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Andrea Vera d, Teresa Muñoz e, Luis Maisincho f, Lenin Campozano c, 
Antoine Rabatel b, Jean-Emmanuel Sicart b 
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A B S T R A C T   

Study region: The upper part of the Guayllabamba and Napo basins (78.2 ◦ W, 0.3 ◦S; 18,500 km2) 
in the equatorial Andes, which are vulnerable to stress on the ecosystem services. 
Study focus: This paper analyses the diurnal cycle of precipitation over a transect from the Andes 
to the Amazon. The diurnal cycle is estimated as the diurnal distribution of precipitation for 
2014–2019 using records from 80 stations. Cluster analysis performed on the diurnal cycle es-
timates depicts the spatial association between the diurnal and seasonal cycles of precipitation. 
New hydrological insights: A northwest-southeast spatial variation in the diurnal and seasonal 
cycles is identified with four groups of stations. In the western part, the seasonal cycles of Groups 
1 and 2 are bimodal with precipitation maxima in the March-April and October-November sea-
sons and a short drier season in July-August. In the eastern part, Group 3 also presents bimodality, 
but a weaker seasonal cycle. Conversely, Group 4 is unimodal with a peak in June. Distinct 
diurnal cycles are observed in both drier and wetter seasons of Groups 1–3; no marked diurnal 
cycle is observed in Group 4. Groups 3 and 4 are the most spatially heterogeneous, with an 
exceptional horizontal variation of 330 mm/yr/km. The analysis of these variations provides 
insight into the atmospheric dynamics driving precipitation in this zone, and may help to better 
optimize the water supply system.   
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lmaisincho@inamhi.gob.ec (L. Maisincho), lenin.campozano@epn.edu.ec (L. Campozano), antoine.rabatel@univ-grenoble-alpes.fr (A. Rabatel), 
jean-emmanuel.sicart@ird.fr (J.-E. Sicart).  

Contents lists available at ScienceDirect 

Journal of Hydrology: Regional Studies 

journal homepage: www.elsevier.com/locate/ejrh 

https://doi.org/10.1016/j.ejrh.2021.100924 
Received 26 November 2020; Received in revised form 28 August 2021; Accepted 15 September 2021   

mailto:jeanka1991@hotmail.com
mailto:thomas.condom@ird.fr
mailto:pierre.ribstein@sorbonne-universite.fr
mailto:nicolas.le_moine@upmc.fr
mailto:jhan-carlo.espinoza@ird.fr
mailto:clementine.junquas@univ-grenoble-alpes.fr
mailto:marcos.villacis@epn.edu.ec
mailto:andrea.vera@fonag.org.ec
mailto:teresa.munioz@aguaquito.gob.ec
mailto:lmaisincho@inamhi.gob.ec
mailto:lenin.campozano@epn.edu.ec
mailto:antoine.rabatel@univ-grenoble-alpes.fr
mailto:jean-emmanuel.sicart@ird.fr
www.sciencedirect.com/science/journal/22145818
https://www.elsevier.com/locate/ejrh
https://doi.org/10.1016/j.ejrh.2021.100924
https://doi.org/10.1016/j.ejrh.2021.100924
https://doi.org/10.1016/j.ejrh.2021.100924
http://creativecommons.org/licenses/by/4.0/


Journal of Hydrology: Regional Studies 38 (2021) 100924

2

1. Introduction 

The diurnal cycle is the finest-scale regular mode of precipitation variability and is an essential aspect of local climate and the 
hydrological cycle. The diurnal cycle results from the interplay between regional mechanisms and complex local atmospheric cir-
culations induced by topography and land-atmosphere interactions, and is driven mainly by the marked diurnal amplitude of tem-
perature (Yang and Slingo, 2001; Takahashi et al., 2010; Junquas et al., 2018; Kumar et al., 2020; Espinoza et al., 2020). Precipitation 
variations become much more complex in mountainous regions, where the topography induces strong horizontal and altitudinal 
gradients (e.g. Immerzeel et al., 2014; Guo et al., 2014; Espinoza et al., 2015; Chavez and Takahashi, 2017), defining not only diurnal 
but also contrasted seasonal modes of variability (e.g. Oettli and Camberlin, 2005; Takahashi, 2010; Ilbay-Yupa et al., 2021). 

In the Andean region, previous studies used datasets from precipitation stations, highlighting the role of the rough topography in 
modulating the diurnal cycle of precipitation. In the northern Andes (1 ◦N-11 ◦N; Colombia), Poveda et al. (2005) used 51 rainfall 
stations to reveal the heterogeneity of the diurnal cycle even between nearby stations, attributing these changes to the interplay of 
topography with synoptic and local-scale circulations. More recent research conducted in the Medellin Andean valley (6 ◦ N-6.6 ◦ N; 
Colombia) shows that the diurnal cycle is spatially coherent and varies seasonally depending on the life cycle of deep and large 
convective systems modulated at diurnal time scales (Bedoya et al., 2019). In the current study, the term coherence is also used to 
describe a common spatial behaviour of precipitation at different time scales (diurnal and seasonal). 

The diurnal cycle of precipitation is often used to test physical parameterisations in atmospheric models since its representation is 
difficult (Junquas et al., 2018; Konduru and Takahashi, 2020). Junquas et al. (2018) analysed the diurnal cycle of precipitation in the 
Central Andes (13 ◦S-17 ◦S; Peru) via mesoscale atmospheric modelling, suggesting that thermally driven, local-scale diurnal circu-
lation patterns control the diurnal precipitation cycle. The latter mechanism triggers winds that transport moisture upslope during the 
day and downslope at night. A mechanical channelisation of upslope moisture transport is also described during the day along the 
eastern Andean valleys. 

