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Popular summary 
In 2016, Bolivia declared a state of emergency due to drought and water scarcity. 
While the city of La Paz had severe water shortages with partial inaccessibility to 
drinking water, the agricultural sector was the most affected. The Bolivian 
government reported almost 50% of crop production loss. And, Bolivia’s second 
largest lake, Lake Poopó, dried up. Drought is a period drier than normal that is 
caused by a cumulative precipitation deficit during a certain period of time. A 
persistent drought, could affect streamflow, reservoir, and groundwater levels. In 
addition, precipitation deficit decreases the soil water content. Therefore, 
agriculture is often the first sector to be affected. 

Drought is a disaster only when a system is unable to cope with its effects. To 
manage drought impacts, it is important to implement mitigation and preparedness 
measures. For this, a strong political commitment must be present, where 
stakeholders and decision makers are well informed and actively participate at the 
local and national level. This scenario is only possible after a clear comprehension 
of the problem. To understand the problem, analysis of the drought hazard and 
vulnerability is required. This can be used to define an early warning system, which 
can be used in drought preparedness. 

To enhance the knowledge on water scarcity and drought, the objective of this study 
was to address the Bolivian Altiplano water scarcity for sustainable water 
management. For this, the changes of the rainfall that occurred in the past were 
analyzed. We assumed that the rainfall variance is related to global climate 
anomalies. For instance, the variability of temperature in the sea could affect the 
quantity of rain that falls. We found that higher temperature at the tropical Eastern 
Pacific Ocean decreases the occurrence of rain in the Altiplano. Less rain was also 
shown when the temperature in the North Atlantic Ocean was higher. This 
knowledge could help to forecast the rainfall.  

The moisture in the soil is also very important for the water management. For 
instance, soil moisture analysis can help to understand the variability of agricultural 
production. Meaning that, if there is not enough water to cover the plant 
requirements, the crop production might decrease. And this decrease may affect 
economy and social conditions of the region, first of all farmers. Here, we studied 
the soil moisture in the Katari River Basin in the Bolivian Altiplano. We used a 
water balance model to estimate the soil moisture in two ways. The soil moisture 
was calculated based on the difference between water input and output. First, rainfall 
is the main water input and the output is represented by evaporation of the soil, 
transpiration of crops, runoff, and water moving out from the root zone. Second, the 
satellite moisture of the top soil layer, was used to estimate the soil moisture of the 
root zone, also based on evaporation of the soil, transpiration of crops, runoff, and 
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water moving out from the root zone. The results of both soil water balance models, 
firstly driven by precipitation and secondly driven by satellite soil moisture, were 
calibrated with gauged soil moisture. And finally, the soil moisture estimations were 
related to agricultural production, in order to seek the impact of soil moisture on 
crop yield. 

After the precipitation and soil moisture analyzes, we studied the drought impact on 
agricultural production. For this, a vegetation index was used to estimate the quinoa 
and potato yield. Regions with adequate estimations were selected and compared to 
the rainfall and temperature. The findings indicate hotspots where the crop yield 
presents larger dependence of rainfall and temperature. The results of this study can 
assist to identify strategies for sustainable water management, motivate a proactive 
planning, and define mitigation policy measures. 

In conclusion, the interactions among rain, temperature, and soil moisture were 
studied. We identified some of the causes and consequences of drier conditions in 
the Bolivian Altiplano. This information was related with agricultural production. 
And we could identify the hotspot regions where crop yield is more susceptible to 
droughts. The findings provide insights for sustainable water management. 
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Abstract 
Water scarcity is a consequence of complex interactions between water access and 
water use. In fact, the time period over which precipitation deficit accumulates is a 
determining factor for the occurrence of drought. Drought induces crop production 
losses and far-reaching societal effects. In the South American Altiplano, drought 
is a major hazard. Here, drought leads to food shortages, malnutrition, migration, 
loss of biodiversity, and local conflicts. In order to improve the drought resilience 
and develop mitigation and adaptation strategies, there is a need to study water 
scarcity episodes, and their drivers in the Bolivian Altiplano. Therefore, the main 
goal of this study was to address water scarcity in the Bolivian Altiplano for 
sustainable water management. In the first instance, previous research on the subject 
was synthetized in a state of art with respect to climate and water resources. 
Secondly, analysis of precipitation variability, and its relation with climate 
phenomena were performed. It involved the analysis of the long-term austral 
summer precipitation variance at six locations in the Bolivian Altiplano. The 
precipitation variability was related to climate anomalies over the Pacific and 
Atlantic Oceans. The results show significant negative relationship between 
summer precipitation and climate phenomena in the studied region. Thirdly, a 
hydrological study to define the soil moisture characteristics was initiated in a river 
basin of the Bolivian Altiplano. It involved soil moisture estimations using soil 
water balance and derived satellite approaches. The estimated soil moisture was 
compared and validated with gauged soil moisture. The soil moisture estimations 
were used to define the impact of water scarcity in the agricultural production. 
Finally, a drought risk analysis based on the association of precipitation and 
temperature variability with quinoa and potato yield was accomplished. For this, 
monthly satellite data of precipitation and temperature were validated with gauged 
data. The precipitation and temperature were related with agricultural data in the 
studied region. The normalized difference vegetation index was used to estimate the 
crop yield of the agricultural area. It was found that the variance of the agricultural 
production depends largely on the precipitation and temperature variance. The 
findings of this thesis provide insights in identifying strategies to improve the water 
management in the Bolivian Altiplano, mainly during water stress conditions. 
Moreover, the analyses enhance the knowledge for seasonal forecasting, drought 
disaster risk management, proactive planning, and mitigation policy measures in 
vulnerable regions of the Bolivian Altiplano. 
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Resumen  
La escasez de agua es consecuencia de complejas interacciones entre acceso y uso 
del agua. De hecho, el período de tiempo en el que el déficit de precipitación es 
acumulado es un factor determinante para la ocurrencia de un evento de sequía. La 
sequía provoca pérdidas en la producción de cultivos, con efectos sociales de gran 
alcance. En el Altiplano de Sud América, la sequía un fenómeno climático de gran 
importancia. La sequía induce la escasez de alimentos, desnutrición, hambruna, 
migración, pérdida de biodiversidad y conflictos a nivel local. Para mejorar la 
resiliencia a la sequía y desarrollar estrategias de mitigación y adaptación, es 
necesario estudiar los eventos de escasez de agua y sus causas. Por lo expuesto, el 
objetivo de este estudio fue abordar la escasez de agua del Altiplano de Bolivia, para 
lograr un manejo sostenible de los recursos hídricos. En primera instancia, se realizó 
una síntesis de previas investigaciones con respecto al clima y recursos hídricos. 
Posteriormente, se realizó un análisis de variabilidad de la precipitación en relación 
con los fenómenos climáticos. En este estudio se evaluó la variación de la 
precipitación durante el verano austral en seis lugares del Altiplano boliviano. Esta 
variabilidad fue relacionada con seis anomalías climáticas. Los resultados muestran 
una significante relación negativa entre la precipitación y los fenómenos climáticos. 
Posteriormente, un estudio hidrológico fue realizado para definir las características 
de humedad del suelo en una cuenca del Altiplano. Las estimaciones de humedad 
del suelo incluyeron el balance de hídrico y el derivado de datos satelitales. Las 
estimaciones de humedad del suelo fueron comparadas y validadas con datos de 
humedad medidos en campo. Finalmente, se relacionó el rendimiento de la quinua 
y la papa con la precipitación y temperatura. Para este estudio, los datos de 
precipitación y temperatura medidos en campo se validaron con los datos satelitales. 
Los datos de precipitación y temperatura se relacionaron con datos agrícolas en la 
región estudiada. El índice de vegetación se utilizó para estimar el rendimiento de 
los cultivos en el área agrícola. Como resultado de esta investigación, se encontró 
que la variación de la producción agrícola depende en gran medida de la variación 
de precipitación y temperatura. Los resultados de esta tesis proporcionan 
información para identificar estrategias para mejorar la gestión del agua en el 
Altiplano boliviano, principalmente durante las condiciones de estrés hídrico. 
Además, los análisis aportan al conocimiento de predicciones de datos climáticos, 
la gestión del riesgo de desastres por sequía, la planificación proactiva y las medidas 
de mitigación en las regiones vulnerables del Altiplano boliviano. 
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1. Introduction  

The Altiplano is situated in the central part of the Andes mountain chain in South 
America, in which diverse native cultures have inhabited during thousands of years. 
Here, human activities have continuously been affected by climate variability and 
water availability (Buytaert and De Bièvre, 2012). The summer rainfall represents 
more than 70% of the total annual precipitation (Canedo-Rosso et al., 2019b; 
Garreaud et al., 2003). And, it is associated with the South American Monsoon 
(Zhou and Lau, 1998) that shows a prevalence for easterly winds. The rainy season 
represents the major source of water for drinking purposes, agriculture, streamflow, 
and groundwater recharge (Morales et al., 2012). Agricultural production is directly 
affected by climate hazards in the Altiplano, for instance, drought conditions lead 
to shortage of food for humans and animals (Garcia, 2003; Garcia et al., 2007). This 
is the case for the most important crops in the Altiplano: quinoa and potato, which 
are affected by precipitation variability and losses in crop production due to drought 
(Garcia et al., 2003). The socio-economic impacts of drought are broad and the 
consequences can cause malnutrition, starvation, migration, biodiversity loss, and 
local conflicts (UNISDR, 2009). More specifically, droughts in the Altiplano cause 
losses in crop and livestock, and force inhabitants' migration (World-Bank, 2009). 
For example, a drought caused by the El Niño 1997–1998 caused a loss of USD 530 
million in Bolivia, 53% of which stemmed from drought (CAF, 2000). More 
recently, in 2015–2016 drought affected 665,000 people and over USD 450 million 
of losses were reported (Guha-Sapir et al., 2016). As a consequence, the water 
supply was temporarily interrupted because of the low water level in reservoirs in 
the major cities of Bolivia: La Paz and El Alto (Marengo et al., 2017). Moreover, 
the Lake Poopó, the second largest lake in the region, dried up affecting the local 
biodiversity and economic activities (Satgé et al., 2017). 

In order to improve the drought resilience and develop mitigation and adaptation 
strategies, there is a need to study water scarcity episodes, and their drivers in the 
Bolivian Altiplano. Therefore, the main goal of this study was to address the 
Bolivian Altiplano water scarcity for sustainable water management. For this 
purpose, we analysed precipitation variability, and its relation with climate 
phenomena. Then, we performed a hydrological study to define the soil moisture 
content. Finally, we studied the drought risk based on associations with precipitation 
and temperature variability and effects on quinoa and potato yield. The findings of 
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this study provide insights to identify strategies to improve the water management 
in the Bolivian Altiplano, mainly during water stress conditions. Moreover, the 
results enhance the knowledge on hydro-climatological variability in the Altiplano 
for drought disaster risk management, proactive planning, and mitigation policy 
measures in vulnerable regions. 

The specific objectives of this study were: 
- to produce a state of the art review of research with respect to climate and 

water resources in the TDPS hydrological system, define important research 
gaps in hydrological data information of the region, and the key role that 
these have for the sustainable development in view of climate change and 
population increase (Paper I), 

- to analyse the precipitation variability and its relation with climate 
anomalies such as the ENSO, PDO, NAO, AMM, and AMO on the austral 
summer precipitation over the Bolivian Altiplano (Paper II), 

- to estimate the soil moisture and crop yield response of the Katari River 
Basin in the Bolivian Altiplano (Paper III), 

- to address the corresponding question how a risk-based approach can 
determine the potential need of resources during drought and provide 
possible solutions how to determine hotspot areas where it is most likely 
that such resources would be needed (Paper IV). 
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2. Theoretical background 

Water availability plays a fundamental role in many natural and societal processes. 
Water scarcity occurs where there are insufficient water resources to satisfy the 
water demand. It can refer to long-term imbalance, as a result of exceeding level of 
water demand against the water availability affecting the water supply capacity. In 
arid and semiarid areas, the impact of drought can be exacerbated due to low water 
resources availability. For this, there is a need to improve the knowledge of water 
scarcity and drought processes to strengthen the resilience and develop mitigation 
and adaptation strategies. This chapter gives a theoretical background of the 
physical processes of water scarcity and drought in the Bolivian Altiplano. 

