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Abstract

The spatial distribution of surface air temperatures is essential for understand-

ing and modelling high-relief environments. Good estimations of the surface

temperature lapse rate (STLR) and the 0�C isotherm height (H0) are funda-

mental for hydrological modelling in mountainous basins. Although STLR

changes in space and time, it is typically assumed to be constant leading to

errors in the estimation of direct-runoff volumes and flash-floods risk assess-

ment. This paper characterizes daily and seasonal temporal variations of the

in-situ STLR and H0 over the western slope of the subtropical Andes (central

Chile). We use temperature data collected during 2 years every 10 min by a 16

sensors network in a small catchment with elevations ranging between

700 and 3,250 m. The catchment drains directly into Santiago, the Chilean cap-

ital with more than seven million inhabitants. Resulting values are compared

against those obtained using off-site, operational data sets. Significant intra-

and inter-day variations of the in-situ STLR were found, likely reflecting

changes in the low-level temperature inversion during dry conditions. The

annual average in-situ STLR is −5.9�C/km during wet-weather conditions.

Furthermore, STLR and H0 estimations using off-site gauges are extremely

sensitive to the existence of gauging stations at high elevations.
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1 | INTRODUCTION

Surface air temperature (SAT, normally measured at 2 m
above the surface) and its spatial distribution are key cli-
matic features in mountainous regions (Yang et al., 2011;
Wang et al., 2017), essential for understanding and
modelling a wide range of processes in high-elevation
environments (Minder et al., 2010; Pages et al., 2017;
Ojha, 2019). In particular, the relationship between SAT
and altitude, that is, the surface temperature lapse rate
(STLR), controls some relevant processes such as rainfall-
runoff transformation, snow accumulation and snow-
melt, ecosystems distributions and glacier mass varia-
tions. An accurate estimation of the STLR is crucial in
mountainous regions (Rolland, 2003; Blandford
et al., 2008; Kattel et al., 2013, 2015, 2018). Closely related
to the STLR is the 0�C isotherm height (H0), a very rele-
vant variable in mountain hydrology that approximately
delimitates the area that produces direct runoff and the
area that receive snow (White et al., 2002; Lundquist
et al., 2008; Minder et al., 2010; Garreaud, 2013;
Immerzeel et al., 2014).

Hydrological modelling and other applications com-
monly use STLR to extrapolate SAT from a low-lying base
station to different elevations with no observations
(Blandford et al., 2008; Ojha, 2019). Typical STLR values
range between −7.0 and −6.0�C/km (Prentice et al., 1992;
Hamlet and Lettenmaier, 2005; Otto-Bliesner et al., 2006;
Livneh et al., 2013; Ojha, 2019), with −6.5�C/km being most
commonly used (Blandford et al., 2008; López-Moreno
et al., 2018). This value corresponds to the standard atmo-
spheric lapse rate representative of the theoretical
pseudoadiabatic lapse rate (Brunt, 1933). However, this
value is often adopted without in-situ observational support
and may result inappropriate in many circumstances
(Minder et al., 2010). Note that free-air temperature lapse
rate (FTLR) and STLR differ, particularly in mountains
regions, as the heated or cooled land surface is essentially
projected into the free air with the form of mountains
(Blandford et al., 2008). Thus, the STLR is expected to be
more variable than the FTLR. Moreover, the STLR is
known to vary in time and space, especially in complex ter-
rains (Minder et al., 2010; Pike et al., 2013; Ojha, 2017;
Wang et al., 2017). This variability has been studied in dif-
ferent regions by using observational temperature sensor
networks (Minder et al., 2010; Pike et al., 2013) and satellite
estimates of SAT (González and Garreaud, 2019). Some of
the studies include seasonal (Bolstad et al., 1998;
Rolland, 2003; Tang and Fang, 2006; Blandford et al., 2008)
and diurnal cycles (Bolstad et al., 1998; Rolland, 2003; Tang
and Fang, 2006; Blandford et al., 2008; Wang et al., 2017), as
well as the spatial variability of the STLR (Bolstad
et al., 1998; Pepin, 2001; Rolland, 2003; Tang and

Fang, 2006; Minder et al., 2010; Kattel et al., 2013; López-
Moreno et al., 2018).

Mountainous terrain provides many challenges for the
installation and maintenance of meteorological instru-
ments (Chae et al., 2012). The number of available weather
stations in a mountainous region is often insufficient for
the complete coverage of the altitude ranges
(Rolland, 2003; Wang et al., 2017). Nevertheless, dense sen-
sor networks with high temporal resolution are key to
describe how local STLR evolves through time (Lundquist
and Cayan, 2007; Minder et al., 2010; Ojha, 2017). Attain-
ing such knowledge improves our understanding of tem-
perature patterns in mountainous regions, as well as the
overall characterization of mountain climates. Some high-
relief regions in which STLR have been measured and
characterized are the Himalayas (Kattel et al., 2013, 2015,
2018), the Qinling mountains of China (Tang and
Fang, 2006; Wang et al., 2017), the BaekduDaegan Moun-
tain of Korea (Chae et al., 2012), the European Alps
(Rolland, 2003), the Rocky Mountains (Blandford
et al., 2008), Cascade Mountains (Minder et al., 2010) in
North America, the Mountainous British Columbia
(Cannon et al., 2012) and the Nahuelbuta coastal moun-
tains in southern Chile (González and Garreaud, 2019). It
stands out that the Andes Mountains along western South
America have received relatively little attention in this
respect. To the best of our knowledge, studies of SAT distri-
bution exist only for the Ecuadorian tropical Andes
(Córdova et al., 2016) and for some specific glaciers in the
Chilean Andes (Petersen and Pellicciotti, 2011; Hanna
et al., 2017), and rely on less than 1 year of records. As we
will show, longer periods of observation do provide valu-
able insight into the STLR variation from one season to
another.

This paper presents an empirical study to characterize
the temporal dynamics of the STLR and H0 in the west-
ern side of the subtropical Andes (33–34�S). The study
zone is located in the Maipo River basin, a major basin in
central Chilean where both liquid and solid precipitation
are relevant (Garreaud, 2013). Understanding the STLR
in this region is of high interest because the seasonal
snowpack during winter and some glaciers provide water
supply for this semiarid environment (Pellicciotti
et al., 2014). Moreover, Santiago, the capital of the coun-
try, is located at the foothills of the Andes, thus exposed
to flash floods and landslides (Lara et al., 2018) that can
be triggered by winter warm storms with an elevated H0
(Garreaud, 2013). Here, we take advantage of a wireless
sensor network of 16 stations deployed in a small catch-
ment at the eastern edge of Santiago, with elevations
ranging from �700 to 3250 m above sea level (ASL),
which measured SAT every 10 min during a 2-year period
(2016–2018). H0 and the seasonal and diurnal STLR
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cycles are studied, as well as the STLR behaviour during
wet- and dry-weather conditions. These results are com-
pared against estimations using off-site weather stations
data and FTLR estimated from nearby atmospheric
sounding data.

