
Precipitation-elevation relationship: Non-linearity and space–time variability prevail in the
Swiss Alps

A B S T R A C T

The relationship between mean daily precipitation and elevation is often regarded as linear and positive, resulting in simple “precipitation lapse rate” equations
frequently employed to extrapolate daily rainfall from a single weather station over a large area. We examine the precipitation-elevation relationship in the Swiss
Alps using a combination of weather radar and rain gauge data to test this common assumption, challenging it by fitting a two-segment piecewise linear model with a
mid-slope break-point as an alternative. By examining data stratified by catchment, season, and weather type, we assess the space–time variability of the
precipitation-elevation relationship. We conclude that a non-linear and non-stationary model seems necessary to capture the variability of the observed precipitation-
elevation relationship. Based on our findings, we suggest that the simplified precipitation lapse rate concept is misleading and should be reconsidered in hydrological
applications, emphasizing the need for a more realistic representation of precipitation variability over time and space.

1. Main

1.1. The precipitation lapse rate: An over-simplification of orographic
effects?

Orographic precipitation is conceptualized as a dynamic process in
which a humid airmass is transported over mountains by large-scale
circulations, resulting in adiabatic cooling, reduced pressure, and
condensation that leads to precipitation (Roe, 2005; Houze, 2012). A
natural consequence is that it tends, on average, to precipitate more in
higher elevations than in lowlands along storm trajectories (Foresti and
Pozdnoukhov, 2012), while lowlands on the other side of the ridge
experience less precipitation (known as the “rain-shadow effect”; Siler
et al., 2013). Consequently, many studies assume a determined positive
relationship between mean daily precipitation and elevation, and they
use linear precipitation lapse rates (Bohne et al., 2020; Dura et al.,
2024). For example, precipitation lapse rates are routinely employed in
catchment hydrological models to extrapolate precipitation from a
measured gauging station to the rest of the catchment (Markstrom et al.,
2015; Garavaglia et al., 2017), or to map precipitation from sparse rain
gauge observations (Daly et al., 1994; Isotta et al., 2014).
However, relationships between precipitation and elevation are

rarely observed systematically due to the paucity of precipitation data in
high-elevation areas. When observed, precipitation-elevation relation-
ships often differ from the simplified linear and positive relationship
described above. In some cases, regional-scale synoptic conditions
dominate over local altitudinal effects (Longman et al., 2021; Benoit and
Sichoix, 2023). In others, very small-scale effects can locally change the
measured precipitation amounts, such as peak rain rates overshooting
the crest of mountains (Benoit et al., 2021) or localized convective
rainfall (Michelon et al., 2021). In some cases, local inversions of the
precipitation-elevation relationship have been observed and attributed
to rain shadow effects (Collados-Lara et al., 2018) or the presence of the

trade wind inversion in the tropics (Giambelluca et al., 2013).
Furthermore, the impact of elevation on precipitation depends on both
the temporal scale and the precipitation feature of interest. For example,
short-duration extreme precipitation has been shown to often decrease
with elevation, resulting in a reverse orographic effect for high-intensity
precipitation (Marra et al., 2022; Dallan et al., 2023). In fact, orographic
precipitation is a complex phenomenon that depends on many intricated
non-linear processes; therefore it has been argued that local discrep-
ancies can be expected between the textbook explanation of orographic
precipitation and actual precipitation (Masson and Frei, 2014).