2.1. Climate variability 
The rainy season in the Altiplano occurs generally from December to March, and 
the dry season from May to August (UNEP, 1996). The austral summer precipitation 
represents over 70% of the total annual precipitation (Canedo-Rosso et al., 2019b; 
Garreaud et al., 2003). The Altiplano summertime (DJFM) precipitation variability 
was investigated by among others Thibeault et al. (2012), Lenters and Cook (1999), 
Vuille et al. (2000), and Garreaud and Aceituno (2001). Easterly winds transport 
humid air from the lowlands east of the Altiplano to the region, while the prevalence 
of westerly winds inhibits moisture transport (Lenters and Cook, 1999; Thibeault et 
al., 2012; Vuille et al., 2000). In more detail, during the austral summer months 
(DJF) the low-level flow, transports warm and wet air from the Amazon Basin to 
the subtropics (Garreaud, 2000). During these months, the Bolivian High is 
established over the Altiplano (Lenters and Cook, 1997). The Bolivian High is an 
upper-level anticyclone over the central Andes. The southward displacement of the 
Bolivian High is associated with low-level north-westerly air flow and humid, 
unstable conditions that are favourable for convection in the Altiplano (Thibeault et 
al., 2012). During the austral summer, establishment of the upper-level Bolivian 
High is centred at 17oS and 70oW (Garreaud, 2009). Contrary, during winter months 
(JJA) and dry spells (e.g., El Niño events) westerly flow prevails, and the Bolivian 
High is weak (Vuille, 1999). Thus, the occurring precipitation is low. Precipitation 
in the Altiplano presents a northeast-southwest gradient. This means a decreasing 
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annual precipitation from above 800 mm in the north-eastern to below 200 mm in 
the south-western Altiplano (Vuille et al., 2000). The largest rainfall occurs around 
the Lake Titicaca (CMLT, 2014), with an annual precipitation from 800 to 1400 mm 
(UNEP, 1996). The annual precipitation in the northern Lake Poopó is about 420 
mm, and 270 mm in the south (Pillco and Bengtsson, 2006). The precipitation 
dramatically decreases in the Atacama Desert, where the annual rainfall is almost 
zero.  

The El Niño-Southern Oscillation (ENSO) is the most reported climate mode 
associated with the Altiplano climate variability (see Aceituno, 1988; Ronchail and 
Gallaire, 2006; Thompson et al., 1984; Vuille, 1999). The ENSO is a periodical 
variation in sea surface temperature (SST) due to the interaction between the 
atmosphere and ocean over the tropical eastern Pacific Ocean. This results in dryer 
or wetter conditions over the course of a 2–7 year period. The ENSO presents three 
phases: neutral, warm (El Niño), and cold (La Niña). In the Altiplano, the El Niño 
is generally related to dryer and warmer conditions, and the La Niña regularly 
represents the opposite effects, which are cooler and wetter conditions (Garreaud et 
al., 2003; Garreaud and Aceituno, 2001; Thibeault et al., 2012). 

The Pacific Decadal Oscillation (PDO) is another important phenomenon affecting 
climate variability. PDO oscillates with a longer frequency than the El Niño-like 
pattern (Zhang et al., 1997), with a multidecadal fluctuation in the Pacific Ocean 
(Mills and Walsh, 2013). PDO is the leading principal component of the North 
Pacific SST variability. Precipitation variability in South America tends to be 
stronger when ENSO and PDO phases coincide, and weaker when their phases 
differ (Kayano and Andreoli, 2007). PDO presents a decadal and inter-decadal 
variability of precipitation in South America, which is similar to ENSO in spatial 
structure, but its amplitude is lower (Garreaud et al., 2009).  

Climate variability in the Altiplano is not only associated with anomalies originating 
in the Pacific Ocean, but also in the Atlantic Ocean. The NAO is an oscillation of 
atmospheric pressure at sea level between the Icelandic low and the Azores high 
(Walker and Bliss, 1932). The NAO shows seasonal and inter-annual variabilities 
with positive and negative phases (Mächel et al., 1998). Both phases are associated 
with the variability of precipitation, temperature, and storms over the Atlantic Ocean 
and surrounding continents (Marshall et al., 2001). 

The AMM and the AMO are associated with the ocean-atmosphere variability in 
the tropical and North Atlantic, respectively (Chiang and Vimont, 2004; Kerr, 2000; 
Schlesinger and Ramankutty, 1994; Xie and Carton, 2004). The AMM shows an 
inter-annual variability (Knight et al., 2005). And the AMO varies on multi-decadal 
timescales, with an oscillation of about 70 years (Schlesinger and Ramankutty, 
1994). The AMM and AMO are characterized by variation of the SST and a shift of 
the intertropical convergence zone (ITCZ) position (Grossmann and Klotzbach, 
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2009; Vimont and Kossin, 2007). The ITCZ shift is caused by warmer SST and 
weak easterly wind flow in the northern tropical Atlantic, and cooler SST and 
stronger easterly wind flow in the southern tropical Atlantic (Chiang and Vimont, 
2004; Smirnov and Vimont, 2011). During summer months (DJFM), the ITCZ 
position and the formation of the Bolivian High result in a prevalence of easterly 
winds over the Altiplano (Garreaud et al., 2003). This condition defines the rainy 
season in the South American Altiplano. 

2.2. Water content in the soil 
The water content in the soil involves various parameters of the water budget, 
including outflow, inflow, and changes in storage (Fig 1). The water inflows are 
rainfall, irrigation, surface water inflow, and capillary rise of groundwater. While, 
the outflows are soil evaporation, crop transpiration, surface outflow, and 
percolation. The soil can be defined as the water reservoir for plants (Allen et al., 
1998). The soil water availability depends on the capacity of the soil to retain 
moisture. Field capacity, is the amount of water that the soil hold against 
gravitational forces with a tension of about 33 kPa. The water content above field 
capacity is not held by the soil. If water is not supplied, the content of water in the 
soil decreases as a result of evapotranspiration. When the soil reaches the wilting 
point, the force of the water retained in the soil inhibits the plant accessibility to 
water. The water held to soil particles has a tension of about 1500 kPa when it 
reaches the wilting point. And the plant will permanently wilt. The amount of water 
between field capacity and wilting point is considered as the total water available 
(TAW) for the plant. 

The evapotranspiration is the combination of the soil surface evaporation and the 
crop transpiration. The solar radiation, air temperature, relative humidity, and wind 
speed are the main factors that affect the evapotranspiration. The reference crop 
evapotranspiration (ETo) represents the evapotranspiration from a hypothetical 
grass crop. The ETo determines the evaporative demand of the atmosphere 
independently of crop type and soil factors. The FAO Penman-Monteith method 
(Eq. (4)) incorporates the aerodynamic and the surface resistance factors (Allen et 
al., 1998). Penman (1948) developed the combination method by combining the 
energy balance with the mass transfer methods from an open water surface. The 
surface resistance describes the resistance of vapour flow through the crop and soil 
surface. The aerodynamic resistance describes the resistance from the vegetation 
surface and air friction. The Penman-Monteith approach includes parameters that 
govern the energy exchange between a specific type of vegetation and atmosphere. 
The FAO Penman-Monteith method defines a hypothetical crop of 0.12 m height 
with a surface resistance of 70 s m-1, and an albedo of 0.23. 



6 

The crop evapotranspiration (ETc) refers to the evaporating demand from crops. The 
effects of the crop characteristics to the evapotranspiration are integrated into the 
crop coefficient (Kc). These characteristics are crop height, surface albedo, canopy 
resistance, and exposed soil evaporation. Kc varies over the phenological stage of 
the crop. The Kc reaches its maximum at mid-stage, when the plant cover is 
developed. The Kc of quinoa under no water stress is 0.52 at initial stage, 1.0 at mid-
stage, and 0.7 at late stage (Garcia et al., 2003). The initial stage starts from planting 
to 10% of ground cover, the crop development starts from 10% of ground cover to 
full cover, mid-stage starts from full cover to maturity start, and late stage starts 
from maturity to harvest or full senescence (Allen et al., 1998). 

The crop water requirement is defined as the amount of water that the plant needs 
to be supplied to compensate the evapotranspiration loss (Allen et al., 1998). The 
ETc under water stress conditions represents the difference between the crop water 
requirement and effective precipitation. In theory, water is available for the plant 
from field capacity until wilting point, but the crop water uptake is reduced before 
reaching the wilting point. This occurs when the soil matrix force to retain water is 
higher that the plant capacity to extract water. The water that can be extracted by 
the plant is the readily available water (RAW), which is a fraction of the total 
available water (TAW). The depletion fraction, p, varies over the crop and 
evaporation power of the atmosphere. For quinoa, p is about 0.61 (Garcia, 2003). 
The effects of soil water stress on crop can be represented by the water stress 
coefficient, Ks. At field capacity the Ks is equal to 1. When the content of water in 
the soil is lower than RAW, Ks decreases. At wilting point the Ks is equal to 0. 
 

 Precipitation    Evapotranspiration    Irrigation 
 

Saturation 

Field capacity 

 
 

Wilting point 

     ↓                              ↑                        ↓  

 →   Runoff 

                      RAW  

                                            TAW 
 

 

               ↑                                      ↓ 
     Capillary rise                  Percolation  

 

Figure 1. The soil water balance 
Adapted from Allen et al. (1998). 
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Percolation refers to water in the soil profile moving out from the rooting zone, and 
it occurs when the water content in the soil exceeds field capacity. The travel time 
for percolation is the water in excess of the field capacity in relation to the 
unsaturated hydraulic conductivity (Savabi and Williams, 1995). And, the hydraulic 
conductivity is the capacity of the soil to conduct water, and it can be calculated 
based on soil physical properties such as soil texture and organic matter (Saxton and 
Rawls, 2006). 

2.3. Drought  
Droughts originate from a deficiency of precipitation, and can result in water 
shortages. However, water availability depends not only on natural factors, but also 
on human activities (Wilhite and Glantz, 1985). Sometimes, precipitation deficiency 
coincides with periods of high temperature, low humidity, and high wind speed. 
This scenario could induce a reduction of soil moisture, and water level of rivers 
and lakes. However, the drought itself is not a disaster (WMO, 2006) since it 
depends on the impact on people, economy, and environment. Moreover, a region 
could be resilient to droughts and thus, reduce negative impacts. 

2.3.1. Drought concept and types  
The specific hydrological processes, socioeconomic structure, and water demand of 
a particular region make it challenging to uniquely define drought (Mishra and 
Singh, 2010). Moreover, drought is a complex phenomenon that may involve lower 
than normal rainfall affecting economic, social, and environmental sectors at 
different time scales (Hagman et al., 1984). The World Meteorological Organization 
(WMO) defines drought as a natural hazard caused by extended deficiency of 
precipitation, which is insufficient to meet the demand of human activities and 
environment (WMO, 2006). Prolonged precipitation deficit could reduce stream 
flow, reservoir levels, and groundwater recharge. In consequence, soil moisture 
could decrease and affect agricultural production. Commonly, four types of drought 
can be described (Fig. 2): meteorological, hydrological, agricultural, and 
socioeconomic drought (Mishra and Singh, 2010; Wilhite and Glantz, 1985; WMO, 
2006). Meteorological drought is usually defined as precipitation deficiency during 
a certain time period. Agricultural drought occurs when soil moisture is insufficient 
to meet crop water requirements. Hydrological drought occurs when water 
deficiency affects surface and groundwater. Finally, socio-economic drought affects 
human activities by a reduced precipitation and water availability. 
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Meteorological drought is commonly calculated based on precipitation anomalies. 
The WMO indicates normal precipitation as the average of precipitation in a period 
of 30 years. Some researchers define meteorological drought as a lower precipitation 
than normal (e.g., Shukla et al., 2015). Other approaches analyse the drought using 
the duration, intensity, and frequency of accumulated precipitation in relation to 
water shortages (e.g., Spinoni et al., 2014). Other researchers evaluate a 
meteorological drought based on indicators and indices (see Heim, 2002; Yihdego 
et al., 2019). For instance, the identification of dry spells can be done using a 
standardized precipitation index (McKee et al., 1993). Since, drought greatly 
depends on atmospheric circulation and local conditions, its definition and 
calculation vary depending on region. 

