% of global landmasses in DJF and 78% 
in JJA. However, in some areas of maximum occurrence of atmospheric 
rivers, such as the coastal areas of western North America and Europe, 
the combination of extreme vertical velocity and IVT (and non-extreme 
IWV) dominates – this combination dominates over 17% and 16% of 
global landmasses in DJF and JJA, respectively. 

We find that the probability of extreme daily precipitation increases 
greatly when two of the three drivers involved are extreme and the other 
is not (Figs. 4 and S2). Notably, the values of the difference of proba
bilities with respect to the reference case are typically higher than those 
associated with only one driver in extreme conditions (compare Fig. 2 
with Fig. 4). 
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Fig. 1. Spatial pattern of the dominant driver of precipitation extremes, that is the combination of one extreme driver in isolation with the highest associated extreme 
precipitation probability, for a) December–February and b) June–August. 
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The combination of extreme vertical velocity and IVT, under non- 
extreme IWV (Fig. 4a,b) leads to more areas of non-significant differ
ences with respect to the reference case compared to the combination of 
extreme vertical velocity and IWV (Fig. 4c,d). These non-significant 
differences for the combination of extreme vertical velocity and IVT 
are especially remarkable over inner continental areas. Globally, the 
combination of extreme vertical velocity and IVT is associated with a 
lower probability of precipitation extremes (60–80%; see Fig. S2a,b) 
than the case of extreme vertical velocity and IWV (80%–100%; see 
Fig. S2c,d), which is the combination of two extreme drivers that leads 
to the highest probabilities of precipitation extremes. Accordingly, areas 
of low probability are also more extended in the former than in the latter 
situation. 

In the extratropics, combined vertical velocity and IVT extremes 
increase the probability of precipitation extremes substantially 
(compared to individual extreme drivers in isolation). This indicates that 
atmospheric dynamics play a very important role in the genesis of pre
cipitation extremes in the extratropics through large-scale weather 
systems, such as extratropical cyclones or fronts; however, they are only 
really relevant when there is sufficient moisture advection (IVT) to 
guarantee high values of moisture in the column (Gimeno et al., 2010; 
Kunkel et al., 2012). 

Regarding the combined extremes of vertical velocity and IWV, 

under non-extreme IVT, probabilities are significantly different from the 
reference case in most regions, with the exceptions of the areas affected 
by subtropical anticyclones and coastal regions with high orography, e. 
g. north-western North America, south-western South America, and 
Norway (Fig. 4c,d). 

The situation for the other combination of drivers, i.e. extreme IVT 
and IWV (and non-extreme vertical velocity), is different (Fig. 4e,f, and 
Fig. S2e,f). Probabilities are generally lower than in the case of the other 
combinations of two drivers (with most regions with values below 40%). 
The highest probabilities are found in the subtropics (with values be
tween 60% and 80% in many of these areas). Subtropics are the greatest 
moisture sources of the planet (Gimeno et al., 2012), climatologically 
characterized by the strongest evaporation minus precipitation areas 
over the world, i.e., the highest climatological values of divergence of 
moisture fluxes. The situation of extremely high IVT and IWV in those 
regions implies the reverse of the climatological conditions, that is, the 
convergence of moisture fluxes. As moisture is maximum at low levels, 
convergence of moisture fluxes implies convergence of winds at low 
levels which is associated strongly in subtropical regions with atmo
spheric instability and consequently extreme precipitation (Mo et al., 
2021). This is revealed under non-extreme vertical velocity (being high 
but not necessarily extreme), with probabilities of extreme precipitation 
being reasonably high, and is much more evident under extreme vertical 

Fig. 2. Difference between the conditional probabilities of extreme precipitation for the combinations of one extreme driver in isolation and the conditional 
probability in the reference case, i.e. when the three drivers are not extreme. Grid points without stippling are those whose values are significantly different from 0 at 
95% confidence level. a), b) Refer to the combination of only extreme vertical velocity; c), d) only extreme IVT; and e), f) only extreme IWV, for December–February 
and June–August, respectively. 
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Fig. 3. Spatial pattern of the combination of two extreme drivers associated with the highest extreme precipitation probability for each grid point, for a) Decem
ber–February and b) June–August. 
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velocity (see Subsection 3.3), with probability values between 80% and 
100% in those regions. 

3.3. Three extreme drivers 

When the three drivers, that is, vertical velocity, IWV, and IVT, are 
simultaneously extreme (Figs. 5 and S3), probabilities of occurrence of 
extreme daily precipitation are generally between 80% and 100%. 
Probabilities are not statistically different from the case of no extremes 
only over the subtropical anticyclonic areas (areas with very low pre
cipitation) and some regions in north-western North America, south- 
western South America, Scandinavia, the Mediterranean and continen
tal areas of Eurasia. 

