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Abstract An analysis of 3,104 stations in the United States shows virtually every station exhibits a
positive correlation between precipitable water (PW) and extreme daily precipitation (EP) with over
one‐third statistically significant. To first approximation, EP scales linearly with PW, but there is nonlinear
scaling at the lower and upper ends of the PW distribution. On average, EP is amplified by twice the
amount of PW, but there is substantial seasonal and spatial variability caused by dynamically forced vertical
velocity with stations ranging from a one‐to‐one relationship to over three‐to‐one. These latter stations are
generally found in elevated terrain or near coasts and in regions and seasons affected by strong
synoptic‐scale weather systems. The results also point to PW, not vertical velocity, as the key limiting factor
in the most intense EP events. This has important implications for projecting changes of the most intense EP
events in a warmer world.

Plain Language Summary As the climate warms, water vapor is increasing in the atmosphere.
Analysis of the historical observations of extreme daily precipitation shows that precipitation amounts
increase with more water vapor in the atmosphere. On average, extreme daily precipitation amounts equate
to twice the amount of water vapor. There is, however, considerable spatial and seasonal variability
affected by the predominant weather types in the region, orography, and proximity to oceans. The analysis
indicates that when the amount of atmospheric water vapor is high, as occurs during the warm season and in
the south and eastern portions of the United States, the increase in extreme precipitation for a given
increase in water vapor becomes disproportionately large compared to the same increase at low amounts of
water vapor. Water vapor is a limiting factor in the amount of extreme precipitation more often than the
intensity of the weather causing the event.

1. Background and Motivation

Numerous analyses and scientific assessments have documented observed increases in both extreme preci-
pitation frequency andmagnitude across the United States and inmany other regions (Easterling et al., 2017;
Groisman et al., 2005; Hoerling et al., 2016; IPCC, 2013; Karl & Knight, 1998; Kunkel et al., 2020).
Nonetheless, the rates of extreme precipitation change have considerable spatial variability, and not all areas
show increases. Understanding the causes of these differences is critically important for infrastructure
investment that rely on extreme precipitation design criteria (Kunkel et al., 2013; Wright et al., 2019).
Many users in the United States rely on NOAA's Atlas 14 and various updates from Volumes 1 to 11
(Bonnin et al., 2004; Perica et al., 2018) to accurately reflect the probability of extremes during infrastructure
lifetimes. Compounding the challenge of estimating future extreme precipitation design values are the
ongoing and projected changes in climate (IPCC, 2013) as the world warms.

There is a strong thermodynamic relationship between temperature and water vapor (q) given by the
Clausius‐Clapeyron (CC) equation. Climate models indicate that a disproportionate increase in extreme pre-
cipitation will occur compared to the change in the annual mean total precipitation (Sillmann et al., 2013).
Since Trenberth et al. (2003) first proposed that in a warmer world additional latent heat release from the
condensation of q could provide a positive feedback leading to super CC scaling, several studies have
revealed important complexities related to scaling the changes of the mean global and large‐area tempera-
ture increases to increases in q and subsequent extreme precipitation amounts (Ban et al., 2015; Bao,
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Sherwood, Colin et al., 2017; Boessenkool et al., 2017; Chan et al., 2016; Huang et al., 2019; Schroeer &
Kirchengast, 2018; Wang et al., 2017). Additionally, changes in weather dynamics associated with new cli-
matological weather regimes further complicate projections of extreme precipitation changes as the world
warms through altered fields of vertical velocity (VV) and moisture convergence (Nie et al., 2018;
O'Gorman & Schneider, 2009; Prein & Pendergrass, 2019; Sugiyama & Shiogama, 2010). This can manifest
itself in various ways including: the size and location of areas that become moisture limited, the frequency
and intensity of strong short‐duration versus weaker long‐duration convective events, and changes in local
temperatures during extreme event downdrafts and updrafts (Bao, Sherwood, Alexander, et al., 2017; Giorgi
et al., 2019; Kitoh & Endo, 2016; Kunkel et al., 2012; Nie et al., 2018; O'Gorman & Schneider, 2009;
Thackeray et al., 2018).

