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Abstract Most studies linking atmospheric water vapor and precipitation emphasize short records, tropical
regions, or the Northern Hemisphere. Long‐term variability of water vapor and its coupling with precipitation
remain poorly understood across strong latitudinal and climatic gradients. Here we analyze 15–27 years of
precipitable water vapor (PWV) from Global Navigation Satellite Systems (GNSS) and co‐located rain gauges
across southwestern South America. The strength of PWV–precipitation coupling varies systematically with
latitude and precipitation regime: high‐elevation convective regions show strong coupling across timescales,
while extratropical areas dominated by stratiform precipitation exhibit weaker annual and monthly but moderate
daily relationships. Seasonal PWV ranges from ∼40 mm in the tropics to ∼6 mm in subpolar regions, yet
precipitation varies inversely. Probability distributions reveal a power‐law PWV–precipitation relationship only
in the tropical Andes, whereas extratropical regions follow a logistic form shaped by positively skewed PWV.

Plain Language Summary Precipitation depends on the presence of water vapor in the atmosphere,
but the connection between them is not the same everywhere. Most previous studies have looked at short time
periods or focused on the tropics and the Northern Hemisphere. In this study, we use more than 15 years of water
vapor data from Global Navigation Satellite Systems (GNSS) stations in the Southern Hemisphere, specifically
across Chile, combined with rain gauge measurements. This region spans 4,000 km, covering very different
climates and landscapes. We find that in the mountains of northern and central Chile, precipitation usually
occurs when the air suddenly contains much more water vapor. In contrast, in the southern part of the country,
precipitation occurs even when the air does not contain very high amounts of water vapor. These results show
how the role of water vapor changes with climate and topography, and they provide new observations to test and
improve climate models in this region.

1. Introduction
Understanding where and when atmospheric water vapor becomes precipitation remains a key challenge,
especially in regions with strong topographic and climatic gradients. While many studies explore the water‐
vapor–precipitation link using microwave satellite data (e.g., Bretherton et al., 2004), radiosondes (e.g., Hollo-
way & Neelin, 2009), or reanalysis products (e.g., Arraut & Satyamurty, 2009), fewer rely on Global Navigation
Satellite Systems (GNSS), which provide Zenith Total Delay (ZTD) data convertible into precipitable water
vapor (PWV).

In contrast to reanalyses such as ERA5, which depend on model physics and have coarse resolution, GNSS
delivers in situ PWVwith high temporal sampling, from daily to sub‐second frequencies, enabling the monitoring
of both long‐term variability and rapid atmospheric processes relevant for weather prediction (Y. Bock &
Melgar, 2016). Although the technique has been established for over three decades (Bevis et al., 1992, 1994;
Businger et al., 1996), its use in climate research has expanded only recently with improved geodetic precision
and long‐term data availability (O. Bock et al., 2007; Jin et al., 2007; Santos et al., 2023; Van Malderen
et al., 2022).

Most GNSS‐PWV studies emphasize the Northern Hemisphere (Maciejewska, 2025; Vaquero‐Martínez &
Antón, 2021), leaving South America underrepresented. Efforts in Argentina (Calori et al., 2016; Camisay
et al., 2020; Fernández et al., 2009), Brazil (Adams et al., 2015), and eastern South America (Aragón Paz
et al., 2023) are largely regional or short‐term, with Bianchi et al. (2016) providing a rare continental‐scale
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analysis. Yet, explicit long‐term PWV–precipitation studies remain limited to eastern South America (Campos
et al., 2023; Sapucci et al., 2019).

Southwestern South America, particularly Chile, offers a natural laboratory for studying PWV–precipitation
coupling across climates and elevations. Its latitudinal extent (17.6°S–55.8°S), sharp climatic gradients, and
complex orography yield strong moisture contrasts from the Atacama Desert to Patagonian storm tracks (Gar-
reaud et al., 2009; Vásquez et al., 2025). However, GNSS‐based PWV analyses remain scarce, with most relying
on reanalysis or short‐term data (Falvey & Garreaud, 2005, 2007; Viale et al., 2018; R. A. Valenzuela &
Garreaud, 2019).