The sparsity and uneven distribution of networks of meteorological stations in mountain environments make characterising pre-
cipitation a challenging task (Buytaert et al., 2006; Padrón et al., 2015; Condom et al., 2020). Particularly, long-term hourly records 
are rare or non-existent in most of the equatorial Andes due to the harsh environmental conditions. The advances in remote sensing 
techniques (e.g., satellite retrievals, radar profiles) have significantly contributed to better characterisation of the diurnal cycle over 
tropical south America (e.g. Negri et al., 2000, 2002; Mapes et al., 2003; Giles et al., 2020). However, studies related to the tropical 
Andes are either limited by short observation periods or coarse spatial resolution of satellite retrievals (e.g. Bendix et al., 2006a; 
Campozano et al., 2016; Ballari et al., 2018; Campozano et al., 2018). For instance, Bendix et al. (2006b) examined the diurnal cycle of 
precipitation in a southern Ecuadorian Andes-Amazon valley (oriented west to east) using a Doppler rain-radar profiler to recognise 
two diurnal rainfall maxima peaking around sunrise (05:30− 06:30 LT) and in the early afternoon (14:30− 15:30 LT). The first peak is 
attributed to mesoscale convective systems (MCS) developed during the nighttime over the Amazon plains and extending toward the 
Andes by mid-level easterlies, and the second one to local thermally-driven convection. Furthermore, thermally driven upslope flow 
contributes to cloud formation in the eastern Cordillera range releasing rainfall during the day that can also reach the inter-Andean 
valleys. MCS are more frequent during the night, and their size remains constant throughout the year, regardless of their seasonal 
cycle (Campozano et al., 2018). It can be concluded from the literature that the diurnal cycle displays an afternoon-evening peak in 
Andean valleys and a midnight-dawn peak in the Andes-Amazon slopes. 

Precipitation variability in many cases is the major source of uncertainty in catchment hydrology (e.g., Beven, 2012; Buytaert et al., 
2006). This is especially true in the high-altitude environments of the tropical Andes that provide essential ecosystem services like 
water storage and streamflow regulation for downstream water uses (González-Zeas et al., 2019). Andean catchments, particularly 
those covered by Páramo (i.e. a high altitude neotropical grassland ecosystem), respond quickly (< 24 h) to storm precipitation events 
producing flash-floods that cause human losses and damages to water supply systems (Muñoz et al., 2018). In addition, partially 
glacierized catchments (> 5000 m asl. approx.) undergo continuous ablation and accumulation processes at sub-daily time scales 
throughout the year (Favier et al., 2004). Recently, seasonal and west-east spatial variations of the Normalized Difference Vegetation 
Index (NDVI) have been identified in the Ecuadorian Andes and greening peaks are generally associated with lower rainfall 
(Haro-Carrión et al., 2021). To investigate such processes, fundamental knowledge about the diurnal variability of precipitation is 
required. 

Thus, this paper aims to examine the spatial variability of precipitation in the Andes-Amazon transition zone of Ecuador in order to 
give insights to investigate atmospheric dynamics driving the diurnal cycle and support water management. To that goal, the 
coherence of diurnal and seasonal cycles of precipitation and its relationship with the topography is analysed thanks to a unique 
dataset from a dense stations network. Specifically, the paper tackles the concomitant spatial variation of both diurnal and seasonal 
cycles that has not been reported yet by previous studies in the region. The target domain is a rectangular zone in the equatorial Andes 
of 18,500 km2 with an altitude between 400 and 5,750 m a.s.l. This region shows high vulnerability to suffering stress on the ecosystem 
services due to the progressive increase of the population and urgently requires new strategies for water management. 

2. Materials and methods 

2.1. Study area and climate settings 

The study zone (78.2 ◦ W, 0.3 ◦S) encompasses the upper Guayllabamba Basin and the upper Napo Basin draining, respectively, to 
the Pacific and Amazonas basins. It extends over 18,500 km2 and is characterized by steep slopes with an altitude between 400 and 
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5,750 m a.s.l. (Fig. 1b). This zone is critical because it hosts a vast and currently expanding water infrastructure that supplies water for 
human consumption in Quito, the capital of Ecuador, and other surrounding urban areas (González-Zeas et al., 2019). The Andes 
Cordillera in the zone exhibits a predominant NE-SW orientation and branches into two major mountain ranges, the so-called 
Cordillera Occidental (western branch) and Cordillera Central (eastern branch), both characterized by volcanoes and some summits 
covered by glaciers (Fig. 1b). The annual precipitation in the inter-Andean valley varies from 400 mm/yr in the bottom of the valley 
and reaches 1500 mm/yr on the flanks of the Cordillera (Pouget et al., 2017). Conversely, the upper Napo Basin displays heterogeneous 
annual precipitation ranging from 1000 mm/yr on the Cordillera Central ridges and reaching up to 6000 mm/yr on the Andes-Amazon 
foothills (Laraque et al., 2007). Indeed, similar heterogeneity in the amount of annual precipitation has been observed along the 
tropical Andes-Amazon slopes (5 ◦N-20 ◦S) (e.g. Espinoza et al., 2009, 2015; Halladay et al., 2012; Chavez and Takahashi, 2017; Kumar 
et al., 2020; Saavedra et al., 2020). 

The moisture barrier effect of the Andes modulates the precipitation regimes on the Pacific and Amazon sides at multiple time 

Fig. 1. a) Location of the study zone in the equatorial Andes. The topography of the Andes is represented using SRTM data. b) Topography 
configuration of the study zone and spatial distribution of the mean annual precipitation measured by 80 (hourly data) and six (monthly data, white 
stars) stations over the 2014–2019 period. The white dashed line is the upper limit of the Napo Basin, and the brown line delineates the Guayl-
labamba Basin. The Guayllabamba River represents the talweg of the inter-Andean valley to delineate Flanks A-D on the Cordillera. The topography 
is represented using a Digital Elevation Model at a resolution of 100 m provided by the Instituto Gegráfico Militar (IGM-Ecuador). The city of Quito 
and urban areas larger than 5 km2 are also indicated. c) Topographical NW-SE profile (purple line) and mean annual precipitation for selected 
stations (blue bars). Points X, Y and Z are geographical references used to describe the profile. 
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scales, which interact on the regional to local spatial scales (Campozano et al., 2018; Espinoza et al., 2020). The inter-annual vari-
ability of precipitation is in part modulated by anomalies in the sea surface temperature of the tropical Pacific and Atlantic oceans 
(Vuille et al., 2000). Among them, the El Niño Southern Oscillation (ENSO) produces positive precipitation anomalies that are 
responsible for several socio-economic impacts on equatorial Andean populations (e.g. Vuille et al., 2000; Rossel and Cadier, 2009; 
Vicente-Serrano et al., 2017). In addition, the Madden-Julian Oscillation (MJO) drives the intra-seasonal precipitation variability in 
Ecuador (Recalde-Coronel et al., 2020). 

