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Abstract: Natural events (floods, earthquakes, landslides, etc.) may significantly damage archaeo-

logical sites, and therefore reducing their exposure to such events represents a priority for protective 

and conservation activities. The archaeological Sanctuary of Pachacamac (SP; 2nd–16th century CE; 

Peru) covers an area of 465 hectares and includes roads, enclosures, huacas with ramps, temples, 

and palaces located along the central coast of Peru. This area is affected by heavy rain and winds 

related to the El Niño–Southern Oscillation and to intense solar radiation. We use a 30 cm resolution 

Digital Surface Model obtained from orthophotogrammetric data and perform a morphometric 

analysis using geomorphological, hydrological, and climatic quantitative parameters. Our aim is to 

identify the zones exposed to water flow or stagnation during rainfall, as well as the exposure to 

winds and solar radiation. The calculated parameters are subsequently processed with an object-

based image analysis approach to identify areas with higher climate exposure. We show that the SP 

architectural layout controls the exposure to water stagnation or flow in the form of rainfall, whereas 

exposure to wind and solar radiation mainly depends on the topography of an area (e.g., the pres-

ence of hills and plains). The methodological approach proposed here may be applied and extended 

to other archaeological sites. 

Keywords: archaeological heritage; morphometry; UAV remote sensing; climate; natural hazard 

exposure 

 

1. Introduction 

The management and conservation of archaeological sites and cultural heritage allow 

us to preserve testimonies of human activities, reconstruct the past, and better recognize 

the interactions between human societies and the environment [1,2]. The UN’s 2030 

Agenda for Sustainable Development includes, among various objectives, the intention to 

“strengthen efforts to protect and safeguard the world’s cultural and natural heritage” [3]. 

Another reason for the importance of archaeological heritage is that it may act as a fly-

wheel of social and economic development. Many archaeological sites are, however, ex-

posed to anthropic activities and natural hazardous events. The latter include earth-

quakes, erosion processes, gravity instability, floods, heavy rain and wind events, and 

anomalous increases in temperature as a result of climate change [4]. Therefore, identify-

ing natural events that are potentially able to deteriorate or, in some cases, destroy 
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archaeological sites, and the recognition of the areas exposed to these events, is a prereq-

uisite of fundamental importance when it comes to protecting the testimonies of the past 

[5]. In this framework, the actions aimed to reduce the effects of hazardous natural events 

can be implemented if an evaluation of the spatial distribution of the physical processes 

associated with such potentially damaging events is available [6–8]. The identification of 

the areas of archaeological sites with exposure to the natural hazards summarized above 

requires a multidisciplinary integration of quantitative spatial and morphological/physi-

cal data. Remote sensing data from satellite platforms, aerophotogrammetric surveys, and 

terrestrial and airborne laser scanners provide high-resolution measurements which may 

be used to reconstruct archaeological structures and quantify their degree of preservation 

[9–18]. These data, when combined with information from geomorphological and cli-

mate/meteorological data, can be used to determine archaeological sites’ degree of expo-

sure to hazards [19–25]. 

The archaeological site of the Sanctuary of Pachacamac (hereafter SP, 2nd to 16th 

centuries CE) is located on the central coast of Peru (Figures 1 and 2). 

 

Figure 1. (a) Location map of the Sanctuary of Pachacamac. (b) Satellite image of the archaeological 

area (GoogleEarthPro, Image 2022@ Maxar Technologies). 

 

Figure 2. Shaded relief and altitude of the Sanctuary of Pachacamac according to a Digital Surface 

Model. The location of the main sites of archaeological interest and the tourist route are also re-

ported. 
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SP covers an area of 465 hectares, and it is exposed to the events related to the El 

Niño–Southern Oscillation [26]. Heavy rain, intense winds, and hot airflow in the semi-

arid region of the Peruvian coast increased with the El Niño frequency over the last 3200–

2800 years and were responsible for the abandonment of the coastal settlements in histor-

ical and prehistoric times [27]. SP was affected in around 600 CE by rain and flooding 

related to the 6th century El Niño event [28,29]. More recently, the SP buildings were af-

fected by heavy rain until the 20th century CE, with severe damages resulting from the 

1925–1926 El Niño event. Therefore, SP has been identified as a potential hazard due to 

the El Niño meteorological and climatic phenomena. The intensity of the El Niño rainfall 

and wind in Peru is expected to increase in the next few years due to climate change [30]. 