In the tropics, precipitation typically increases nonlinearly with PWV, approximately as a power law, with a sharp
pickup above a critical humidity threshold (Bretherton et al., 2004; Fuchs & Raymond, 2002; Kuo et al., 2017;
Neelin et al., 2009, 2022; Peters & Neelin, 2006). This transition reflects the sensitivity of entraining plumes to
lower‐tropospheric moisture (Ahmed & Neelin, 2018; Kuo et al., 2017) and serves as a diagnostic for convective
behavior (Kuo et al., 2018). Whether this functional form extends beyond the tropics, where precipitation is
organized by synoptic dynamics and orography, remains uncertain (Ahmed & Neelin, 2018).

Here we test whether a single functional form can describe PWV–precipitation coupling across Chile's diverse
climates and elevations. Using 15–27 years of GNSS‐PWV data from 14 stations, combined with ERA5 and
in situ precipitation, we quantify PWV gradients, validate GNSS retrievals against radiosondes, and evaluate
PWV–precipitation relationships across timescales. We further apply a first‐passage‐time framework to examine
how convective and stratiform regimes respond to water vapor availability and whether the tropical power‐law
paradigm holds in extratropical environments.

2. Data and Methods
2.1. Zenith Total Delay Observations

We used Zenith Total Delay (ZTD) time series from the Nevada Geodetic Laboratory (NGL) database, derived
from daily GipsyX 1.0 solutions in the IGS14 reference frame with 5‐min sampling and a 7° elevation cutoff
(Blewitt et al., 2018). GNSS stations across Chile and adjacent regions with at least 15 years of continuous
observations were selected (Figure S1, Table S1 in Supporting Information S1), and all available ZTD data were
included. Daily mean ZTD series were visually inspected to detect discontinuities or anomalies. To evaluate
sensitivity to outliers, we repeated the analysis after capping values exceeding three standard deviations from the
mean day‐of‐year (DOY) climatology for each station. Results from the capped and full data sets were consistent,
indicating negligible influence of outliers.

Although NGL provides operational PWV estimates, these omit vertical temperature corrections between the
input meteorological data and station elevation, occasionally producing negative PWV values under dry con-
ditions (Yuan et al., 2023). We therefore derived PWV directly from NGL's ZTD data.

2.2. ERA5‐Derived Temperature and Pressure

Converting ZTD into PWV requires surface pressure and 2‐m air temperature. Since none of the selected GNSS
stations have long‐term meteorological records covering the GNSS observational period, we extract these var-
iables from the ERA5 reanalysis (Hersbach et al., 2020), distributed by the Copernicus Climate Data Store (CDS).
ERA5 provides hourly fields at 0.25° × 0.25° resolution. For each GNSS site, 2‐m temperature and mean sea‐
level pressure (MSLP) are interpolated from the four nearest grid points using bilinear interpolation. MSLP is
then vertically extrapolated to the station altitude using the hypsometric equation:

p2 = p1eZ/H (1)

where p2 is the pressure at the GNSS level, p1 is MSLP (Pa), Z is the GNSS geometric altitude and H the at-
mospheric scale height (8,000 m, Wallace and Hobbs (2006)).
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2.3. GNSS‐Based Estimation of Precipitable Water Vapor

ZTD is converted to PWV using standard relationships introduced in GNSS meteorology studies (Bevis
et al., 1992, 1994; Businger et al., 1996). The ZTD comprises two components: the Zenith Hydrostatic Delay
(ZHD), which is primarily due to the dry atmospheric mass, and the Zenith Wet Delay (ZWD), which arises from
the presence of atmospheric water vapor. ZHD is a variable that depends on surface pressure, latitude and
geopotential height. Then, ZWD is computed as the difference between ZTD and ZHD. PWV is obtained
multiplying ZWD by a temperature dependent factor. To match the temporal resolution of ERA5 data, the 5‐min
ZTD time series are aggregated to hourly intervals using the mean value. The set of equations used in the study are
presented in Text S1 in Supporting Information S1.