The paper is organized as follows. Section 2 is a
background section presenting the climate context and
details of the study area. Section 3 presents the data
and analysis methods. Results with a focus on the
characterization and comparison among the different
sources are presented in Section 4, while Section 5
illustrates the hydrological implications associated with
the different STLR and H0 estimations. Finally, Sec-
tion 6 comprises a summary and the main
conclusions.

2 | BACKGROUND

2.1 | Climate context

The subtropical Andes (30–35�S, Figure 1) reach more
than 5,000 m ASL and exhibit a complex terrain with
steep slopes and deep canyons covered by sparse vegeta-
tion (Comin et al., 2018). The climate of the western side
of Andes at subtropical latitudes (Central Chile) is classi-
fied as semiarid, Mediterranean (Kottek et al., 2006; Peel
et al., 2007; Garreaud et al., 2009), with a cold and rainy
season from May to September, and a warm and
extremely dry season from October to April. Average
rainfall in the city of Santiago (550 m ASL) is 310 mm/
year, but precipitation increases markedly over the
mountainous terrain reaching �1,300 mm/year atop of
the Andes (Viale and Garreaud, 2015). This region
exhibits substantial year-to-year variability with a SD to
mean ratio of about 0.3 (Garreaud et al., 2017; their
Figure 1). Such interannual variability is largely modu-
lated by the El Niño Southern Oscillation (ENSO): wet
winters tend to occur during El Niño years while
droughts are more frequent during La Niña years
(Montecinos and Aceituno, 2003; Oertel et al., 2020).
Drier than normal conditions, however, have prevailed
during the last decade (the central Chile mega drought,
Garreaud et al., 2017) under ENSO-neutral conditions
signalling the early effects of the climate change in this
region.

Precipitation events during winter are mostly caused
by passage of cold fronts rooted in extratropical cyclones
(Falvey and Garreaud, 2007). Consequently, most of the
winter storms are accompanied by cold air temperatures
(with respect to dry days) that lowers H0 to about
2,300 m ASL, thus causing snow accumulation in the
upper part of the Andes. Upper-level cyclonic vortices

detached from the polar jet (cut-off lows) can also deliver
some precipitation in this area (Fuenzalida et al., 2005)
but are rather infrequent (less than 7–10 events per year).
Even more uncommon are precipitation events during
summer caused by convective storms atop of the Andes
that produce rainfall only at higher elevations (Viale and
Garreaud, 2014). During the wet season, heavy and
extreme precipitation events are associated with Atmo-
spherics Rivers (AR), in which a narrow band of moist
laden air impinges directly against the Andes (Viale
et al., 2018; Valenzuela and Garreaud, 2019). Some of
these ARs develop with rather warm air temperatures—
the so-called warm winter storms (Garreaud, 2013)—
during which H0 remains high (i.e., >3,000 m ASL,
sometimes as high as 4,000 m ASL). The combination of
strong precipitation and an elevated H0 results in very
hazardous conditions and can lead to extensive flooding
(Garreaud, 2013) and/or more localized flash floods (Lara
and Sepúlveda, 2010; Castro et al., 2019) in central Chile.

2.2 | Study area

The study region is framed in the Maipo River basin,
located in central Chile (Figure 1a) between 32�550S–
34�150S and 69�460–71�430W. This basin has an area of
15,304 km2 and extends from sea level up to 6,500 m ASL
in the western side of the Andes (Figure 1b). The Maipo
River provides water supply for the environment and for
a variety of uses such as agriculture, mining industry
(Pellicciotti et al., 2014) and drinking water of �1,440,000
households (Sarmiento et al., 2019) corresponding to 60%
of the households in the metropolitan area (SISS, 2018).
The basin hosts Santiago, the Chilean capital, with more
than seven million inhabitants in the metropolitan
area (approximately 40% of the nation's population)
(INE, 2018). During past decades, the city has grown
towards the Andes foothills (Romero et al., 1999; Pávez
et al., 2010; Sanzana et al., 2019), where more than
30 sub-catchments are drained by ravines and gullies for-
ming alluvial fans, posing an increasing risk to popula-
tion (Lara et al., 2018). These ravines are in the western
slope of Andes mountains, known as “Pre-Cordillera,”
where the highest altitude (3,250 m ASL) is the San
Ramón hill in the Quebrada de Ramón catchment
(Sepúlveda and Padilla, 2008).

Floods, debris flows and mudflows are common in
the area, and their modelling and forecasting rely
strongly on the STLR. More than 15 of these events
affecting thousands of people have occurred since 1980,
causing 80 fatalities and material losses exceeding 17.5
million USD (Sernageomin, 2007). The event of May
3, 1993, occurred under abnormal conditions of the 0�C
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isotherm, whose elevation rose up to �4,000 m ASL due
to high temperatures during the event (Garreaud &
Rutllant 1997; Sepúlveda and Padilla, 2008). For this
event debris floods occurred in two ravines located in the
foothills of Santiago: Quebrada de Macúl and Quebrada
de Ramón. The catchment contributing to the later has a
total area of 39.5 km2 and elevations ranging between
700 and 3,250 m ASL, and it corresponds to the study
area of this study (Figure 1c).

3 | DATA AND METHODS

3.1 | Data sets

Four data sets are used in this work. The first data set is
from a wireless sensor network (referred to henceforth as
WSN) deployed by our group in Quebrada de Ramón
catchment just east of Santiago (Figure 1c). Two other
sets of surface records were obtained from permanent
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networks operated by the Chilean Weather Office (DMC,
Dirección Meteorológica de Chile) and Chilean General
Water Office (DGA, Dirección General de Aguas). DMC
also provides atmospheric profiles measured by radio-
sondes launched daily at Santo Domingo, a coastal sta-
tion at the same latitude of Santiago.

The WSN is composed of 16 micro-stations located at
elevations between 878 and 2,962 m ASL (Table 1), with
10 of them located between 1,000 and 2,000 m ASL, and
3 above 2,000 m ASL. Such vertical range encompasses the
typical altitude of the 0�C isotherm in central Chile during
winter storms (2,300 m ASL ±500 m; Garreaud, 2013).