Here, we use orthophotogrammetric data collected on the SP archaeological site to recon-

struct its present-day 3D structure and perform a morphometric study with the aim of 

identifying (a) the areas subjected to water flow or stagnation during rainfall, (b) the ex-

posure of the building to the wind and sun in a semi-arid region. We use this approach 

because the results from other types of analyses, such as the impact of a set of modeled 

rain events, could provide unrealistic results due to the lack of reliable and long/medium 

term data and the impossibility to forecast the magnitude of the El Niño events over years 

[31]. Therefore, an approach based on the probabilistic or deterministic, e.g., scenario-

based evaluation of the intensity of natural phenomena and their future changes, which 

represents the “standard procedure” for the assessment of hazard of a territory [32,33], 

cannot be reasonably applied to the SP area. To perform our analysis of SP, selected mor-

phometric parameters indicative of the above-described types of exposure are extracted 

from a Digital Surface Model (DSM). These parameters are subsequently processed to-

gether with an Object-based Image Analysis (OBIA) approach to identify areas with a 

higher probability of climate exposure and to obtain more comparable and reproducible 

results [34–36]. The methodological workflow used here is transferable to other sites at 

different locations and may be useful for assessing the vulnerability of archaeological sites 

and planning actions designed to protect our cultural heritage. 

2. Sanctuary of Pachacamac 

2.1. Terrain Morphology and Main Structures 

The SP monumental archaeological complex is located on the central coast of Peru, 

30 km south of Lima (Figure 1), and it is a part of the Inca Road network “Qhapaq Ñan” 

[37], which integrated Cuzco, the capital of the Inca Empire, with the entire Inca territory 

through an organized system of roads and administrative centers [38,39]. In 2014, 

UNESCO declared “Qhapaq Ñan” a World Cultural Heritage Site, including the Xauxa–

Pachacamac section, which connects the Pacific coast with the Andes and the capital of the 

Inca Empire. SP occupies a relatively flat area with three major hills (Figures 1 and 2). 

Two hills are up to 60 m high, ENE-WSW-elongated, and delimit the southern sector 

of SP. The third hill is 30 m high and is in the northeastern sector of the site (Figure 2). SP 

is made up of a set of monumental structures dating from the 2nd to 1533 CE [40–42] 

(Table 1). These structures include large buildings such as Templo Viejo (3rd to 9th centu-

ries CE), huacas (stepped structures) with access ramps (12th to 16th centuries CE), Tem-

plo Pintado (8th to 16th centuries CE), Acllawasi, and Templo del Sol (15th-16th centuries 

CE) (Figure 2). Templo del Sol is located on the top of the highest hill of SP, at the south-

western corner of the archaeological area. Streets, squares, cemeteries, and various enclo-

sures built mostly with adobes and edged stone are also present in the flat area of SP 

(Figure 2). Notably, the longer perimetral walls of the major buildings (Templo Viejo, Tem-

plo Pintado, Templo del Sol), as well as those delimiting the main enclosures (e.g., Plaza 

del los Peregrinos) and huacas (e.g., Huacas with ramps 1, 2, and 3 in Figure 2), follow a 

main WNW-ESE strike. This is an architectural element that characterizes the whole SP 

site. 
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Table 1. Chronology and main architectural structures of the Sanctuary of Pachacamac. Data from 

[42]. 

Dating Period 
Culture 

(Coast of Peru) 
Architecture 

1470 AD 
Horizonte Tardío 

(Late Horizon Period) 
Inca 

Acllawasi (House of Sacred Weavers) 

Templo Del Sol (Temple of the Sun) 

Taurichumpi (Governor Palace) 

Building 47 

Plaza de los Peregrinos (Pilgrims Square) 

House Of Quipus 

1100 AD 
Intermedio Tardío 

(Late Intermediate Period) 

Ychsma 

Chancay 

Casma 

Huacas with ramps 

600 AD 
Horizonte Medio 

(Middle Horizon Period) 

Teatino 

Pachacamac 

Nievería 

Templo Pintado (Painted Temple) 

Uhle Necropolis (Cementerio Uhle) 