2.4. Rain Gauges and Radiosonde Observations

We use daily, quality‐controlled precipitation data from two Chilean operational networks: the Dirección General
de Aguas (DGA) and the Dirección Meteorológica de Chile (DMC). Combining both networks provides broad
spatial coverage across Chile and minimizes the distance between GNSS stations and the nearest rain gauge.
Although both agencies apply internal quality controls, we conducted an additional screening to detect anomalous
precipitation outside the local rainy season. Suspect values were verified against neighboring stations and syn-
optic conditions; values associated with identifiable systems (e.g., atmospheric rivers or convection) were
retained, while others were flagged as missing. For instance, precipitation events in the Atacama Desert were
confirmed via MODIS Terra true‐color imagery from NASAWorldview. Because most anomalies corresponded
to valid meteorological events, all observations were ultimately preserved.

GNSS‐derived PWV estimates were validated against independent radiosonde observations from the Integrated
Global Radiosonde Archive (IGRA), version 2.2 (Durre et al., 2018), which includes profiles from the Chilean
network operated by the DMC. Radiosonde sites nearest to GNSS stations were used for comparison: ANTF (near
JRGN), STDO (near SANT), and PTAR (near PARC). Data were available at 12:00 UTC for ANTF and PTAR,
and at 00:00 and 12:00 UTC for STDO. The locations of all rain gauges and radiosonde stations are shown in
Figure S1 in Supporting Information S1 and listed in Table S1 in Supporting Information S1.

2.5. Detection of Significant PWV Peaks Using Topographic Prominence

We identify significant peaks in GNSS‐derived PWV time series using topographic prominence (TP), a concept
from geomorphology that measures a peak's height relative to its surroundings (Dumitrescu & Diac, 2024;
Kirmse &De Ferranti, 2017; Torres et al., 2019). While traditionally applied to 2D elevation data, we adapt TP for
1D time series to isolate climatically relevant PWV peaks.

The algorithm identifies local maxima and searches left and right until a higher peak or a fixed window limit is
reached. The lowest values within these intervals define the peak's base, and TP is calculated as the difference
between the peak and its base.

This method allows selection of significant peaks using a user‐defined TP threshold, with values in the same units
as PWV (mm), enabling intuitive tuning and effective identification of hydrometeorologically relevant events.

3. Results and Discussion
3.1. GNSS‐PWV Estimation and Validation

Selected GNSS stations fromNGL span a wide range of Köppen–Geiger climate zones, from hot tropical desert in
the north to temperate and polar tundra in the south, enabling climatological analysis across diverse atmospheric
conditions (Figure S1 in Supporting Information S1).

We validated GNSS‐PWV against radiosonde‐derived PWV from nearby launch sites, integrating profiles up to
500 hPa (Figure S2 in Supporting Information S1). Agreement is generally strong, particularly at JRGN–ANTF
(r = 0.97; slope = 0.94; bias = 0.18 mm; RMSE = 1.56 mm) and PARC–PTAR (r = 0.92; slope = 0.83;
bias = 0.43 mm; RMSE = 1.94 mm). At SANT–STDO, correspondence is weaker (r = 0.74; slope = 0.75;
bias = 1.63 mm; RMSE = 3.97 mm), likely due to the ∼100 km horizontal separation and ∼700 m altitude
difference.
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Despite these local variations, GNSS‐PWV reliably captures large‐scale temporal moisture variability, supporting
its use for long‐term climatological analysis. Localized uncertainties from ERA5 inputs or station mismatches
appear secondary to the dominant seasonal and latitudinal gradients observed.

3.2. GNSS‐PWV Annual Cycle Variability

Climatological daily PWV means were computed by averaging each day of year (DOY) across all years per
station. To suppress high‐frequency variability, a 90‐day, second‐order Savitzky–Golay filter (Savitzky &
Golay, 1964) was applied, and the interquartile range (IQR) from DOY quartiles was similarly smoothed.

Figure 1 shows the annual PWV cycle, its IQR, and mean annual precipitation, with stations grouped into northern
(N), central‐southern (CS), and southern Patagonian (SP) clusters. PWV generally peaks in austral summer and
reaches a winter minimum, but magnitudes and variability differ regionally. In the north, summer maxima reach
∼40 mm at PCCL and IQQE despite >1,100 m elevation difference, declining to ∼12 mm in winter. Higher‐
altitude PTRE and ATJN peak at 18–24 mm with smoother transitions, while CBAA (3,515 m) reaches only
10 mm, highlighting vertical PWV gradients. CS stations (SANT, ANTC) peak at 16–20 mm, with gradual
seasonality, and SP sites (COYQ, PARC, RIO2, AUTF) reach 12–18 mm in summer, stabilizing at 6–8 mm in
winter. Overall, summer maxima decline poleward, while winter minima remain nearly constant.

