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ABSTRACT
Direct observation of montane and upland water resources provides valuable data in support of national scale water management 
and policy, but direct observation is challenging on large spatial scales. To address the need for large spatial scale hydrological 
data we use InSAR surface motion signals, indicative of surface swelling due to increased soil water content, at approximately 
90 m resolution over a tropical Colombian mountain range covered with Páramo, a biome widespread along the Northern Andes. 
Considering uncertainty of vegetation and mountainous terrain on the InSAR signal, we observe a regional, spatially consistent 
sequence of soil surface motion, which can be related to storage and movement of water through montane catchments. Swelling 
on the ridges and upper slopes occurs during the wet season and is consistent with infiltration and increased saturation of ridge 
and upper slope soils. This is followed by a marked swelling of the valley floors towards the end of the wet season and into the dry 
season. The InSAR signal also captures movement of water through the basin with swelling subsiding sequentially downslope 
and downstream. The results indicate that a shallow hillslope flow dominates during the wet season, but this alone is insuffi-
cient to explain shallow ground water storage in superficial valley deposits lasting into the late wet season and dry season. We 
conclude that InSAR signals can provide a qualitative insight in the storage and release mechanisms at a basin scale, thus com-
plementing sparse point- scale measurements.

1   |   Introduction

The tropical Andes in South America comprise montane and 
upland environments that play a crucial role in the capture 
and storage of freshwater that supports agriculture, human 
population (Buytaert et al. 2006; Roa- García et al. 2011), en-
demic species, biodiversity (Squeo et  al.  2006) and carbon 
storage (Comas et al. 2017). Climate change will have impacts 

on the hydrology of these montane environments (Aggarwal 
et al. 2022; Bradley et al. 2006; Mills- Novoa et al. 2017) and 
representative data is crucial in supporting the models on 
which policy decisions are based (Sidle  2021). However, the 
understanding of Andean hydrological systems is much more 
limited compared to other mountain regions of the world 
(Brück et al. 2023; Mosquera et al. 2023) and needs to be at an 
appropriate spatial scale to cover the diversity of hydrological 
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processes (Somers and McKenzie 2020). In turn, this will en-
able governments to justify, develop, and implement policies 
to improve management of upland catchments and their as-
sociated dependencies. Problematically, direct observations 
are limited by high experimental costs, poor access to remote 
locations, and the social and political pressures that make 
field work challenging (Somers and McKenzie 2020; Sheffield 
et al. 2018). As a result, detailed hydrological measures tend to 
be small scale and highly localised, making it hard to validate 
regional models of any type at an appropriate scale (Sheffield 
et al. 2018).

To help address this need for low- cost, multiscale, hydrological 
evidence we present a new means of visualising montane basin 
hydrology in the high- altitude soils, which we apply to a case 
study in the Páramo of Colombia, an Andean biome that gen-
erally occurs between 2800 and 4700 m a.s.l. (Giles et al. 2017). 
We use interferometric synthetic aperture radar (InSAR) to 
quantify swelling and shrinking of soils in response to changes 
in water storage. InSAR has previously shown shrinking and 
swelling in valley bottom sediments due to poroelasticity (Kang 
and Knight 2023) and hydraulic head (Smith et al. 2017; Smith 
and Knight 2019) at kilometre scales. This method has the po-
tential to show spatio- temporal changes in soil water storage 
at a resolution of 10 s of metres within basins on scales ranging 
from 10 s to > 100 s km and improve gaps in our understanding 
of the processes that influence water capture, storage, and flow 
within montane systems. The main influences are: groundwater 
(Somers and McKenzie  2020), soils (Correa et  al.  2017), vege-
tation (Bounous et  al.  2018)—including bofedal (Maldonado 
Fonkén  2014; Earle et  al.  2003; Moreau et  al.  2003; Valois 
et al. 2020) grasslands, shrublands, and Espeletia spp. (Cárdenas 
et al. 2018) that are found in páramo—complex geology (Cetina 
et  al.  2020; Valois et  al.  2020), agricultural activities (Moreau 
et al. 2003; Valois et al. 2020), and land cover change (Crespo 
et al. 2009; Ochoa- Tocachi et al. 2016).

Our method uses freely available regular 12- day ESA Sentinel- 1 
SAR data acquisitions that can penetrate cloud. In conjunction 
with improved InSAR (Interferometric SAtellite Radar) methods 
(Cigna and Sowter 2017; Sowter et al. 2013; Sowter et al. 2016) 
these data can generate time series of land surface deformation 
with near- continuous spatial coverage. The method has been 
developed and used for assessment of peat soils (Alshammari 
et al. 2020; Bradley et al. 2022; Islam et al. 2022; Large et al. 2025; 
Mitchell et al. 2025). In these applications, signals derived from 
the time series of surface motion are used to classify the physical 
and ecohydrological state of the peatland (Bradley et al. 2022), 
condition (Large et al. 2025) and trajectory of change (Mitchell 
et al. 2025). The approach has been validated against simultane-
ous field observations (Marshall et al. 2022) and works because 
the InSAR surface motion signal responds to changes in water 
storage within the soil (Tampuu et  al.  2020; Toca et  al.  2022; 
Hrysiewicz et al. 2023), which in turn is regulated by the eco-
hydrological dynamics of the system (Alshammari et al. 2020; 
Bradley et al. 2022). An important point is that the method uses 
a signal that precisely represents differences in the motion of the 
soil surface with time, but it underestimates the true magnitude 
of surface motion (Marshall et al. 2022), providing a consistent 
qualitative measure which must not be treated as an accurate 
measure.