If the deficit of precipitation is prolonged, an agricultural drought might occur. Here, 
the availability of water in the soil is insufficient to support crop development 
(Huang et al., 2014b). However, agricultural drought varies depending on many 
factors. For instance, the capacity of the soil to hold water and the infiltration rates 
vary, depending on initial soil moisture condition, slope, and soil type (WMO, 
2006). In addition, crops present different level of tolerance to drought depending 
on biological characteristics, stage of growth, and physical and biological properties 
of the soil (Botterill and Fisher, 2003). 
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Figure 2. Drought occurrence and impacts 
Source: National Drought Mitigation Center, University of Nebraska-Lincoln, USA. 
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Hydrological drought can affect water bodies that are used for multiple purposes, 
such us irrigation, recreation, navigation, hydropower, and drinking water 
(Smakhtin, 2001). An insufficient availability of water for actual demand could 
escalate social conflicts between water users. This situation may lead to a 
socioeconomic drought. Socioeconomic drought may occur when the demand for 
an economic good exceeds supply as a result of a weather-related shortfall in water 
supply (Sandford, 1979). This type of drought depends on time and space processes 
of supply and demand. 

2.3.2. Global and local context of drought 
Agricultural production is highly sensitive to climate hazards, including droughts 
and heat waves. Losses due to drought events represent a significant challenge to 
farmers, stakeholders, and governments worldwide (UNISDR, 2015). Worryingly, 
the scientific community predicts an amplification of these negative impacts due to 
future climate change (IPCC, 2013). Drought impact varies depending on timescale, 
hazard intensity, and capacity to prevent and respond to this hazard (UNISDR, 
2009). Regarding prevention aspects, diverse strategies and policies aim to reduce 
the socioeconomic and environmental consequences of drought events (WMO, 
2006), including the setup of insurance and irrigation systems. Governments have 
to take a leading role in the implementation of strategies for future drought risk (Lal 
et al., 2012). Indeed, the recent Sendai Framework for Disaster Risk Reduction 
(SFDRR) agreement was developed to significantly reduce global disaster 
mortality, number of affected people, economic loss, and damage to critical 
infrastructure and disruption of basic services due to natural disasters (including 
droughts) by 2030. The agreement explicitly recognizes the need for governments 
to take a primary role in reducing disaster risk with support of relevant stakeholders 
(UN, 2015). The SFDRR explicitly calls for an increase in the availability and 
access to disaster early warning systems. In fact, drought early warning systems are 
essential components for drought preparedness and resilience because they can 
provide information to water-sensitive sectors such as farming in a timely manner.  

The Sustainable Development Goals (SDGs) state that the priority areas for 
adaptation to climate change are water and agriculture. These in turn, are related to 
the largest climate hazards that are floods, drought, and higher temperature (UN, 
2016). Additionally, implementation of early warning is fundamental for drought 
disaster risk management, proactive planning, and mitigation policy measures in 
vulnerable regions, including Latin American countries such as Bolivia (Verbist et 
al., 2016). As in most cases in developing countries, data scarcity is a major issue 
for monitoring, tracking progress, and the evaluation of risk reduction strategies 
(major goals within the SFDRR and SDGs; see UN, 2015, 2016). 
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Regarding droughts in Bolivia, climate variability in the Altiplano is strongly 
associated with the El Niño Southern Oscillation (ENSO), and droughts are 
generally driven by the ENSO warm phases (Garreaud and Aceituno, 2001; 
Thompson et al., 1984; Vicente-Serrano et al., 2015). Generally, agricultural 
productivity in the Altiplano is low due to high susceptibility to climate and poor 
soil conditions (Garcia et al., 2007). Poor agricultural production is associated with 
the ENSO climate phenomena (Buxton et al., 2013). Apart from that, high 
evaporative demand and erratic distribution of rainfall increase agricultural 
vulnerability significantly. In addition, precipitation dependency for rainfed 
agriculture and frost risk limit farming production to the austral summer (Condori 
et al., 2014; Garcia et al., 2007). Large socio-economic losses have been 
experienced in the past in Bolivia due to ENSO. For example, 135,000 people were 
affected and USD 515 million loss were registered in 1997–1998 (UNDP, 2011). 
More recently, 665,000 people were affected and over USD 450 million of losses in 
2015–2016 were experienced (Guha-Sapir et al., 2016). To lessen the long-term 
impacts of these events, the national government has allocated large budget amounts 
for emergency operations to compensate part of the losses, which are usually 
evaluated in an ex-post fashion. Important in our context is that Bolivia has 
implemented a national program for risk disaster management that includes an early 
warning system that informs about disaster occurrence a few days ahead of the 
event.  
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3. Study area  

The Altiplano (15–22oS) is located in the central part of the Andes mountain chain 
in South America. Based on the last national census in Bolivia in 2012, the Bolivian 
Altiplano has about 2,000,000 inhabitants (INE, 2015b). The Altiplano extends 
from western Bolivia, southern Peru, and northern Chile and Argentina (Fig. 3). 
This endorheic basin contains two large lakes, Lake Titicaca and Lake Poopó. The 
two lakes are connected through the Desaguadero River, which is the only outlet of 
Lake Titicaca. The Lake Titicaca is the largest freshwater lake in the continent with 
a surface area of 8,400 km2, a volume of 932 km3 (Revollo, 2001), and a maximum 
depth of 281 m (Richerson et al., 1977). It represents one of the main permanent 
sources of water for agriculture, forestry, fishing, and other activities in the region 
(UNESCO-WWAP, 2003). The Lake Poopó has an average surface area of 3,000 
km2 and a maximum depth of 3 m (Pillco and Bengtsson, 2006). The Lake Poopó 
has dried out several times in the past. In 2016, it dried out due to water use and 
lower precipitation than normal (Satgé et al., 2017). This caused significant socio-
economic and environmental losses, directly affecting fishers, endemic species, and 
exposing mining sediments deposited in the lake. On the other hand, the overflow 
from Lake Poopó during wet years ends up in the Coipasa Salt Pan (Revollo, 2001), 
which in turn drains to Uyuni Salt flat through the Laca Jahuira River. The Uyuni 
Salt flat is the world’s largest salt flat that was formerly occupied by lakes. High 
insolation in the region causes large evaporation losses from these lakes, and in 
consequence a deposition of lacustrine sediments, that determined the formation of 
the salt flat (Baker et al., 2001). Finally, the Atacama Desert is located in the 
southwestern Altiplano, which is the driest desert in the world. In consequence, the 
northern Altiplano shows a wetter environment than the arid southern part.  

Within the Bolivian Altiplano, the Katari River sub-basin is located in southern 
Lake Titicaca Basin. It has an area of 654 km2. It covers 11% of the total population 
of Bolivia (BID, 2016). The annual precipitation is about 480 mm in the south-
western part of the sub-basin and 620 mm in the north-eastern part (MMAyA, 2010). 
Here, the main economic activity is agriculture, and the water demand is mainly for 
drinking water and irrigation. However, evapotranspiration is the major water loss 
component. 
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Figure 3. The Bolivian Altiplano in South America 
The Bolivian Altiplano located in the central part of the Andes mountain chain in South America is represented by a 
thick solid black line (Papers I and IV). The gauged precipitation at six locations is represented with white circles: (1) 
Copacabana, (2) El Belen, (3) El Alto, (4) Patacamaya, (5) Oruro, and (6) Potosi Los Pinos (Paper II). The Katari River 
sub-basin is shown as a shaded area (Paper III).  

In the Altiplano, important indigenous civilizations have emerged including the Inca 
and Tiwanaku. These civilizations domesticated plants and animals such as potato, 
quinoa, and lama (Erickson, 1988; Repo-Carrasco-Valencia and Serna, 2011). 
Nowadays, agriculture is still one of the main economic activities. However, crop 
production is limited to the summer due water constraints and climate conditions, 
e.g., frost (Garcia et al., 2007). Less than 9% of the agricultural area are irrigated in 
Bolivia (INE, 2015a). Therefore, precipitation is the main source of water for 
agricultural production. Common agricultural production in the area is focused on 
crops, fishing, and cattle (UNESCO-WWAP, 2003). Quinoa and potato are two of 
the most important crops in the Altiplano. Due to the fact that farming is mostly 
rainfed, climate related phenomena are very important for crop production.  
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4. Data  

4.1. Precipitation and temperature  
Time series of daily and monthly precipitation and maximum, and minimum 
temperature were supplied by the Servicio Nacional de Meteorología e Hidrología 
(SENAMHI) de Bolivia.  

- Analysis of precipitation variability (Paper II) included the summer 
precipitation (DJFM) totals from 1948 to 2016 at six locations in the 
Bolivian Altiplano: Copacabana, El Belen, El Alto, Patacamaya, Oruro, and 
Potosi Los Pinos (Fig. 3).  

- Analysis of the soil moisture variability was performed for the Katari River 
sub-basin (Paper III). The Katari River sub-basin is located in the south-
eastern Lake Titicaca Basin (Fig. 4). Available data included daily 
precipitation and maximum, and minimum temperature from 1981 to 2017 
from the Servicio Nacional de Meteorología e Hidrología (SENAMHI) of 
Bolivia. Daily precipitation was used from El Alto (16º 30' 37"S, 68º 11' 
55"W), Tambillo (16º 34' 0"S, 68º 30' 0"W), and Viacha (16º 39' 30"S, 68º 
16' 55"W). Daily maximum and minimum temperature were used from El 
Alto, and Viacha. Daily precipitation from the Institut de Recherche pour le 
Développement (IRD) from 2013 to 2017 was also available at 6 studied 
sites described in Table 1, and maximum and minimum temperature for 
Alto Lima and Tambillo from the same time period. 

- Drought risk analysis for quinoa and potato was analysed in the agricultural 
land area of the Bolivian Altiplano (Paper IV). Satellite based monthly 
rainfall and temperature datasets from September 1981 to August 2015 
were used in the analysis. The details of the satellite data are explained 
below. The validation of the satellite data was developed using gauged 
datasets of monthly precipitation at 23 locations as well as maximum, and 
minimum temperature at 11 locations in the Bolivian Altiplano.  

It should be noted that the precipitation gauges have an uneven spatial distribution 
and are mainly concentrated to the northern Bolivian Altiplano. To improve the 
spatial coverage of rainfall data, monthly quasi-rainfall time series from satellite 
data were included in our study. The Climate Hazards Group InfraRed Precipitation 
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with station data (CHIRPS) quasi-global rainfall dataset was used. CHIRPS presents 
a 0.05° resolution satellite imagery and is a quasi-global rainfall dataset from 1981 
to the near present with a satellite resolution of 0.05° (Funk et al., 2015). CHIRPS 
dataset builds on interpolation techniques and high resolution, long period of record 
precipitation estimates based on infrared Cold Cloud Duration (CCD) observations. 
CCD values are a measure of the amount of time a given pixel has been covered by 
high cold clouds. CHIRPS uses the Tropical Rainfall Measuring Mission Multi-
Satellite Precipitation Analysis (TMPA 3B42) 2000–2013 with 0.25° of resolution 
to calibrate global Cold Cloud Duration (CCD) rainfall estimates. 

Monthly mean land surface temperature (LST) was obtained from the Global 
Historical Climatology Network and the Climate Anomaly Monitoring System from 
the US National Oceanic and Atmospheric Administration (NOAA, 
https://www.esrl.noaa.gov/psd/data/gridded/data.ghcncams.html). The LST has a 
resolution of 0.5° and it is conveniently also available during the study period from 
September 1981 to August 2015. CHIRPS is described in detail at 
http://chg.geog.ucsb.edu/data/chirps/. 

4.2. Other hydrological variables  
Daily gauged soil moisture data were obtained from the IRD during 2013 to 2017 
at 6 sites (Table 1, Fig. 4). Here, the soil moisture sensors measure the volumetric 
water content in the soil (m3m-3) at 250 and 750 mm of soil depth for San Gabriel, 
300 and 800 mm for Alto Lima, 250 and 700 mm for Brabol, 200 and 700 mm for 
Puchukollo, 200 and 700 mm for Viacha-IBTEN, and 50 and 200 for Tambillo. And 
daily satellite-based soil moisture data were obtained from the ESA CCI SM v04.4 
that comprises the active (scatter-meter), passive (radiometer), and combined 
satellite soil moisture datasets with a time span from 1981 to 2017 with a satellite 
resolution of 0.25° and a soil layer depth of 0.5–2 cm. The soil hydraulic properties 
were quantified based on the soil texture (content of sand, silt, and clay) and organic 
matter at each soil layer, based on the soil profile data obtained from the IRD.  