TABLE 1 Identification, latitude, longitude and elevation of the WSN (W), DMC (M) and DGA (G) meteorological stations

ID Name Latitude (S) Longitude (W) Elevation (m ASL) Aspect

W1 Acumulador QR 33�2504800 70�3101200 878 SW

W2 Reforestacióna 33�2504800 70�3003600 947 SW

W3 Diego 33�2504800 70�300000 999 S

W4 Estanque 33�2602400 70�3003600 1,002 NE

W5 QR04 33�2602400 70�300000 1,166 N

W6 Repetidor Los Peumos 33�2504800 70�2902400 1,228 S

W7 QR05 33�2602400 70�300000 1,236 N

W8 Repetidor Confluencia 33�2602400 70�2902400 1,338 N

W9 Repetidor los Peumos 2 33�25058 70�2902800 1,354 SW

W10 QR07 33�270000 70�300000 1,472 E

W11 Repetidor Apoquindo 33�2602400 70�2801200 1,573 W

W12 QR08 33�270000 70�2902400 1,706 NE

W13 Alto las Vizcachas 33�2504800 70�2804800 1,752 S

W14 Provincia Bajoa 33�2504800 70�270000 2,117 W

W15 Tambor Bajo 33�270000 70�2602400 2,627 SW

W16 Mirador Los Maquis 33�2703600 70�2504800 2,962 N

M1 Chorombo Hacienda 33�3104800 71�1304800 145

M2 Curacaví Ad. 33�2403600 71�1001200 208

M3 El Paico 33�4203600 71�003600 275

M4 Talagante 33�4001200 70�5006000 390

M5 El Milagro, Buin 33�450000 70�4503600 460

M6 San Pablo-DASA 33�2602400 70�450000 490

M7 Lo Pinto 33�1601200 70�4304800 512

M8 Quinta Normal 33�270000 70�4004800 534

M9 Aguas Andínas 33�3206000 70�3206000 670

M10 Rio Clarillo 33�4301200 70�2902400 876

M11 San José Guayacán 33�3701200 70�2006000 928

M12 El Colorado 33�210000 70�1702400 2,750

G1 Los Panguiles 33�2602400 71�104800 190

G2 Laguna Aculeo 33�5302400 70�5204800 360

G3 Huenchun Andina 33�401200 70�4604800 590

G4 Pirque 33�4001200 70�3502400 659

G5 Cerro Calán 33�2306000 70�3202400 848

G6 Yeso 33�4004800 70�502400 2,475

Rad Santo Domingo Radiosonde 33�3806000 71�3603600 —

Note: Temperature is measured in all the Stations.
aStations that also measure precipitation.
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Each station has sensors to measure one or several vari-
ables of interest (e.g., air temperature, humidity, rainfall
among others) every 10 min, a processor that controls the
sensors and communication with the other micro-stations,
and a radio to wirelessly send the measurements to a
micro-station designated as accumulator. Because the sta-
tions use solar panels, they are all well exposed with the
panels oriented to the north; moreover, temperature sen-
sors are installed inside a Stevenson screen. Figure 2 shows
three examples of the WSN stations at low, middle and
high elevations, while Table 1 also indicates the aspect of
the hill slopes where they are located. Two years of WSN
temperature records from September 2016 to August 2018
were used in our analysis. Although the cumulative pre-
cipitation in the winters of 2017 and 2018 was below than
average, the deficit was not extreme (20–25%). Likewise,
the annual temperature for these years was within 0.5�C
of the long-term average (1980–2010). Furthermore, the
Oceanic Niño Index reported by NOAA was mostly neu-
tral, with some cold anomalies not strong enough to call a
“Niña” phase. Therefore, we feel confident that our obser-
vational record should describe the typical conditions in
central Chile.

While the high resolution of WSN data is very suit-
able to estimate STLR and H0, we contrast these results
against DMC and DGA data because these operational
records are long and freely available, and widely used in
hydrological studies in central Chile. DMC has 13 opera-
tional automatic weather stations in the Maipo basin
(Figure 1b), located at elevations between 145 and
2,750 m ASL, measuring temperature at a frequency of
1 min air since December 2016. As the DMC is an official
state agency, the installation of the temperature sensors
followed an official protocol (Maldonado et al., 2010),
which defines an elevation of 2 m above the ground, and
the use of a Stevenson screen to avoid the influence of
solar radiation and protect the instrument from rain,

dew, among others. One station (Lo Prado) was left out
of the study due to its location in the coastal range. The
highest DMC station (El Colorado, 2,750 m ASL)
operates since January 2017. On the other hand, DGA
has 41 hydrometeorological stations in the Maipo River
basin. In the study, we use the six of them that regularly
record maximum and minimum daily temperatures (Tmax

and Tmin), which are located at elevations ranging
between 190 and 2,567 m ASL (Figure 1b). Note that
none of the DMG and DGA stations is located in the
1,000–2,000 m ASL band. Further information on the
DMC and DGA stations used in the study is presented in
Table 1.

Finally, tropospheric air temperatures were obtained
from radiosonde data launched twice daily (00 and 12
UTC; Local time = UTC-4) at Santo Domingo
(34�404800S–72�0003600W) by the DMC. This is a coastal
station about 110 km to the west of the Quebrada de
Ramón (Figure 1), so the sounding measurements are
representative of the atmosphere encompassing the
Maipo River basin (Roney, 2007; Yáñez-Morroni
et al., 2018). Furthermore, the prevailing westerly winds
move the sonde towards the Andes during its ascent.

3.2 | Data pre-processing

The WSN and the DMC data sets were pre-processed to
remove outliers and duplicated measurements, and to
establish a common and regular time basis. Temperature
outliers were eliminated using a filter to detect sudden
changes and excessive oscillations, as the temperature is
not expected to change much within 10 min time inter-
vals. For precipitation data, outliers were considered to
be the magnitudes exceeding 15 mm in 10 min, roughly
twice the 100-year return period, 10-min rain in the area
(PHI-LAC, 2013). Finally, linear and cubic interpolations

FIGURE 2 WSN meteorological station at different altitudes, (a) W1 at 878 m ASL, (b) W8 at 1,338 m ASL and (c) W14 at 2,627 m ASL

[Colour figure can be viewed at wileyonlinelibrary.com]
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were used to ensure a constant time step of the tempera-
ture and cumulative precipitation series. These interpola-
tions allowed the filling of missing data in gaps of up to
30 min, larger gaps were not filled. Furthermore, the
1 min DMC temperature series were resampled instanta-
neously using a time step of 10 min (i.e., the time step of
the WSN data set). After that, we smoothed both series
with central moving average. These series are used for all
the subsequent calculations.

Finally, daily Tmax and Tmin, and average tempera-
tures (Tavg) were extracted from the smoothed 10-min
WSN and DMC series. Shorter time resolution will make
Tmax and Tmin more extreme; nonetheless using a time
step of 1 min, 10 min or 1 h has a negligible effect in the
estimation of STLR for the DMC dataset, as shown in the
Supporting Information (Figure S1). On the other hand,
daily Tmax and Tmin are precisely the values reported in
the DGA data set, whereas Tavg values were obtained as
the average between Tmax and Tmin.