Application of this method to the páramo carries with it several 
uncertainties. Páramo soils are not predominantly peat soils 
and the associated plant species are very different to those of 
temperate peatlands. So, although shrinking and swelling may 
be expected in response to changing water storage, the range 
of motion will likely be less than peat and governed by differ-
ent soil properties and ecohydrology. Precipitation seasonality 
is very different to that encountered in the temperate peat soils 
in northern Europe, which will impact the observed pattern of 
changes. Associated with the seasonality and difference in soil 
is the uncertainty as to whether the SAR signal scatters from 
the soil surface detecting true motion or at a depth within the 
soil where moisture levels stop further radar penetration. Whilst 
increased penetration is obvious over bare ground when volu-
metric soil moisture levels become very low, soil moisture ef-
fects are masked in the presence of vegetation, leading to some 
debate over whether sub- centimetre surface movement can be 
soil moisture change or seasonal vegetation growth (Westerhoff 
and Steyn- Ross 2020). With a permanent presence of thick grass 
or shrubby páramo vegetation preventing the subsurface from 
drying out, we consider the impact of soil moisture variation to 
be minor. With this in mind, any contribution from soil mois-
ture variation is likely to drive soil swelling and that will not 
affect a qualitative analysis of surface motion. Whether the sig-
nal is responding to surface motion related to water content, a 
change in soil moisture, or both (Toca et al. 2022; Hrysiewicz 
et al. 2023), it should be possible to obtain data to describe water 
storage patterns.

If swelling of the soil corresponds to water storage, a large direct 
swelling in response to precipitation would indicate rapid infil-
tration and a relatively large water storage capacity, while little 
swelling in response to precipitation would indicate a reduced 
water storage capacity. A marked delay between precipitation 
and swelling could suggest that the water storage is influenced 
by lateral flow, storage in superficial deposits, or by shallow 
sub- surface flows and groundwater. So, if variable storage and 
lateral flow are occurring, we should see systematic patterns 
across the landscape, rather than highly varied noisy patterns 
which are difficult to interpret.

Our aim is to test the hypothesis that the spatial patterns of 
surface motion measured using the APSIS InSAR method 
are indicative of patterns of water storage and flow within the 
Páramo. To do this, we identify and map the spatial patterns of 
surface motion and qualitatively interpret them relative to the 
timing of precipitation in the wet and dry seasons. We then con-
sider the potential implications of the observed relationships for 
understanding and quantifying the hydrological behaviour of 
Páramo environments.

2   |   Study Area

2.1   |   Páramo Guantiva- La Rusia

The study focuses on part of the Colombian Páramo known as 
Guantiva- La Rusia, Guantiva being the northern part of this 
páramo complex and La Rusia making up the southern part, 
with the analysis being contained to an area within approx-
imately 40 × 60 km (Figure  1). The páramo is on a NE–SW 
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trending western ridge approximately 55 km in length, rising 
from 2800 m a.s.l. to just over 4200 m a.s.l., straddling the border 
of the departments Santander and Boyacá, and a more northerly 
N- S trending eastern ridge in Boyacá approximately half as long, 
rising to 3800 m a.s.l. (Figure 1). The two ridges are linked by a 
lower plateau in the north, and from this watershed, three main 
valleys drain roughly north, northeast, and southwest from ap-
proximately 3200–3400 m a.s.l. Drainage on the outer sides of 
the ridges is generally northeast and northwest. Since it is dif-
ficult to define a páramo limit on altitude alone, we defined the 
boundaries of analysis to include the transition into the páramo 
environment, from just below the upper tree line, identified 
from ESRI world view images in ArcMap (ESRI 2024), into the 
predominantly short vegetation and agriculture above. When 
no tree line was observed, due to agricultural encroachment, 
the study boundary was determined by using roughly similar 
altitudes between 3000 and 3200 m a.s.l., guided by contours de-
rived from the SRTM DEM (Farr et al. 2007; Jarvis et al. 2008).

For the purposes of this study, we perform InSAR analysis on 
the entire study area and focus in detail on two drainage basins 
with an elongated bowl- shaped morphology that represent the 
extremes of topographical geometries more or less replicated 
across this páramo. They also demonstrate if their slope orien-
tation, almost parallel and perpendicular to the satellite line- of- 
sight, will cause any bias in the results. The two basins are Olla 
Grande (est. 6.2 km2) and Boquemonte (est. 9.9 km2). Olla Grande 
drains north and is a narrow, steep- sided valley with a flatter 
area in the upper middle reach and 2 hanging valleys (Figure 2), 
in the drier northeastern side of the páramo. Boquemonte is a 
west- draining basin on the wetter western edge of the páramo 
that is more open in the upper reaches of its northern side and 
steep and shrubby on its southern side (Figure  2). The upper 

reaches of Boquemonte contain 3 main hanging valleys, some 
containing several small, 10–100 m diameter pools. The ridge 
crests around Boquemonte are predominantly broad and grassy, 
whereas those around Olla Grande are narrower (Figure 2) with 
a mixture of vegetation and rock outcrops.