Table 1. Soil moisture station locations 

 Station Latitude (oS) Longitude (oW) Altitude (m) 
1 San Gabriel 16°25'19.51" 68°10'27.30" 4310 
2 Alto Lima (EPSAS) 16°27'19.88" 68°09'42.81" 4265 
3 Brabol 16°29'15.52" 68°13'16.81" 4050 
4 Puchukollo 16°32'00.64" 68°15'05.52" 3950 
5 Viacha (IBTEN) 16°39'26.12'' 68°16'54.68'' 3870 
6 Tambillo 16°31'15.31" 68°30'18.30" 3840 
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Figure 4. Katari River sub-basin in the Bolivian Altiplano 
The Katari River sub-basin located in the southen Lake Titicaca (shaded area). The studied locations are (1) San 
Gabriel, (2) Alto Lima (EPSAS), (3) Brabol, (4) Puchukollo, (5) Viacha (IBTEN), and (6) Tambillo.The soil moisture and 
precipitation gauges are denoted by triangles. The weather stations are El Alto, Tambillo and Viacha (white circles). 

Time series of wind velocity, and relative humidity were obtained for El Alto (1981–
2017) and Viacha (1981–2015) from the SENAMHI. Wind velocity, relative 
humidity, and solar radiation data were obtained for Alto Lima and Tambillo from 
2013 to 2017 from the IRD. The time series were synchronized at the closest spatial 
location to obtain a continuous daily dataset from September 1981 to August 2017 
for the 6 studied locations (Table 1). 

4.3. Climate modes of variability 
Monthly indices of Niño3.4 and Niño3, PDO, NAO, AMM SST, and AMO were 
obtained from the US National Oceanic and Atmospheric site (NOAA, 
https://www.esrl.noaa.gov/psd). Monthly means were averaged seasonally for 
DJFM from 1948 to 2016. The climate modes of variability that included in the 
study are described in Table 2. 
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Table 2. Climate mode description and phases 
Based on Canedo-Rosso et al. (2019b). * denotes very strong El Niño events. 

Mode  Definition and periodicity Negative phase Positive phase  
Niño3.4 and Niño3: El 
Niño Southern 
Oscillation (see Null, 
2018) 

Inter-annual variability of tropical 
Pacific SST. Periodicity of 2–7 
years 

Strong La Niña 
events: 
1955–1956, 1973–
1976, 1988–1989, 
1998–2000, 2007–
2008, 2010–2012 

Strong and * very strong 
El Niño events: 
1957–1958, 1965–1966, 
1972–1973, 1982–
1983*, 1986–1988, 
1990–1995, 1997–
1998*, 2015–2016* 

PDO: Pacific Decadal 
Oscillation (see Mantua 
and Hare, 2002; 
Mantua et al., 1997; 
Minobe, 1999) 

Multi-decadal variation in the 
Pacific SST. Periodicity of 15 to 25 
years and 50 to 70 years 

Cold PDO phase: 
1890–1924, 
1947–1976  

Warm PDO phase: 
1925–1946, 
1977–1998 

NAO: North Atlantic 
Oscillation (see Jones 
et al., 1997; Rivière and 
Drouard, 2015; Sen 
and Ogrin, 2016) 

Inter-annual and inter-decadal 
variability of the difference of 
atmospheric pressure at sea level 
between the Icelandic low and the 
Azores High. Inter-annual, and 7.7 
years of periodicity 

Strongest negative 
periods: 
1962–1963, 1968–
1969, 1995–1996, 
2009–2010 

Strongest positive 
periods: 
1970–1975, 1988–1989, 
1994–1995, 2011–2012, 
2013–2014 

AMM: Atlantic 
Meridional Mode (see 
Grossmann and 
Klotzbach, 2009; 
Kossin and Vimont, 
2007) 

Leading mode of basin-wide 
coupled ocean-atmosphere 
interaction between SST and low-
level winds. Inter-annual and multi-
decadal periodicity 

Cold AMM phase: 
1971–1995 

Warm AMM phase: 
1925–1970, 
1995–2006 

AMO: Atlantic 
Multidecadal Oscillation 
(see Enfield et al., 
2001; Rayner et al., 
2003) 

Multi-decadal variability in the 
North Atlantic SST. Periodicity of 
50–70 years 

Cold AMO phase: 
1964–1995 

Warm AMO phase: 
1926–1964, 
1995–present 

 

The Oceanic Niño Index (ONI) is usually used to identify El Niño (warm) and La 
Niña (cold) years (http://www.cpc.ncep.noaa.gov/). ONI is the 3-month running 
mean of Extended Reconstructed Sea Surface Temperature (ERSST v5) anomalies 
in the El Niño 3.4 region (http://ggweather.com/enso/oni.htm). The El Niño 3.4 
anomalies represent the average equatorial SSTs in the equatorial Pacific Ocean 
(5oN to 5oS latitude, and 120oW to 170oW longitude). 

4.4. Crop yield and vegetation  
Crop yield data from 1981 to 2015 for quinoa and potato were obtained from the 
Bolivian National Institute of Statistics (INE, https://www.ine.gob.bo) for the 
administrative regions La Paz, Oruro, and Potosi. The annual crop yield datasets 
represent production (t) in relation to area (ha) at regional level. No historical crop 
yield data on local scales are available yet, which is a major limitation for any risk-
based approach and need to be addressed in the future. Nevertheless, we suggest 
that the coarse distribution of the crop yield data can be improved using the NDVI. 
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Besides improving the crop yield resolution, the NDVI allows to analyse the 
variability of vegetation at a monthly time scale. This makes it possible to analyse 
the phenology of the studied crops through to the growth phases. NDVI estimates 
the vegetation vigour (Ji and Peters, 2003) and crop phenology (Beck et al., 2006). 
NDVI was assembled from the Advanced Very High Resolution Radiometer 
(AVHRR) sensors by the Global Inventory Monitoring and Modelling System 
(GIMMS) at semi-monthly (15 days) time step with a spatial resolution of 0.08ᵒ. 
NDVI 3g.v1 (third generation GIMMS NDVI from AVHRR sensors) and the data 
set spans from September 1981 to August 2015. Note, that the NDVI is an index 
that represents a range of values from 0 to 1, bare soil values are closer to 0, while 
dense vegetation has values close to 1 (Holben, 1986). NDVI 3g.v1 GIMMS 
provides information to differentiate valid values from possible errors due to snow, 
cloud, and interpolation. These errors were eliminated from the dataset and replaced 
with the nearest neighbour value. 

The agricultural land in the Bolivian Altiplano was delimited based on the land-use 
map for Bolivia developed by Raul Lara Rico at the Ministry of Rural Development 
and Land of Bolivia in 2010 (geo.gob.bo) using Landsat imagery and ground 
information at a scale 1:1,000,000. 
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5. Methods  

To assess the water scarcity in the Bolivian Altiplano, drought episodes and its 
drivers were examined (Fig. 5). Firstly, previous research was collected and 
synthetized, in order to have a state of the art of research with respect to climate and 
water resources (Paper I). Then, analysis of precipitation variability and its 
association with climate phenomena were made (Paper II). After this, the soil 
moisture was estimated and related to agricultural production (Paper III). Finally, 
the drought risk was assessed to define the association of climate variability with 
agricultural production (Paper IV). The methods used, attempt to assess the water 
scarcity to support a risk management strategy for the Bolivian Altiplano. 
 

 

Figure 5. Thesis framework 
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5.1. Precipitation variability and its relation to climate 
phenomena 
Summer precipitation (DJFM) totals at six locations in the Bolivian Altiplano: 
Copacabana, El Belen, El Alto, Patacamaya, Oruro, and Potosi Los Pinos were 
filtered by principal component analysis (PCA) and about 90% of their original 
variability were kept to reduce noise. PCA was developed by Pearson (1901) and 
Hotelling (1933). PCA reduces data dimensionality and concentrates variance into 
a small number of independent variables. After this, maximum covariance analysis 
(MCA) was applied to the variables. Here, the cross-covariance matrix of the total 
summer precipitation and averaged climate indices for the same season was 
investigated. Details of MCA are given by Bretherton et al. (1992) and Wallace et 
al. (1992). Each MCA mode consists of a pair of singular vectors together with 
associated time series. The heterogeneous correlation for each MCA mode 
represents the correlation coefficients between the expansion coefficients for the 
climate modes and the summer precipitation. Eigenvectors of each mode are 
orthogonal to other modes in the space domain. Thus, the coupling strength of two 
fields is represented by the correlation coefficients. Each mode represents a fraction 
of the totally explained variance. The singular vectors describe the patterns of the 
fields having a covariance equal to the singular value. Singular values are used to 
define the squared covariance fraction (SCF) used to compare the relative 
importance of the expansion of each mode (Bretherton et al., 1992; Rana et al., 2012; 
Uvo et al., 1997). 

Continuous wavelet transform (CWT) was used to analyse non-stationary variability 
of summer precipitation and climate modes. The climate modes included in the 
analysis were ENSO, PDO, NAO, AMM, and AMO. Wavelet transform was 
introduced by Morlet (1983), Grossmann and Morlet (1984), and Goupillaud et al. 
(1984). The theory of wavelet transform is discussed by Torrence and Compo 
(1998). The CWT decomposes time series into time-frequency space, enabling the 
identification of dominant modes of variability and variation in time. For this study 
Morlet wavelet was used. As the wavelet is not completely localized in time, CWT 
presents edge artefacts called cone of influence (COI). The COI is the area where 
the e-folding time of wavelet power drops by a factor e−2. In this study, the circular 
mean of the phase was quantified for regions statistically significant at 5% and 
outside the COI. After this, the cross wavelet transform (XWT) was applied for 
summer precipitation and climate indices. Grinsted et al. (2004) described the theory 
and application of XWT. The XWT shows regions with high common power 
between two CWT. XWT can be decomposed into amplitude and phase angles. The 
phase angles describe the delay between the two signals. And, the phase angles 
define the phase relationship. The phase arrows point to the right and anti-phase 
point to the left. The wavelet coherence (WTC) identifies the frequency bands and 
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time intervals where two time series co-vary (Torrence and Webster, 1999). The 
WTC represents the coherence of XWT. The significance level of the WTC is 
defined using Monte Carlo methods, through estimation of significance by an order 
of 1,000 surrogate data set pairs. The phase angles of the WTC follow the same 
interpretation as for XWT. 

Finally, a band-pass filter using an inverse CWT was applied to reconstruct time 
series of the climate modes and precipitation for specific band periods of high power 
spectrum. Here, the analytic Morlet wavelet was used to define the inverse CWT. 
The reconstructed time series of summer precipitation and climate indices were 
correlated using spearman correlation to seek statistically significant relationships 
at 95% confidence level, and the variation of the precipitation explained by the 
climate indices was defined by the coefficient of determination (square of 
correlation) between reconstructed series. 

5.2. Soil moisture estimations 
A soil water balance model was used to estimate the soil moisture at the 6 studied 
sites (Table 1) from September 1981 to August 2017. In parallel, soil moisture 
estimations were derived from satellite data. To evaluate the performance of the 
different datasets, soil moisture estimations was driven by both observed 
precipitation and satellite top soil water content. The soil moisture estimations were 
calibrated using gauged soil moisture data from 2013 to 2017. Additionally, 
relationships between the soil moisture and the crop yield were evaluated.  

5.2.1. Soil water balance driven by precipitation 
Besides precipitation (P), the variables used for the precipitation driven soil water 
balance were maximum (TX) and minimum (TN) temperature, wind speed (WS), 
relative humidity (RH), and solar radiation (SR) from 1981 to 2017. Variable series 
with less than 10% of missing data, were filled with the mean monthly value of the 
record. For variables with more than 10% of the data missing, the gaps were 
replaced with the nearest spatial dataset. The soil moisture was calculated using the 
soil water balance: ∆𝑆𝑊 =  𝐼  + 𝑃  − 𝐸𝑇 ,  − 𝑅𝑂  − 𝐷𝑃  + 𝐶𝑅 + ∆𝑆𝑊  (1) 

where ∆SWi is the soil water content on day i, I is irrigation, P is rainfall, ETc  is 
crop evapotranspiration, RO is surface runoff, and Pe is percolation. Capillary rise 
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(CR) is the water transported upward from the water table towards the root zone. 
∆SWi-1 is the soil water content of the previous day. 

