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ABSTRACT OF THE DISSERTATION 

 

Food Security Tipping Points:  

Using remote sensing to improve famine early warning systems 

by  

Prasanna Krishna Krishnamurthy Reddiar 

Doctor of Environment in Environmental Science and Engineering 

University of California, Los Angeles 2020 

 

Professor Alan Barreca, Chair 

 

With a growing population and climate-related disasters projected to become more severe, the 

need to anticipate and better prepare for food crises has never been higher. Status quo early 

warning systems perform well, by and large, but complex weather phenomena are a major source 

of uncertainty. In this dissertation, I explore whether statistical diagnostics associated with 

tipping point theory can be used to improve detection of major crises. 

 

First, the accuracy of early warning systems is evaluated – with a focus on the Greater Horn of 

Africa. I discuss geographical disparities in early warning skill, and explore the various sources 

of uncertainty that impact food security projection accuracy. I quantify the contribution of 

climate forecast skill and conflict events in overall early warning skill to use as a baseline upon 

which to improve. 

 



 iii 

Second, the potential applications of tipping point theory are discussed in relation to the use of 

remotely-sensed environmental variables for food security early warning. I evaluate the different 

statistical diagnostics that can be applied to identify food security tipping points and the data 

requirements in terms of spatial and temporal resolutions, data availability, latency and 

geographic coverage in order to be maximally useful for early warning analysis.  

 

Finally, I test whether statistical diagnostics of tipping points can be used for detection of food 

security transitions. Through this work, I demonstrate the utility of combining soil moisture 

measurements from the SMAP mission with food price data for identifying transitions, with a 

lead time of approximately 3 months. The model presented here was used to detect all major 

food security transitions (both towards and away from a crisis) in the observational record of soil 

moisture. Importantly, the diagnostics are also correlated with the magnitude of change in food 

security conditions which is critical information for food security planning.  

Overall, the dissertation  advances the science and capabilities of food security early warning, 

which will lead to an improvement in saving lives and resources. 
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Chapter 1  

Introduction 
 

1.1. The need for new food security early warning systems 

We live in an unprecedented moment in history: commitment to address environmental 

challenges is increasing (at least in paper) but progress is slower than ever. International leaders 

have committed to the Sustainable Development Goals, the most ambitious development 

objectives ever conceived. Of these seventeen objectives, SDG2 – zero hunger by 2030 – seemed 

like one of the most achievable, with promising decreases in food insecurity occurring 

continuously since the 1990s (FAO et al., 2010). However, in 2015, a combination of heightened 

climate risk and protracted conflicts around the world contributed to a reversal in this trend. And 

indeed, for the past four consecutive years, the number of food insecure people has increased – 

an unprecedented and worrying trend (FAO et al., 2019). 

 

The implication is simple: we need to do more in order to better understand what drives food 

insecurity and how the effects of these drivers can be mitigated. Here, early warning systems – 

integrated systems for hazard prediction and forecasting to enable action that prevents a disaster 

– offer the solution. One of the earliest food security early warning systems can be traced to the 

mid-1980s. In 1984, 500,000 people died in Ethiopia alone from one of the largest drought-

induced famines in recent history, making international headlines (Webb and Braun, 1994). The 

realization that droughts can trigger large-scale food crises prompted the humanitarian 

community to be more proactive by anticipating when such crises might occur. Since then, 

billions of dollars have gone into developing “early warning systems” designed to provide 
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actionable information about when a crisis might unfold with the intention of preventing the 

event altogether (Funk et al., 2018).  

 

The value of early warning systems is unquestionable. Issuing a warning with sufficient time to 

prepare for a crisis can save lives. For instance, in 2017, a combination of robust early warning 

signals and resilience-building efforts helped mitigate some of the effects of drought in Kenya. 

According to ex post assessments, 500,000 fewer people were in need of humanitarian assistance 

in 2017 than would be expected based on historical relationships between drought and food 

assistance needs (Funk et al., 2018). 

 

Yet, nearly four decades later, early warning systems do not always provide adequate signals: in 

the aftermath of the 2015/2016 El Niño event, major droughts and food shortages in Eastern 

Africa were missed (FEWS NET, 2017). Part of the problem is due to climate change. Some of 

the scientific developments made about seasonal teleconnections – and how seasonal patterns 

affect food security – are based on past climatic trends and they only tell part of the story, or 

have become less relevant in the current climate. For instance, in Eastern Africa a strong ENSO 

cycle is typically linked to higher rainfall – but the strong 2015/2016 event resulted in 

anomalously low seasonal rainfall which existing models could not predict (FEWS NET, 2017). 

Against this background, how do we improve early warning systems? 

 

1.2. How early warning systems work 

Various food security early warning systems exist. Some notable examples include the World 

Food Programme’s Corporate Alert System, which helps determine countries where priority 

assistance should be targeted, and the Food and Agriculture Organization’s Global Information 
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and Early Warning System, which regularly collects information on key food security metrics 

like prices and production trends to inform interventions. But perhaps the best funded and one of 

the most influential early warning systems is the United States Agency for International 

Development (USAID)-funded Famine Early Warning Systems Network (FEWS NET), created 

in the aftermath of the 1984-1985 famines that devastated much of East Africa (FEWS NET, 

2020).    