The Intertropical Convergence Zone (ITCZ) meridional migration partly modulates precipitation seasonality and inter-annual 
extremes (Segura et al., 2019). The northern Pacific Slope region is influenced by moisture transported upslope from the eastern 
Pacific during the December-May season, associated with the southward displacement of the ITCZ (Vázquez-Patiño et al., 2020). In the 
plains along the Ecuadorian coast, the seasonal cycle of precipitation is generally unimodal with a peak during austral autumn (Bendix 
and Lauer, 1992; Vicente-Serrano et al., 2017), corresponding to the southernmost position of the eastern Pacific ITCZ during a normal 
year (Mitchell and Wallace, 1996; Garreaud, 2009). 

On the other hand, in the eastern part of the Andes, a different unimodal rainfall regime is observed with a peak during austral 
winter, associated with the advection of water vapour from the Amazon Basin by enhanced easterlies during this season. In addition, a 
bimodal seasonal cycle, peaking around March-May and October-November, is documented in the inter-Andean valleys, which is 
characterized by dry conditions during austral winter related to strong atmospheric subsidence (Campozano et al., 2016; Segura et al., 
2019). Consequently, only one rainy season (December-May) occurs in the coastal plains, with one or two rainy seasons (June-July or 
March-May and October-November) in the inter-Andean valleys and Amazon plains (e.g. Bendix and Lauer, 1992; Laraque et al., 2007; 
Espinoza et al., 2009; Garreaud, 2009; Campozano et al., 2016; Vicente-Serrano et al., 2017). Two other large-scale phenomena are 
associated with the seasonality of precipitation: the east Andean low-level jet (LLJ); and the development of mesoscale convective 
systems that exhibit varying diurnal features (e.g. Marengo, 2002; Rollenbeck and Bendix, 2011; Montini et al., 2019) 

2.2. Hydroclimatic data 

2.2.1. Precipitation data 
Rainfall data for the study site are provided at an hourly time step by three local manager institutions: the Empresa Pública Met-

ropolitana de Agua Potable y Saneamiento (EPMAPS), the Fondo para la Protección de Agua (FONAG), the Instituto Nacional de Meteorología 
e Hidrología (INAMHI) and the French National Observation Service (GLACIOCLIM, Les GLACiers, un Observatoire du CLIMat) which 
meticulously collect, process, and check the precipitation records following the protocols suggested by the World Meteorological 
Organization (WMO) (WMO, 2007, 2015). Data from a total of 130 stations (1 GLACIOCLIM, 23 INAMHI, 34 FONAG and 72 EPMAPS 
stations), all with tipping bucket rain gauges (with an accuracy of 0.2 mm per tip), were compiled. The data quality and data 
availability over the 2014–2019 study period were checked in this study to estimate the diurnal cycle, thereby reducing the amount of 
data to 80 rainfall stations (Table S1, Supplementary Material). Only the stations that meet the following conditions were retained: 1) a 
maximum of 20 % data gaps in the entire study period; and 2) Data for any given month must be available during a minimum of four 
years, again using a data gap threshold of 20 %. One exception is made to the criteria: six stations with scarce monthly precipitation 
values located on the Amazonian flank (white stars in Fig. 1b) were included in order to use data from these remote areas that are 
characterized by scarce information and a lack of knowledge. Notice that only the 80 hourly rainfall stations are used to estimate the 
diurnal cycle (Fig. 1b). 

2.2.2. Atmospheric data 
Seasonal atmospheric circulation was analysed using both meridional and zonal winds at 850 hPa from the European Centre for 

Medium-Range reanalysis ERA5 (Hersbach et al., 2020) for the 2014–2019 period. The 850 hPa winds (u and v in m s− 1) are highly 
relevant to properly describing the atmospheric circulation in South America (e.g. Espinoza et al., 2009, 2012; Paccini et al., 2017). 
Furthermore, low-level winds are the major drivers of precipitation variability in the Andes-Amazon transition region since they 
transport most of the moisture towards the Cordillera (Vázquez-Patiño et al., 2020; Figueroa et al., 2020). 

Conversely, diurnal circulation was analysed using hourly-monthly means also from ERA5 during 2014–2019. The selected months 
were January, April, July, and October because they are the middle month of each season. Additionally, the hours 14h00 LT and 02h00 
LT were selected in order to contrast daytime with nighttime circulations. These hours agree with the initiation of precipitation 
maxima in the daytime (locally induced) and nighttime (regionally induced) convection in the zone (Bendix et al., 2006b; de Angelis 
et al., 2004). The vertical structure of the atmosphere is also described using zonal winds (u in m s− 1), the vertical velocity Omega (w in 
Pa s− 1) and the specific humidity (q in g kg− 1) from 1000 hPa to 300 hPa. 

2.3. Diurnal cycle estimation 

To avoid effects of large differences in the amount of precipitation between stations (e.g., in the Amazon plain vs the Andean 
stations), we estimated the diurnal cycle (%) as the percent of total daily rainfall instead of the traditional diurnal cycle expressed in 
terms of precipitation intensity (mm/h). Hourly precipitation data was used to estimate the diurnal cycle associated with each station 
following the formulation published in the literature (e.g., Oki and Musiake, 1994; Poveda et al., 2005; Bedoya et al., 2019) that states 
that the diurnal cycle DC1 (%) can be defined by: 
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DC1m,h =
Pm,h

1
24

∑23
h’=0 Pm,h’

× 100 (1)  

where Pm,h (mm/h) is the long-term (2014–2019) average of precipitation measured in the time interval ]h − 1,h] of the hour h in the 
month m. The index h in Eq. (1) refers to hours (00− 23 h LT). DC1m,h (Eq. (1)) can be interpreted as the normalized diurnal cycle of 
each month or the anomaly (%) of the precipitation at hour h in month m of the year (Oki and Musiake, 1994). For clustering purposes 
and to correct for the non-concordance between the peak hours of the diurnal cycle at the nearby stations (e.g., Poveda et al., 2005), we 
also calculated the diurnal cycles DC3 (%) at 3h and DC6 (%) at 6h time-steps through the aggregation of DC1m,h as follows: 

DC3m,h=3×i =
∑3×i+2

h=3×i
DC1m,h (2)  

DC6m,h=6×i =
∑6×i+5

h=6×i
DC1m,h (3)  

where i = 0,…,7 for DC3 and i = 0,…,3 for DC6. This means that DC3 is the sum of the diurnal cycle DC1 every three hours starting at 
00, 03, 06, 09, 12, 15, 18 and 21 h LT. Similarly, DC6 is the sum of the diurnal cycle DC1 every six hours starting at 00, 06, 12, and 18 h 
LT. The definitions of diurnal cycle according to Eqs. (1)–(3); generate respectively three different datasets of diurnal cycle estimations: 
the 1h-, 3 h- and 6 h-dataset (Fig. S-1). Each dataset has 80 members (diurnal cycles) and is used in cluster analysis in order to find 
dominant modes of diurnal variability in the zone. It is assumed that the six years of hourly data used in this study is sufficient to 
capture the diurnal and seasonal variations of precipitation (e.g. Bedoya-Soto et al., 2019) since these modes of variability are regular 
and closely periodic over time (Espinoza et al., 2020; Arias et al., 2021). 