Irrigation was not considered because only 9% of the cropped surface in Bolivia are 
irrigated (INE, 2015a). And due to the low capillary rise, this variable was 
negligible. Hence, the variables soil water content, precipitation, evapotranspiration, 
runoff, and percolation were considered for the soil water balance: ∆𝑆𝑊 =  𝑃 − 𝐸𝑇 , −𝑅𝑂 −𝐷𝑃 + ∆𝑆𝑊  (2) 

The ∆SW was computed on day i. The daily precipitation was obtained from gauged 
data and crop evapotranspiration was deduced using Eq. (3). Runoff occurs when 
the first soil layer reaches the saturation level. And the percolation is calculated 
based on the volumetric water content and saturated hydraulic conductivity. 

The crop evapotranspiration (Eq. (3), ETc) is estimated by multiplying the crop 
coefficient (Kc), the water stress coefficient (Ks), and the reference 
evapotranspiration (Eq. (4), ETo). ETc and ETo were calculated by the FAO Penman–
Monteith equation (Allen et al., 1998). The actual vapour pressure (ea) was 
measured based on the temperature at dewpoint Tdew. Tdew was assumed to be equal 
to the minimum temperature -3oC based on Garcia et al. (2003): 𝐸𝑇 =  𝐾  𝐾  𝐸𝑇    (3) 

𝐸𝑇 = 0.408 ∆(𝑅 − 𝐺) + 𝛾 900𝑇 + 273 𝑢 (𝑒 − 𝑒 )∆ + 𝛾(1 + 0.34 𝑢 )  (4) 

where ETc is the crop evapotranspiration (mm d-1), Kc is crop coefficient, Ks is water 
stress coefficient. ETo is reference evapotranspiration (mm day-1), Rn is net radiation 
at the soil surface (MJ m-2 day-1), G is soil heat flux density (MJ m-2 day-1), T is 
mean daily air temperature at 2 m height [°C], u2 is wind speed at 2 m height [m s-

1], es is saturation vapour pressure (kPa), ea is actual vapour pressure (kPa), es-ea is 
saturation vapour pressure deficit (kPa), ∆ is slope for vapour pressure curve (kPa 
°C-1), and 𝛾 is psychrometric constant (kPa °C-1). 

After calculation of ETo, the evapotranspiration of the quinoa crop was estimated by 
multiplying ETo with the crop coefficient (Kc), and the water stress coefficient (Ks, 

Eq. (3)). The quinoa crop has a growing season length of 150–170 days. The 
cropping season in the studied area occurs from September to March. Thus, we 
assumed that quinoa growing season in the studied basin has a duration of 160 days 
(Geerts et al., 2006). We also assumed that the plant emergence starts when the soil 
moisture is 60% of the TAW, with the latest day of emergence set to 15th December 
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(Garcia et al., 2003).The Kc of quinoa under no water stress conditions as reported 
by Garcia (2003) is 0.52 for the initial stage, 1.0 for the mid-season, and 0.70 at the 
end of the late season stage. The Kc was adjusted based on actual environmental and 
soil moisture conditions (Allen et al., 1998). Before the growing season, only soil 
evaporation was considered. Here, the Kc is equal to the soil evaporation coefficient 
(Ke), that is the evaporable water of the soil surface layer. Once that the crop has 
initiated development, the Kc is equal to the Ke in relation with the basal crop 
coefficient (Kcb). For the initial growth stage, the initial Kc depends on the fraction 
of the wetted soil surface. This fraction is determined by the crop height and 
precipitation. The Kc for the midseason and late season was adjusted based on the 
crop height, minimum relative humidity, and mean wind velocity. The minimum 
relative humidity was measured based on the relation between vapour pressure of 
the maximum temperature and vapour pressure of the dew-point temperature (Tdew). 

The effect of limited soil water content to crop needs was included by relating the 
water stress coefficient (Ks) to the crop evaporation. The water stress only affects 
the crop transpiration. The Ks was calculated based on the total available water 
(TAW), the readily available water (RAW), and the actual water content in the soil 
(SWi). To define the TAW and RAW, information on field capacity and wilting point 
are needed. The soil water content at field capacity, wilting point, saturation, and 
saturated hydraulic conductivity were estimated using soil texture and organic 
matter content for different layers of the soil (Saxton and Rawls, 2006). Here, field 
capacity was defined as amount of water that the soil can hold against gravitational 
forces with a pressure of 33 kPa. Wilting point is the water held to soil particles at 
a pressure of about 1500 kPa. Plant water extraction was set to 40% of water 
requirement from the first quarter (top layer) of the root zone, 30% from the second 
quarter, 20% from the third quarter, and 10% from the fourth quarter (bottom layer) 
(Ayers and Westcot, 1976), since a greater part of the roots are in the top half of the 
depth of root zone. 

Percolation (Eq. (5)) was calculated following the method described by Savabi and 
Williams (1995), using the volumetric water content at field capacity (FC), and 
saturated hydraulic conductivity (Ksat). The soil water content exceeding the 
corresponding field capacity is subject to percolation through the succeeding layer. 
Water moving below the root zone was considered water loss. During the growing 
season, we assumed that quinoa presented a root depth of 0.1 m for the initial 
growing stage, an 0.6 m for the mid- and late stages (Geerts et al., 2006). The 
unsaturated hydraulic conductivity (K) was calculated for each soil layer. K is 
defined as the product of Ksat with the soil moisture in relation to the saturated Water 
content. 
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𝐷𝑃  =  0 ∆𝑆𝑊 ≤  𝑇𝐴𝑊 (5) 

𝐷𝑃  =  (𝑆𝑊 − 𝐹𝐶) 1 − 𝑒 ∆
 ∆𝑆𝑊 >  𝑇𝐴𝑊 

DPi is the percolation for day i (mm day-1), SWi is the soil moisture content (mm 
day-1), FC is the field capacity water content (mm), ∆t is the travel time (day), and 
ti is the travel time for percolation (day). 𝑡 = 𝑆𝑊 − 𝐹𝐶𝐾  (6) 

The unsaturated hydraulic conductivity is calculated using: 

𝐾 = 𝐾 𝑆𝑊𝑆𝑎𝑡  
(7) 

where Ksat is the saturated hydraulic conductivity. B is a parameter that causes K to 
approach zero as 𝑆𝑊  approaches FC. Sat is the saturated water content. The 
parameter B is defined as: 𝐵 = −2.655𝑙𝑜𝑔 𝐹𝐶𝑆𝑎𝑡 

(8) 

To capture the hydrological dynamics described by these equations, the soil model 
was evaluated for various calculation steps per day (See Section 5.2.3). 

5.2.2. Soil water balance driven by satellite soil moisture 
The second method for soil moisture estimation was derived from satellite data. This 
is the same method as the precipitation driven model for the atmospheric water 
demand, soil parameters, and percolation dynamics, except that instead of 
precipitation as input to the water balance, the top soil (50 mm depth from the soil 
surface) water content was the satellite estimate at the beginning of each day. Top 
soil water content in excess of field capacity, together with atmospheric water 
demand, crop transpiration, and percolation dynamics (Eq. (5)), then drove the water 
availability in each layer of the soil model over the defined calculation steps.  
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5.2.3. Calibration of the soil water balance model 
Given the uncertainties in the soil parameters, observations, model assumptions, and 
the spatial discrepancy between the satellite grids and observation points, the 
modelled soil water content was calibrated and fitted to the observed soil water 
content. Due to a low number of years with observed data (2013–2016), and 
variation in soil water content between these years, the model was calibrated using 
the full dataset, with no separate validation conducted at this point. Calibration was 
done using conductivity rate between layers in the soil model, the number of 
calculation steps per day, and through linear regressions of the daily soil moisture 
estimate on the observed daily soil moisture. The conductivity was calibrated by 
multiplying the saturated hydraulic conductivity with a factor named K reduction. 
K reduction was selected based on the best fit to the gauged soil moisture data. 

Initial evaluation of the model showed that overestimation of percolation affected 
the model performance, which justified calibration using parameters related to 
percolation. Calibration through linear regression gave a good fit for mean and 
amplitude of modelled data in relation to observations under the set optimization 
rules (in this case ordinary least squares). Linear regression was opted for over 
higher order functions to reduce the risk of overfitting, and to retain the original 
model variation. Calibration of the percolation parameters (conductivity rate, 
calculation steps) were evaluated for all six regions to select a single set of model 
parameters with the best overall agreement. To account for regional differences, 
linear regression was run separately for each region and observation point. Modelled 
soil moisture was compared as mean value at the given observation depth ± 50 mm. 

5.2.4. Soil moisture variability relationship with agriculture 
As indicated above, quinoa is a main crop in the Bolivian Altiplano. Therefore, the 
two soil water models and the resulting crop water use were used to estimate 
relationships with quinoa yield. To estimate the relationship between crop water use 
over the growing season and crop yield, seasonal yield reductions were calculated 
based on water deficit at each growth stage with associated yield reduction factors. 
For instance, the flowering and grain formation are highly sensitive to water stress, 
therefore they had larger weight through the yield reduction factors. In contrast, the 
vegetative stage presents resilience to water stress, thus, it had lower weight. The 
final seasonal yield reduction was regressed against the crop yield through robust 
linear regression. Crop yield data were available for the period 1981–2017, and to 
match this time period for the soil water estimates, climate models were used to 
derive data for the atmospheric variables, as well as the already presented satellite 
top soil water estimates. 

  



26 

5.3. Drought risk assessment  
Gauged precipitation datasets at 23 stations from the SENAMHI Bolivia were used 
to validate the CHIRPS satellite rain data (Table 3). The gauged precipitation 
datasets have less than 10% missing data. Data gaps were filled with mean monthly 
values from the full dataset. Additionally, gauged temperature at 11 locations was 
used to validate the monthly mean land surface temperature (LST). The chosen 
study period was September 1981 to August 2015. The hydrological year in Bolivia 
is from September to August. 

Table 3. Spatial location of gauged precipitation and temperature datasets 
Gauged precipitation dataset from 23 locations and 11* gauged maximum and minimum temperature datasets. 

No Station Lat Lon  No Station Lat Lon 
[1] Achiri* -17.21 -69.00  [13] Oruro Aeropuerto* -17.95 -67.08 
[2] Ancoraimes -15.90 -68.90  [14] Patacamaya* -17.24 -67.92 
[3] Ayo Ayo* -17.09 -68.01  [15] Salla -17.19 -67.62 
[4] Berenguela -17.29 -69.21  [16] San Jose Alto* -17.70 -67.78 
[5] Calacoto* -17.28 -68.64  [17] San Juan Huancollo -16.58 -68.96 
[6] Colcha K -20.74 -67.66  [18] San Pablo de Lipez -21.68 -66.61 
[7] Collana* -16.90 -68.28  [19] Santiago de Huata -16.05 -68.81 
[8] Conchamarca -17.38 -67.46  [20] Santiago de Machaca -17.07 -69.20 
[9] Copacabana -16.17 -69.09  [21] Tiahuanacu* -16.57 -68.68 
[10] El Alto Aeropuerto* -16.51 -68.20  [22] Uyuni* -20.47 -66.83 
[11] El Belen -16.02 -68.70  [23] Viacha* -16.66 -68.28 
[12] Hichucota -16.18 -68.38      

5.3.1. Validation of satellite data using ground data 
The performance of the satellite products was validated using ground data to check 
if the satellite data accurately estimate rainfall. The validation was based on 
statistical measures including categorical analyses (e.g., Blacutt et al., 2015; Satgé 
et al., 2016). The mean error (ME in Eq. (9)), also called bias (Wilks, 2006) shows 
the degree of over- or underestimation (Duan et al., 2015), Additionally, the Nash-
Sutcliffe efficiency (E in Eq. (10)) coefficient evaluates the prediction accuracy 
compared to observations (Nash and Sutcliffe, 1970). A perfect score corresponds 
to E equaling one between gauge observation and satellite-based estimate, and zero 
indicates that the satellite estimations are as accurate as the mean of observed data, 
and a negative E indicates the observed mean is better than satellite-based estimate. 
Furthermore, the Spearman rank correlation (Eq. (11)) was computed to estimate 
the goodness of fit to observations (e.g., Blacutt et al., 2015; Satgé et al., 2016). 
Correlation coefficients larger or equal to 0.7 were considered reliable (e.g., 
Condom et al., 2011; Satgé et al., 2016). 
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For the categorical statistics, the Probability of Detection (POD) and False Alarm 
Ratio (FAR) were computed. The POD indicates what fraction of the observed 
events that was correctly estimated, and FAR indicates the fraction of the predicted 
events that did not occur (Bartholmes et al., 2009; Ochoa et al., 2014; Satgé et al., 
2016). The POD and FAR range from 0 to 1, where 1 is a perfect score for POD, 
and 0 is a perfect score for FAR. Categorical statistic measures were used to evaluate 
the satellite estimations. Here, the rainfall amounts are considered as discrete values, 
i.e., rain occurrence or absence. Based on this approach, four scenarios were taken 
into account: the number of events when the satellite rain estimation and the rain 
gauge report a rain event (H), when only the satellite reports a rain event but is a 
false alarm (F), and when only the rain gauge reports a rain event but not the satellite 
not and therefore is a miss (M). 