1.2. Alternatives to the precipitation lapse rate model

We use a combination of radar and rain gauge data over the Swiss
Alps to test whether the common assumption of a precipitation lapse
rate (i.e., a linear and positive relationship between elevation and mean
daily precipitation) holds for a mountain range of the mid-latitudes
experiencing contrasting hydro-climates (Isotta et al., 2014; Panziera
et al., 2018). We challenge this linear dependence model between pre-
cipitation and elevation with one of the simplest possible non-linear
alternatives, namely a two-segment piecewise linear model with a
mid-slope break-point. The variability of the precipitation-elevation
relationship in space and time is assessed by performing the study on
data stratified per catchment (Fig. 1a) and per seasonal weather types
(Fig. 1b). The seasonal weather types are obtained by a statistical clas-
sification of daily pressure fields above Europe to delineate quasi-
stationary states of the atmosphere (i.e., groups of days with similar
atmospheric conditions). This classification was chosen as a basis for our
analysis because it allows us to link the precipitation-elevation rela-
tionship with a discrete set of homogeneous atmospheric conditions. We
explore the linearity, sign, and magnitude of the precipitation-elevation
relationship by adjusting five competing regression models to the
precipitation-elevation observation scatter plot (Fig. 1c).
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1.3. Linear precipitation lapse rate in the Swiss Alps is the exception and
not the rule

In the Swiss Alps, the sign, magnitude, and linearity of the influence

of elevation on mean daily precipitation vary tremendously in space and
time (Fig. 2). Regarding the variability in space (i.e., comparing
different curves within a single panel in Fig. 2), one can notice that for
almost all 16 seasonal weather types, the selected model and the value of

Fig. 1. Space-time stratification of the precipitation dataset and possible models of the precipitation-elevation relationship. a. Target areas. Left: location within
Switzerland; right: topography (top) and mean annual precipitation (bottom). b. Seasonal weather types (4 seasons and 4 types per season; Yiou et al., 2008) and
associated mean precipitation fields over all of Switzerland. Within each season, the weather types are ordered from the wettest (left) to the driest (right). The
“Seasonal Freq.” label denotes the frequency of occurrence of each weather type within the season of interest. c. Schematic view of the Precipitation-Elevation models
used to test the linearity of orographic effects. In the precipitation maps in a. and b., the white pixels denote areas where precipitation data are considered unreliable
and are therefore discarded from the analysis (see Fig. S1 for details).
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its parameters differ between areas. Regarding the temporal variability
of the precipitation-elevation relationship (i.e., comparing curves with
the same color between different panels in Fig. 2), one can notice that for
a given area, the selected model and its parameters vary widely
depending on the season and the weather type. Many interacting phe-
nomena can explain these space–time variations of the precipitation-
elevation relationship in response to changing weather types. As an
illustration, the seasonal change in precipitation regime helps explain
the different patterns of orographic effects observed between the
external Alps (Berner Alps and Limmat catchment, in blue and light blue
in Fig. 2) and the internal Alps (Central Valais and Adula Alps, in red and
pink in Fig. 2) under the influence of westerly low-pressure systems
(weather types DJF1–2 and JJA1–2). When winter stratiform precipi-
tation prevails (Fig. 2a and b), the windward external Alps experience a
positive precipitation-elevation relationship due to orographic precipi-
tation enhancement. Conversely, the leeward internal Alps experience a
reversed orographic effect because the overshoot of the northern crest of
the Alps (southern border of the Berner Alps and Limmat catchment
areas) brings precipitation in the Rhône and Rhine valleys (northern
border of the central Valais and Adula Alps areas), and because a
precipitation-shadow effect keeps the southern mountains relatively dry
(Foresti et al., 2018). In contrast with winter stratiform precipitation,
summer convective precipitation (Fig. 2i and j) develops primarily over
the pre-alpine regions of Switzerland (Barton et al., 2020; Nisi et al.,
2018), which creates a mid-slope precipitation maximum in the external
Alps regions where this landform is pervasive while the inner Alps

remain relatively dry. A notable exception to this mid-slope precipita-
tion maximum is the overshoot of the southern crest of the Adula Alps by
convective systems. These convective systems are initiated in Northern
Italy (i.e., south of the Adula Alps) when south-westerly wet air masses
originating from the Mediterranean Sea reach the Southern Alps. When
they overshoot the southern crest of the Adula Alps, these convective
precipitations create a strong orographic precipitation enhancement at
high elevations in this area (Panziera and Germann, 2010).
When investigating the occurrence statistics of the different