2.4. Cluster analysis 

To detect dominant diurnal cycles and delineate their associated groups, we used the unsupervised “partitioning around medoids” 
(PAM) clustering method where dissimilarity measures and a number of groups k must be specified in order to cluster the datasets 
(Kaufman and Rousseeuw, 2008). PAM is a k-medoid based algorithm but uses data points as centers (real members or stations) instead 
of a centroid (non-observable mean) representative of a group. Specifically, its advantage relies on the medoid, a true spatially 
localizable station, which can describe the diurnal cycle groups through only one observed diurnal cycle. 

The chosen measure of dissimilarity to be minimized in PAM is the Manhattan distance, which is based on the absolute distance 
between members and diminishes the influence of unusual values (outliers), which can exaggerate dissimilarities such as in Euclidean 
distances. Clustering methods have been widely used to regionalize rainfall patterns, as demonstrated in several studies (e.g. Oki and 
Musiake, 1994; Rau et al., 2016; Trachte et al., 2018). A more detailed description of PAM can be found in Trachte et al. (2018). 

The number of groups k was selected using the gap statistic that compares the change in within-cluster dispersion with that ex-
pected under an appropriate null distribution (Tibshirani et al., 2001). We analysed feasible k groups between 2 and 10 suggested by 
the gap statistic for each diurnal cycle dataset (1h-, 3 h-, and 6 h-dataset). Inspecting visually the spatial pattern displayed over 
topography and the representation of groups in the principal components space PC1-PC2, we chose both the dataset and k hat do not 
permit the groups’ convex hulls to overlap in the PC1-PC2 space. 

2.5. Seasonality assessment 

With the aim to understand whether precipitation diurnal cycle groups are related to seasonality, we calculated the seasonal index 
(SI) suggested by Walsh and Lawler (1981) for each precipitation station as follows: 

SI =
1
R̂

∑12

m=1

⃒
⃒
⃒
⃒
⃒
x̂m −

R̂
12

⃒
⃒
⃒
⃒
⃒

(4)  

where R̂ is the mean annual precipitation and x̂m is the mean monthly precipitation of month m. Table 1 shows the qualitative 
classification of degrees of seasonality. 

Table 1 
Seasonality index classes according to Eq. (4) (Walsh and Lawler, 1981).  

Rainfall regime SI Class limits 

Very Equable £ 0.19 
Equable but with a definite wetter season 0.20− 0.39 
Rather seasonal with a short drier season 0.40− 0.59 
Seasonal 0.60− 0.70 
Markedly seasonal, with a longer drier season 0.80− 0.99 
Most rain in 3 months or less 1.00− 1.19  
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3. Results 

3.1. Spatial pattern of annual precipitation 

A clear contrast is observed between precipitation in the inter-Andean valley in the Guayllabamba Basin (Flanks A, B and C in 

Fig. 2. Seasonal and diurnal circulations during 2014–2019. Mean seasonal horizontal winds at 850 hPa during a) December-February (DJF), b) 
March-May (MAM), c) June-August (JJA), and d) September-November (SON). The brown line represents the Andes elevation at 1500 m a.s.l.), and 
the green line is the Amazon basin. In a)–d), the study zone is indicated by a red dot. Pressure-longitude cross-section of the zonal-vertical mean of 
wind velocity (vectors) and mean specific humidity (shaded) for selected hours in e)–h) daytime and i)–l) nighttime during the middle month of 
each season. In e)–l), the vertical black lines enclose the study zone, and the grey shaded area is the topography according to ERA5. The meridional 
mean in cross sections were computed over the extend (− 81 ◦W, -75 ◦W; 0.75 ◦S, 0.25 ◦ N). 
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Fig. 1b) and on the Amazonian slopes (Flank D in Fig. 1b). In the inter-Andean valley, the lowest precipitation values are observed in 
the surroundings of the valley’s talweg, decreasing to 400 mm/yr, whereas the flanks of the Cordillera show higher precipitation 
values up to approximately 1,200 mm/yr. In contrast, the Amazonian slopes show higher values of precipitation towards the foothills 
of the Eastern Cordillera, with observed values up to 6,060 mm/yr at the Reventador station (Fig. 1b, easternmost white star). Pre-
cipitation values are highly contrasted below 2,500 m a.s.l. and can reach up to 4,000 mm/yr, precipitation values within the range 
400− 1,500 mm/yr are found in the 2,500− 3,500 m a.s.l. range, whereas precipitation values within the 600− 3,500 mm/yr range are 
observed above 3,500 m a.s.l. (Fig. S-2). 

An interesting feature of the Amazonian slopes is the strong spatial variation in precipitation over short horizontal distances, 
particularly on the eastern ridge of the Andes (Fig. 1b, Cordillera Central ridge). Fig. 1c shows a profile that crosses several prominent 
orographic features in the study zone. The maximum of precipitation in the profile section Y-Z is 3660 mm/yr and, at a nearby station, 
the precipitation decreases to 989 mm/yr (i.e. a 73 % decrease) within a horizontal distance of 8 km. These values represent an 
exceptional spatial variation of 330 mm/yr/km in comparison with spatial variations of 190 mm/yr/km identified in the rainfall hot- 
spots in the Central Andes (Espinoza et al., 2015) and 68 mm/yr/km in the Himalayan region (Immerzeel et al., 2014). In addition, the 
evaluation of altitudinal linear gradients that follow preferential orographic paths such as catchment axes (e.g. Trachte et al., 2018) or 
swath profiles (e.g., Andermann et al., 2011) shows a positive annual gradient of 200 mm per km of altitude in the section X-Y. 