3.4. The most relevant combination of drivers 

We inspect which is the combination among all of those investigated 
so far that maximises the probability of precipitation extremes. Fig. 6 
shows the dominant combination and how it varies as a function of 
latitude over landmasses. Two dominant combinations exist: (1) 
extreme vertical velocity and IWV (under non-extreme IVT) and (2) the 
three extreme drivers. Both combinations dominate over about 45% of 
landmasses, both in DJF and JJA. In general, the combination of the 

three drivers dominates in the subtropics and the combination of ver
tical velocity and IWV dominates elsewhere (Fig. 6b,d). This is in line 
with the fact that adding extreme IVT to the combination of extreme 
vertical velocity and IWV results in higher values of both IWV and 
vertical velocity in subtropics, thus increasing the chances of precipi
tation extremes, but not in a large part of extratropics (mainly the re
gions of inner American and Asian continental areas) (Fig. S4). This is in 
agreement with what was explained in Subsection 3.2: in the subtropics, 
extreme atmospheric instability is associated with low-level winds 
convergence, which added to extreme IVT implies an enhancement of 
the moisture flux convergence. Consequently, in the subtropics, under 
extreme IVT there is an increase in IWV and even in atmospheric 
instability by the thermodynamics/dynamics interplay (a higher low- 
level moisture is associated with higher thermodynamical instability 
and higher vertical velocity) (Kunkel et al., 2020a). Therefore, the 
combination of the three extreme drivers maximises the probability of 
extreme precipitation in subtropics. Regarding the regions where the 
combination of vertical velocity and IWV dominates (e.g. inner conti
nental areas), they coincide with areas where it is not necessary to have 
extreme values of advected moisture (extreme values of IVT) for extreme 
precipitation to take place, as moisture comes from the soil by terrestrial 
sources (Gimeno et al., 2020), mainly from evapotranspiration (Miralles 
et al., 2016). Furthermore, in these extratropical regions atmospheric 

Fig. 4. Difference between the conditional probabilities of extreme precipitation for the combinations of two extreme drivers and the conditional probability in the 
reference case, i.e. when the three drivers are not extreme. Grid points without stippling are those whose values are significantly different from 0 at 95% confidence 
level. a), b) Refer to the combination of only extreme vertical velocity and IVT; c), d) only extreme vertical velocity and IWV; and e), f) only extreme IVT and IWV, for 
December–February and June–August, respectively. 
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Fig. 5. Difference between the conditional probability of extreme precipitation for the case of the three extreme drivers and the conditional probability in the 
reference case, i.e. when the three drivers are not extreme, for a) December–February and b) June–August. Grid points without stippling are those whose values are 
significantly different from 0 at 95% confidence level. 
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instability is dominated by baroclinic instability in which the link at
mospheric instability-convergence of low-level winds is not so strong as 
for low latitudes, and the thermodynamics/dynamics interplay (stronger 
moisture-stronger atmospheric instability) is minimized because of the 
low moisture values. As such, there are many American and Eurasian 
continental regions where the combination of extreme vertical velocity 
and IWV (under non-extreme IVT) results in a higher probability of 
extreme precipitation than the combination of the three extreme drivers 
(Fig. 6a,c), as being evident in the values of fraction of landmasses 
dominated by that two-driver combination in extratropical regions of 
the Northern Hemisphere (Fig. 6b,d). The influence of atmospheric 
rivers on extreme precipitation is also observable in the predominant 
combination of extreme vertical velocity and IVT (and non-extreme 
IWV) in some coastal regions in Europe and North America in DJF, 
and in the dominance of the combination of the three drivers in 
Antarctica. 

The average extreme precipitation probability under each of the 
conditions considered in this study is shown in Fig. S5, for the globe and 
for land and oceanic areas separately. Regarding landmasses, the com
bination of extreme vertical velocity and IWV (under non-extreme IVT) 
and that of the three extreme drivers are those that lead to the highest 
values (69% in DJF and 70% in JJA for the two-driver combination, and 
67% in DJF and 72% in JJA for the three-driver one). This result high
lights that focusing only on extreme vertical velocity and IWV is at least 
as adequate as considering the three extreme drivers (or even better in 

the case of DJF) when studying the drivers of extreme precipitation over 
land areas. The third combination in importance is the one of extreme 
vertical velocity and IVT (under non-extreme IWV), producing values 
that are substantially lower than in the previous two cases (42% of 
average probability over landmasses in DJF and 44% in JJA). Regarding 
the combinations of only one extreme driver, the case of only extreme 
vertical velocity clearly outperforms the other two cases, reaching an 
average probability of 29% over landmasses in DJF and 32% in JJA. 