PWV variability (IQR) mirrors these patterns. Northern sites reach 12–15 mm in January–February, largely
elevation‐independent, except PTRE (3,608 m) which is lower. Southward, IQR decreases to 3–6 mm in winter,
with SANT showing a May–June peak (6 mm). In contrast, annual precipitation rises sharply from the arid north
(<50 mm) to the wet CS (>1,400 mm at ANTC) and declines in SP, reflecting a shift from infrequent and
localized convective processes in the northern Andes to broader synoptic, cyclone‐driven precipitation south of
∼33°S (Falvey & Garreaud, 2005; Garreaud et al., 2009).

3.3. GNSS‐PWV Monthly Distribution

We analyze monthly PWV distributions at each GNSS station, fitting log‐normal curves to assess shape and
variability, following global studies of PWV seasonality (Foster et al., 2006). This allows evaluation of intra‐
annual PWV evolution across climatic regions and its alignment with local precipitation regimes, which vary
strongly with latitude and elevation (Aceituno et al., 2021).

Figure 1. Annual cycle of GNSS‐PWV andmean precipitation. (a): Climatological daily PWV by day of year for each station.
(b): PWV IQR, indicating intra‐annual variability. Stations are ordered north–south and grouped into northern (N), central‐
southern (CS), and southern Patagonian (SP). Bars in panel (b) show mean annual precipitation from rain gauges. Record
lengths are listed in Table S1 in Supporting Information S1.
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Four representative stations illustrate the latitudinal contrasts (Figure 2). At PTRE (18.19°S, 3,608 m), PWV
narrows from January to July as modal values fall from 23 to 8 mm, tracking the precipitation regime (30–55 mm
January–March, nearly absent April–October). Distributions shift from negative skew (January–March) to pos-
itive (April–November), with poor log‐normal fit during the wettest months. CBAA (22.75°S, 3,515 m) also
narrows through the year, with modal values declining from 13 to 7 mm, but retains a positive skew and closer
log‐normal fit. Precipitation also peaks January–March but with different PWV–precipitation coupling.

Other northern stations (PCCL, ATJN, IQQE, CRSC, CDLC, JRGN) resemble CBAA, showing wide summer
PWV narrowing into winter, positive skew, and modal transitions, but without comparable precipitation. The
contrast between PTRE and CBAA with lowland sites reflects differing controls: convective rain and Amazonian

Figure 2. Monthly PWV and precipitation at four GNSS stations across latitudes/elevations: PTRE (18.19°S, 3,608 m),
CBAA (22.75°S, 3,515 m), SANT (33.15°S, 723 m), and AUTF (54.84°S, 72 m). Green shading shows PWVKDE, red line a
log‐normal fit, and adjacent bars mean monthly precipitation from nearby gauges (Table S1 in Supporting Information S1).
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inflow versus subsidence from the South Pacific Subtropical Anticyclone at lowland sites (Aceituno &
Garreaud, 2025).

Further south, SANT (33.15°S, 723 m) shows little annual change in PWV distribution, which fits log‐normal
year‐round. Modal values decline modestly (19–11 mm), while precipitation peaks in austral winter
(∼60 mm). Here, precipitation is mainly driven by Atmospheric Rivers reaching ∼30°S (Aceituno et al., 2021;
R. A. Valenzuela & Garreaud, 2019; Viale et al., 2018). ANTC (37.34°S, 745 m) shows similar PWV but higher
precipitation totals (Figure S3 in Supporting Information S1). In southern Patagonia, AUTF (54.84°S, 72 m)
shows stable, log‐normal PWV distributions (8–12 mm modal values) and nearly constant precipitation
(30–50 mm), with slightly reduced totals from July to November. COYQ, PARC, and RIO2 share this pattern,
though COYQ concentrates precipitation in April–August (Figure S3 in Supporting Information S1). Unlike
northern and CS sites, SP stations lie within the storm track, receiving persistent precipitation largely from At-
mospheric Rivers (Garreaud et al., 2014; Viale et al., 2018).