0 AD 
Intermedio Temprano 

(Early Intermediate Period) 

Recuay 

Lima 

Miramar 

Adobites Set (Little Mud Bricks) 

Urpiwachaq Temple 

Templo Viejo (Old Temple) 

2.2. History 

The development of the SP area in historical times was relatively complex. Starting 

from the Early Intermediate Period (Table 1), the Lima culture began to construct a cere-

monial nucleus, converting Pachacamac into an important cultic and administrative cen-

ter [43], particularly in the wake of the erection of Urpimachac Temple, Templo Viejo (TV 

in Figure 2), which is made from “adobitos” (a mix of straw and sand–silt–clay bricks) 

with a central courtyard and two levels of platforms around a large central patio [44,45] 

and remained active until 9th century AD. In the Middle Horizon period (Table 1), Wari 

occupation is well documented by a vast necropolis excavated by Max Uhle in 1896 [46], 

known as “Cementerio Uhle”, i.e., Necropolis Max Uhule (NMU in Figure 2) and has been 

subject to immense looting over time. In the Late Intermediate period (Table 1), Pachaca-

mac was under the lordship of Ychsma, who spread a model of huacas, of which three are 

still well preserved (Hr1; Hr2; Hr3 in Figure 2) [42], and the upper level of Templo Pintado 

(TP in Figure 2). The foundation of TP is attributed to the Lima culture in the Early Inter-

mediate period. TP is dedicated to the god Pachacamac [47]. In the Late Horizon period 

(Table 1), Pachacamac belonged to Chinchaysuyu under the Inca domination [48,49], 

which added new important architectures such as the House of Qipus, Building 47, Plaza 

de los Peregrinos (PP in Figure 2), and Accllawasi (A in Figure 2). The latter was recon-

structed in the 1940s by Julio C. Tello [50,51]. Taurichumpi Palace (Governor Palace) (PT 

in Figure 2) was superimposed on a previous structure with a ramp, and the same was 

true of Templo del Sol, also known as Punchau Cancha (TS in Figure 2). TS was also built 

on the site of a previous temple and represents the most impressive temple built by Incas 

along the Peruvian coastline. It is elevated on a trapezoidal plan and made up of six plat-

forms and features large ceremonial niches on its western front. Remnants of red and or-

ange paint remain visible on its walls. The long-lived Pachacamac period ended in 1533 

CE. 

2.3. Environmental Conditions 

There is currently insufficient information on the environmental conditions of SP, 

and the little available information comes from studies carried out on the Urpiwachaq 

lagoon, which is located to the west of SP between the archaeological site and the coastline 

of Peru [52,53]. This aquatic ecosystem is relevant to the formation and growth of SP [54] 
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because of its abundant agricultural and faunal resources [55]. Winsborough and col-

leagues [29] and Jacay and Oshiro [52] identified three possible tsunami events in the stra-

tigraphy of Urpiwachaq, which probably occurred during the Early Horizon period (Table 

1) and caused significant damage and deposition of marine sediments [29,54]. Further-

more, severe drought periods, which also characterize the present-day semi-arid coast of 

Peru, and heavy, timely-concentrated rain events due to El Niño have been recorded, alt-

hough without chronological constraints [52]. As previously reported, SP was damaged 

in around 600 CE by the rain related to the 6th century El Niño event [28,29] and by other 

similar events that occurred up to the 20th century CE [27]. The last recorded damage 

resulted from the 1925–1926 El Niño event. 

2.4. Damages 

Throughout several centuries, ASP was affected by various damages, which were 

mainly related to heavy rain associated with El Niño/La Niña events, but in some cases 

were also the result of earthquakes. The walls of the enclosures located in the central–

southern area of SP and the architectural structures located on the three hills have deteri-

orated as a result of such events. The structural collapse of walls is mostly linked to seismic 

activity and alluvial infiltration, which produced degradation due to site abandonment 

and lack of maintenance. These factors, along with the effects of wind and elevated tem-

perature due to solar irradiation on painting, affect various elements of construction, such 

as adobe, mortar, and stones [56]. The weak consistency of the adobes, the building tech-

nique used, and the location of SP in a zone with clay and silty rocks covered by a blanket 

of sand, have favored gravity instability and erosion phenomena, leading to the removal 

of material by water and wind. The Pachacamac Museum, which was inaugurated in 2016 

and has had a Management Plan since 2014, has implemented various measures to reduce 

the damage of walls in a critical situation or at risk of collapse. The conservation work is 

ongoing. Also, the Pachacamac Museum has the objectives of conserving and digitalizing 

the SP structures with the production of high-resolution orthophotos and DSMs. The tour-

ist route and the associated stopping areas within the SP area exclude visitors from the 

construction areas that would expose them to potential collapses, such as the Templo del 

Sol (Figure 2). However, these tourist infrastructures do not consider the potential effects 

of heavy rain, intense winds, and sun exposure. 