3.3 | Estimation of surface temperature
lapse rates and 0�C isotherm

STLR and H0 were estimated from the WSN dataset
every 10 min. For a given time, these calculations were
performed only when temperature measurements from
five or more stations were available (a time report by
month of each WSN station is presented in the Figure S2
of the Supporting Information to illustrate the robustness
of our decision). The STLR corresponds to the resulting
slope of the simple linear regression using all available
temperature values at that time. This STLR calculated
from WSN dataset will be hereafter referred to as the in-
situ STLR. Negative STLR values imply the typical case
in which temperature decreases with height. Because all
the temperature data at different elevations are used in
the linear regression, less negative values of STLR and
low associated determination coefficient (R2) coefficients
are expected when thermal inversion takes place.

To obtain H0 two cases were considered:

a. If H0 is located between the lowest and highest sta-
tions, its altitude is estimated from the linear interpo-
lation between the consecutive stations recording
temperatures above and below 0�C. In a few cases, a
thermal inversion layer produced two such conditions,
cases in which we interpolate between the pair of sta-
tions located at higher altitudes.

b. If H0 is located outside the vertical range covered by
the stations (878 and 2,962 m ASL), its altitude is esti-
mated from the extrapolation of the linear regression
according to the in-situ STLR. Due to the precision of

the temperature gauge (±0.3�C), and regardless of the
distance of the extrapolation, a Monte Carlos analysis
determined that an error H0 are restricted to ± 20 m
during 90% of the time, as long as H0 is under the
maximum elevation in the sub-catchment (3,250 m
ASL), which is the typical case.

We proceeded in the same fashion as above to esti-
mate STLR using the DMC temperature series. To find
H0, a linear regression as described in case (a) was used.
Moreover, a second estimation of H0 based on DMC tem-
perature series was that obtained using constant lapse
rates varying between −8 and −4�C/km every 0.5�C/km,
and the Quinta Normal (DMC) weather station as a refer-
ence (station M8, Table 1). This station located in Santi-
ago (534 m ASL) and operating since 1911 is widely used
as the reference station in local hydrological studies, in
which H0 is estimated after assuming a constant
lapse rate.

For the DGA data set, three daily STLR using linear
regressions fitted independently to the sets of Tmax, Tmin

and Tavg values were estimated. A minimum of three data
points was required for these fits. H0 was estimated by
interpolating or extrapolating the fitted linear regression.
Finally, the FTLR was estimated using the Santo
Domingo soundings by simple linear regression of the
temperature profile. H0 was calculated by direct linear
interpolation of the last and first altitude values reported
by the radiosonde above and below 0�C. Inversion layers
are typically observed during dry conditions but they are
warm and located near the surface so they do not affect
the interpolation of the freezing level. During wet epi-
sodes, the temperature profile closely follows the satu-
rated adiabat and the identification of the freezing level
results unequivocal.

4 | RESULTS

4.1 | Monthly and hourly STLR

Figure 3 compares the monthly average of the in-situ
STLR and the STLR from the DMC and DGA data sets
calculated using daily values of Tmax, Tmin and Tavg. In
agreement with reports for other mountainous locations
(Bolstad et al., 1998; Rolland, 2003; Blandford et al., 2008;
Minder et al., 2010), monthly mean STLR values calcu-
lated with Tmax are the steepest (i.e., temperature
decreases the most with elevation), regardless of the data
set used in the calculation. We interpret this result as a
consequence of the common occurrence of low-level tem-
perature inversions over central Chile (Garreaud and
Rutllant, 2004; Muñoz and Undurraga, 2010) during
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night time and early morning hours. Since the in-situ
STLR is the fitted slope of SAT using all stations, an
inversion layer (temperature increase with height) tends
to reduce the lapse rate. As the surface heating destroys
the inversion by turbulent mixing, the STLR increases,
which is consistent with the steepest value found when
using Tmax (usually recorded in the afternoon). Further-
more, monthly STLR values estimated with the DMC and
DGA (Figure 3b,c) data sets vary less in time than those
estimated with the WSN data set (Figure 3a), that is, the
SDs associated with Tmax are 1.9, 0.8, and 2.4�C/km,
respectively. Monthly values estimated with Tmax, Tmin

and Tavg tend to be more similar between May and
August (the coldest and rainy season) for all the data sets,
reflecting the less marked diurnal cycle of surface tem-
perature and the maintenance of the inversion layer dur-
ing the day. Significant differences between the STLR
values for the same month but different years are
observed, especially for the WSN data set during May–
July. These differences largely reflect changes in the fre-
quency and intensity of temperature inversions, and may
be due to synoptic changes. Nevertheless, a longer record
is needed to validate this hypothesis and to fully charac-
terize the long-term STLR dynamics.

The in-situ STLR estimated with Tmax has a seasonal
trend. The steepest STLR are reported during the warm
and dry season (summer), and the shallowest STLR dur-
ing the coldest and rainy season (winter). These trends
have been reported elsewhere in other mountainous
regions (Blandford et al., 2008; Rolland, 2003). On the
other hand, the in-situ STLR estimated with Tmin is
shallower during the dry season and steeper during the
coldest and rainy season; this has also been reported else-
where (Pepin, 2001; Pepin and Losleben, 2002). Note also

that STLR values estimated with DMC and DGA Tmin do
not follow a clear seasonal pattern, as has also been
shown for the city of Santiago by Muñoz (2005), who
used temperature records from two meteorological sta-
tions at 480 and 1,100 m ASL to analyse the STLR
between 5:00–7:00 LST, right before dawn when mini-
mum temperatures occur.

To further describe the diurnal and seasonal STLR
cycles, a thermoisopleth diagram with weekly STLR aver-
ages and R2 values obtained when fitting the linear
regression as a function of the time of the day, are shown
in Figure 4 for both WSN and DMC data sets. There is a
clear anti-correlation between STLR (Figure 4a,b) and R2

(Figure 4c,d) due to the fact that gentle STLR are associ-
ated with lower R2, indicating the likely influence of the
inversion layer. The existence of the inversion not only
reduces the STLR but also weakens the linear correlation
between SAT and altitude. If the inversion is absent, the
linear fitting is more robust and the decay of temperature
with altitude becomes more marked. Overall, in-situ
STLR changes with season, with the largest difference in
the monthly average occurring between June (winter)
and September (spring) (Table 2). The gentle STLR in late
night and morning during spring, summer and fall
observed in Figure 4a is consistent with a higher preva-
lence of temperature inversion that, when present,
extends up to about 1,200 m ASL thus encompassing a
significant portion of the WSN stations. At the same
hours but during winter the STLR is much steeper. More-
over, the in-situ STLR tend to be constant throughout the
day during winter, with mean values ranging between
−5.0 and −4.5�C/km and the lowest SD of the year rang-
ing between 0.3 and 0.6�C/km (Table 2). This may seem
contradictory with the more intense and prevalent

(a) (b) (c)

FIGURE 3 WSN meteorological station at different altitudes, (a) W1 at 878 m ASL, (b) W8 at 1,338 m ASL and (c) W14 at 2,627 m ASL

[Colour figure can be viewed at wileyonlinelibrary.com]
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inversions during the cold season of the year (Muñoz and
Undurraga, 2010). Nonetheless, the inversions are much
shallower during winter night time, with their top below
1,000 m ASL, so they do not reach the vertical range of
WSN (see the thermoisopleth diagram built with the
DMC station without the highest station available in the

Supporting Information). On the other hand, the largest
variability of STLR is observed during late summer
(March, Table 2).