5.3.2. Crop yield simulation based on NDVI data 
For this study NDVI was related with quinoa and potato yields from 1981 to 2015. 
The association between quinoa and potato yield and NDVI was developed using 
Spearman’s rank correlation for the agricultural land area of the Bolivian Altiplano. 
The maximum semi-monthly NDVI of March and April for every year was 
identified. March and April generally represent the period of maximum 
phenological development of quinoa and potato crops in the Altiplano. The 
maximum NDVI of each grid was compared to the annual crop yield at La Paz, 
Oruro, and Potosi. The NDVI grids and crop yield correlations equal or larger than 
0.6 (Spearman correlation, p = 0.05) were considered as adequate for crop yield 
estimation (e.g., Huang et al., 2014a). Then, a regression approach was applied for 
selected NDVI grids and corresponding precipitation and temperature.  

  

𝑀𝐸 = 𝑏𝑖𝑎𝑠 = 1𝑛 (𝑆 −𝐺 ) 
(9) 

𝐸 = 1 − ∑ (𝐺 −𝑆 )∑ (𝐺 − �̅�)  
(10) 

Spearman rank correlation =  ∑ (𝑥 − �̅�)(𝑦 − 𝑦)∑ (𝑥 − �̅�) ∑ (𝑦 − 𝑦)  
(11) 
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5.3.3. Regression of vegetation and climate variables 
Only NDVI grids that properly simulated the crop yield were related to climate 
variables (Spearman correlation larger than 0.6). For this, stepwise regression was 
applied to quantify the effect on vegetation as a function of precipitation and 
temperature variance (Eq. (12)). The stepwise regression combines forward 
selection and backward elimination technique to increase the robustness of the 
results. The NDVI was set as independent variable, and for the same spatial location 
the dependent variables were accumulated precipitation and accumulated degree 
days (ADD). Firstly, the NDVI was related only to satellite precipitation. 
Subsequently, accumulated precipitation and ADD were related to vegetation.  

For the forward selection, variables were entered into the model one at a time in an 
order determined by the strength of their correlation with the criterion variable (only 
including variables if they were significant on the 5% level). The effect of adding 
each variable was assessed during its entering stage, and variables that did not 
significantly add to the fit of the model were excluded (Kutner et al., 2004). For 
backward selection, all predictor variables were entered into the model first. The 
weakest predictor variable was then removed and the regression fit re-calculated. If 
this significantly weakened the model then the predictor variable was re-entered, 
otherwise it was deleted. This procedure was repeated until only useful predictor 
variables (in a statistical sense, e.g., significant as well as model fit) remained in the 
model (Rencher, 1995). The results were compared with other results from the 
literature to check for suitability of results with phenology and weather related 
dimensions of plants. 𝑁𝐷𝑉𝐼 = 𝛽 + 𝛽 𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 𝑝𝑟𝑒𝑐𝑖𝑝𝑖𝑡𝑎𝑡𝑖𝑜𝑛 + 𝛽 𝐴𝐷𝐷 (12) 

Both precipitation and temperature were represented as accumulated data. To 
calculate the ADD, the accumulated value of the Growing Degree Day (GDD) 
multiplied by the number of days of each month was computed. The GDD is defined 
as the difference between mean and base temperature. The mean temperature (Tmean) 
is the arithmetic average between maximum and minimum temperature, and the 
base temperature (𝑇 ) is the minimum threshold for the plant development. 𝑇  of 
potato was 4°C and 3°C for quinoa (Jacobsen and Bach, 1998). If Tb is greater than 
Tmean, the GDD is equal to 0. Only the period of growing season was considered for 
the ADD calculation. The growing season of quinoa is from September to April, 
and for potato it is October to April.  

The cumulative precipitation was calculated for a period of 12 months from 
September to August of the following year for all locations. It should be noted that 
the precipitation in the Altiplano shows a marked rainy season from November to 
March. The peak of precipitation is in December and January. And, NDVI displays 



29 

the highest peak in March and April. The lag between the max precipitation and 
max NDVI is reasonable since vegetation requires time to grow (e.g., Chuai et al., 
2013; Cui and Shi, 2010; Shinoda, 1995). For this reason, the regression of NDVI 
and accumulated precipitation and ADD were developed considering a lag of two, 
three, and four months for the agricultural area.  

5.3.4. Crop yield relationship with ENSO 
The Oceanic Niño Index (ONI) was used to identify El Niño and La Niña years. 
Five consecutive overlapping three-month periods at or above +0.5°C anomaly 
represent warm events (El Niño), and at or below the -0.5 anomaly cold (La Niña) 
events. This threshold was further broken down into weak (with a 0.5 to 0.9 SST 
anomaly), moderate (1.0 to 1.4), and strong (≥ 1.5) events. In our study we 
considered the categories neutral/moderate (with a -1.4 to 1.4 SST), strong El Niño 
(≥ 1.5) and strong La Niña (≤ -1.5) years (Table 4). The classification considered 
three consecutive overlapping 3-month periods at or above the +1.5oC anomaly for 
warm (El Niño) events and at or below the -1.5oC anomaly for cold (La Niña) events. 
The ENSO year in this study starts in September-October-November and ends in 
August-September-October for each year from 1981 to 2015. Subsequently, the 
crop yield of quinoa and potato was compared with strong El Niño years. This 
relationship was analyzed using parametric two sample t-test as well as the non-
parametric Wilcoxon rank sum test. In more detail, the two sample t-test and 
Wilcoxon rank sum compare two independent data samples, with the difference that 
the first compares samples that assume a normal distribution, and the second is a 
non-parametric test which is based on the ranking of empirical values (Wilks, 2006). 
The null hypothesis of the two sample t-test was that crop yields during El Niño and 
neutral/moderate years have equal means. The null hypothesis of the Wilcoxon rank 
sum test was that the crop yield during El Niño and neutral/moderate years are 
samples from continuous distributions with equal median. Both tests compute two-
sided p-value. When the hypothesis is equal to 1, the null hypothesis is rejected at 
5% significance level. And the null hypothesis is accepted when it is equal to zero. 

Table 4. Classification of ENSO 
Strong El Niño (≥ 1.5 oC), strong La Niña (≤ -1.5 oC) and neutral/moderate (-1.4 to 1.4 oC) years for the time period 1981 
to 2015. 

Strong El Niño  Neutral and moderate Strong La Niña 

1982–83  1981 1988–89 
1986–87  1984–1985 1998–99 
1987–88  1989–1990 2007–08 
1991–92  1992–1996 2010–11 
1997–98  2000–2006  

  2008–2009  
  2011–2014  
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6. Results and discussion 

The rainy season in the Bolivian Altiplano occurs during austral summer months 
(Garreaud et al., 2003; Vuille and Keimig, 2004). Monthly total precipitation is 
shown for the northern, central and southern Bolivian Altiplano in Fig. 6. Larger 
amount of annual precipitation is recorded for the northern Altiplano (Fig. 6a). From 
September to August of the following year is considered the hydrological year in 
the studied region. Here, the mean annual precipitation is about 800 mm. In contrast, 
the mean annual precipitation in central Altiplano is about 400 mm, and in the 
Southern Altiplano about 200 mm. The annual precipitation is more distributed in 
the northern Altiplano. December, January and February are the wettest months. 
The peak is more noticeable in the southwest Altiplano (Fig. 6c). The summer 
months (DJFM) concentrate about 70% of the total precipitation in northern and 
80% in the southern Altiplano. 

 

Figure 6. Boxplots of monthly precipitation  
Total monthly precipitation in the northern, central, and southern Bolivian Altiplano from 1980 to 2016 at (a) Copacabana 
station, (b) Oruro station, and (c) Uyuni station. 
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Figure 7. Mean monthly maximum and minimum temperature 
(a) Average of mean monthly maximum and mean monthly minimum temperature of 11 datasets in the Bolivian Altiplano 
from 1981 to 2016 (black solid line). The range of the monthly temperature (shaded area). Boxplot of the monthly 
maximum and minimum temperature in (b) Copacabana station and (c) Uyuni station, respectively. 

Temperature in the Altiplano represents annual and inter-annual variance. 
Maximum monthly temperature occurs in November and March (Fig. 7a). This is 
due to the higher radiation during summer months. However, the heat is neutralized 
by clouds from December to February. Minimum temperature presents larger 
variability than the maximum, with an evident peak during summer months. This 
variation is more noticeable in the southern Altiplano (Fig. 7c). Here, minimum 
temperature over 0oC during summer and about -10oC during winter occur. In 
contrast, the northern Altiplano shows lower variation during the year (Fig. 7b). 
Here, the maximum temperature is above 10oC and minimum temperature is above 
0oC all along the year. 

6.1. Precipitation variability 
Heterogeneous correlation results from the MCA show that 77% of the total 
variance are explained by the first two modes. The first mode explains 51% and the 
second mode 26% of the total variance. The squared covariance factor (SCF) for the 
first mode represents 74%. This mode is characterized by Niño3.4, Niño3, and 
NAO, negatively correlated with summer precipitation at all stations. This confirms 
previous research findings that ENSO and precipitation are negatively related in the 
Altiplano (Garreaud, 2009; Thibeault et al., 2012). On the other hand, ENSO 
presents a dynamic teleconnection with NAO (Huang et al., 1998; Li and Lau, 
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2012). This teleconnection suggests a similar response to precipitation. This could 
explain the lower precipitation found during positive phases of ENSO and NAO.  

The second mode (explaining 26% of total variance) has a SCF of 19%. Significant 
negative correlation between precipitation at Potosi Los Pinos and PDO is present. 
The ENSO and PDO have similar influence on precipitation variability (Andreoli 
and Kayano, 2005). This explains the negative correlation for the Potosi Los Pinos. 
The second mode also shows a positive relationship between precipitation in Potosi 
Los Pinos and AMO. This indicates larger precipitation occurrence during positive 
phases of the AMO. However, previous studies indicate a relation between the AMO 
positive phase and the northwards displacement of the ITCZ (Kossin and Vimont, 
2007). The ITCZ shift northwards should produce a reduction of the tropical 
summer precipitation (Flantua et al., 2016). Thus, a separate analysis of the 
relationship between seasonal precipitation and AMO was needed to evaluate these 
results. Here, we used wavelet analysis for precipitation and climate indices.  

6.1.1. Wavelet analysis 
The CWT of summer precipitation shows significant power around the 1980s for all 
studied regions (Fig. 8). Significant power is also shown during mid-1990s until 
2000 for Copacabana and El Belen. During the 1960s, statistically significant power 
is noticeable especially for Potosi Los Pinos. Statistically significant wavelet power 
is present for the band ~2–8 years. El Alto and Oruro show high power for the band 
~10–15 years, but only significant in El Alto. Patacamaya shows significant power 
periods of ~16–20 years. But, most of the power is inside the COI except in 1980. 