Given these complexities, a direct climatological analysis between extreme precipitation and q, bypassing
the complexities of local to global temperature changes, could help our understanding of the climatological
roles of q and dynamics. Specifically, the thermodynamic effects are addressed by analyzing vertically inte-
grated q (precipitable water, PW), foregoing temperature to PW estimates. Some studies have explored PW
climatology with extreme precipitation events outside of the United States (e.g., Dong et al., 2019; Huang
et al., 2019; Lavers et al., 2016; Ye et al., 2015, 2017a, 2017b), but there has been a dearth of analyses covering
the contiguous United States. This is particularly relevant as PW is increasing in the United States and is pro-
jected to increase globally (Kunkel et al., 2013, 2020). Additionally, dynamic effects are explored through VV
and associated weather.

2. Data and Methods

The United States has spatially dense high‐quality daily data sets of precipitation. PW and VV are available
through model reanalysis fields. Additionally, this region provides a rich diversity of complex terrain and
seasonally and spatially varying weather types, which play an important role in extreme precipitation inten-
sity (Emori & Brown, 2005; Kunkel et al., 2012; Mahoney et al., 2018).

Data from the Global Historical Climatology Network‐Daily (GHCND; Menne et al., 2012) were used to
identify 3,104 stations with less than 10% missing precipitation data over the period 1949–2017. This data
set has undergone extensive quality control (Durre et al., 2010; Durre et al., 2008), and the large spatial
and temporal sample size is a major advantage compared to more limited hourly data sets. Many of the
GHCND stations are part of the U.S. Cooperative Observer Network (“COOP”) with its characteristic
once‐a‐day manual observation that has varied by observer and changed over time (Karl et al., 1986). A sys-
tematic shift in COOP station observation times (e.g., once a day observations changing from afternoon to
morning) could introduce an offset between the extreme daily precipitation (EP) event and the PW and ω
data, leading to additional measurement uncertainty. However, an analysis of EP and PW using virtually
the same set of stations found no apparent systematic time‐dependent biases (Kunkel et al., 2020).

Two similar EP metrics were computed for each station. First, the time series of the yearly maximum daily
precipitation, or annual maximum series (AMS), is the starting point for many analyses of intensity‐dura-
tion‐frequency (IDF) relationships (Bonnin et al., 2004). Second, the amount of precipitation on those days
exceeding the 1‐yr, 1‐day recurrence threshold, the partial duration series (PDS), consists of the highest 69
daily events for a station with a complete 69‐year period of record. There was considerable overlap between
these two metrics; on average, more than two thirds of the PDS and AMS values are the same events. The
average PDS precipitation amount is greater than the AMS, but the largest event in the series represents a
return interval of more than 50 years.

Maximum daily 3‐hr values of PW and VV in pressure coordinates (ω) were derived from the National
Centers for Environmental Prediction (NCEP)/National Centers for Atmospheric Research (NCAR) reana-
lysis (Kalnay et al., 1996) and NASA's MERRA‐2 reanalysis (Gelaro et al., 2017). MERRA‐2 data only extend
back to 1980, compared to 1949 for the NCEP/NCAR reanalysis. Other differences include: data assimilation
methods, models, data sources, time resolution (NCEP/NCAR 3‐hourly and MERRA‐2 hourly), and spatial
resolutions (NCEP/NCAR: 2.5° × 2.5°, and MERRA‐2: 0.5° × 0.625°). The longer NCEP/NCAR reanalysis
was used as the primary reanalysis data set, while MERRA‐2 was used to help assess the robustness of rely-
ing on the NCEP/NCAR reanalysis. Hereafter, the analysis and discussion will use the negative of ω; thus,
positive values indicate upward VV.
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Some results are averaged across nine climate regions within the contiguous United States. The regions are
coherent large‐scale anomalies of moisture excess and deficit (Karl & Koscielny, 1982) bounded by geopoli-
tical borders (supporting information Figure S1).

The concepts and terminology introduced and used by Emori and Brown (2005), O'Gorman and
Schneider (2009), and Nie et al. (2018) provide a useful framework for evaluating EP scaling given by

EP ≅ PW ΩΓ (1)

where Ω is a metric of the vertical velocity set to −ω at 500 hPa and Γ represents the vertical covariances
of the standardized PW and ω, that is, the covarying vertical changes of ω and PW. However, as pointed
out by O'Gorman and Schneider (2009) and supported by Nie et al. (2018), when the thermal structure of
the atmosphere is moist adiabatic on synoptic scales, then Γ's influence on EP variations is small and can
be neglected. So in this analysis Γ is assumed to be 1. PW represents the thermodynamic contribution,
while the dynamic component, ω, is strongly affected by specific weather types leading to upward VV.
PW is the result of circulation from all weather types, independent of VV.