Geologically, the area is complex but generally consists of meta-
morphic rocks overlain by a mixture of superficial Quaternary 
deposits: glacial till, fluvio- glacial, fluvial, and solifluction de-
posits, and peat (Figure 3). Soils are mainly andosols, incepto-
sols, and histosols (IGAC 2005).

The vegetation at the top of the ridges is described as ‘páramo’, 
and contains a grass- shrub vegetation, endemic rosettes (‘fraile-
jones’) and occasional boggy areas known as ‘bofedal’. These 
grasslands transition into remnant montane forest on the 
steeper slopes, or suddenly into cultivated agricultural land, 
such as potato fields. In the flatter main valleys, vegetation is 
dominated by agriculture, and upper slopes and ridges have 
been used historically as rough pasture including the use of fire 
for management. The denser the biomass of these land covers, 
e.g., forest > shrubby > grasslands and pasture, and harvesting 
of crops in areas of cultivation will add noise and increase un-
certainty to the surface motion calculation.

2.2   |   Climate

The area experiences a bimodal precipitation regime with a 
distinct dry season that can fall between late November and 
late January, with another brief dry period around July. The 
major wet season falls between late January and July, followed 
by a wet period between late July and November (Robledo and 

FIGURE 1    |    Location of the basins used in this study, Boquemonte (A) and Olla Grande (B), within the Páramo of Guantiva- La Rusia. Also shown 
are the main settlements, the weather station G- ArF (Guanentá Alto Río Fonce—Parques Nacionales Naturales de Colombia) and the boundary of 
analysis. Contours derived from the SRTM DEM (Farr et al. 2007; Jarvis et al. 2008) and rivers sourced from (Schneider 2024).
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Córdoba 2000; Cetina et al. 2020). Precipitation in the January 
to July wet season is generally greater. A weather station at 
UPTC in Tunja provides the nearest available detailed con-
tinuous meteorological data (IDEAM 2022) and this reflects 
the expected pattern of seasonal precipitation (Figure  4). 
Maximum daytime temperatures are generally around 25°C 
in the dry season, falling to 15°C in the wet season. To the 
best of our knowledge, the only reliable weather data collected 
within páramo Guantiva- La Rusia is from the hill station in 
the upper reaches of the protected area Santuario de Flora 
y Fauna Guanentá Alto Río Fonce (3760 m a.s.l, 5°58′8″ N, 

73°5′7″ W). This area is considered wetter than Tunja, but 
the general precipitation trends are similar (Figure  4). For 
convenience, data from this source is referred to as data from 
Guanentá. We follow meteorological convention, presenting 
two full years from January, which is normally the driest part 
of the year and theoretically should contain a complete cycle 
of soil water storage and release. In the year 2017 (Figure 4a), 
precipitation data from Tunja indicates a relatively dry year. 
The main dry season was prolonged into February (~40 mm) 
and the major wet season rains (~> 100 mm) were not sus-
tained through the smaller wet season after June, dropping to 

FIGURE 2    |    Physical detail of (a) Boquemonte and (b) Olla Grande showing altitude, potential surface drainage, water bodies (Peyre et al. 2021) 
and slope angle calculated from the SRTM DEM (Farr et al. 2007; Jarvis et al. 2008).

FIGURE 3    |    Superficial material and soil deposits around Boquemonte (left) and Olla Grande (right). (a) Quaternary drift deposits. (b) Dominant 
and (c) sub dominant soil within soil units IGAC (2005).

 10991085, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/hyp.70214 by U

K
 C

entre For E
cology &

 H
ydrology, W

iley O
nline L

ibrary on [05/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



5 of 16

dry season equivalents for the remainder of the year (~40 mm). 
In comparison, it was much wetter at the end of the 2016 wet 
season (~100 mm). For the year 2019, data from Guanentá 
(Figure 4b) has two characteristic pulses of precipitation re-
flecting the strong bimodal wet season. The dry season ended 
early in December 2018 precipitation (16 mm) and the major 
wet season followed with a slightly early peak in March 
and April (~250 mm), declining into the short dry period by 
August (~35 mm). The smaller wet season peak followed this 
in November (~162 mm), before declining into the main dry 
period in the following January.

3   |   Data and Methods

3.1   |   Sentinel- 1 Satellite Data and Processing

C- band satellite radar imagesfrom Sentinel- 1A and- 1B, 1B ac-
quired every 12 days when possible (descending passes only) 
between March 2015 and October 2020. Data processing used 
the APSIS method (Sowter et al. 2013, 2016) which, to ensure 
independent coherence measures, resamples and reduces the 
original 20 by 5 m Sentinel- 1 spatial resolution by a factor of 5 
and 10 (called multi- looking) and creates a surface motion time 
series in the units of metres (m) for each multi- looked pixel. 
The APSIS algorithm guarantees that the InSAR measure-
ments come from highly coherent areas, which provides con-
fidence that we are seeing swelling as opposed to a change in 
vegetation cover or backscattering characteristics. As a check, 
multiannual velocity standard error, inversely proportional to 
the square root of coherence interferograms, shows the level 
of uncertainty of the ground motion (Cigna and Sowter 2017). 
For data management, we allowed spatial interpolation over 
areas of radar shadow, flagged as areas of high uncertainty. 
After orthographic correction from the multi- looked coordi-
nate grid at roughly 80 by 90 m area, an irregularly spaced 
grid of points is produced, typically showing millimetre (mm) 
scale change between time points. Orthographic correction of 
radar data causes the point spacing to be generally closer on 
slopes facing the satellite sensor line- of- sight and wider apart 