 
Figure 8. Cross Wavelet Transform (CWT) for summer precipitation 
CWT for (a) Copacabana, (b) El Belen, (c) El Alto, (d) Patacamaya, (e) Oruro, and (f ) Potosi Los Pinos. The thick 
contour designates the 5% significance level. The COI is shown in lighter shade. From Canedo-Rosso et al. (2019b). 
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Figure 9 shows the CWT results for climate modes. The CWT for Niño3.4 and 
Niño3 represents statistically significant power for a band ~2–7 years. The time 
periods when Niño3.4 shows a significant variance coincide with El Niño and La 
Niña events. For instance, 1982–1983 and 1997–1998 show significant power, and 
strong El Niño events were documented (e.g., NOAA Climate Prediction Center). 
The PDO displays high power for band ~16–20 years, but most of this is not 
significant and it is inside the COI. In contrast, NAO high power is shown for the 
band ~6–8 years during the period 1960 to mid-1980s. Previous research also found 
that NAO highest power is shown in a periodicity of about 7.7 years (Feliks et al., 
2010; Gámiz-Fortis et al., 2002; Paluš and Novotná, 2011; Rogers, 1984; Sen and 
Ogrin, 2016). NAO shows statistically significant power in the band ~4 years at 
about 2010, but most of the power is inside the COI. The CWT for the AMM shows 
statistically significant power for bands of 2 and 10–13 years, during the period 
1970s to mid-1980s. Finally, AMO shows relatively high power for the band ~20 
years, but most of this is inside the COI. The AMO has an oscillation of 65–70 years 
(Schlesinger and Ramankutty, 1994). However, that band period is inside the COI, 
where edge effects cannot be ignored, and therefore the results in this area are 
unreliable. 

 

Figure 9. Cross Wavelet Transform (CWT) for climate modes 
CWT for (a) the Nino3.4, (b) the Nino3, (c) PDO, (d) NAO, (e) AMM, and (f) AMO. The thick contour designates the 5% 
significance level. The COI is shown in lighter shade. 
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The XWT was applied to find periods where climate indices and precipitation 
present common power, and it was compared with the WTC to quantify the local 
correlation of the time series. The XWT of Niño3.4 and summer precipitation show 
statistical significance for power during ~2–5 years for all the stations. The XWT 
results of Niño3 and summer precipitation are similar. The XWT shows significant 
common power in the band period ~5–7 years for El Belen, El Alto, and 
Patacamaya. The XWT phase angle pointing to the left suggests that ENSO 
(Niño3.4 and Niño3) and precipitation are in anti-phase. However, the large 
standard deviation mainly for Patacamaya and Potosi Los Pinos indicates influence 
from other climate factors. Similar to the XWT, the WTC for the ENSO and 
precipitation shows statistically significant correlation for all locations, with arrows 
pointing to the left suggesting an anti-phase. In contrast, the results of XWT of NAO 
and precipitation show high common power for the band ~5–8 years. During the 
1960s, significant common power is shown for Patacamaya in the XWT results, and 
for El Alto, Patacamaya, and Oruro in the WTC results. From mid-1970s to mid-
1980s, high power is shown for the XWT for El Belen, El Alto, Oruro, and Potosi 
Los Pinos. But only El Belen shows significant power. For that periodicity, the WTC 
shows statistically significant correlation for Los Pinos. The arrows pointing to the 
left for the XWT and WTC suggest an antiphase relationship between the NAO and 
summer precipitation.  

The XWT of the AMM and summer precipitation present statistical significant 
power in the band ~8–13 years for all stations except Copacabana. The WTC at this 
band is statistically significant, except for Patacamaya. The XWT for the AMM and 
precipitation mean phase evidence of an antiphase relationship indicated by arrows 
pointing left. Whereas, the XWT for the AMO and precipitation shows high power 
for the band ~8–13 years, only significant for El Alto, where the mean phase angle 
indicates an antiphase relationship with the arrows pointing left. The power for the 
XWT and WTC for the band ~16–22 years is inside the COI, here the results are 
unreliable. Despite a positive relationship between AMO and Potosi Los Pinos for 
the MCA, the XWT for the band ~8–16 years presents arrows pointing to the left, 
suggesting an antiphase relationship. But, the arrows for the band ~2–4 years are 
pointing to the right, suggesting a positive relationship. In any case, the similarity 
between the patterns for this period is low and might be a coincidence. It is important 
to point out that AMM and AMO are related to an anomalous meridional SST 
gradient in the tropics, and a shift of the ITCZ location (Vimont and Kossin, 2007). 
The summer precipitation in the Altiplano is strongly negatively correlated with the 
AMM on decadal time scales, but this relation was not significant for AMO. Further 
analysis is needed to identify the physical mechanisms of the AMO variations. 
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6.1.2. Band-pass filter reconstruction 
A band-pass filter reconstruction for the time series was defined using the inverse 
of the CWT. Niño3.4 and Niño3 time series were reconstructed for the band period 
~2–7 years. The results show significant negative correlation for all the stations 
(except for Niño3.4 and El Belen). The results confirm that ENSO has a negative 
relationship with precipitation in the Altiplano. Also, the coefficient of 
determination (R2) suggests that the Niño3 explains from 10 to 33% of the 
precipitation variance. On the other hand, the time lapse reconstruction for NAO 
and summer precipitation was applied for the band ~5–8 years. NAO presents a 
negative relationship with precipitation. This negative relationship is significant for 
El Belen, El Alto, Oruro, and Potosi Los Pinos. And, the R2 for these time series 
suggest the precipitation variance is explained from 10 to 29% by the NAO. 
Furthermore, the reconstructed time series of AMM and summer precipitation were 
defined for the band ~10–13 years. The correlation between AMM and precipitation 
are significant for Copacabana, El Alto, and Oruro. With a R2 equal to 7, 16, and 
18% respectively. During positive AMM the ITCZ is displaced northwards (Kossin 
et al., 2010). Thus, drier conditions are likely to occur in the Altiplano. The Atlantic 
modes are important, due to their influence on the humid air transport from the 
Amazon to the Altiplano during the summer (e.g., Garreaud and Aceituno, 2001). 

6.2. Soil water estimations 
Figure 10 shows the monthly observed precipitation, gauged, and satellite soil 
moisture for the top soil of Tambillo. Precipitation is concentrated to summer 
months leading to higher soil moisture. The gauged soil moisture during winter 
months (JJA) is close to wilting point (6%), and during summer months (DJF) close 
to or above field capacity (15%). In 2014, the soil moisture is close to saturation 
(38%). The satellite soil moisture also presents an oscillation with a peak during 
summer months, however, it shows an overestimation compared to gauged data. The 
Spearman rank correlation shows significant correlation coefficients at daily and 
monthly time-step between gauged and satellite soil moisture for the top soil layer 
(Table 5). For this, we assumed that satellite data can estimate the soil moisture if 
the bias is corrected using the gauged data. No satellite data of soil moisture are 
available for Viacha and Puchukollo.  

Table 5. Gauged and satellite soil moisture correlation 
Correlation coefficient (r) between gauged and satellite soil moisture top soil layer at 0.001 significance level. 

Study region r for daily data r  for monthly data Gauged SW depth (mm) 

Tambillo 0.69 0.82 50 

San Gabriel 0.62 0.65 250 

AltoLima 0.63 0.74 300 

Brabol 0.63 0.73 250 
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Figure 10. Precipitation and soil moisture  
Monthly precipitation (left axis) and mean monthly soil moisture (inverse right axis). Gauged (solid line) and satellite soil 
moisture (dashed line) data for Tambillo. The shaded areas represent the summer months DJF. 

6.2.1. Soil water balance calibration 
For the calibration results, the highest linear correlation is shown for K reduction 
equal to 0.1, that resulted in best agreement between modelled and observed soil 
moisture for both precipitation and satellite driven models. Considerable differences 
are, however, seen between the regions and the two soil moisture models. This 
indicates a large variation in soil parameters between the regions, high influence 
from the driving dataset, and an incomplete model specification. Similarly, the 
lowest number of calculation steps per day (5 steps) generally had the highest 
performance. This indicates that the percolation dynamics as described by the 
governing equations in Section 5.2.1 overestimate the actual percolation for the 
specific conditions in these regions. Selection of the smallest number of calculation 
steps further shows that the model output diverges from the observations with 
additional model complexity, and conversely that a simpler model is more 
appropriate in this case. 

6.2.2. Soil moisture estimations 
Figure 11 (left) shows the results of the calibrated soil moisture estimations driven 
by satellite soil moisture at 50 and 200 mm of soil depth. Here, the linear regression 
between gauged soil moisture and the calibrated soil moisture estimation shows a 
coefficient of determination of 0.65 and 0.71 for a soil depth of 50 and 200 mm, 
respectively. Only Tambillo presents gauged data at 50 mm. Here, the daily 
variability is more noticeable. And, the soil moisture shows a peak during the 
summer (January and February). The calibrated soil moisture estimation driven by 
precipitation is also shown in Fig. 11 (right). Here, the correlation coefficient 
between gauged data and the calibrated soil moisture is 0.41 and 0.52 for a soil depth 
of 50 and 200 mm, respectively. 
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Figure 11. Calibrated soil moisture estimations 
The daily soil moisture estimation is denoted by a dashed red line, and the gauged soil moisture is denoted by a solid 
black line for Tambillo.  

San Gabriel, Viacha-IBTEN Alto Lima, Brabol and Puchukollo present gauged data 
for the soil layer from 250 to 300 mm. Here, the coefficient of determination 
between gauged soil moisture and soil moisture driven by precipitation (satellite 
data) San Gabriel 0.18 (0.27), Viacha-IBTEN 0.21 (no satellite data), Alto Lima 
0.16 (0.06), Brabol 0.19 (0.19), and Puchukollo 0.11 (no satellite data). Finally, the 
coefficient of determination between gauged soil moisture and soil moisture driven 
by precipitation and satellite data for the soil layer depth between 700 to 800 mm is 
close to 0 for all the stations. 

Only the soil moisture estimations for Tambillo are acceptable. This could be due 
to two reasons. First, the gauged soil moisture is measured at 50 mm soil depth, and 
this gives important information for the calibration process. Second, the soil 
moisture at Tambillo varies according to the summer rainy season, showing a peak 
in January and February. This variation is shown for the soil moisture at 50 and 200 
mm of soil depth. In the Bolivian Altiplano, it is expected that the soil moisture is 
larger during the rainy season, and lower during the dry season. This pattern is not 
noticeable for the other studied regions. 
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6.3. Drought risk assessment  

6.3.1. Validation of satellite imagery using gauged data  
Validation of the CHIRPS satellite rain data was defined using gauged precipitation 
datasets at 23 locations in the Bolivian Altiplano (Table 3, Fig. 12). Significant 
correlations were found for all regions (P<0.001). The coefficients were higher than 
0.7 except for Colcha K [6], with a correlation of 0.66. The datasets from the airports 
in Bolivia have a better data quality (e.g., Hunziker et al., 2018). And CHIRPS gives 
the best fits for the datasets at the airports (El Alto Aeropuerto [10] and Oruro 
Aeropuerto [13], with coefficients larger than 0.9. The ME (bias) between satellite 
and gauged data showed a range from -25 to 25% for all datasets, except for San 
Pablo de Lipez [18], that had a bias of -29%. Previous studies indicate that a bias 
from -25 to 25% represents a satisfactory fit (see Moriasi et al., 2007). Other studies 
included a bias from -30 to 30% as satisfactory fit (see Shrestha et al., 2017). In 
conclusion, the CHIRPS shows a good performance compared with gauged data. 

 
Figure 12. Gauged and CHIRPS satellite-based precipitation 
Mean annual precipitation from September 1981 to August 2015 for (a) 23 precipitation gauges (circles), isohyets (solid 
line), for (b) CHIRPS satellite rainfall product and (c) Bolivia, and the major administrative divisions: La Paz, Oruro and 
Potosi, where crop yield data are available in the Altiplano. From Canedo-Rosso et al. (2019a). 
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The Nash-Sutcliffe efficiency coefficient (E) was larger than 0.5 for all stations 
except Berenguela [4] with a coefficient of 0.43. As a consequence, the E coefficient 
showed that the mean square error is lower than the variance of the gauged data for 
all stations, including Berenguela [4]. Moreover, Achiri [1], Colcha K [6], El Alto 
Aeropuerto [10], Oruro Aeropuerto [13], Patacamaya [14], and Salla [15] presented 
an E larger than 0.75. This means that there was a very good fit between CHIRPS 
and gauged precipitation, and the rest had a good fit except for Berenguela [4] (see 
Moriasi et al., 2007). 