Thermodynamic effects are examined more closely through the amplification factor, A, defined within spe-
cific PW intervals as

As ¼ ∑N
i ¼ 1EPs;i=∑

N
i¼1PWs;i (2)

where As is the average amplification factor for station s, EPs,i is the precipitation magnitude for event i at
station s, PWs,i is the precipitable water for event i at station s, and N is the number of extreme events at
station s (69 annually and less seasonally). Annual and seasonal (warm and cold) averages of A were cal-
culated for each station and averaged for climate regions (Figure S1) and the contiguous United States. A
is affected by the combined effects of ω, any smaller effect of Γ, and the local terrain and wind fields not
captured from the reanalyses.

3. Results
3.1. Regional Climatology of PW, ω, and EP

The PW probability distribution is shifted toward higher values on EP event days compared to all days, with
higher values in the eastern and southern regions for both EP event days and all days (Figure 1). In addition,
the moisture‐limited regions of the western United States (West, Southwest, West North Central, and
Northwest Regions) have less separation between the two PW probability distributions, in contrast to the
other eastern regions.

In contrast to PW, the separation of the−ω distributions is greater in the far west (Northwest andWest) with
the peak frequency of −ω on EP days reaching 0.3 to 0.4 Pa s−1 compared to other areas that peak around
0.2 Pa s−1 (Figure S2). EP events in these regions are more likely to be observed with higher values of −ω
compared to other regions (Figure S2).

Seasonally, higher PW is observed in all areas during the warm (May–October) season compared to the cold
(November–April) season (Figure S3). All areas have higher −ω in the cold season compared to the warm
season, including regions that are frequented by tropical cyclones, for example, the South, Southeast, and
Northeast Regions (Figure S4). There are a few events in each region where −ω is 0 or slightly negative, sug-
gesting some timing and/or accuracy errors in ω.

The median area affected by EP events increases exponentially with PW, growing from relatively small areas
of roughly 10,000 km2 for PW < 20 mm to over 75,000 km2 for PW > 70 mm (Figure S5). This suggests that
high local PW is usually associated with ample q over relatively large areas (Figure S5) for weather system
triggering.

3.2. Linear and Nonlinear Thermodynamic and Dynamic Effects

A composite of all U.S. stations shows approximately that the mean and various quantiles of the 1‐yr, 1‐day
EP event magnitudes increase monotonically with PW (Figure 2a) as might be expected from equation 1.
This is clearly not the case for those events when stratified by −ω (Figure 2b). The highest values of EP
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are associated with the highest values of PW, but not the highest values of−ω. This implies that (1) ω is not a
limiting factor in EP magnitudes beyond a threshold value of PW, in contrast to PW, (2) PW and −ω are
inversely related at high values of −ω, or (3) a combination of both. The first point is addressed in this
section, and the second point is evaluated in section 3.3.

The PW‐EP relationship is illuminated by an examination ofA.A averages about 2 and could be interpreted
as the equivalent of the atmosphere turning over twice during an EP event day. However, it is dependent on
PW (Figure 2c), with higher (lower) values at lower (higher) PW. A set of Monte Carlo simulations (see sup-
porting information—Monte Carlo) was tested for EP versus PW nonlinearity for both the PDS (Figure 2c)
and AMS (Figure S6). Results confirm that nonlinear scaling occurs at both the lower and higher portions of
the PW distribution for both reanalyses (Figure S7). Additionally, for very high EP amounts, the amount of
PW is limiting, not −ω. Sample size of the highest PW bin (321) is below the minimum (700) recommended
by Boessenkool et al. (2017), suggesting that the highest bin pair comparison is less robust, although it is con-
sistent with the adjacent bin pair.

The high A values for low PW are not necessarily true considering all precipitation events. In the subset of
precipitation events used here, very strong dynamics, and consequently high or unusually sustained −ω, is
necessary at low PW (e.g., 20 mm) to achieve the EP event threshold. The decrease in A as PW increases is
attributed to less stringent limits on VV to achieve the thresholds. In contrast, the statistically significant
increases of A at high PW are not likely due to higher −ω because the highest PW values occur during
the warm season when −ω, spatially averaged over reanalysis grid boxes, tends to be lower. Although less
likely, because of the PW averaging across regions and seasons, the dynamics might also be adding to the
effect, for example, warm season tropical storms. But Figure S8 shows that nonlinear scaling at high PW