Overall, monthly PWV distributions reveal latitude‐ and altitude‐dependent PWV and precipitation coupling. In
the north, high‐elevation sites link summer PWV and precipitation via convective activity, a phenomenon con-
nected to Bolivian High inflow and documented in previous studies (e.g., Aceituno & Garreaud, 2025; Falvey &
Garreaud, 2005). Although some infrequent episodes related to the passage of cut‐off lows can bring precipitation
to coastal areas (e.g., Bozkurt et al., 2016), most of the time precipitation is suppressed here under the strong
subsidence produced by the South Pacific Subtropical Anticyclone (e.g., Böhm et al., 2020; Vicencio et al., 2024).
Southward, precipitation is less tied to PWV central tendency and more to its upper tail, reflecting synoptic
control by extratropical cyclones and Atmospheric Rivers (e.g., Aceituno et al., 2021; R. A. Valenzuela &
Garreaud, 2019; Viale et al., 2018). As result, PWV distributions, not just their central tendency, are key to
understanding PWV–precipitation links across climates.

3.4. Coupling of PWV and Precipitation at Daily Scale

3.4.1. PWV Peaks and Precipitation

Annual and monthly patterns of PWV–precipitation coupling highlight broad climatic controls, but daily‐scale
analysis offers finer insight into the mechanisms driving precipitation. While previous studies examine daily
or sub‐daily relationships between PWV and precipitation primarily in tropical settings (Bretherton et al., 2004;
Fuchs & Raymond, 2002; Kuo et al., 2017, 2018; Neelin et al., 2009), our GNSS‐PWV records enable us to
analyze tropical and extratropical differences.

We quantify this relationship by calculating the conditional probability of precipitation on days when PWV
reaches a peak. PWV peaks are identified using the topographic prominence (TP) algorithm applied to daily
GNSS‐PWV time series. This probability is defined as:

P(rain ∣ peak) =
P(rain> 0∩ peak)

P(peak)
(2)

An example of PWV peaks detected using the TP method for SANT during 2011 is shown in Figure 3a. Here, two
prominence values are selected: 7 and 10 mm. Lower thresholds (e.g., 7 mm) capture more frequent events, while
higher thresholds (e.g., 10 mm) isolate more extreme, less frequent PWV anomalies. These peaks modulate
around a seasonal PWV cycle (10–20 mm), highlighting the role of synoptic variability (e.g., sub‐weekly scale) in
daily moisture fluctuations (Benevides et al., 2015; Liang et al., 2020). Figure 3b shows the resulting conditional
probabilities across all stations for four TP thresholds (3, 7, 10, 15 mm). At low‐elevation northern stations
(PCCL, IQQE, ATJN, CRSC, CDLC, JRGN), conditional probabilities are near zero, consistent with infrequent
precipitation. At higher‐elevation (>3,000 msl) PTRE and CBAA, conditional probabilities reach up to 0.93 and
0.5, respectively, reflecting stronger PWV–precipitation coupling likely associated with convective events fueled
by elevated moisture transport from the Bolivian High (Aceituno & Garreaud, 2025; Aceituno et al., 2021).

In the central‐southern group (SANT, ANTC), probabilities range from 0.23 to 0.62. SANT shows a gradual
increase with higher TP, while ANTC peaks at intermediate thresholds (7 mm). In southern‐patagonian (COYQ,
PARC, RIO2, AUTF) probabilities are moderate to high (0.41–0.68) but decreases at the highest thresholds,
suggesting that some PWV anomalies are unrelated to daily precipitation. We interpret this behavior as the
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influence of stratiform and post‐frontal systems (Garreaud et al., 2014) that efficiently produce precipitation
without the need of having a sharp PWV peak.

3.4.2. Coupled PWV and Precipitation Distributions

The relationship between PWV and precipitation has often been studied from a probability distribution
perspective, mainly in the tropics, where both theory and observations support a power law dependence (Hot-
tovy & Stechmann, 2015; Neelin et al., 2022; Stechmann & Neelin, 2011, 2014). Here, we test whether this
relationship also holds in extratropical regions.