precipitation-elevation models in the Swiss Alps (Table 1), it appears
that the idealized linear and positive precipitation-elevation relation-
ship mentioned in the introduction is the exception rather than the rule.
Indeed, a positive precipitation lapse rate is observed in only 15 % of the
cases tested (a case is defined as the precipitation-elevation relationship
estimated for a specific target area and seasonal weather type).
Orographic precipitation enhancement (i.e., the increase of precipita-
tion with elevation) is nevertheless the prevailing variation pattern and
occurs in 47.5 % of cases, but it is mostly non-linear. The second most
common variation pattern is the absence of a trend in precipitation as a
function of elevation (37.5 % of cases), and also in this configuration,
the non-linearity prevails: 12.5 % of all cases have constant precipitation
while 23.75 % display a mid-slope precipitation maximum and 1.25 % a
mid-slope precipitation minimum. The less frequent variation pattern is
a reverse orographic effect (i.e., the decrease of precipitation with
elevation) occurring in 15 % of cases, which is the only configuration
where linearity prevails: 13.75 % of all cases are decreasing and linear,

Fig. 2. Observed precipitation-elevation relationships (scatter plots) and adjusted models (solid lines) for all 16 seasonal weather types and 5 target areas considered
in the study (blue: Berner Alps, light blue: upper Limmat catchment, red: central Valais Alps, pink: Adula Alps, green: Maggia Valley). The Is_Linear booleans at the
bottom of each subplot denote if the selected model of precipitation-elevation relationship is linear (1) or non-linear (0). The font of the boolean informs if the
evidence for the selected hypothesis of linearity is weak (italic), strong (normal font), or very strong (bold) (for details see Methods: Investigating the precipitation-
elevation relationship).
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and only 1.25 % decreasing and non-linear.

1.4. Concluding remarks

Capitalizing on the good coverage and high accuracy of a radar-rain
gauge merged product over the Swiss Alps, we explored the influence of
elevation on mean daily precipitation in an area with a complex
topography and diverse hydro-climates. The two main outcomes of this
analysis are that, for the Swiss Alps (i) the often postulated linear and
positive precipitation-elevation relationship is the exception rather than
the rule; and (ii) the linearity, magnitude, and sign of the influence of
elevation on precipitation vary tremendously in space and time.
When modeling rainfall-runoff responses in complex topography

regions, we therefore recommend the use of models enabling both non-
linearity and space–time non-stationarity of the elevation-precipitation
relationship, in place of fixed-linear precipitation lapse rates which
lack the flexibility to capture the diversity of orographic effects occur-
ring in mountains. Moving towards more flexible precipitation-elevation
models can have fundamental implications for the comprehension of the
hydrological budget of high-altitude catchments where precipitation is

typically interpolated or extrapolated, as well as for cryosphere studies
where glacier mass balance strongly depends on accurate precipitation
estimations.

2. Methods

2.1. Data and study areas

Our analysis is based on the CombiPrecip (CPC) dataset, which is the
result of a fusion between radar and rain gauge data processed and
maintained by MeteoSwiss (MeteoSwiss, CPC documentation). The
radar data used in CPC is derived from a network of five C-band Doppler
radars distributed over Switzerland, whose set-up and data processing
have been optimized for precipitation measurement in high-elevation
areas (Germann et al., 2022). This includes setting up some of the
radar antennas near mountain peaks to reduce beam shielding by
topography and ground clutter (i.e., the reflection of the radar beam by
the ground), implementing an antenna scan strategy that accounts for
the local topographic setting, and specific data pre-processing to miti-
gate ground clutter, beam shielding, and vertical profile reflectivity

Table 1
Frequency of occurrence for the different patterns of variation and linearity behaviors of the precipitation-elevation relationship. The frequencies
reported in this table are expressed as a percentage of total cases (80 cases in total, i.e., 5 target areas x 16 seasonal weather types). Numbers in
parentheses correspond to the frequency of cases with strong to very strong evidence for the selected hypothesis of linearity. For each case, the
schematics exemplify the configurations that are observed in our Swiss Alps dataset (Fig. 2).