3.2. Diurnal and seasonal circulations 

The regional atmospheric circulation influencing the zone is dominated by easterly winds (Fig. 2a–d), suggesting that most of the 
moisture is transported from the Atlantic Ocean and the Amazon basin. Northwesterly winds (Fig. 2a, b) transport moisture from the 
eastern Pacific mainly in December-May since winds are weak in June-August and September-October seasons (Fig. 2c, d). Maxima of 
easterly winds are observed during the June-August season (Fig. 2c) that are impinged by the Cordillera and can transport moisture 
upslope by main river valleys. Indeed, in June-August, the maxima of precipitation of the Amazon basin are displaced to its north-
western part, very close to the Ecuadorian Amazonia (Espinoza et al., 2009). 

Analysing the vertical structure of the atmosphere on diurnal time scales, a clear contrast of upslope (Fig. 2e–h) and downslope 
(Fig. 2i–l) winds are observed between daytime and nighttime during all the months at both sides of the Cordillera. On the other hand, 
the vertical structure of moisture varies slightly throughout the year during daytime and nighttime in the Amazon and the Ecuadorian 
lowlands close to the Pacific coast (hereafter referred to as Pacific plains), as is typical of tropical regions. However, more humid 
conditions are distinguished at low-pressure levels on the Amazon compared to the Pacific plains. The details of circulation in the inter- 
Andean valley are not observable at the resolution of the data from ERA5. 

The moisture available during December-May in the Pacific plains is transported upslope towards the inter-Andean valley, probably 
by thermal-induced breezes and mechanical uplift (Fig. 2e, f). Interestingly, at nighttime in January (Fig. 2i), unlike the other months, 
upslope moisture transport persists, suggesting that mechanical uplift is dominant. On the other hand, moisture in the Amazon plains is 
continuously transported towards the Cordillera by low- and mid-level easterlies. Easterly winds are intensified in July (Fig. 2g, k), and 
the wind pattern suggests a significant moisture transport towards the Amazonian slope during both daytime and nighttime. However, 
the atmospheric subsidence observed in the mid-levels (500− 600 hPa) acts as a barrier that causes moisture to accumulate on the 
Amazonian slope, with dry conditions prevailing in the highlands. 

Fig. 3. Representation of the four groups of diurnal cycles in the reduced principal components space PC2-PC1 estimated via PAM using the 6 h- 
dataset. The medoids are shown in black markers. The convex hull for each group is also displayed to sketch the compactness of each group. The 
associated station codes are displayed in Fig. S-4. 
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3.3. Diurnal cycle of precipitation 

According to the criteria defined in Section 2.4, clustering the 6 h-dataset in four groups is accurate to regionalize the diurnal cycle 
of the study zone. The two first principal components (PC1-PC2) for the 6 h-dataset, which represent 37.4 % and 28 % of the total 
variance, respectively, satisfy the criteria of non-overlapping convex hulls of the groups (Figs. 3, S-3–S-5). 

Based on this result, four dominant diurnal cycles are clearly depicted in the study zone. These groups present a spatial distribution 
in the NW-SE direction, perpendicular to the axis of the Cordillera (Figs. 4a and S-6). Group 1 gathers most of the stations (34 stations) 
located on Flanks A, B, and C. Group 2 gathers 13 stations mostly on Flank C. Group 3 gathers 15 stations near the Cordillera Central 
ridge and is embedded with stations from Group 4, demonstrating the effect of the Andes-Amazon transition zone. Finally, Group 4 
gathers 18 stations, mostly on the eastern side of the Cordillera Central ridge. 

In order to identify the finest features of the diurnal cycle grouped using the 6 h-dataset, the following description is provided using 

Fig. 4. a) Spatial distribution of the groups of diurnal cycles and the medoid (bold shapes) of each group. Diurnal and seasonal cycle of medoids for 
b) Group 1, c) Group 2, d) Group 3, and e) Group 4. Diagrams b)-e) are made up of two panels. The panel on the right-hand side, with horizontal 
grey bars, is the seasonal cycle expressed as the monthly percentage of mean annual precipitation SC [%], and the diagram on the left-hand side is 
the mean monthly diurnal cycle expressed as a percent of the daily precipitation. The contours represent the percent of total daily precipitation 
throughout the seasonal cycle. The yellow contour is fixed at a minimum value of 4% which roughly represents the percentage of precipitation 
within one day with a uniform precipitation concentration. This means that, above this value, the diurnal cycle can be clearly distinguished. The 
diagrams should be carefully interpreted since a high precipitation concentration is not necessarily related to high precipitation intensities. 
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the 1h-dataset for the diurnal cycle where seasonal shifts and diurnal and semidiurnal cycles can be recognized (Fig. 4). For the sake of 
convenience, we define the diurnal cycle as occurring between 07:00-07:00 LT (GMT-5) in order to be consistent with the regional 
literature (e.g. Poveda et al., 2005; Bedoya et al., 2019). The medoids (Fig. 4b–e) derived from the 6 h-dataset are therefore the 
dominant diurnal cycles found in the study zone and exhibit the following features with regards to phase (timing):  

A) Group 1 (Fig. 4b) is characterized by daytime precipitation and concentrates precipitation in the afternoon, around 
13:00− 19:00 LT throughout the year, with higher concentrations during April-December. During February-April and 
November-December, precipitation is also observed in the night with precipitation occurring until 02:00 LT. During July- 
August, low precipitation values are also observed in the night, around 00:00− 01:00 LT. 

Fig. 5. Same as in Fig. 4 but with the diurnal and seasonal cycle for 19 selected stations. The inner map shows Groups 1-4 and their respective 
medoids (bold shapes) estimated via the PAM method using the 6 h-dataset. The selection of the stations is based on the PAM method: 11 medoids 
recommended by the gap statistic performing PAM on the 1h-dataset (black solid arrows), four medoids estimated from the 6 h-dataset (coloured 
solid arrows) and five manually chosen stations (black dashed arrows). The missing 11th black solid arrow is the same arrow for station J04 
(Arrow 8). 
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B) Group 2 (Fig. 4c) is characterized by a high concentration of precipitation in the afternoon, around 13:00− 19:00 LT throughout 
the year. In particular, in the September-March season, 100 % of the precipitation is observed during 13:00− 19:00 LT, with 
peaks around 15:00− 16:00 LT. In June-August, precipitation is also observed in the morning and night. During this season, 
precipitation shows a better distribution throughout the day, with a small peak around 01:00 LT. Little or a total absence of 
precipitation is observed around 01:00− 08:00 LT.  