3. Materials and Methods 

3.1. Orthophotogrammetric Survey and DSM 

The orthophotogrammetric survey of SP was carried out between 2019 and 2020 as 

part of the digital capture activities carried out by the Pachacamac Museum. Here, we 

summarize the acquisition procedure and methods. Details may be found in the work of 

Chipana and colleagues [57]. The survey flights were carried out at heights between 35 m 

and 50 m with a Phantom 4 pro v.2.0 drone equipped with a 20 Mpx camera and GPS. The 

flights followed a grid pattern using targets on the ground at the edges and center of the 

flight polygons. On average, the spatial density of the targets was 3 targets/100 m2. The 

targets functioned as control points that allowed the survey geo-referencing to occur. The 

control points were measured with a TOPCON Hiper H differential GPS. Aerial photo-

graphs were taken during the flights, and oblique photographs were taken manually. The 

spatial density of the photographs was, on average, 1500–2000 photographs/5000 m2. 

However, because the data were acquired at different times and with different resolutions 

(from 5 cm to 30 cm/pixel), we homogenize the whole dataset using Agisoft Metashape V. 

1.5.3 (https://www.agisoft.com/ (accessed on 20 February 2024)), and a Digital Surface 

Model (DSM) of SP was created. The DSM has a resolution of 30 cm/px with estimated 

errors of 3 cm on x and y and 2 cm on z. Figure 2 shows the DSM obtained by the ortho-

photogrammetric survey and Figure 3a shows the derived slope map. 
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Figure 3. (a): Slope map of the Sanctuary of Pachacamac derived from the DSM; (b): topographic 

wetness index (TWI) map derived from the DSM; (c): TWI vs. slope values plot; (d): TWI vs. altitude 

plot. 

3.2. Morphometric Analysis and Parameters 

The aim of the morphometric analysis based on the acquired DSM is to identify the 

areas of SP potentially exposed to the following events: 

1. Water flow or stagnation during the rainfalls related to forthcoming El Niño episodes 

with the caveat that the intensity of heavy rainfall episodes is very difficult to predict 

[58]. 

2. Wind coming off the sea level [59] given that TS is located 1 km northwest of the 

central coast of Peru. 

3. Direct incoming solar radiation as experienced in the semi-arid climatic conditions 

of the central coastal area of Peru [60]. 

We use the topographic wetness index (TWI) to identify the areas where the water 

may flow and accumulate during rain events [19]. TWI is a dimensionless parameter that 

is extensively used in the hydrological analysis of landforms because it defines the balance 

of the catchment water supply and local drainage, providing information on the potential 

runoff generation [61]. The determination of TWI requires two parameters: the local 

upslope area draining through a certain point per unit contour length A, and the local 

slope S in radians. The analytical expression is TWI = ln[(A)/tan(S)]. We map TWI by ap-

plying this formula to the DSM of SP. The obtained distribution of the calculated TWI 

values is shown in Figure 3b. The first step in determining the areas subject to water stag-

nation alone is the identification of closed depressions. From a morphological point of 

view, a closed depression may be defined as an area surrounded by higher ground in all 

directions [62]. We observe two types of depressions: areas bounded by morphological or 
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artificial walls and holes related to archaeological excavations, e.g., the Uhle Necropolis). 

Typically, the areas delimited by walls have a rectangular shape, whereas those resulting 

from excavations are subcircular. With the aim of mapping the closed depression and es-

timating their depth, we apply the algorithm proposed by Wang and Liu [63]. The method 

directly computes a spill elevation value with a least-cost search algorithm, which enables 

the progressive build of the optimal flow paths and propagates spill elevation values from 

outlets to interior grid cells. This algorithm has been validated in highly irregular karst 

terrains by Pardo-Igúzquiza and Dowd [62]. These calculations were performed using the 

open-source software System for Automated Geoscientific Analyses version 9.01 

(https://saga-gis.sourceforge.io/en/index.html (accessed on 2 January 2024)). The results 

obtained at SP are reported in Figure 4a. 