on slopes facing away from the satellite sensor line- of- sight. 
Since raster interpolation would be forced to simulate data in 
the larger gaps and subsample closely spaced data, Thiessen 
polygons were calculated around each grid point, creating a 
continuous surface of polygons. For ease, in the rest of this 
article, we refer to each Thiessen polygon as a pixel. We do not 
correct for differences in pixel spatial area as the objectives 
are to understand broad patterns and trends rather than at-
tempt to quantitatively calculate any hydrological budgets. We 
selected two periods for analysis, avoiding gaps in the data ar-
chive: 18 October 2016 to 26 June 2018 and 26 August 2018 to 
03 October 2020. These two periods contain the dry seasons in 
2016–17, 2017–18, 2018–19 and 2019–2020, the complete wet 
seasons in 2017, 2019 and the earlier part of the wet season 
in 2020.

3.2   |   Detrending and Smoothing With Splines

Surface motion time series from APSIS InSAR reliably show an-
nual cycles of motion, systematic trends controlled by climate 
(Bradley et al. 2022; Large et al. 2025) and short- term responses 
to drought or precipitation (Islam et  al.  2022; Mitchell et  al. 
2025) with some level of noise superimposed. To isolate the un-
derlying patterns in surface motion from any systematic linear 
trends and noise, a natural cubic spline (Mitchell et al. 2024) was 
fitted to each of the two sections of the time series to provide 
detrended smooth time series (Figure 5).

3.3   |   Analysis of Surface Motion Relative to 
Patterns of Precipitation

Monthly relative surface motion displacement was calculated 
to compare each detrended and smoothed time series to pre-
cipitation and topographic setting. For each time series, the 
minimum value (Figure 5) was subtracted, and data was aver-
aged into monthly intervals (n = 3). Monthly maps of surface 
motion for all points within Olla Grande and Boquemonte 
spanning the period of analysis were created to investigate 

FIGURE 4    |    Monthly precipitation and temperature measured at (a) Tunja (5°32′ 20″ N, 73°20′ 46″ W) 01 October 2016 to 31 January 2021 and (b) 
Guanentá Alto Río Fonce (5°58′8″ N, 73°20′ 46″ W) 01 January 2017 to 31 January 2021 (no data August 2018).
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the spatial and temporal pattern of the surface motion trends 
(Figures 6 and 7).

4   |   Results

4.1   |   Surface Motion Observations

In two full years, 2017 and 2019, surface motion in Olla Grande 
and Boquemonte indicated that surface swelling varied month 
by month, between ridges, slopes, and valleys, and was com-
mon across the rest of Guantiva- La Rusia. Overall, a repetitive 
cycle of surface swelling was observed, although the timing and 
length of the cycle varied inter- annually from the hypothesised 
January start. The variations in swelling, described below, bear 
a relationship to the amount of precipitation.

4.1.1   |   Olla Grande

Much of the 2017 swelling on the ridges and slopes of Olla 
Grande (Figure  6) was in step with the observed precipita-
tion (Figure  4). In the main dry season that prolonged into 
February, the ridges and slopes had low to very low swell-
ing. When precipitation increased into June in the major 
wet season, the ridges experienced increased swelling to low 
and medium levels. Despite the lack of precipitation that fol-
lowed in the smaller wet season, ridge swelling was sustained 
through July, areas of medium swelling then contracted, leav-
ing greater areas of very low level swelling by October. Some 
westerly facing slopes retained greater local swelling before 
levels gradually fell to low and very low levels. By November 
and December, when precipitation had remained low, most of 
the ridges and slopes were at very low levels of swelling again. 
In contrast, valley swelling was often out of step with precip-
itation. During the dry season when precipitation was low, 
valley swelling had developed during January into localised 
patches of medium to high swelling. By April, as precipitation 

levels were increasing in the major wet season, these areas 
then contracted to be replaced by low and very low levels of 
swelling. From May to October 2017 in the second wet sea-
son, precipitation was lower than expected and medium lev-
els of valley swelling gradually coalesced and extended back 
up and down the whole valley floor again. By November and 
December, with reduced precipitation, the valley featured 
high and very high levels of swelling over a much larger area 
of the valley floor. The full data sequence from October 2016 
to May 2018 (SM Figure S1) illustrates that inter- annual tim-
ing of swelling varies outside the hypothesised January to 
December window.