C) Group 3 (Fig. 4d) concentrates precipitation around 11:00− 18:00 LT throughout the year. During the September-May season, a 
peak of precipitation is clearly observed around 13:00− 16:00 LT. During June-August, precipitation is also observed around 
01:00− 18:00, with a small peak in the morning, around 10:00− 11:00 LT.  

D) Group 4 (Fig. 4e), in contrast, is characterized by a low precipitation concentration at any one particular time of day, which 
means that precipitation is observed most of the day. Precipitation is observed during the night and morning (22:00− 12:00 LT), 
particularly during the April-October season. During the November-March season, precipitation is concentrated around 
11:00− 18:00 LT, with a small peak around 14:00− 16:00 LT. 

Fig. 5 presents the results of a sample of the 19 stations systematically selected to reflect the spatial distribution and particularities 
of the diurnal cycle in the zone. The medoids (Fig. 5, arrows 4, 8, 11 and 17) are the representative diurnal cycles of the zone, as 
demonstrated by the similarity of the diurnal and seasonal patterns present in the sample for each group: Group 1 (Fig. 5, arrows 1, 14, 
15, 16, 17 and 19), Group 2 (Fig. 5, arrows 2, 6, 11, 12 and 13), Group 3 (Fig. 5, arrows 3, 7 and 8) and Group 4 (Fig. 5, arrows 4, 5, 9 
and 10). 

Fig. 5 also shows that there is not a common pattern in the diurnal cycle for the sample of the 19 stations; however, given the variety 
observed in the diurnal cycles, it is worth mentioning certain aspects: i) for some stations, diurnal cycles are unimodal (diurnal) 
throughout the year (e.g. Fig. 5, arrows 7 and 13); ii) for others, diurnal cycles switch from a unimodal (diurnal) to bimodal pattern 
(semi-diurnal) throughout the year (e.g. Fig. 5, arrows 2 and 18); iii) very similar patterns exist between nearby stations (e.g. Fig. 5, 
arrows 15, 16 and 17; also arrows 4, 5); iv) the timing of the diurnal maxima is similar for some nearby stations (e.g. Fig. 5, arrows 16 
and 17 in April and September, both stations peak at 16:00 LT and 18:00 LT, respectively); and v) a slightly different timing for the 
diurnal maxima for nearby stations can also occur (e.g. Fig. 5, arrows 15 and 16 in August, the stations peak at 17:00 LT and 
15:00− 16:00 LT, respectively). An unexpected degree of similarity in is observed for two distal stations (Fig. 5, arrows 6 and 18) that is 
in disagreement with the general picture of the NW-SE geographical orientation for the diurnal cycle groups (Fig. 5, inner panel). 
However, these stations still show similarities, either in the diurnal pattern alone (Fig. 5, arrow 18) or in both the diurnal and seasonal 
patterns (Fig. 5, arrow 6), with the medoids of the groups to which the stations belong. 

3.4. Seasonal cycle of precipitation 

In Section 3.3, we showed that the diurnal cycles vary throughout the year and that four groups of dominant diurnal cycles were 
found. To investigate a potential relationship between the diurnal and seasonal cycles, we calculated the average seasonal cycles of 

Fig. 6. Mean of the seasonal cycles for the stations within the groups. The triangles indicate the arithmetic mean of the mean monthly precipitation 
for the stations in each group. The vertical bars show the means +/- one standard deviation calculated with the mean monthly precipitation for the 
stations. Notice that the seasonal cycles are expressed as the percentage of precipitation [%] of annual totals distributed each month. 
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precipitation for the stations within each group (Fig. 6). Additionally, the standard deviations for each month were relatively small 
compared to the mean values. This feature indicates that the grouping of the stations based on the diurnal cycle reflects the associated 
seasonal cycle well. Keeping in mind the NW-SE orientation of the groups of diurnal cycles, distinct seasonal cycles varying from 
bimodal (Fig. 6a) to unimodal regimes (Fig. 6d) were found in the study zone. 

Groups 1 and 2 (Fig. 6a, b) are associated with bimodal regimes with precipitation maxima in the March-April period and a during 
the October-November season, separated by two minima around the solstices in the July-August and December-January periods. We 
observed the strongest seasonality in Groups 1 and 2 (the values are up to seven times higher between the rainiest and driest season). 
However, unlike Group 1, Group 2 shows more constant precipitation during austral summer. Group 3 (Fig. 6c) may also be associated 
with a bimodal regime; however, the seasonality of the precipitation is weaker. Relative maxima can be identified during the March- 
May period and in November, and the lowest relative minima occur during the August-September and December-February periods. 
Finally, Group 4 is unimodal with a rainy season during the May-July period with the peak in June. 

In general, the seasonal index (SI) values of the seasonal cycles (Fig. 7) do not fit in the “seasonal” regime as suggested in Table 1 
since all SI values are lower than 0.60. The SI values suggest that the seasonality of Groups 1 and 2 is “rather seasonal with a short drier 
season”; this dry season occurs in July-August (Fig. 6a, b). For Groups 3 and 4, the seasonality is “equable but with a definite wetter 
season”; this wetter season occurs in September-May(Fig. 6c) and March-August (Fig. 6d), respectively. Furthermore, the median 
values of the boxplots in Fig. 7 decrease from Group 1 to Group 4, which indicates an eastward weakening of the precipitation sea-
sonality towards an “equable” regime. 