6.3.2. Regression of NDVI and climate variables  
The precipitation season occurs during austral summer (DJFM) with a peak in 
January and February (Fig. 13a). The vegetation development shows a maximum 
during March-April. The NDVI (Fig. 13b) shows a similar growing pattern as the 
crop phenology (September-April). The minimum temperature shows larger 
variability. The higher temperature during the austral summer (Fig. 13a) could lead 
to higher evapotranspiration. With this presumption, we analysed the relationship 
between NDVI and climate variables: precipitation and temperature. In a first step, 
the relationship between the maximum NDVI of March-April and the corresponding 
annual crop yield was defined. A total of 26 and 76 NDVI grids of quinoa and potato 
yield, respectively, provided satisfactory estimates. Here, a threshold for acceptable 
performance was a spearman correlation coefficient (p<0.05) larger than 0.6 (see 
Huang et al., 2014a). 

 
Figure 13. Monthly vegetation index and total precipitation 
(a) Boxplots of mean monthly precipitation and average maximum and minimum temperature (solid line) from 
September 1981 to August 2015 for the 23 gauged stations. (b) Mean monthly NDVI at the same spatial locations. From 
Canedo-Rosso et al. (2019a). 
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Stepwise linear regression was tested using selected NDVI grids and accumulated 
CHIRPS rainfall datasets at the same spatial location with a lag of two, three, and 
four months that were statistically significant at 0.01 level. The coefficient of 
determination (R2) oscillated from 0.4 to 0.7. Additionally, stepwise linear 
regression for NDVI as independent variable, and the accumulated precipitation and 
ADD as dependant variables was performed (Eq. (12)). The results showed 
statistical significance for all studied locations. The R2 oscillated from 0.5 to 0.8 for 
a lag of 4 months (Fig. 14). It should be noted that the R2 is generally larger in the 
northern and central Bolivian Altiplano (R2>0.6), where the total precipitation is 
larger. This indicates that precipitation and temperature explain most of the 
variability of the crop yield, and the influence is more notable in the northern and 
central Bolivian Altiplano. Despite the large dependence to climate factors, the 
agricultural production is also affected by other factors in the in Altiplano. For 
instance, agriculture is affected by the low water retention ability of the soil in the 
Altiplano (Garcia et al., 2007). In the southern Altiplano sandy and rocky soil 
prevails, strong winds, and intense solar radiation exist due to the high altitude 
(Winkel et al., 2015). This condition increases the water loss through infiltration 
and evaporation. 

 

Figure 14. Regression analysis results 
The coefficient of determination (R2) for the stepwise regression between NDVI as the predictand, and precipitation and 
temperature as the predictors with a lag of 4 months for the estimations of (a) quinoa and (b) potato yield. From Canedo-
Rosso et al. (2019a). 
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Regression models with only precipitation as dependent variable showed a larger 
coefficient of determination for a lag of three and four months. In northern and 
central Bolivian Altiplano (16 to19 ᵒ S) larger R2 was found with a three-month lag 
and in the southern Bolivian Altiplano (20 to 22ᵒ S) with a 4-month lag. The 
regression with precipitation and temperature as dependent variables showed larger 
coefficients of determination for a 4-month lag. The results are related to different 
sowing time and starting period of the rainy season in the area. In the northern 
Bolivian Altiplano, the rainy season lasts longer than in the southern Altiplano. In 
the southern Altiplano, the rainy season is mainly concentrated from December to 
February. The water availability in the soil and the hours of sun required for crop 
development can explain the lag between the relation of vegetation growth and 
climate variables. 

6.3.3. Relationship between ENSO and crop yield  
The relationship between ENSO and crop yield was analysed using two sample t-
test and Wilcoxon Rank-Sum Tests for La Paz, Oruro, and Potosi. To test the 
relationship, crop yield during neutral/moderate years was compared with crop yield 
during El Niño years (see Table 4). The results showed that quinoa yield during 
strong El Niño and neutral/moderate years represents a significant difference at 95% 
confidence level except for Oruro (Fig. 15a). The yield during neutral/moderate 
years is higher with about 0.2 t/ha compared to El Niño years in La Paz and Potosi.  

In Oruro, quinoa yield production during strong El Niño years is lower than the 
mean yield for neutral/moderate years in most of the cases with an exception in 
1982–1983 (Fig. 15a). This finding contradicts previous studies that reported large 
agricultural losses during 1982–1983 and 1997–1998 (Santos, 2006). On the other 
hand, the quinoa yield has constantly increased during the last years, mainly in 
Oruro. This could be explained by employment of advanced crop management 
strategies (e.g., selected crop varieties and application of agricultural innovations), 
as this region is one of the largest producer in Bolivia and the world (Ormachea and 
Ramirez, 2013). Despite the quinoa’s high tolerance to environmental stress 
including drought (Jacobsen et al., 2005; Jacobsen et al., 2003), larger losses are 
evident mainly during El Niño years. This may be due to the crop´s sensitivity to 
water stress during specific stages of the growing season, and the most sensitive 
stages are the emergence, flowering, and grain development (see Geerts et al., 
2008a; Geerts et al., 2009). The risk for crop yield reduction could be reduced here 
with irrigation during the sensitive phases of the quinoa crop development. A 
strategy like deficit irrigation could be employed (Geerts et al., 2008b; Talebnejad 
and Sepaskhah, 2015). Another strategy to mitigate the crop yield reduction is 
implementation of crop varieties more resistant to water stress (e.g., Sun et al., 
2014). 
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Figure 15. Crop yield during normal/moderate and ENSO years 
The boxplot of (a) quinoa and (b) potato yield for normal and moderate (Normal-M) years for La Paz, Oruro, and Potosi. 
Crop yield during strong El Nino years (markers). Mean of crop yield during normal and moderate years (dashed line). 
From Canedo-Rosso et al. (2019a). 

The t-test and Rank-Sum test results showed that potato yield during 
neutral/moderate and El Niño years is significantly different at 95% confidence 
level except for La Paz. The results showed that production during neutral/moderate 
years is higher in Oruro and Potosi (Fig. 15b). All regions showed lowest potato 
yield during strong El Niño 1982–1983, with a yield reduction of 40, 80, and 30%, 
as compared to mean yield during normal/moderate years in La Paz Oruro and 
Potosi, respectively. The yield reduction during other El Niño events seems to have 
a larger effect in Oruro. Besides, El Niño events during 1982–1983, potato yield in 
La Paz showed lower vulnerability to this phenomenon. This could be explained by 
closeness to the Lake Titicaca and other water bodies that might be used as a water 
source during precipitation deficit. Similar strategies for drought mitigation (e.g., 
irrigation and resistant crop varieties) could be implemented in order to avoid large 
crop losses. However, knowing that a very strong El Niño could lead to large 
agricultural losses, insurance policy could be assigned to farmers in order to manage 
the risk before the occurrence of a drought event. For the implementation of any 
drought mitigation strategy, identification, evaluation, and monitoring of drought 
risk are crucial. Especially important is our findings that ENSO must be taken 
explicitly into account in such considerations. 
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7. Summary and conclusions 

The assessment of water scarcity in the Bolivian Altiplano was analysed using a 
meteorological, hydrological, and agricultural approach. Firstly, the precipitation 
variability was analysed in relation with climate anomalies for six locations in the 
Altiplano: Copacabana, El Belen, El Alto, Patacamaya, Oruro, and Potosi Los Pinos. 
Here, the total summer precipitation (DJFM) from 1948 to 2016 was related to El 
Niño-Southern Oscillation (ENSO: Niño3.4 and Niño3), Pacific Decadal 
Oscillation (PDO), North Atlantic Oscillation (NAO), Antarctic Meridional Mode 
(AMM), and Atlantic Multi-decadal Oscillation (AMO). A statistically significant 
correlation between climate indices and precipitation was found. The cross wavelet 
analysis (XWT) permitted to identify a significant power spectrum of the signal. 
The results were used to define a band-pass filter to represent the signal at higher 
frequency. For the Niño3.4 and Niño3, the band-pass filter was applied at band ~2–
7 years, for NAO at band ~5–8 years, and for AMM at band ~10–13 years. Here, a 
negative correlation was identified between precipitation and ENSO, NAO, and 
AMM. This means that less precipitation generally occurs during the positive phase 
of the mentioned modes. Previous studies confirm the association of drier conditions 
during ENSO positive phases in the Bolivian Altiplano (Garreaud et al., 2003; 
Garreaud and Aceituno, 2001; Thibeault et al., 2012). We also know that ENSO and 
NAO are dynamically linked through teleconnections (Huang et al., 1998; Li and 
Lau, 2012). Hence, a similar response is shown in association with the summer 
precipitation variability. And, AMM positive phases represent drier conditions in 
the studied area (Flantua et al., 2016) due to the northward shift of the ITCZ (Kossin 
and Vimont, 2007). This knowledge can be used to improve forecasting of seasonal 
precipitation. 

The soil moisture was estimated using two methods, first the implementation of the 
soil water balance and second the estimation derived from satellite data product for 
the Katari River basin located in the Bolivian Altiplano. This part of the study aimed 
to analyse the soil moisture variability and impacts on the agricultural production in 
the Bolivian Altiplano. For the soil moisture estimation with soil water balance, the 
most important input was precipitation and the outputs were runoff, percolation, and 
evapotranspiration. The remaining water was considered to be water stored in the 
soil. On the other hand, the estimations derived from satellite data were defined by 
assuming that the satellite data represent the soil moisture at the surface soil layer. 
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And, the soil moisture for deeper layers were defined by incorporating percolation 
and evapotranspiration interactions. Also here, the remaining water was considered 
to be stored soil moisture. The soil moisture estimations were related to quinoa yield 
for the identification of dry spell impact on agriculture. The findings can provide 
insights to improve the agricultural water management assist in sustainable 
management of water resources and drought risk reduction. 

The drought risk in the Bolivian Altiplano was developed based on precipitation and 
temperature relationship with quinoa and potato yield during normal/moderate and 
El Niño (warm ENSO phase) years. A constraint for the analysis was the uneven 
and scarce distribution of ground data. Due to these limitations, we tested the 
performance of precipitation and temperature satellite imagery data. After proving 
that performance of the satellite data was satisfactory, precipitation and temperature 
variables were associated with the Normalized Difference Vegetation Index 
(NDVI). The NDVI data were used to simulate crop yield during the growing 
season. The findings show a significant decrease in crop yield during warm phase 
ENSO (El Niño years). With this information, we identified land areas where 
agricultural losses are most pronounced. Additionally, we found that precipitation 
and temperature explain most of the variance of crop production in the Bolivian 
Altiplano. Lower association is shown in the southern Altiplano where other 
variables might have larger influence. We found that during El Niño years the crop 
yield reduces considerably, and as a consequence the socio-economic vulnerability 
of farmers, will likely increase during such periods. Furthermore, it was found that 
NDVI can be related to crop yield and therefore, NDVI can be used to target specific 
hot spots depending on NDVI availability at a local scale. As a consequence, ENSO 
forecasts as well as possible magnitudes of crop deficits can be established that may 
be beneficial for emergency authorities, including identification of possible hotspots 
of crop deficits during the growing season. Our approach can help to determine the 
magnitude of assistance needed for farmers at the local level but also enable a pro-
active approach to disaster risk management against droughts. This may include not 
only economic related instruments such as insurance policy but also risk reduction 
instruments such as irrigation and resistant crop varieties as discussed above. In fact, 
risk based financing is gaining increasing attraction in real-world settings as it has 
several advantages. However, it should be acknowledged that large challenges still 
remain (French and Mechler, 2017). 

This study aimed to assess the water scarcity in the Bolivian Altiplano. For this 
purpose, the precipitation anomalies, soil moisture variability and drought risk were 
analysed. Our study provided valuable information for climate forecasting and 
drought risk reduction. The precipitation variability in relation with climate 
phenomena could help to improve weather forecasting. Besides, identification of 
hotspots where crop yield is more affected by droughts, can improve drought risk 
management and provide information for the implementation of mitigation 
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strategies. The soil moisture estimations can improve agricultural and risk-based 
models. With such information, risk management plans can be set up with better 
accuracy. The findings enhance the knowledge for a sustainable water management, 
and drought disaster risk management in the Bolivian Altiplano.  
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