As in 2017, although with less magnitude, most of the 2019 
swelling on the ridges and slopes of Olla Grande (Figure  7) 
was again in step with precipitation and out of step with 
swelling in the valley. On the ridges, very low swelling during 
January developed into substantial patches of low to me-
dium swelling during February and March as precipitation 
increased through the major wet season. This ridge swelling 
then contracted and almost vanished into very low swelling 
levels by August, as the major wet season weakened. A similar 
ridge swelling cycle repeated through September to December 
during the smaller wet season. In 2017, some eastern- facing 
slopes and southwest valley area stood out as having very low 
levels of swelling in the first cycle, which increased to low lev-
els in the second cycle. In contrast, along the valley bottom, as 
the precipitation increased during the major wet season from 
January to March, swelling went from high to low with the 
exception of a localised patch in the north end of the valley. 
From April to September, when precipitation levels decreased, 
the swelling of a central core area increased to medium lev-
els and spread back upstream and downstream in the valley. 
The swelling again became more localised during the peak 
of the second wet season during November. By December, as 
precipitation amount fell, accordingly swelling spread back 
along the valley again. The following dry season in January 
and February 2020 (SM Figure S2) then developed a dominant 

FIGURE 5    |    Detrended and spline smoothed function of surface motion illustrating the timing of water capture, storage and release for the most 
generic scenarios on, (a) ridge tops and (b) valley floors (separated for visualisation by +0.009 m and +0.003 m respectively). The black line is the 
linearly detrended time series, blue is the resulting spline smoothed function. Amplitudes of peaks are determined relative to the horizontal line 
marking the minimum value of both time series.
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FIGURE 6    |    InSAR measured swelling in Olla Grande and Boquemonte (North to the right) for 2017.
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FIGURE 7    |    InSAR measured swelling in Olla Grande and Boquemonte (North to the right) for 2019.
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swelling feature in the valley similar to the starting point of 
January 2019.

4.1.2   |   Boquemonte

Although a much more complex basin, Boquemonte displays 
an almost identical transition between the monthly swell-
ing extremes to Olla Grande (Figures  6 and 7). For example, 
dry season high to very high swelling on the valley floor was 
flanked by medium and low swelling e.g., during December 
2017 and January 2019. Accordingly, medium to high swelling 
is found on the ridges and low to medium swelling is found 
on the slopes during June 2017 and June 2019. The generally 
greater swelling observed on slopes with a western aspect in 
Olla Grande is less pronounced because this is a westward 
draining basin, but some evidence for this is observed on the 
western slopes of the small spurs that divide the various north-
erly sub- basins within Boquemonte. Of particular note is a fea-
ture that consistently develops into medium level swelling in 
the north eastern area of the site. In 2017 this area does not 
retain high levels of swelling when the second pulse of pre-
cipitation was weak, whereas at other times it appears capable 
of ponding and holding wet season precipitation longer than 
surrounding ridges and slopes. Google imagery indicates a de-
pression in this ridge. Swelling is consistently high in the lower 
reaches of Boquemonte, but the magnitude is more uncertain 
as this is where it is more heavily forested than the lower 
reaches of Olla Grande.

4.1.3   |   Páramo Guantiva- La Rusia

On a monthly time step, the simultaneous behaviour observed 
in the two drainage basins is present across the whole páramo. 
For brevity and detail, the wet season ridge and upper slope 
swelling and dry season valley swelling are shown for the 
central section of the Guantiva- La Rusia ridge (Figure  8). 
Of these two seasons, the maximum swelling of the broader 
valley floors is greater than the maximum swelling on the 
narrower ridges. For the same section, a land cover map de-
picting the main biomass categories and the multiannual ve-
locity standard error shows where topography and biomass 
are more likely to combine to increase noise and uncertainty 
in the results (Figure  9). Areas of high uncertainty occur 
where time series have been interpolated over radar shadow 
across the line- of- sight in some mainly east- facing deep and 
steep- sided valleys. There is no overall bias with or across the 
satellite line- of- sight as the error map shows no evidence of 
mosaic- like segmentation corresponding to different cardinal 
slope aspects. As anticipated, the greater standard error has a 
strong relationship with land cover of greater biomass, and not 
the patterns of seasonal surface motion. Errors on the ridges 
and upper slopes are generally very low where there is low bio-
mass páramo consisting of grassland and pasture vegetation 
cover. The standard error on the lower slopes in forest below 
the upper montane tree line and in the areas of intensive agri-
culture away from typical grassland and pasture páramo veg-
etation is high. Regardless of standard error, swelling can be 
traced up the valleys because in this tropical setting the leaf 
cover on the woody vegetation is more or less constant and 

does not seasonally influence the timing of surface motion, 
only the uncertainty in magnitude.

4.2   |   Interpretation

To interpret these patterns of behaviour, we assume that 
swelling and shrinking of the land surface, recorded by 
InSAR, is a response to change in water storage within the soil 
or superficial deposits that dominates over vegetation growth 
and soil moisture effects on the InSAR signal (Westerhoff 
and Steyn- Ross 2020). We do not see low biomass vegetation 
growth quickly respond to precipitation in the valleys as the 
first valley swell is delayed, subdued and does not correspond 
to the onset of earlier precipitation and swelling on the ridges 
(Figure 5). The second dry season swell occurs when clearer 
skies, reduced precipitation and increased evapotranspira-
tion dominate, so during this period low biomass vegetation 
growth is suppressed and coupled with a lack of seasonality 
of any higher biomass vegetation presence, soil swelling must 
dominate. The dominant driving force behind surface mo-
tion is either a change in one or both of effective stress and 
swelling on account of adsorption of water with clay or or-
ganic matter within the soil. Swelling is presumed to occur 
when the amount of water stored in soils or other superficial 
deposits within the area of a pixel increases, and shrinking 
occurs when the amount of water stored in the same depos-
its decreases in that pixel. Swelling is maintained when rates 
of water input by infiltration or lateral flow exceed rates of 
output by lateral flow or evapotranspiration, resulting in the 
soils or superficial deposits becoming more saturated closer 
to the surface. However, on the ridges, it is less easy to dis-
criminate actual soil swelling from vegetation growth and 
soil moisture effects on the InSAR signal because rainwater 
is simultaneously feeding vegetation growth and filling soil 
pores. The influence of soil moisture on the InSAR signal may 
well be proportionally greater, but with a high organic con-
tent in these soils, physical swelling is most likely to remain 
dominant.