 

Figure 4. (a): Depth of the closed depressions identified from the analysis of the DSM; (b): area 

distribution of the total catchment area derived from the analysis of the DSM. 

We determine the total catchment area (TCA) to identify the areas where the water 

flows and concentrates into streams. The TCA measures the extent of the downslope sur-

face flow pathway. To determine the TCA, we apply the algorithm created by Quinn and 

colleagues [64], as implemented in the work of Conrad et al. [65], to the DSM. The algo-

rithm allows the accumulated upslope area for any one cell to be distributed amongst all 

downslope directions. The directions are split into cardinal and diagonal directions with 

area being able to contribute downhill in up to eight flow directions. The results of the 

TCA for Pachacamac are reported in Figure 4b. 

To measure the exposure of TS to the wind, we adopt a value of N165° as the wind 

direction, this being the value of the prevailing yearly direction along the central coast of 

Peru [59]. We determine the extent and degree of upwind or downwind exposure in the 

DSM by calculating the Wind Effect Index (WEI), which is a dimensionless index. Values 

of WEI < 1 indicate the areas shielded from the wind, whereas values > 1 indicate areas 

exposed to wind. In order to calculate the WFI, we use the method described by Boehner 

and Antonic [66]. The Wind Effect Index is the product of the windward and leeward in-

dexes. These indexes are calculated considering the horizontal distances in windward and 

leeward directions and the corresponding vertical distances compared with the consid-

ered raster cell. The required input parameters are the prevailing wind direction and the 

digital topography of the study area. The results obtained at SP are reported in Figure 5. 
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Figure 5. Spatial distribution of the annual exposure to the wind at the Sanctuary of Pachacamac, 

expressed as the Wind Effect Index. 

We use the DSM to map the solar radiation (SR) (Fu and Rich, 1999, 2000, 2002) and 

the sky view factor (SVF) [67] at SP according to an area-based model, which provides the 

SR values by integrating the surface orientation and shadow effects on DSMs. SR can be 

categorized as direct, diffuse, and reflected, with the direct radiation as the main compo-

nent of the total irradiance. Diffuse radiation is the second component, while reflected 

radiation is very small and may be disregarded [68]. SVF is a measure of the portion of 

the sky that is visible from each point of the DSM and provides a non-dimensional param-

eter between 0 (obscured view) and 1 (completely unobscured view) [69]. SVF also pro-

vides an indirect estimate of the diffuse solar radiation [67]. The spatial distribution of SR 

and SVF at SP is reported in Figure 6. 

 

Figure 6. Spatial distribution of the sky view factor (a) and annual solar radiation (b) at the Sanctu-

ary of Pachacamac. 

Subsequently, an OBIA classification is applied to identify the areas most exposed to 

climatic risks, starting with the best-performing DSM visualizations: TWI, SR, WEI, and 

Slope are used as starting data for this analysis (Figure 7). OBIA procedures involve an 
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initial step of segmentation in which layers are divided into image-objects. Specifically, 

we segment the selected layers with the multiresolution algorithm. In the second step, for 

each visualization, the numerical threshold value indicative of the site’s increased expo-

sure to water, wind and insolation is calculated. The calculation involves every image-

object derived from the segmentation of the DSM visualization of the whole SP. For the 

insolation threshold, we select the highest 10% of the whole range value; for the WEI 

threshold, we select all values > 1 that indicate areas exposed to wind; and for the water 

runoff and accumulation, we select a threshold that includes a high degree of TWI. We 

also consider the slope, which determines the impact of water on the surfaces of the struc-

tures. 

 

Figure 7. Spatial distribution of the areas of the Sanctuary of Pachacamac exposed to high climatic 

exposure obtained from OBIA. 

4. Results 

The results of the morphometric analysis of the DSM are summarized in Figures 3–

7. Figure 3a shows the morphological and architectural structure of SP with the flat areas 

concentrated in the northwestern, northern, and central sectors of SP. These areas mainly 

consist of the floors of the main constructions (enclosures) and of squares. The higher 

slopes characterize the southern and eastern sector of SP, where the major hills are located. 