STLR values estimated with the DMC data set
(Figure 4b) show similar daily trends as the in-situ values
STLR values, although there is less variation along the

FIGURE 4 Thermoisopleth diagram showing seasonal variation of the hourly STLR values (�C/km) estimated with the WSN (a) and

DMC data sets (b), and the corresponding R2 coefficients of the linear regression used for their calculations (c and d). Time is shown in local

standard time (LST) on a weekly basis [Colour figure can be viewed at wileyonlinelibrary.com]
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day. In fact, this variability tend to be more constant
throughout the year (Table 2), with monthly SDs ranging
between 1.0 and 1.7�C/km, as compared with the wider
range of values obtained from the WSN data set (between
0.3 and 3.4�C/km). Overall, averages STLR values esti-
mated with DMC data set are gentler than the in-situ
values for 11 out of 12 months, especially during the wet
and cold season between May and August (Table 2). Such
differences are due to the altitude range of the meteoro-
logical stations in relation to the inversion layer: WSN
stations are sometimes located above the inversion while

the low lying DMC stations are mostly embedded in the
inversion.

4.2 | Seasonal variation of the in-situ
STLR during wet- and dry-weather
conditions

Figure 5 presents the exceedance curves of the in-situ
STLR values calculated for the different seasons, as well
as for the entire year (the annual curve). Figure 5a shows

TABLE 2 Maximum (max), minimum (min), average (avg) and SD of hourly STLR for WSN and DMC data sets (obtained from

Figure 4)

Hourly STLR (�C/km) Jan Feb Mar Apr My Jun Jul Aug Sept Oct Nov Dec

WSN-max −1.6 −1.2 1.1 0.1 −4.3 −4.6 −3.9 −4.0 0.1 −1.7 −1.5 −0.9

WSN-min −8.7 −8.3 −8.4 −7.3 −6.0 −5.7 −5.5 −5.8 −6.0 −8.4 −8.3 −8.7

WSN-avg −4.9 −4.4 −3.2 −2.9 −4.8 −5.0 −4.5 −4.6 −2.5 −4.9 −4.8 −4.5

WSN-SD 2.6 2.6 3.4 2.5 0.6 0.3 0.5 0.6 2.0 2.4 2.5 2.9

DMC-max −1.1 −1.4 −1.1 −0.6 −1.8 −1.4 −1.4 −1.5 −1.4 −2.3 −1.9 −1.6

DMC-min −6.0 −6.2 −6.1 −5.5 −5.6 −4.7 −4.8 −4.5 −4.9 −6.5 −6.3 −6.2

DMC-avg −3.3 −3.4 −3.3 −2.7 −3.2 −2.7 −2.7 −2.8 −2.8 −4.1 −3.9 −3.7

DMC-SD 1.7 1.7 1.7 1.7 1.3 1.1 1.1 1.0 1.1 1.4 1.5 1.6

(a) (b)

FIGURE 5 Seasonal and annual exceedance curves of the ins-situ STLR (�C/km) for wet-weather (a) and dry-weather (b) conditions

calculated with the WSN data set [Colour figure can be viewed at wileyonlinelibrary.com]
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the exceedance curves obtained using in-situ STLR values
during the occurrence of precipitation events, while the
curves in Figure 5b are built using in-situ STLR values
obtained during dry-weather conditions. The mean,
median and SD of this figure are presented in Table 3. A
precipitation event is defined to have a volume larger
than 1 mm, while 14 hr is used as the minimum inter-
arrival time to separate independent events, as suggested
by Zegpi and Fernandez (2010) in the study area.

Interestingly, the exceedance probabilities associated
with the in-situ STLR values for wet-weather conditions
are very similar, for all the seasons, especially for probabil-
ities between 0.11 and 0.92, associated with values
between −7.5 and −4.2�C/km. The average in-situ STLR
values range between −5.8 and −6.2�C/km for all the sea-
sons, while the median values range between −5.6 and
−6.1�C/km (Table 3). These STLR values are similar to
those reported elsewhere under rainy conditions
(Blandford et al., 2008; González and Garreaud, 2019),
reflecting that during precipitation events the air is close
to saturation and there is enough vertical mixing as to
approach the moist adiabatic lapse rate in the lower tropo-
sphere. On the other hand, the tails of the curves differ
among them (Figure 5a), although more similar shapes
are observed for the fall, winter and annual curves.
Because only a few precipitation events were recorded
during spring and summer, we expect the resulting
exceedance curves to not be conclusive for these seasons.
Finally, note that thermal inversions (i.e., STLR >0�C/
km, right tail) are not reported under wet-weather
conditions.

For the dry-weather conditions, non-systematic but
relevant differences in the exceedance curves for the in-
situ STLR values among the seasons are observed
(Figure 5b). For example, summer presents the lowest
values between probabilities 0.04 and 0.33 and the
highest between 0.47 and 0.95, and the winter present
the highest values until 0.47 and then the lowest from
0.65. Nonetheless, around probability 0.5, values tend to

be similar regardless the season, with the medians rang-
ing from −4.1�C/km (summer) to −4.8�C/km (spring)
(Table 3), and an annual median of −4.4�C/km. Further-
more, Figure 4b shows that thermal inversion during
dry-weather conditions occurs in all seasons, although
such occurrence varies from 1% of the time during winter
up to 10% during summer.

As expected, the SD for wet-weather is lower than for
dry-weather conditions, ranging between 1.0 and 1.5�C/
km and 1.7 and 3.5�C/km, respectively (Table 3). Finally,
and because dry-weather conditions are predominant,
the exceedance curves for each season obtained after
combining wet- and dry-weather data are very similar to
the corresponding dry-weather curves (not shown).
Hence, the statistics of the curves are almost the same,
with differences in the average, median and SD being
0.1�C/km or smaller (Table 3).