4.2.1   |   Precipitation and Swelling

The most notable observation is that similar, spatially consis-
tent patterns of swelling and shrinking behaviour happen si-
multaneously in the two study basins and regionally across the 
Guantiva- La Rusia range. In the wet season, there is marked 
swelling on the ridges and upper slopes, consistent with in-
filtration and increased saturation of ridge and slope soils in 
direct response to periods of greater precipitation. More pro-
nounced swelling on ridges and upper slopes can be found on 
the leeward western aspects in comparison to windward east-
ern aspects, potentially a result of the influence of prevailing 
easterly winds on evapotranspiration on the exposed upper 
slopes. Swelling is least pronounced on the steeper mid- slopes 
where slope gradients may promote surface runoff and reduce 
water infiltration.

The most striking feature in the hydrological year is the 
marked swelling of the valley floors towards the end of the wet 
season and into the dry season (circ. December to February). 
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FIGURE 8    |    Amplitude of swelling across the central portion of the study zone for wet June 2017 (upper panel), and dry February 2020 (middle, 
panel) seasons. Neighbouring drainage basins are plotted with Boquemonte and Olla Grande to highlight ridge and valley topography. Whilst the 
amplitudes are random around the fringes of the study area below the upper montane treeline, the greatest amplitudes of swelling are uniform over 
the ridges and greater than swelling over the steep valley sides in June 2017, and greater in the valleys and less on the slopes and ridges for a late dry 
season in February 2020. Plotting similarly sized drainage basins across the whole of the Guantiva- La Rusia páramo illustrates the regional extent of 
this swelling behaviour (lower panel), which may be applicable across all páramos in the Andes mountains.
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Additionally, throughout the year, localised lower magni-
tude swelling of the valley floor is present in the data. We 
found that this swelling is more extensive around August to 
September, which also corresponds to a period of seasonally 

reduced rainfall. The August to September swelling is not of 
the same magnitude as the swelling observed in December 
and February. In the complete time series (SM Figures  S1 
and S2), valley floor swelling appears to be larger and more 

FIGURE 9    |    Broad land cover classes (upper panel) and multiannual velocity standard error (lower panel) across the central portion of the study 
zone. Land cover classes are compiled into four groups of biomass: Forest, shrubby, grasslands, and pasture, and a cultivation mix from the land cover 
map of Colombia (IDEAM 2014). Standard error is in m year−1 (Cigna and Sowter 2017).
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extensive in years with overall higher total precipitation e.g., 
2018/19 and 2019/20 and less in years with lower total precip-
itation e.g., 2016/17. In the valleys, surface motion from soil 
swelling must dominate over the effects of vegetation and soil 
moisture effects on the InSAR signal as high biomass shrubs 
and trees do not disperse seeds, colonise, establish, die back, 
and recede on these time scales, so the soil swelling must be 
fed by antecedent precipitation from the previous months. 
Swelling of the valley floor tends to concentrate in areas of 
confluence and dissipate downstream with swelling reducing 
first in the upper valley and lower slopes, and finally being 
concentrated towards the basin exit. This is consistent with 
expected drainage patterns.

The late wet season into dry season swelling does not always 
display a clear relationship to antecedent precipitation events 
in the preceding few months, for example, the swelling in 
November–December 2017 (Figure 6) followed a relatively dry 
second half of the 2017 wet season. Nor does the swelling of the 
valley floor build progressively through the year, for example, 
we found that the valley floor swelling was lowest in October 
2018 just 2 months before marked swelling in December 2018 
(SM Figure S2). Also, periods of intense precipitation earlier in 
the wet season, as inferred from the rainfall record and observed 
as swelling on upper slopes and ridge crests, do not lead to no-
table swelling on the valley floors and lower slopes. This may 
indicate the impact of antecedent moisture conditions, in which 
ridge and slope soils are re- wetting and retaining water early in 
the wet season with limited drainage.

4.2.2   |   Valley Floor Swelling

Water flow and storage in upland páramo environments is con-
sidered to be in shallow flow systems where deeper infiltration 
and groundwater flows are negligible whilst the hydrological 
mechanisms of lower valley sediments are not yet well under-
stood. Using this comprehension, during the main wet season, 
the first swelling in the valley bottoms is limited because the 
upslope and ridge soils are in a dryer empty state and release 
little water. The later swelling in the valley floors would follow 
because the ridge soils are wetted and forced to release water 
during the later smaller wet season, thus leading to a piston flow 
mechanism. The unusual timing and swelling observed on the 
lower valley floor may then be explained by field capacity of the 
upland soils and antecedent conditions driving the magnitude 
and timing of swelling. However, this mechanism works on the 
assumption that the composition of the lower valley sediment 
does not significantly influence flow and storage.