We examine how precipitation varies with PWV magnitude by binning PWV values and computing the median
precipitation in each bin. Bins of 6 mm with 3 mm overlap are used to reduce noise between groups. Results for
PTRE, CBAA, SANT, and AUTF (Figures 4a–4d) show that PTRE (18.19°S) follows the tropical power law,
while other stations depart from it. For instance, CBAA (22.75°S) exhibits higher precipitation at low PWV and
lower precipitation at mid PWV compared to the power law fit, SANT (33.15°S) shows the opposite pattern, and
AUTF (54.84°S) resembles CBAA. Similar deviations are observed at other sites that have precipitation at
extratropical latitudes (Figure S5 in Supporting Information S1).

These results suggest that a power law is appropriate only for PTRE, consistent with its tropical location,
convective precipitation, and negatively skewed PWV distribution during the wet season (e.g., Peters & Nee-
lin, 2006). In contrast, extratropical sites align better with a logistic form, characterized by slow precipitation

Figure 3. (a) PWV peak detection at SANT station in 2011 using topographic prominence. Gray line: GNSS‐PWV time
series. Blue triangles: peaks with 7 mm threshold; red circles: 10 mm threshold. Blue bars: daily precipitation from nearby
Pudahuel gauge. (b) Conditional probability matrix of precipitation on PWV peak days for all stations and four thresholds (3,
7, 10, 15 mm). Stations grouped as northern (N), central‐southern (CS), and southern Patagonian (SP). Warmer (cooler)
colors show lower (higher) probabilities.
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Figure 4. (a–d) Median precipitation versus binned PWV. Bins: 6 mm wide, 3 mm overlap. Empirical PWV–precipitation
(blue points) compared with two models: power law (orange) and logistic (green). Bin counts shown as gray bars. (e–h)
Conceptual model linking PWV distribution to PWV–precipitation using SN14: hypothetical PWV with negative (e) and
positive (g) skew, and PWV–precipitation following power law (f) or logistic (h). Dashed box marks the upper tail of
tropical/extratropical PWV distribution.
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increases at low PWV, rapid rises at intermediate values, and saturation or flattening at the upper tail
(Figures 4b–4d).

We investigate the PWV‐precipitation relationship from a theoretical standpoint to elucidate what factors can
contribute to a departure from the well‐documented power law relationship in favor of a logistic relationship.
Since our previous result shows a coupling between PWV peaks and precipitation, and considering the stochastic
behavior of PWV (e.g., Figure 3a), a model that includes precipitation triggering based on a PWV thresholds
seems adequate. For this analysis, we use a first‐passage‐time model proposed by Stechmann and Neelin (2014),
hereafter SN14. A first‐passage‐time model is a stochastic model that aims to reproduce stochastic processes
triggered by first‐passage events. In other words, these are processes involving events triggered when a given
threshold is reached. As such, SN14 assumes that PWV has a stochastic behavior and that precipitation is trig-
gered or suppressed when PWV crosses a given threshold. In the SN14 study, a three‐state model is proposed,
which includes triggers for convective and stratiform precipitation and has the following stochastic functions:

dq
dt
= E + Dnpϵ until q = qc (3)

dq
dt
= − Pc + Dcϵ until q = qs (4)

dq
dt
= − Ps + Dsϵ until q = qnp or qc (5)

where q is PWV, t is time, E is a mean moisture source (e.g., surface fluxes and moisture advection),Dnp, Dc, and
Ds are the variances of water vapor forcing for non‐precipitating, convective, and stratiform states, Pc and Ps are
the corresponding precipitation rates, and ϵ is Gaussian white noise.

We implemented SN14 using an Euler–Maruyama solver, updating the new q values as:

Δq = B ∗Δt +
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
D2 ∗Δt

√
∗ ϵ, (6)

where B corresponds to E, Pc, or Ps depending on the state, and D2 corresponds to Dnp, Dc, or Ds for non‐
precipitating, convective, or stratiform conditions, respectively.