The overall weaker negative STLR values calculated
for dry-weather conditions tend to be gentler than the
dry-adiabatic lapse rate of (−9.8�C/km). As said before,
these values are explained by the occurrence of thermal
inversion during dry-weather conditions, together with
the fact that less negative STLR values and low associated
R2 coefficients are obtained under these circumstances.
Figure 6 illustrate this issue by comparing the boxplots of
the R2 values for wet- and dry-weather conditions
(Figure 6a,b) obtained using WSN and DMC data. Fur-
thermore, Figure 6c,d illustrate two linear regressions
fitted using the WSN data for wet- and dry-weather con-
ditions, whose slopes equal the median in-situ STLR for
each case (−6.0 and −4.3�C/km, respectively). R2 coeffi-
cients for wet-weather conditions are much higher than
for dry-weather conditions, regardless of the data set.
Because of (a) the poor estimation of STLR values for
dry-weather conditions when thermal inversion occurs in
the study zone, and (b) the good fitting of linear regres-
sion when rain takes place and flash flood events may
occur, we now study in detail the behaviour of the STLR
and H0 under wet-weather conditions.

TABLE 3 Average, median and SD

of the WSN STLR values for wet-

weather, dry-weather and all-weather

conditions (obtained from Figure 5)

Statistic (�C/km) Fall Winter Spring Summer Annual

Average wet-weather −5.8 −5.9 −6.2 −5.9 −5.9

Average dry-weather −4.1 −4.4 −4.9 −4.2 −4.4

Average all-weather −4.2 −4.5 −5.0 −4.3 −4.5

Median wet-weather −5.9 −6.1 −6.1 −5.6 −6

Median dry-weather −4.5 −4.4 −4.8 −4.1 −4.4

Median all-weather −4.6 −4.5 −4.8 −4.1 −4.6

SD wet-weather 1.0 1.4 1.3 1.5 1.3

SD dry-weather 2.8 1.7 3.0 3.5 2.9

SD all-weather 2.8 1.7 2.9 3.4 2.4
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4.3 | Behaviour of STLR and H0 during
wet-weather conditions

The characterization of the STLR and H0 during precipita-
tion events in the study area is relevant because warmer
temperatures may lead to floods and flash floods by
increasing the direct runoff area. Garreaud (2013) identi-
fied warm winter storms in central Chile as those in which
the air temperature in downtown Santiago (Quinta Nor-
mal station) exceeds 10.5�C during the rain period (i.e.,
�30% of the winter storms). Most of these storms often
feature an atmospheric river impinging against the Andes
Mountains (Valenzuela and Garreaud, 2019), thus increas-
ing the likelihood of extreme hydrometeorological events
with detrimental impact downstream (Garreaud and
Rutllant, 1997; Garreaud, 2013).

Figure 7 shows boxplots of the in-situ STLR and H0 for
warm and cold storm events using the Garreaud (2013) cri-
terion. As expected, most of the H0 distribution during
warm events is higher than during cold events (Figure 7b).
For instance, the mean H0 goes from 2,120 m ASL for cold
events to 2,775 m ASL for warm events. This �600 m dif-
ference implies a �50% increase in the contributing area
of the basin between warm and cold storms. The STLR dis-
tributions (Figure 7a) also differ between warm and cold

events, with a difference in mean values (−5.6 and −5.9�/
km, respectively) statistically significant at the 1% level of
significance, which means rising H0 � 90–120 m more.
Thus, higher H0s during warm storms are explained not
only by warmer temperatures, but also gentler STLR (to a
lesser extent).

Although STLR varies temporally and spatially, sev-
eral hydrological models such as the Hydrologic Model-
ling System (HEC-HMS, Scharffenberg and
Fleming, 2010) use a constant STLR value to simulate
rainfall-runoff and snow processes. Indeed, constant
STLR values have been used in several studies in the
study area and for the central Andes in general. For
example, Meza et al. (2012) used a STLR of −6.5�C/km to
evaluate the potential impact of climate change on the
hydro-climatological regime of the Maipo basin. More-
over, Cavieres et al. (2000) used a STLR of −6.1�C/km to
characterize the altitudinal vegetation belts in the high-
Andes of central Chile. Thus, it becomes relevant to
explore the implications of assuming a constant STLR
value during wet-weather conditions using the continu-
ous in-situ information available from our study.

Figure 8a presents boxplots for the absolute error in
the estimation of H0 obtained by extrapolating the tem-
peratures at station Quinta Normal using nine different

(a)

(c) (d)

(b) FIGURE 6 R2 coefficients of

the linear regression fitted under

(a) wet-weather conditions and

(b) dry-weather condition using the

WSN and DMC data sets panels

(c) and (d) show representative

linear fittings for both wet- and dry

conditions using the WSN data set.

In each boxplot, the central line

indicates the median and the edges

of the box indicate the 25th and 75th

percentile, and the whiskers

correspond to the minimum and

maximum values without

considering outliers [Colour figure

can be viewed at

wileyonlinelibrary.com]
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constant STLR values, relative to the in-situ value
obtained from the WSN. The smallest errors are obtained
with constant STLR values of −5.5, −6.0 and −6.5�C/km.
The medians of these errors are 260, 204 and 181 m,
respectively. Moreover, 50% or more of the errors associ-
ated with these STLR values exceed 200 m, while 20% or
more of the errors exceed 500 m. Figure 8b shows the line
histogram chart of relative frequency of the errors using
constant STLR values of −5.5, −6.0 and −6.5�C/km. Posi-
tive and negative errors quite centred around zero are

obtained for these three STLR values, with a slight bias
towards overestimation when using −5.5�C/km, and
underestimation when using −6.5�C/km. Overall, under
wet-weather conditions, extrapolating temperatures of
Quinta Normal station using an STLR value of −6.0�C/
km allow the best estimation of H0. Nonetheless, errors
up to ±400 m are not uncommon during some precipita-
tion events, which may have important consequences
when estimating direct surface runoff. This will be fur-
ther analysed in Section 5.