The patterns of swelling of the valley floors are consistent with 
a hypothesis of slower, somewhat deeper, cumulative storage 
of water within sediments in the valley floor during the wet 
to dry season transition. This swelling pattern then begins to 
diminish during the dry season. During the wet season, val-
ley floor swelling, although present, is less extensive and of 
lower magnitude during months with high precipitation, in-
dicating that much of this precipitation is rapidly lost through 
the system via overland flow or movement in the shallow sub-
surface. These results suggest that the extensive late wet to 
dry season transition valley floor swelling is most consistent 

with the slow accumulation of shallow groundwater during 
the wet season (Figure 10), and the lack of direct response to 
precipitation indicates that this storage probably represents 
a small proportion of total precipitation. That only a small 
proportion of the precipitation enters groundwater storage is 
consistent with the findings of others (Glas et al. 2019). It also 
suggests that somewhat deeper groundwater storage may help 
sustain rivers during the dry season (Glas et al. 2019; Karlsen 
et al. 2016).

Another possibility that could contribute to valley floor swelling 
is a result of a slow outgoing flux of stored water from valley wet-
lands and their connectivity to the river network (Wunderlich 
et al. 2023). Some of these wetlands may simply overflow straight 
away, while other wetlands may be disconnected from the river 
network and fill up as subsurface flow comes in, with storage 
extending into the dry season (Wunderlich et  al.  2023). These 
mechanisms require a direct response of the wetlands to precipi-
tation, so they do not explain the timing and the lack of progres-
sive increase in valley floor swelling throughout the wet season. 
Nor do these mechanisms provide an explanation for the vari-
able spatial extent of valley swelling, an observation that is more 
compatible with a spatially variable increase in the height of a 
shallow water table.

Slow steady accumulation of shallow groundwater from upslope 
initially appears at odds with the abrupt onset of swelling in the 
dry season. However, this may be a consequence of groundwater 
entering more elastic, less confined near- surface soils and sed-
iments rather than any nonlinearity in the water accumulation 
process.

Although exact timings differ between years, that similar pat-
terns of behaviour with identical timings are observed across the 
entire páramo Guantiva- La Rusia is probably a result of similar 
catchment size, climate, basin properties, and superficial geol-
ogy across the region. The regional geomorphic development of 
this area has determined that basin properties and superficial de-
posits have evolved by similar patterns of uplift, glaciation, flu-
vial processes, and mass movement. In this context, it is notable 
that areas displaying consistent behaviour are generally within 
the maximum glacial extent expected in the Andes (Bryan and 
Helmens  2005) and therefore more likely to contain notable 
quantities of moraine, fluvio- glacial deposits, and colluvium.

5   |   Discussion

Two notable results arise from this work, one related to the hy-
drological observations and the other related to the application 
of InSAR for the purpose of making hydrological observations 
in montane environments.

In terms of the hydrological observations, the InSAR results are 
consistent with the expected patterns of behaviour i.e., following 
precipitation soils will swell due to infiltration. The flow is rapid, 
lateral to the surface, and dominated by shallow hillslope flow. 
The flow occurs within a thin soil layer that has formed since 
the last glacial period (Ochoa- Tocachi et al. 2019). In addition to 
this, the InSAR results also provide evidence for a deeper slower 
process of shallow groundwater accumulation over the duration 
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of the hydrological year. This is consistent with deeper infiltra-
tion (Lazo et  al.  2019), longer transit times (Lazo et  al.  2019) 
and accumulation of groundwater in superficial deposits on val-
ley floors (Glas et al. 2019; Karlsen et al. 2016). While initially 
appearing somewhat at odds with the observations of Ochoa- 
Tocachi et al. (2019), the discrepancies between these ideas can 
be resolved by re- considering the volumes of water in either 
pathway. If the majority of precipitation is rapidly lost and only 
a small share contributes to shallow groundwater, deeper slower 
accumulation of water is to be expected (Glas et al. 2019). This 
leads to the question as to whether shallow groundwater is sig-
nificant in terms of hydrological resilience during the dry season 
or in sustaining bofedales (high altitude wetlands with organic 
rich peaty soils) which in turn enhance hydrological resilience.

The role of shallow ground water in helping to sustain rivers 
during the dry season can be tested by measurement, but that 
would need to take place in strategic parts of the basin. Many 
páramo studies tend to measure below the scale of basins defined 
in this study, concentrating on higher altitude sub- valleys often 
in the order of a few km2 whilst rarely considering lower reaches. 
These smaller basins are too high in the watershed and too steep 

to enable our inferred groundwater influence on baseflow to be 
tested. However, retrospectively, if the InSAR observation is cor-
rect, measures of baseflow targeted in the right positions should 
show a corresponding late wet season–early dry season rise in dis-
charge, and the absence of these field measures increases uncer-
tainty in our conclusion. Measurements with parent catchments 
are rare and have been able to identify delayed flows in montane 
systems, albeit through deeper groundwater (Kosugi et al. 2011; 
Asano et al. 2020). Additionally, water chemistry could help con-
firm if delayed subsurface flow or a piston flow explains later 
swelling into the valleys. Water sampling at strategic depths and 
locations in the watersheds using isotope tracers and end- member 
analysis is a common approach, particularly in glaciated water-
sheds in order to segregate seasonal sources, age, and provenance 
(Baraer et  al.  2015; Correa et  al.  2017; Lazo et  al.  2019; Cetina 
et al. 2020) but usually lacks sampling in the lower reaches. The 
absence of glacial meltwater in this environment may simplify the 
analysis and detect deep groundwater flows if present.