We explore a parameter space slightly modified from SN14 (Table S2 in Supporting Information S1) to reproduce
the PWV magnitudes observed in our GNSS time series (Figure 2 and Figure S3 in Supporting Information S1).
Relative to the original study, we reduce Pc, increase Ps, set E drier, decrease D2

c , increase D
2
np, and vary D

2
s both

below and above the SN14 values. All PWV thresholds are lowered to match observed ranges.

The full parameter set gives 170,100 combinations, each run for 1,000 iterations with a time step of 0.01 hr. For
each run we compute mean precipitation per overlapping PWV bin, retain simulations producing precipitation up
to the last PWV bin of 40 mm, and fit both power law and logistic functions. We then compare R2 values over
10,000 random subsets of simulations. Logistic fits consistently outperform power laws, indicating that the
extratropical PWV–precipitation relationship is more likely logistic (Figure S6 in Supporting Information S1).

With this result, we propose that the PWV‐precipitation relationship in the extratropics differs from the tropical
relationship as represented in the schematics of Figures 4e–4h. The extratropics have a positive skewed PWV
distribution, meaning that the upper tail of the PWV distribution is a strong limiting factor for producing pre-
cipitation. In addition, the non precipitating forcing is larger and can condition the precipitation triggering at mid
PWV values. Lastly, when convective and stratiform precipitation rates are close to each other and the stratiform
forcing is larger than the convective forcing, more continuous precipitation episodes emerge, also influencing the
flattening of precipitation in the upper tail of PWV distribution.

Unexplained features remain, such as the overshooting peak observed in SANT (Figure 4c), ANTC, COYQ,
PARC, and RIO2 (Figure S5 in Supporting Information S1), which we cannot reproduce with the SN14 model. A
cursory examination of results in SANT suggests that a potential mechanism related to the overshooting peak is
the impact of transient Atmospheric Rivers associated with heavy daily precipitation (Figure S7 in Supporting
Information S1, R. A. Valenzuela & Garreaud, 2019; Viale et al., 2018). Another feature is the sharp drop in
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precipitation at the highest PWV in COYQ, PARC, and RIO2 (Figure S5 in Supporting Information S1). This
feature might reflect sampling limitations (e.g., unfrequent cases) or additional processes not captured by the
SN14 model.

4. Conclusions
We analyzed the co‐variability of precipitable water vapor (PWV) and precipitation across Chile's full latitudinal
and climatic range, using 15–27 years of GNSS‐derived PWV combined with reanalysis and in situ precipitation.
This integrated approach reveals how moisture availability translates into precipitation from the tropics to the
extratropics.

The annual PWV cycle peaks in arid northern Chile and weakens southward. In the north, elevated summer PWV
at low elevations reflects coastal moisture transport from the equator (Vicencio et al., 2024), yet precipitation
remains scarce due to subsidence from the South Pacific Subtropical Anticyclone. At higher Andean sites, lower
PWV coexists with convective precipitation linked to episodic Amazonian inflow and Bolivian High circulation
(Falvey & Garreaud, 2005; Minvielle & Garreaud, 2011). In central‐southern Chile, precipitation occurs mainly
in austral winter when PWV is low, indicating that precipitation depends on the upper tail of its positively skewed
distribution. In Patagonia, weak PWV seasonality and persistent storms produce year‐round precipitation with a
stochastic, transport‐driven coupling, largely modulated by Atmospheric Rivers.

Daily‐scale analysis shows PWV peaks coincide with convective precipitation at high‐altitude northern sites,
while coupling weakens southward under stratiform and post‐frontal regimes. The tropical PWV–precipitation
power law applies only at high‐altitude PTRE; extratropical stations follow a logistic relationship. A first‐
passage‐time model attributes this contrast to PWV skewness: negatively skewed tropical PWV favors power‐
law growth, whereas positive skewness in extratropical PWV yields a logistic saturation at high values.

Overall, PWV–precipitation coupling in Chile varies systematically with climate and elevation, offering an
observational baseline for climate model validation. Future work should further address large‐scale moisture
transport and wind dynamics, particularly Atmospheric Rivers, in shaping the PWV‐precipitation relationship
across diverse environments. Additionally, exploration of rapid PWV variations at sub‐daily scale should be
performed to further understand PWV‐precipitation relationship at meteorological relevant scales.
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