(a) (b)FIGURE 7 Boxplot of in-situ

STLR (�C/km) (a) and 0�C isotherm

altitude (b) calculated for wet-

weather conditions when the

temperature in Quinta Normal DMC

Station is over 10.5�C (warm events)

and cold events. Number above each

box indicate the number of storms in

each group and total duration

involved [Colour figure can be

viewed at wileyonlinelibrary.com]

(a) (b)

FIGURE 8 (a) Boxplot of absolute errors when estimating the in-situ 0�C isotherm during wetweather condition using an extrapolation

of temperatures from Quinta Normal and different constant values of STLR (�C/km). (b) Line histogram chart of the errors associated with

constant STLR values of −5.5, −6.0 and −6.5�C/km, using a bin size of 100 m [Colour figure can be viewed at wileyonlinelibrary.com]
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4.4 | Estimation of STLR, FTLR, and H0
during Wet-Weather conditions using
different data sets

Figure 9a presents the boxplots for the STLR values cal-
culated during wet conditions obtained from the WSN
data set, the DMC and DGA data sets, as well as for the
FTLR estimated using the Santo Domingo radiosonde
data. To further study the implications of having a tem-
perature gauge located at a high elevation, DMC boxplots
calculated with and without using the Colorado gauge
(the highest DMC gauge located at 2,750 m ASL) are
shown. Furthermore, because DGA gauges only record
the minimum and maximum daily temperatures, we con-
sider three boxplots calculated from the Tmin and Tmax

measured in these gauges as well as Tave, referred to as
the DGA Tmin, DGA Tave, and DGA Tmax. On the other
hand, Figure 9b compares five estimations of H0 associ-
ated with different data sets and three extrapolations of
temperatures using the Quinta Normal gauge and con-
stant STLR values of −5.5, −6.0 and −6.5�C/km.

Similar STLR values are obtained from the DMC and
WSN data sets (Figure 9a), although the interquartile
range for the former is smaller and the median is higher.
However, the boxes for the corresponding H0 (Figure 9b)

are almost identical, with similar interquartile ranges and
medians. If the Colorado gauge is not considered, much
larger interquartile and minimum-maximum ranges are
observed for STLR and H0. This is explained by the large
influence of Colorado gauge when fitting the linear regres-
sion. Moreover, the corresponding medians for these vari-
ables increase up to −4.3�C/km and 2,282 m ASL,
respectively. Hence, using temperature gauges at high ele-
vations is key for a proper estimation of STLR and H0.

The boxplots of STLR obtained with the DGA data set
(Figure 9a) clearly differ depending on whether Tmin, Tavg

or Tmax is used for the estimation. Nonetheless, the three
medians are gentler than the in-situ median STLR. The
STLR estimated with Tavg has the smaller interquartile
range, while DGA Tmax has the largest range. On the
other hand, the 0�C isotherm elevations estimated with
the DGA Tavg (Figure 9b) tend to be similar to the ones
obtained with the WSN data set, although there is a ten-
dency to overestimate the median value (2,436 m ASL
vs. 2,174 m ASL). Despite the existence of a high station
at 2,475 m ASL in the DGA network, the range and dis-
tribution of STLR and H0 estimations still differs signifi-
cantly from those observed in-situ. This fact illustrates
the relevance of the time step used in SAT monitoring, as
the DGA data are just daily.

(a) (b)

FIGURE 9 Boxplots comparing STLR values (�C/km) (a), and 0�C isotherm height (b), during wet-weather conditions calculated with

different data sets. Values above the boxes correspond to the number of hours or days involved in the calculation (d and d* denote one and

two measurements per day, respectively) [Colour figure can be viewed at wileyonlinelibrary.com]
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The ranges of H0 values obtained from the extrapola-
tion of Quinta Normal temperatures using constant lapse
rates are smaller than those estimated with the WSN data
set (Figure 9b). Notably, the median values obtained
using a constant STLR of −6.0�C/km and the WSN data
differ by less than 4 m; nevertheless, the differences for
the 25th and the 75th percentiles are larger (121 and
45 m, respectively).

Finally, FTLR values calculated with the sounding
data are the least spread among all the datasets (boxplot
height in Figure 9a), while a median value of −6.2�C/km
similar to the in-situ value is obtained. Moreover, the
range of H0 estimated with the sounding data is also very
similar to the values estimated with WSN (Figure 9b)
with difference in the median of 41 m, while for the 25th
and 75th percentile the differences are 22 and 60 m,
respectively. The Santo Domingo radiosonde station is at
the coast where the lower troposphere often (more than
70% of the time) features a marine boundary layer capped
by a temperature inversion with its base at about 500 m
ASL, more or less coincident with the floor or the Santi-
ago basin (Garreaud and Rutllant, 2004). This configura-
tion, however, disappears during rainy episodes as large-
scale subsidence changes to ascending motion in connec-
tion with an approaching front. Under these conditions,
the mixing boundary layer thermal inversions is replaced
by a well-mixed, near saturated layer, thus explaining the
excellent agreement between the coastal FTLR and
the Andean STLR, as well as between H0 derived from
the sounding and the surface data. Also note that the
sounding system drifts eastward during its ascent getting
closer to and eventually crossing the Andes range. While
the sounding-base lapse rate is slightly stronger than the
lapse rate derived from WSN, their distribution largely
overlap and we cannot conclude they differ significantly.
On the other hand, the lapse rates from DGA are gentler
than other estimate because as commented in Section 4.1.
Despite these differences, the mean values of H0 from
different sources are quite similar and H0 derived from
the sounding results the lowest. Such compensation sug-
gests the existence of a horizontal temperature gradient

from the coast to the Andean foothills, but addressing
such issue is beyond the scope of this work.

5 | IMPLICATIONS ON THE
HYDROLOGICAL RESPONSE AND
ITS MODELLING

To understand the impact of the STLR values on the
hydrological response and its modelling, we assess the
effect of using various STLR estimations on the total
amount of liquid precipitation that falls in different
storms over the Quebrada de Ramón basin. Calculation
of runoff is beyond the scope of this paper as it requires
knowing the precipitation distribution with height and
the infiltration rates for all the events. Hence, we provide
a rough estimate by considering the total liquid precipita-
tion over the contributing area. The total liquid precipita-
tion is calculated as the integral of the point precipitation
over the area (P(h)dA) in which rainfall occurs. P(h) is
the point precipitation throughout the watershed that is
computed using a linear precipitation gradient, similar to
the example developed for the study catchment by
Garreaud (2013). This gradient is obtained individually
for each storm using the total precipitation recorded at
two WSN rain gauges: Reforestación at 945 m ASL and
Provincia Bajo at 2,117 m ASL (Table 1). Although the
true precipitation distribution with the height is complex,
assuming a linear model gives an idea of the impact that
different STLR estimates have over runoff estimation.