3.5. Contrasting diurnal and seasonal cycles 

The drier seasons identified for Groups 1 and 2 (and the wetter seasons for Groups 3 and 4) demonstrate contrasting features in the 
patterns for the diurnal cycles, as shown in Fig. 4. Groups 1 and 2 present the same bimodal seasonal cycle, and in the drier season, 
July-August, the diurnal cycles exhibit different behaviour as well as during the wetter seasons. In Group 1, precipitation is 
concentrated in the afternoon, whereas, in Group 2, it is concentrated in the morning and night. In Group 3, during the short dry season 
from June to August, precipitation occurs in the nighttime, whereas precipitation is observed in the daytime during the rest of the year. 
In contrast, during the wetter season from April to October, Group 4 is characterized by mostly homogeneous precipitation during the 
morning and night. These findings highlight the complex behaviour of precipitation in the study zone: i) distinct diurnal concentrations 
of precipitation are observed in both drier and wetter seasons (e.g. Groups 1, 2 and 3); and ii) there is no marked diurnal cycle 
throughout the year (e.g. Group 4). The detailed diurnal and seasonal cycles of all stations used in this work are provided in the 
Supplementary Material (Figs. S-7–S-9). 

To reconcile the diurnal cycle groups with their spatial distribution, altitude and seasonal cycles, expressed as monthly precipi-
tation (mm/month), we divided the stations by flank, sorting them by altitude (Fig. 8). Fig. 8a presents Flank A and Flank B stations, 
ordered by descending altitude varying from 4,012 m a.s.l. (station P28 on the Cordillera Occidental ridge) to 1,626 m a.s.l. (station 
C15 the north-western-most station in the study zone in Fig. 1b). Conversely, Fig. 8b shows the stations on the Flank B sorted by 
ascending altitude from 1,886 m a.s.l. (station P61, the second northernmost station) to 4,148 m a.s.l. (station F74 on the Cordillera 
Central ridge) and Fig. 8c shows the stations sorted from 4,850 m a.s.l. (ORE station, the highest station in the study zone and the 
closest one to the Antizana glacier) to 2,240 m a.s.l. (station I14, the south-eastern-most station). 

Fig. 8 clearly shows the marked bimodal seasonal cycle from station P28 (Fig. 8a) to station F26 (Fig. 8b), enclosing the Group 1 and 
Group 2 stations in the previously identified NW-SE variation of both diurnal and seasonal cycles. Rainfall peaks characterize these 
stations during the March-April and October-November seasons and a relatively short dry season (July-August) during austral winter. 
Stations F76 (Fig. 8b) to I14 (Fig. 8c) enclose the Group 3 and Group 4 stations where the precipitation is better distributed throughout 

Fig. 7. Boxplots of the Seasonal Index (SI) calculated for the stations within Groups 1-4. The red dashed lines are thresholds used to interpret the SI 
value as per (Walsh and Lawler, 1981). The boxplots show the median, first and third quartile. The top whiskers are the smaller of two values (and 
vice versa- the bottom whiskers are the larger of two values): the maximum (minimum) value and the third (first) quartile +(-) 1.5 times the 
interquartile range. The circle represents one outlier. 
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the year and a peak during austral winter is observed in the Group 4 stations (green labels). The situation of Group 3 and Group 4 in the 
NW-SE direction is more heterogeneous than Groups 1 and 2, which is explained by the strong spatial gradient that characterizes the 
Andes-Amazon transition region (e.g. Laraque et al., 2007; Espinoza et al., 2009; Junquas et al., 2018) 

4. Discussion 

Our results refine the assessment of the coherence among the diurnal and seasonal cycles of precipitation identified by the most 
recent comparable studies in the tropical Andes using precipitation stations (Poveda et al., 2005; Bedoya et al., 2019). This coherence 
is clustered in groups of diurnal and seasonal cycles varying spatially in the NW-SE direction, in agreement with the prominent 
large-scale wind direction (Fig. 2). This is the classical picture of orographic precipitation in mountain ranges where the orography and 
diurnal thermal contrast modulate the regional-scale diurnal circulation (Roe, 2005; Bendix et al., 2006b; Junquas et al., 2018). In 
addition, we identify the concomitant spatial variation of both the diurnal and seasonal cycles of precipitation in the study region, 
which has not yet been reported in previous studies of the equatorial Andes. These results may slightly vary when using different 
clustering methods and different measures of dissimilarity while performing PAM, but the NW-SE spatial variation remains unaltered. 

4.1. Atmospheric dynamics related to the diurnal and seasonal cycles 

Key findings emerged regarding the diurnal and seasonal patterns and the related local-regional scale processes driving precipi-
tation. Over seasonal time scales, our findings are consistent with previous work carried out in Ecuador (e.g. Laraque et al., 2007; 
Ballari et al., 2018; Tobar and Wyseure, 2018; Ilbay-Yupa et al., 2021) and are in line with the regional circulation (Fig. 2). The 
identified Groups 1 and 2 in the inter-Andean valley are bimodal with peaks in the March-April and October-November seasons. In 
addition, in Groups 1 and 2, the results clearly show a more significant peak in March-April than in October-November, which could be 
linked to the spatial proximity of the stations in the groups to the Pacific coast, where a unimodal maximum prevails during austral 
autumn (see the Section 2.1 and references therein). This behaviour is particularly pronounced for Group 1, which includes the most 
western stations. 

The weak seasonality of Group 3 (relative peaks observed in March-May and November), situated more to the east, could be 
explained by a weaker influence of the coastal regime and a greater influence of the bimodal Amazonian regime, which entersthe 
eastern Cordillera westward through the main river valleys (e.g. Campozano et al., 2016, 2018; Tobar and Wyseure, 2018). Whereas 
these three groups clearly show inter-Andean valley regimes, with different influences of the coastal (western) and Amazonian 

Fig. 8. Mean monthly precipitation of stations during 2014-2019, ordered by a) descending b) ascending c) descending elevation. The panels 
contain stations located in a) Flanks A and B, b) Flank C, and c) Flank D. The upper panels represent the altitude of each station. The horizontal 
distance between the stations is not maintained. The colors of the labels on the X-axis indicate the group of each station that are spatially displayed 
in Fig. S-6. 
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(eastern) regimes, Group 4 shows a very distinctive unimodal regime, with a peak in austral winter and maxima in June. This regime 
has been described in the literature as a particularity of some stations on the eastern slope of the Andes and valleys connected to the 
Amazonian plains (e.g. Laraque et al., 2007), where the orographic barrier effect of the Andes block strongly the easterlies. 