A further analysis was performed at the regional level, focusing on 
the IPCC land subregions (Fig. S6). For each subregion, we identified the 
dominant (second-dominant) combination as the one with the highest 
(second-highest) regionally averaged conditional probability of extreme 
precipitation (Figs. 7 and S7). The resulting dominant and second- 
dominant combinations are everywhere either the combination of 
extreme vertical velocity and IWV (under non-extreme IVT) or that of 
the three extreme drivers. We find that the spatial pattern of the 
dominant combination is the same in DJF and JJA and, in line with 
Fig. 6, the combination of extreme vertical velocity and IWV (under non- 
extreme IVT) is dominant in most extratropical regions. The three-driver 
combination is dominant in all the IPCC subregions included in the 
monsoon precipitation domain (Wang and Ding, 2008), which extends 
the traditional monsoon domain from Asian-Australian-west African 
monsoon to the North and South American monsoons and the southern 
African monsoon and that is related to the concept of global monsoon 
(Wang et al., 2023). Moreover, the three-driver combination also 

Fig. 6. a) Spatial pattern of the combination of drivers (with either one, two or three drivers in extreme conditions) associated with the highest extreme precipitation 
probability and b) associated latitudinal variation of the land fraction dominated by each of the combinations, for December–February. c-d) As a-b), but 
for June–August. 
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dominates in polar regions, where extreme values of advected moisture 
(extreme values of IVT) are necessary for extreme precipitation to take 
place, as the moisture content in the air column is low because of the low 
temperatures. This analysis based on IPCC regions was also performed 
using other thresholds to define the extreme values (90th percentile and 
98th percentile) and also considering two subperiods separately 
(1981–2000 and 2001–2020), obtaining the same spatial pattern for the 
dominant combination to that presented here. 

4. Conclusions 

In this study, the combinations of extremes of vertical velocity, total 
column water vapor, and horizontal moisture transport that most favor 
the occurrence of extreme daily precipitation on a global scale were 
studied. This study has some limitations associated with the quality of 
precipitation and water vapor column data from the reanalysis and the 
metric used to estimate atmospheric instability. Reanalyses are products 

Fig. 7. Spatial pattern of the combination of drivers (with either one, two or three drivers in extreme conditions) associated with the highest average probability of 
extreme precipitation for each of the IPCC subregions used in this study, for a) December–February and b) June–August. For each subregion, the value of the average 
probability (in percentage) can be found inside its corresponding polygon. 
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built from a data assimilation scheme and global circulation models that 
ingest all available observations; however, despite the fact that ERA-5 is 
one of the most modern and best quality products, the quality of the 
precipitation data is generally low for regions with sparse observations, 
small-scale convective processes, and very complex orography. In this 
study atmospheric instability has been estimated as “-ω” at 500 hPa from 
the ERA5 reanalysis. This metric captures movements very well at a 
synoptic scale (100 to 1000 km), which includes precipitating systems 
linked to baroclinic instability (e.g. extratropical cyclones, fronts), but 
does not do so well for systems that occur on the mesoscale (10 to 100 
km), in which thermodynamical instability (e.g. storms) is very relevant. 
For both reasons, the results of this study have greater confidence in the 
extratropical regions than in the tropical and main tropical rainforest 
regions. 

These are the main conclusions of this study:  

• If none of these drivers is extreme, there is virtually no chance of 
extreme daily precipitation. Hence, extreme values of at least one of 
them are required for extreme daily precipitation.  

• Vertical velocity extremes alone have a greater influence on extreme 
daily precipitation, being associated with an average probability of 
29% over landmasses in December–February and 32% in June–Au
gust. However, there are some exceptions, such as the subtropics or 
the regions with strong atmospheric river activity, where extreme 
total column water vapor alone or extreme horizontal moisture 
transport alone, respectively, is more advantageous for precipitation 
extremes.  

• The combination of two extreme drivers that most influences 
extreme daily precipitation is that of extreme vertical velocity and 
total column water vapor (and non-extreme horizontal moisture 
transport). It leads to probabilities of extreme daily precipitation 
which are comparable to or even higher than those associated with 
the three drivers in extreme conditions (69% of average probability 
over landmasses in December–February and 70% in June–August for 
that two-driver combination; and 67% in December–February and 
72% in June–August for the three-driver one). Focusing on conti
nental regions, the combination of extreme vertical velocity and total 
column water vapor (and non-extreme horizontal moisture trans
port) is dominant in most extratropical areas, whereas that of 
extreme values of the three drivers is dominant in those regions 
included in the monsoon precipitation domain as well as in polar 
areas. 

This study has implications for the design of process-oriented di
agnostics (POD) for evaluating climate models. When designing a POD 
for extreme daily precipitation, it was found that the most convenient 
drivers to consider were vertical velocity and total column water vapor, 
except for some regions with high horizontal moisture transport activity. 
The use of only two drivers, one representing dynamic factors (vertical 
velocity) and the other thermodynamical factors (total column water 
vapor) could be useful to study the relative importance of these two 
factors in the current and projected extreme precipitation. 
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