We apply this methodology to four rainfall events dur-
ing 2017 (Table 4) and assume that only liquid precipita-
tion fell on the gauges. This assumption is supported by
the temperature records during these events, which ensure
liquid precipitation occurring at the elevations where the
rain gauges are located. The magnitude of these events
covers a wide range of values typical of the area
(1.6–45 mm). The direct runoff contributing area at a given
time corresponds to the area of the basin below H0, and is
obtained from the available watershed hypsometric curve
(Pérez, 2011). The total amount of precipitated water is

TABLE 4 Percentage of error in precipitated water calculated using different data sets for four precipitation events of 2017

Event date
Magnitude
(mm)

Duration
(h) DMC

DGA
Tmax

DGA
Tavg

DGA
Tmin

SD
radiosonde

QN
‑5.5�C/km

QN
‑6.0�C/km

QN
‑6.5�C/km

May 8, 2017 11.6 6.1 7.7% 26.4% 26.4% 26.4% −1.9% −1.4% −11.6% −21.5%

May 11–12, 2017 44.9 23.6 11.7% 35.2% 31.4% −6.8% 13.1% 19.4% 8.5% −2.6%

May 26, 2017 1.6 7.1 −8.8% 45.0% 32.5% −85.2% −0.7% −38.5% −49.0% −58.4%

June 26–27, 2017 6.9 30.5 7.8% 39.4% 22.7% −62.9% −9.9% 0.1% −11.1% −21.5%

Note: The precipitation estimated using the WSN data set is the reference for the assessment.
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finally obtained by the temporal accumulation of the spa-
tial integral of precipitation. Because the time resolution of
the precipitation records is also 10 min in the WSN, direct
runoff contributing areas can be estimated with this reso-
lution using the WSN and the DMC data sets. On the other
hand, the coarse time resolutions of the soundings and the
DGA data sets allow for one or at most two direct runoff
contributing area estimations during each event,
depending on its duration.

Table 4 presents the percentage of error of the total
volume of precipitated water using as reference the total
amount estimated with the in-situ H0 obtained from the
WSN. The lowest errors from ground measurements are
obtained when using the DMC data set; this is expected
as its time resolution and the existence of a station at
high elevation (Colorado) allow tracking H0 captured by
the WSN gauges, as shown in Figure 9b. The highest
overestimation is produced when using the lapse rates
obtained from the DGA Tmax data set, with errors ranging
between 26 and 45% for the different events. In this case,
H0 and the contributing area are overestimated because
Tmax is larger than the temperatures during the event. As
expected, the opposite phenomenon occurs when using
the DGA Tmin data set, despite the gentler STLR. In this
case, rainfall volumes are underestimated for three of the
events, with an error of −85% being the largest one.
Using the DGA Tavg data set produces overestimations in
the volume between 26 and 32%.

The sounding data leads to relatively small errors, with
underestimations up to −10% for three events and an over-
estimation of 13% for the remaining event; this is because of
the good agreement between the height of the 0�C isotherm
estimated with the sounding data and the in-situ H0, as
explained in Section 4.4. Finally, for three of the four events,
the error associated with the extrapolation from Quinta
Normal temperature using a constant STLR of −6.5�C/km
is smaller than when using −6.0 and −5.5�C/km. However,
for the May 26th event, the three STLR values produce large
underestimations, with errors larger than −38%. The
highest underestimation in this case is obtained when using
a −6.5�C/km STLR. Overall, these results illustrate the rele-
vance of using time-variant H0 measured in-situ when
modelling the hydrologic response in high-relief environ-
ments, where liquid and solid precipitation can occur.
Approximations based on nearby information or fixed STLR
may lead to errors that can significantly affect the estima-
tion of flow discharges and runoff volume.

6 | CONCLUSIONS

This paper has studied empirically the daily and seasonal
variability of the surface temperature lapse rate (STLR)

and the 0�C isotherm height (H0) in the western slope of
the sub-tropical Andes, a region prone to flash floods due
to its steep, bare slopes and the occasional occurrence of
rainfall events with warm temperatures. A 2-year record
of temperatures registered every 10 min in 16 gauges in
the Quebrada de Ramon basin (the foothills of Santiago,
the Chilean Capital) at elevations between 878 and
2,962 m ASL, was used for this purpose. Results were
compared against those obtained using nearby stations
with long records and operated by the weather and water
agencies on a routine basis. The hydrological implica-
tions of the different estimations of H0 were studied by
comparing total amounts of liquid precipitation in the
basin for four precipitation events during 2017. The fol-
lowing are the main conclusions of the study:

• Significant intra- and inter-day variations of the in-situ
STLR are observed. Large differences are detected
among seasons for different times of the day, with the
gentler STLR occurring during late night and early
morning (around 9:00 LST) and the steepest ones later
during the day.

• In-situ STLR values differ among wet- and dry-weather
conditions. During wet-weather conditions, STLR
values are more similar regardless of the season, the
average ranges between −5.8 and 6.2�C/km, with
annual average of −5.9�C/km. For dry-weather condi-
tions, STLR values are more variable, the seasonal aver-
age range between −4.1 to −4.9�C/km and the annual
average is −4.4�C/km. Also, STLR under dry-weather
conditions are poorly obtained from linear regressions
due to the occurrence of thermal inversions.

• STLR values during warm storm events (i.e., events
with a temperature of 10.5�C measured in Santiago) are
slightly less pronounced (mean of −5.6�C/km) com-
pared with the observations during cold events (mean
of −5.9�C/km). Thus, the effect of higher temperatures
in the rising of H0 during warm events is to some extent
enhanced by gentler STLR. Differences of �600 m in
the median H0 values imply a 50% increase in the con-
tributing area of the basin when warm events occur.

• The free-air temperature lapse rate estimated (FTLR)
and H0 using regional atmospheric sounding are in a
good agreement with the in-situ STLR and the H0
derived from the WSN data set. Hence, good estimations
of the amount of precipitated water for four different
storm events are obtained atmospheric sounding data.

• Despite the existence of a temperature station at a high
elevation, daily minimum, maximum and average tem-
perature data collected by DGA do not allow the ade-
quate estimation of the range and distribution of in-
situ STLR and H0. This fact illustrates the relevance of
using fine time steps in temperature monitoring.

16 IBAÑEZ ET AL.



• Overall, if a single STLR constant value is to be used for
hydrological modelling in the study area during wet-
weather conditions, the best option is between −5.5 and
−6.5�C/km, with −6.0�C/km giving slightly better
results. These values are similar to the annual in-situ
STLR average for wet-weather conditions. However,
these values are not representative of the in-situ STLR
during warm precipitation events, as an average of
−5.6�C/km was found for these events. This issue is criti-
cal as warm events typically cause flash floods in
the area.

This study is one of the few ones reporting the hourly,
daily and seasonal dynamics of the STLR and 0�C iso-
therm high in the Andes Mountains. Nonetheless, cau-
tion must be taken when using our results, as they were
obtained from data collected for only 2 years in a single
small catchment. Future research should consider repli-
cating the monitoring campaign and analysis in other lat-
itudes along the Andes. Future monitoring campaigns
must also consider more stations at higher elevations and
time periods longer than 2 years, given the variability
observed in our study, and the potential occurrence of
the ENSO effect. Furthermore, we encourage an addi-
tional focus on the spatial variability of the STLR, as its
dynamics may be different even within nearby basins.
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