Figure 1. Annual fractional probability distribution of all days (black line) and days with an extreme (1‐yr, 1‐day
recurrence) precipitation event (green line) versus precipitable water (the 3‐hr maximum during the event day) in
2 mm increments by climate region.
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Figure 2. Boxplot distributions for the 1‐yr, 1‐day PDS of (a) precipitation event amount versus the same‐day 3‐hr
maximum PW sorted into 10 mm interval bins; (b) as in panel (a) but for −ω, and (c) as in panel (a) but for the
amplification factor A (EP/PW). Boxplots display mean (green diamonds), median (orange horizontal lines), 25th and
75th percentiles (box limits), and 5th and 95th percentiles (whiskers). “−” and “+” denote a significant decrease and
increase (0.05 level), respectively, of the difference (higher bin minus lower bin) of A between adjacent PW intervals. The
observation count used in the statistical tests is depicted above the top whisker, and the 95th percentile value for bin 0–10
is 10.75 (panel c).
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is mostly attributed to the Northeast and Southeast where PW and associated EP are highest (Figure 1). This
effect is also evident in the South and Central Regions at the highest PW values. Nonetheless, from these
diagnostics it is not possible to completely rule out high values of ω during tropical cyclones, for example,
as partially contributing to the apparent nonlinear relationship. The spatial relationships among the
various variables is explored in section 3.3 to help discriminate among the roles of PW and ωwith EP events.

3.3. Spatial Variability of EP, PW, and ω

The relationships of EP event magnitude versus local PW and ω are potentially complex (Figures 2b and 2c).
Simple correlation coefficients are used to better understand this complexity. For most stations, the 69 EP
events increase in magnitude as PW increases (Figure 3a), independent of which reanalysis is used
(Figure S9). Stations with negative correlations are primarily located in western intermontane areas. The
coastal areas of the West Region as well as the Cascade and Sierra Nevada Mountains tend to have the high-
est positive correlations with lower, even negative, correlations immediately to the east (favored downslope
areas). Central and eastern regions are dominated by positive correlations with over one third of the stations
statistically significant (Table S1). By contrast, there are large areas with negative correlations between EP
and −ω and relatively few (less than 10%) statistically significant positive correlations (Figure 3b and
Table S1). There are some inverse relationships between PW and −ω (Figure 3c); much of the United
States east of the Cascade and Sierra Nevada Mountains has negative correlations. As a result, only 3% of
the stations have simultaneous statistically significant positive correlations between both EP and PW and
EP and−ω (Table S1). The large areas of negative correlations of PWwith−ω in southeastern regions where
PW is largest suggest that thermodynamic, rather than dynamic, effects are driving the nonlinear behavior at
the highest values of EP and PW. PW and −ω are not in synchrony when considering the most extreme EP
events. This is further supported by the mixed set of positive and negative correlations when A is correlated
with −ω (Figure 3d).

Figure 3. Correlation coefficients for the AMS of (a) EP event magnitude with PW, (b) EP event magnitude with −ω,
(c) PW with −ω, and (d) A with −ω. PW and −ω are the simultaneous day's 3‐hr maximum precipitable water and
3‐hr maximum vertical velocity, respectively. Triangles indicate statistically significant (0.05 level) correlations (two‐
tailed t test).
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3.4. Regionally Varying Weather Disturbances and their Role in EP Events

For a similar set of EP events used here, Kunkel et al. (2012) found that large‐scale weather systems, includ-
ing tropical and extratropical cyclones (and their associated fronts), were directly linked to most EP events.
So there can be no doubt that dynamics related to values of ω are critically important but only after consid-
erations of advection of moisture to achieve and sustain high values of PW. Through their circulation, dyna-
mically forced weather systems can enhance local PW by proximity of locally available sources of moisture
as well as their larger‐scale moisture advection. This section explores this more fully.

Similar to the various correlations depicted in Figure 3 there is considerable spatial variability in A
(Figure 4a). This provides some useful clues to the interplay of dynamics, terrain, and q as it affects extreme
precipitation amounts. High values of A are found along the West Coast (particularly in the Sierra Nevada
and CascadeMountain Ranges), along the Gulf coast, and in the southern AppalachianMountains. The high
values in mountainous areas likely reflect enhanced convergence from topographic uplift. Lower values are
found in the north central United States and intermontane areas of the West, quite similar to the pattern of
negative correlations of PW with −ω.