The TWI map of Figure 3b shows the areas where the rainwater is expected to stagnate or 

flow (TWI > 3), while the areas with TWI < 3 show peaks and ridges from which the water 

moves away. The visual inspection of the map in Figure 3b shows that the zones affected 

by water flow or accumulation are located in the northern sector of the site and along the 

flanks of the southernmost hill. The central sector of SP also shows areas where the rain-

water may accumulate. The relationships among TWI values, slope, and altitude at SP are 

reported in Figure 3c,d. The inverse relationship between the TWI and slope highlights 

that the slope plays a major role in controlling the degree of rainwater stagnation or flow 

at SP. The relationships between TWI and altitude (Figure 3d) are less clear, although the 

TWI values > 8 concentrate at altitudes less than 30 m above sea level (a.s.l.). 

The spatial distribution of the closed depressions, i.e., the areas where the water is 

expected to stagnate during rain episodes, is reported in Figure 4a. Closed depressions 

concentrate in the northern and central sector of SP. Because of the prevailing rectangular 

shape of the depressions, which may be up to 2 m in depth, we deduce that most of them 

are constituted by the floor of archaeological constructions. Subcircular depressions are 
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small (less than 5 m in diameter) and show depths < 1 m. These depressions represent 

archaeological excavations. 

The distribution of the total catchment area values (Figure 4b) highlights the areas 

affected by potential rainwater flows. Diffuse water flow is expected to occur on the slopes 

of the main hills. Concentrated flows with high TCA values, i.e., streams, may develop 

not only on the slopes of the hills, but also along (a) the main narrow areas delimited by 

the perimetral walls of the archaeological constructions and (b) the main and side roads. 

The spatial distribution of the WEI values in Figure 5 clearly shows that the areas 

occupied by the hills located in the southern sector and eastern sector of SP are exposed 

to winds, whereas the central and the northern sectors are downwind. 

Figure 6a shows that the whole SP archaeological site is affected by the sunlight with 

95% of the surface having an SVF > 0.7. The map of Figure 6b shows, however, that the 

altitude plays a major role in the exposure of SP to solar radiation. The higher solar radi-

ation values concentrate on the northern slopes of the hills and on architectural elements 

such as walls, the floors of constructions delimited by low walls, or open areas (squares). 

Figure 7 shows the areas where the impact of solar radiation, wind exposure, surface 

runoff and stagnation are greatest on the site. Areas with a higher elevation seem to be 

those most affected by weathering; at the same time, the western side, which faces the 

coast, also shows a greater propensity to weathering than the other areas of the site. 

5. Discussion 

The approach used in this study to identify the areas of SP with exposure to climatic 

factors such as rainfall, winds, and sunlight (solar radiation) differs from those generally 

implemented for this type of analysis, which are generally scenario-based or probabilistic 

methods (e.g., [32,33]). These latter methods cannot be reasonably applied to SP because 

the available meteorological and climatic data on the coastal area of central Peru are 

sparse, and, when available, have been acquired in very recent times (within the last few 

years). This prevents the elaboration and application of reliable forecast climatic models 

and, as a consequence, of scenario-based or probabilistic models of hydrological hazards 

[31]. In addition, studies on the potential impact of climatic phenomena on a territory 

usually consider only the terrain morphology and not the spatial structure and geometry 

of the architectural elements [70–72], although recent studies on modern urban areas show 

that these elements guide the distribution of flow/stagnation of rainwater [73–75]. The re-

sults of our study, which include data on both the terrain morphology and the 3D struc-

ture of the SP ceremonial and residential archaeological complex, demonstrate how the 

exposure to rainwater stagnation or flow, wind, and solar radiation is controlled by the 

architectural layout. In particular, the results displayed in Figure 3b show that the walls 

of the SP rectangular enclosures, temples, huacas, and the top of the main hills are sites of 

drainage divide (watershed), while the rainwater-stagnation and -flow areas concentrate 

on the floor of the architectural structures and slopes of the main hills, respectively. 