The blocking effect is more pronounced in austral winter, when mid-level moist easterly winds are stronger and oriented 
perpendicular to the Cordillera (Bendix et al., 2006a; Laraque et al., 2007). However, as has been found in previous studies using data 
from stations in the eastern Ecuadorian Cordillera, the easterlies’ influence and the associated blocking process can show strong local 
variations. Therefore, the seasonal cycle of nearby stations can be affected differently by this process, depending on the characteristics 
of their locations (i.e. slope or aspect), which define if they are leeward or windward. Consequently, a bimodal regime is also found on 
the Amazon slope (e.g. Fig. 5, station marked by arrow 6) due to inter-valley locations sheltered from the influence of easterlies 
(Campozano et al., 2016). This explains the strong spatial gradient in the eastern Cordillera, characteristic of the Andes-Amazon 
transition region. 

The spatial variability in the diurnal maxima, even in nearby stations, seems to be determined by the stations’ local topography and 
windward and leeward configurations. Afternoon precipitation observed in the inter-Andean valley throughout the year (Groups 1 and 
2) appears to be mainly related to local convection and induced thermal upslope breezes, explaining the higher annual precipitation 
close the Cordillera ridges than in the valley. Nevertheless, the nocturnal precipitation of Group 1 can be attributed to the advected 
moisture from the Amazon rainforest during seasons (March-April and October-November) with high convective activity. In the 
eastern foothills of the Andes, nocturnal convective systems are more frequent than daytime convective systems (Campozano et al., 
2018). The local-scale katabatic winds flowing towards the Amazon rainforest due to nocturnal divergence over mountains interact 
with the warm and moist air of the Amazon rainforest, inducing compressional lifting and causing nocturnal cloud clusters called the 
Andes-occurring system (AOS) rain band (Bendix et al., 2006a). The dynamics of the AOS may explain the nocturnal precipitation at 
the stations on the Amazon slope that partly changes to morning precipitation as the AOS are transported eastward to the Cordillera. 
This complex interaction of local-to-regional atmospheric processes in the Andes-Amazon transition zone could be responsible for the 
nocturnal and morning peaks observed in Groups 2, 3 and 4. 

It should be noted that the present study has not examined the inter-annual (e.g. ENSO) or intra-seasonal variability (e.g. MJO) of 
the diurnal cycle. In the Colombian Andes, Poveda et al. (2005) found that these modes of variability only modulate the amplitude of 
the diurnal cycle and do not alter its phase. Nevertheless, it is important to bear in mind that the diurnal and seasonal cycles inves-
tigated in this six-year period could be capturing stationary conditions. However, they are regular and preserve their periodicity over 
long-term scales (Poveda et al., 2005; Espinoza et al., 2020; Arias et al., 2021). The seasonal cycle of precipitation seems to exert an 
important role in the east-west gradient of greening in the zone (Haro-Carrión et al., 2021). We show that in the eastern part of the 
Andes, the seasonal cycle of greening identified by Haro-Carrión et al. (2021) is weak as the seasonal cycle of precipitiation. In the 
inter-Andean valley, the seasonal cycle of greening peaking in July-August agrees with the short dry season identified in the zone. 

To develop a full picture of the diurnal cycle in the study zone, high-resolution atmospheric modelling is necessary to accurately 
investigate the regional-to-local interactions that control the diurnal cycle. Quito (2,850 m a.s.l. Fig. 1a), the capital of Ecuador with 
2.6 million inhabitants, depends on a complex infrastructure of water intakes and conductions that transport water from high-altitude 
catchments and the diurnal cycle described in this study could help to better understand hydro-glaciological processes and develop 
new water management strategies. 

5. Conclusions and final remarks 

This study analysed the spatial variability of diurnal and annual cycles of precipitation in the equatorial Andes thanks to a dense 
network of 80 precipitation stations with hourly data, located over an inter-Andean valley and its transition to the Amazon Basin over 
the 2014–2019 period. The precipitation network allowed us first to identify an exceptionally strong spatial gradient in precipitation, 
of up to 330 mm/yr/km. Using cluster analysis, we identified, for the first time, groups of stations varying spatially in the NW-SE 
direction over this region with complex topography which display concomitant diurnal and seasonal variations of precipitation. In 
the western part of the study area, the seasonal cycles of Groups 1 and 2 are bimodal and typical of equatorial inter-Andean valleys 
with precipitation maxima in the March-April and October-November seasons and one short drier season in July-August. Conversely, 
in the eastern part, Group 3 presents a weak bimodal seasonal cycle with relative maxima also in March-April and October-November. 
Finally, Group 4 is unimodal, with a maximum in June. It is crucial to notice that distinct diurnal cycles are observed in both drier and 
wetter seasons of Groups 1, 2 and 3; and no marked diurnal cycle is observed in any part of the year in Group 4. Furthermore, Groups 3 
and 4 are the most spatially heterogeneous in annual precipitation and diurnal cycles. This local-scale analysis based on precipitation 
stations agrees with the diurnal and seasonal regional circulation observed in reanalysis (ERA5). The findings of this work complement 
those of earlier studies in the Tropical Andes that analysed diurnal cycle over complex topography. 

The present study lays the groundwork for future research into the atmospheric physical processes linking diurnal and seasonal 
precipitation cycles that vary spatially over complex topography. Further studies need to be carried out to validate the hypothesis 
discussed in this paper since the use of Reanalysis data explains the diurnal and seasonal dynamics of moisture partly. For instance, our 
results encourage the use of high-resolution atmospheric modelling to identify the interaction of local-to-large scale mechanisms 
driving the diurnal cycle in the equatorial Andes. More broadly, research is also needed to understand the diurnal cycle along the 
Andes Cordillera in tropical South America to identify the role of oceanic (Pacific and Atlantic) and land (Amazonian basin) moisture 
sources involved in diurnal cycle variations. The station-based data set presented in this study stress the need to preserve and make 
denser the current monitoring network in order to capture the long-term dynamics of the diurnal cycle. 

The insights gained in this study may help to understand the functioning of Andean hydro-systems. The estimation of water budgets 
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in the Páramo is currently subject to large uncertainty due to the limited number of precipitation stations. The Eastern Cordillera 
receives the highest amounts of precipitation and displays a weak seasonal cycle. This homogenous precipitation distributed 
throughout the year emphasises the role of such environments as water suppliers and regulators. Thus, water management planning 
should be oriented to generate new strategies to cope with possible future changes in the strength of seasonality. For instance, sub-daily 
scale processes (like flash floods or glacier melting) could be better characterised using the diurnal cycle of precipitation in a 
hydroglaciological modelling framework. 
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