Change in precipitation with elevation Linear Models
M1 or M2

Non-linear Models
M3, M4 or M5

Total

Increase
M2, M3, M4 or M5

15 % (7.5 %)

,

or

32.5 % (22.5 %)

47.5 % (30 %)

No trend
M1 or M5

12.5 % (7.5 %)

or

25 % (22.5 %)

37.5 % (30 %)

Decrease
M2, M3, M4 or M5

13.75 % (10 %) 1.25 % (0 %)

15 % (10 %)

Total 41.25 % (25 %) 58.75 % (45 %) 100 % (70 %)

Table 2
Environmental features of the five target areas: footprint, number of precipitation gauges, dominant landforms and precipitation regime.

Target area Footprint Gauges Landforms Precipitations

Berner Alps 3142 km2 15 Pre-Alps
External Alps

Moderate all year round

Limmat catch. 2165 km2 18 Pre-Alps
External Alps

Moderate in winter and fall
High in spring and summer

Central Valais 1429 km2 16 Internal Alps Low in winter and fall
Moderate in spring and summer

Adula Alps 2194 km2 14 Internal Alps Low in winter and fall
Moderate in spring and summer

Maggia Valley 1701 km2 9 Pre-Alps Moderate in winter
High in spring, summer and fall
(with intense convective storms)
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effects. The rain gauge data used in CPC derive from over 250 high-
precision automatic rain gauges of the SwissMetNet network
(MeteoSwiss, SwissMetNet documentation), predominantly located in
lowlands with nevertheless a good coverage of high elevation areas (58
gauges are located at elevations ranging from 1000 m to 1500 m above
sea level (a.s.l.), 37 gauges between 1500 m to 2000 m a.s.l., and 27
gauges above 2000 m a.s.l.). Co-kriging with external drift is used to
merge radar and gauge data, resulting in an hourly and 1 km resolution
product (Sideris et al., 2014). The CPC dataset is available from 2005
until today, but early epochs are affected by changes in the number of
operational radars and rain gauges as well as changes in the processing
of ground clutter (MeteoSwiss, CPC documentation), therefore we only
use data from 2015 to 2023. To further minimize the possibility of biases
in the precipitation data we focus our analysis on the areas that are best
covered by the radars, and we have therefore excluded all grid cells
affected by beam blocking or ground clutter from the analysis (see
Fig. S1).
The elevation data we use is the 200-m Swisstopo product MNT25

(Swisstopo, 2004), which we re-gridded at a 1 km resolution to match
the resolution of the precipitation dataset. The topography of
Switzerland is complex and varied, including two mountain ranges: the
Alps (highest altitude 4634 m a.s.l) and the Jura (highest altitude 1679
m a.s.l), and extensive lowlands (ranging between 400 and 800 m a.s.l).
To assess the diversity of precipitation-elevation relationships in space,
we focus on five regions that are deemed representative of the hydro-
climates of the Swiss Alps (Table 2). These target areas are subsets of
the main water catchments of Switzerland and have been delineated to
minimize the dispersion of the observed precipitation-elevation scatter
plots within each area (see Fig. S2).
The climate is represented by 16 seasonal weather types that depict