Among the main constructions of particular archaeological interest depicted in Figure 2, 

Accllawasi represents the site with the highest exposure to rainwater stagnation (Figure 

4a). The zones located northeast of the Plaza de los Peregrinos and in the northern sector 

of SP are also affected by potential stagnation phenomena. A solution to ensure the secu-

rity of the pedestrians (both tourists and archaeologists) is to revoke access to these areas 

during intense rain episodes. This is also applicable for the areas subjected to waterflows 

shown in Figure 4b, in which the base of the hills and the whole tourist route are identified 

as potentially dangerous areas, i.e., those with the higher values of TCA. Interestingly, the 

tourist routes act as channels during rain episodes, with these channels usually being 

planned to be 20 to 50 cm below the surrounding topography and intended to be laterally 

confined by the perimetral walls of the constructions. The exposure of the SP site to the 

wind is mainly controlled by the topography of the upwind areas with WEI > 1.1 concen-

trated on the top of the main hills. Therefore, the sites of particular interest (shown in 

Figure 2) with the higher exposure to the wind are Templo del Sol, Templo Viejo, Palacio 
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de Taurichumpi, and Huacas, with ramp 2 and 3. Templo Pintado is located in an area 

with moderate exposure to the wind (WEI~1.1). The data from Figure 4b show that the 

topography is the main controlling factor of the annual solar radiation, and the largest 

values are concentrated on the northern slopes of the hills, as reported in the Results sec-

tion. High values of the SR (>1721 kWh/m2) affect Templo del Sol, Templo Vejo, Templo 

Pintado, Necropolis Max Uhle, Plaza de los Peregrinos, and Palacio de Taurichumpi. This 

is because SVF, which is a parameter proportional to the diffuse solar radiation [67], is 

mostly >0.9 on the whole SP site. 

The above-reported conclusions clearly demonstrate that the SP site has elevated ex-

posure to rainfall, winds, and solar radiation. However, while the architectural layout of 

the SP ceremonial and residential constructions strictly controls the location of the areas 

potentially affected by the water stagnation or flow due to rainfall, the exposure to winds 

and solar radiation is mainly controlled by the topography. We conclude that evaluating 

the exposure to climatic factors of archaeological sites requires additional context in the 

form of the topography and the 3D structure of the site. Therefore, the use of DSM, with 

the whole range of surface elements, should be preferred to that of Digital Terrain Models 

(DTMs), which are limited to a 3D reconstruction of the topography. At the methodologi-

cal level, even the implementation of expert knowledge-based rules dedicated to the clas-

sification and automation of data analysis procedures still offers valuable opportunities, 

especially when datasets remain limited. In fact, the most recent developments in the field 

of automatic analysis and artificial intelligence applications in archaeology have been ori-

ented towards Machine Learning techniques; however, these require a massive amount of 

data [76] that are not available for case studies such as that of SP. 

We note that the morphometric analysis proposed in this study could be exported to 

other archaeological sites for which (a) the available meteorological/climatic data prevent 

the use of reliable probabilistic and/or scenario-based models or (b) an expeditious anal-

ysis is required, e.g., in case of short-term rainfall and/or wind warnings. 

6. Conclusions 

The results of this study may be summarized in the following main points: 

4. DSMs of archaeological sites may be used to define the areas and structures subjected 

to potential damage from climatic/meteorological events. 

5. Object-based image analysis provides a critical tool for evaluating the combined con-

tribution of multiple risk exposures and identifying the areas which are subject to 

major environmental and climatic threats. 

6. The degree to which archaeological sites are exposed to rainwater flow or stagnation, 

winds, and solar radiation may be obtained based on the combined analysis of DSMs, 

morphometric parameters, and climatic/meteorological data. 

7. The degree of exposure of the SP architectural structures of particular archaeological 

interest to the above-reported natural phenomena is quantified. 

8. The architectural layout of archaeological sites plays a major role in controlling the 

spatial distribution of the areas subjected to water flow or stagnation, whereas the 

exposure to winds and solar radiation and winds is manly controlled by the topo-

graphic elements as hills and plains. 

9. At SP, the tourist routes may act as channels during heavy rain, whereas the walls of 

the main constructions act as a watershed and delimit the areas where the water may 

stagnate. 

The methodological approach proposed here provides key information relevant to 

the correct planning of actions intended to preserve our archaeological heritage and could 

be used at other sites worldwide. 
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