The values of A are higher in the cold season compared to the warm season almost everywhere
(Figures 4b–4d), pointing to the importance of organized dynamical weather systems and their related ver-
tical motion and moisture transports when PW tends to be lower (Figure S3). This reflects the strength of the
dynamical forcing in cold season compared to the significantly larger thermodynamic effects from ample
local values of PW in the warm season. This is also indirect evidence that atmospheric overturning is impor-
tant as the organized dynamical systems can enhance long‐range and sustained transport of q over longer
times. The high relative values of A in the Sierra Nevada, Cascade, and extreme Southern Appalachian
Mountains during both cold and warm seasons suggest that the dynamics of generally weaker warm season
synoptic‐scale systems can be strongly enhanced by abrupt orographic changes.

Figure 4. Average amplification factor (A) for each station for precipitation events exceeding the 1‐yr, 1‐day threshold
for (a) annual, (b) warm season, (c) cold season, and (d) cold to warm season ratio of A.
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The relatively large warm season values of A along and near the Gulf and Atlantic coastlines (Figure 4b),
where tropical cyclones can be strong, suggest that those dynamical systems might also play an important
role in enhancingA to values up to 3. Cold season dynamics contribute significantly more than warm season
dynamics as indicated by the large number of cold to warm season ratios of A exceeding 1 (Figure 4d).

The climatology of weather types and their relationship to extreme precipitation events as developed by
Kunkel et al. (2012) can be used to better understand and help interpret the values of A regionally and sea-
sonally. Kunkel et al. (2012) use the standard four seasons (December, January, February for winter, etc.) so
the transition seasons were asymmetrically weighted when compared to the seasons used here. They
assigned weather types to daily 5‐yr return period extreme precipitation events, rarer than the 1‐yr return
interval used herein. The implication of this difference is expected to be modest at most (Kunkel et al., 2020).
A regional decomposition ofA by region and season is provided in the supporting information (Text S2). The
salient points include (1) EP events across each season and region are associated with different weather dis-
turbances and these in turn can strongly affect regional and seasonal A; (2) large‐scale synoptic weather
types during the cold season coincide with both the high values of A with relatively low PW as well as the
apparent sub‐CC relationship at low values of PW; and (3) in spite of large values ofA associated with strong
dynamical effects, in the absence of strong orographic effects or close proximity to the coast, the amount of
PW, and its associated thermodynamics, dictate the time of year with the highest EP.

4. Discussion and Conclusions

A central question for future design values of extreme precipitation relates to the role of q and its associated
thermodynamic effects on extreme precipitation. Historically, both the probability of an extreme precipita-
tion event and the spatial extent of extreme occurrences increase with PW (Figures 2, 3, and S5), but the
interplay between thermodynamic and dynamic effects reflected in the amplification factor, A, complicates
a simple interpretation. On average, a value of A of 2 is found for precipitation events exceeding the thresh-
old for PDS and AMS events. It is common to find theA as high as 3 or more, or as low as 1, depending on the
local dynamics from orography or the types of atmospheric circulation affecting a region. For the highest
(lowest) values of PW, A increases (decreases) at a nonlinear rate.

The incorporation of global warming considerations into future design values for extreme precipitation,
including IDF relationships and Probable Maximum Precipitation (PMP), is strongly motivated by the CC
relationship and the large‐scale model‐simulated projected increases in PW (Kunkel et al., 2013). So any
compensating dynamic effects from changes in weather dynamics will need to reverse the correlations
between PW and −ω; otherwise changes in EP amounts are likely to scale positively and nonlinearly at
the highest values of PW. For the subset of the most extreme precipitation events analyzed here, there is
often an opposing relationship between PW and −ω and EP and −ω, suggesting that presently, PW is the
limiting factor for EP amounts given modest thresholds of −ω. Kunkel et al. (2013) found that future max-
imum PW increased with temperature at the CC rate or higher. Combined with our finding of increasing A
at high PW, this suggests that future changes in extreme precipitation are likely to be super CC.

There are a few ways in which future analyses could improve understanding. First, in order to ensure ade-
quate spatial density, this analysis was limited to daily precipitation amounts and did not incorporate sub-
daily data of particular interest for practical and theoretical reasons. Second, it would be useful to explore
whether the behavior of A calculated here is extensible across other time integration periods, for example,
subdaily or multiday. There is some indication that they may be extensible because the correlations of PW
versus EP (Figure 3) are similar for multiday versus 1‐day extreme events across the United States. Lastly,
the ideal characterization of the effect of q on extreme precipitation events would explicitly consider other
factors such as orography, synoptic weather type, and the vertical structure of the q and vertical velocity.
Consideration of these factors would likely provide additional insights regarding the synoptic climatology
of current and future extreme precipitation events.
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