the main atmospheric configurations above Europe (Yiou et al., 2008).
More precisely, the year is first divided into four seasons: winter (DJF),
spring (MAM), summer (JJA), and fall (SON), and then each season is
further divided into four weather types based on the spatial patterns of
the daily mean geopotential height at 500 hPa over Europe (see Fig. S3).
The resulting weather types DJF1, MAM1, JJA1 and SON2 can be con-
nected to the negative phase of the North Atlantic Oscillation (NAO-)
and tend to bring wet westerly air masses directly above Switzerland;
DJF2, MAM2, JJA2 and SON1 can be connected to the positive phase of
the North Atlantic Oscillation (NAO+) during which the low-pressure
systems transit mostly above Northern Europe and periodically reach
Switzerland; JJA4 can be associated with an Atlantic Low regime asso-
ciated with low-pressure systems above the Northern Atlantic and
relatively high pressures over Switzerland along with scattered and
often convective precipitation; DJF3, MAM3, and SON4 correspond to
an Atlantic Ridge that brings moderately wet northerly to north-westerly
air masses over Switzerland; and DJF4, MAM4, JJA3 and SON3 corre-
spond to a Scandinavian Blocking during which Switzerland stands in
the southern margin of a high-pressure system leading to generally dry
conditions (except from convective precipitation in summer (JJA3) and
fall (SON3)). For a more detailed meteorological interpretation of the
weather types, see the original classification description (Yiou et al.,
2008) and subsequent studies using this classification for climate science
applications (e.g., Krouma et al., 2022).

2.2. Investigating the precipitation-elevation relationship

We investigate the relationship between precipitation (P, derived
from the CPC dataset) and elevation (E, derived from the MNT25
dataset) for each weather type and target area separately. We explore
the linearity, sign, and magnitude of this relationship by adjusting five
competing regression models to the P-E observation scatter plot. These
models have been chosen within the family of piecewise linear models to
allow a simple comparison between models, and have been designed to
cover the spectrum of P-E relationships ranging from no dependence
(M1) to a two-segment non-linear model (M5):

(M1) constant precipitation for all elevations: P=a11
(M2) linear P-E model: P=a21 + a22 E
(M3) constant precipitation until a given elevation (a32) and then
linear trend:
P=a31 + a33 EδE≥a32, with δ the Kronecker delta (δC=1 if the

condition C is true and δC=0 otherwise)
(M4) linear trend until a given elevation (a43) and then constant
precipitation:
P = (a41 + a42E)δE < a43 + (a41 + a42a43)δE ≥ a43

(M5) two-segment piecewise linear model with break-point at alti-
tude a54:
P = (a51 + a52E)δE < a53 + (a51 + a52a53 + a54E)δE ≥ a53

where aij are model parameters that are estimated from the data by
maximization of the log-likelihood assuming independent and identi-
cally distributed residuals with a normal distribution. Model calibration
is performed under the constraint that the elevation of breaking points
(parameters a32, a43, and a53) is comprised between 1000 and 2500 m a.
s.l. Subsequently, the model that best fits the data is selected by mini-
mizing the Bayesian Information Criterion (BIC) defined by Schwartz
(1978) as BIC=log(n)k – 2log(L),where k is the number of parameters of
the model at hand, n is the number of observations, and log(L) is the log-
likelihood derived from the estimation step. The BIC has been preferred
to other information criteria such as the Akaike Information Criterion
(AIC) because it strongly penalizes model complexity, and therefore
leads to the selection of simple models which in the present case avoids
the spurious detection of non-linearity. When a non-linear model (MNL∊
{M3, M4, M5}) is selected by BIC minimization, we assess the level of
evidence provided by the data in favor of the non-linear hypothesis by
estimating the Bayes Factor (BF; Kass and Raftery, 1995) between the
best linear model (ML; i.e., the model M1 or M2 with the smallest BIC)
andMNL using the BIC approximation of the Bayes Factor (Faulkenberry,
2018) written as BF=exp(− 0.5(BIC(MNL) – BIC(ML))).
If log(BF) is less than 3 we consider that the evidence for non-

linearity is weak, if log(BF) ranges between 3 and 5 we consider that it
is strong, and if log(BF) is above 5 we consider that the evidence for non-
linearity is very strong (Kass and Raftery, 1995). We apply the same
procedure (by simply inverting the indices NL and L) to assess the evi-
dence for linearity in the case where the model with the smallest BIC is
linear.
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