Another important contributor to basin resilience is bofedales, 
which are considered to rapidly recharge during the wet season 
and slowly discharge during the dry season (Ross et  al.  2023). 

FIGURE 10    |    Conceptualisation of the mechanisms of annual water storage and surface movement in the páramo, showing the subsurface ma-
terials, throughflow paths, core areas and season of maximum recharge, and transgression where interannual variation determines maximum 
recharge timing. (1) Ridge swelling from infiltration during the wet season. (2) Swelling further downslope as subsurface moisture progresses 
downslope through thin soils. (3) Deeper infiltration during the wet season rains has a longer slower flow path before feeding into glacial material 
much later in the dry season, or late in the wet season depending on antecedent conditions. Flow to the main valley may go directly to the valley 
floor or may drain into deposits in hanging valleys or moraine- like features on valley sides (not shown) before reaching the valley floor. W is the wet 
season, D is dry season.
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Comparing the reported distribution of histosols (Figure  3) to 
areas of late wet season/dry season swelling indicates that these 
soils tend to be found in areas that display marked swelling. This 
association is consistent with observations from other páramo 
areas (Correa et al. 2017; Lazo et al. 2019; Cetina et al. 2020), in 
which peat and histosols (Figure 3) mainly occur in hanging val-
leys and valley floors where groundwater discharge can maintain 
soil saturation. This requirement for groundwater may explain 
the relative scarcity of peat soils within the páramo and their vul-
nerability to extreme hydrological seasonality (Cobb et al. 2017; 
Oyague et al. 2022), although these studies were limited to dryer 
or lowland regions. However, the subsurface flow feeding these 
wetlands has been observed to be shallow, relatively rapid flow 
that behaves like a linear reservoir, i.e., contribution is maximum 
just after a rainfall event (Ross et  al.  2023). A possible resolu-
tion to the influence of groundwater and the reality of observed 
behaviour may revolve around the question of bofedal develop-
ment in which groundwater seepage would enhance the prob-
ability of wet soils being sustained during the dry season with 
subsequent evolution of the bofedal system isolating them from 
the initiating influence of groundwater. It may also be that in pe-
riods of extreme hydrological stress groundwater seepage could 
still lend some resilience to bofedales.

The results and their interpretation indicate that InSAR mea-
sures of surface motion have the potential to provide data on the 
hydrological characteristics and behaviour of montane basins on 
a regional scale. Despite variations in soil type, vegetation, and 
geology, the InSAR measures illustrate systematic hydrological 
behaviour in the basins across a wide area. We therefore con-
clude these measures or data derived from them could be used 
to test and refine models of basin hydrology and to compare the 
hydrological characteristics of basins (Figure 10).

For example, surface motion could be used to map recharge and 
soil water storage characteristics (Guerrón- Orejuela et al. 2023) 
based on the timing and amplitude of swelling following rain-
fall, with high amplitude swelling indicating a high capacity for 
capturing and storing water and vice versa. Using this approach, 
basins can be compared and ranked based on their relative 
water storage and recharge characteristics, for example, the per-
centage of area displaying a high amplitude response to the first 
wet season. In turn, this could be used as a baseline measure 
of basin condition to quantify the impact of land management 
decisions, understand the impact of regional climate change on 
groundwater resources, and identify areas requiring regulatory 
protection. The systematic hydrological behaviours could also 
be used to better target field measurements.

The method has for the first time revealed monthly surface motion 
in this páramo landscape, usefully providing qualitative data that 
has challenged hydrological models and can strategically direct 
field research. We observe consistency, do not have a significant 
bias in motion patterns with satellite geometry and topography, 
and acknowledge increased uncertainty in forested, shrubby and 
agricultural areas. A limitation of the method is that it underesti-
mates the true surface motion, and it must not be considered as 
an accurate measure of surface displacement. Interpretation is 
therefore dependent on the precision of the seasonal signal and all 
work to date indicates that this provides an accurate measure of 
direction of motion and a precise measure of relative magnitude, 

i.e., we can be confident that relative changes in amplitude are a 
true indicator of differences on the ground (Marshall et al. 2022). 
Validation and calibration from field data will improve quantifi-
cation of surface motion towards absolute accuracy and enhance 
the application of the InSAR. As this is an intensive costly exercise 
(Marshall et al. 2022), the different levels of uncertainty indicate 
careful planning across multiple circumstances, such as biomass 
transitions and agricultural areas, at different scales is required. 
Another limitation is the frequency of the satellite acquisitions 
which means that we can only reliably observe processes operat-
ing on a time frame of a month or more.

An important advantage of the method is that it can provide 
near continuous data coverage over whole mountainous regions 
and multiple seasons regardless of climate, terrain, and socio- 
political pressures that may limit access. It can therefore enable 
rapid assessment and continuous monitoring of hydrological be-
haviour that would otherwise be impractical to do.
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