 

FEWS NET carries out baseline assessments of food security to contextualize when, where and 

why certain communities are more or less prone to food insecurity. Building on this contextual 

analysis, regular monitoring and forecasting tools are used to classify food security along a five-

phase system called the Integrated Food Security Phase Classification (IPC), with Phase 1 being 

the least severe and Phase 5 indicating a famine (FEWS NET, 2020; Jones et al., 2007). When a 

particular area receives a classification of Phase 3 (crisis) or above (emergency or famine), in 

principle, several mechanisms are triggered to avert a humanitarian crisis – ranging from setting 

up warehouses, triggering contingency funds, or releasing funds for expanded social protection 

mechanisms.  

 

Data on conflict, food prices, terms of trade of livestock, migration and seasonal forecasts are 

therefore all critical to projecting food security and prepare for a crisis. However, these essential 

information inputs have their own associated uncertainties which early warning analysts need to 

interpret when an alert is made. For example, climate forecasts can provide critical information 

about potential crop losses and consequently which groups of people might experience food 

security as a result – whether it be smallholder farmers who depend on their crops, or 

communities in other parts of the world who depend on production in the area affected. Climate 
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information comes from various sources – at the regional level, climate outlook forums such as 

the Greater Horn of Africa Climate Outlook Forum are the dominant source of information. The 

forums are informed by global, regional and national weather bulletins, but ultimately consensus 

among meteorologists determines the information provided by the seasonal forecast. As a 

consequence, the process of projecting food security conditions is often criticized as being a 

“black box” (Lentz et al., 2019). 

 

1.3. Emerging trends in early warning 

The “black box” nature of early warning systems remains a significant criticism of early warning 

systems. In particular, donors and international agencies often question how accurate an early 

warning signal really is. A false alarm can result in an expensive operation for a crisis that never 

unfolds, and thereby limit resources for future emergencies. In response to this criticism, 

significant effort has focused on developing quantitative metrics to trigger a response in order to 

move away from a predominantly consensus-based approach. 

 

1.3.1.  Forecast-based early warning triggers 

Much of the literature has focused on forecast-based early warning, with the idea being that 

actions to prevent development should happen anyway – but a quantitative threshold triggered by 

a forecast can help with decisions about how to allocate limited humanitarian resources 

(Wilkinson et al., 2018). Unlike consensus-based early warning systems that recommend actions 

based on (potentially subjective) warnings, forecast-based early warning initiatives emphasize 

decision-making protocols, so actors know when to implement preventive measures, and when 

and where to invest in risk reduction mechanisms (ibid.). Such actions may include, for instance, 
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deployment of humanitarian assets, prepositioning of food, expanding coverage of social 

protection systems, or distributing cash assistance to affected populations. 

 

By many counts, forecast-based early warning systems are similar in design to conventional 

early warning. Both use a variety of hazard monitoring tools, ranging from long-term seasonal 

forecasts to real-time monitoring of environmental conditions (or a combination of these). For 

drought-related events, because of the slow evolution of drought conditions, real-time 

monitoring is preferred over long-range forecasting. The datasets used to inform forecast-based 

early action are similar, with various international, regional, and national forecasting centers 

providing information. Typically, a combination or international or regional and national forecast 

data is favored to ensure that national governments trust the triggers and act early on (Wilkinson 

et al., 2018). 

 

Where forecast-based early warning systems are crucially different is on their use of quantitative 

triggers (Ruth et al., 2019). Examples include thresholds (which are pre-defined, typically based 

on historical events), impact models (which are based on models that estimate impacts on 

poverty rates or agricultural production), and climate sensitivity assessments (which evaluate 

where climate risk and livelihood risk overlap, and recommends actions based on the idea that 

preventive action is likely to yield the greatest benefits in these areas). These triggers are 

automated, rather than subjective, which make them attractive to humanitarian actors who want 

an objective quantification of the needs in a country affected by food insecurity (Wilkinson et al., 

2018).  
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1.3.2.  Multiple triggers, or the defense-in-depth approach 

Even with sophisticated triggers, early warning systems can miss a crisis due to the inherent 

uncertainties of the climate system and the socio-political contexts in which humanitarian 

agencies operate. To address this, integration of multiple triggers has been proposed: with such 

approach, uncertainty in the forecast decreases closer to the time, providing a clearer signal for 

decision-makers (Weingartner and Wilkinson, 2019). The principle is similar to that of defense-

in-depth from the cybersecurity philosophy, whereby multiple layers of protection (triggers) 

ensure that valuable data (food security or other development objectives) are protected (Funk et 

al., 2019).  

 

With the defense-in-depth approach, uncertainties in key early warning inputs like seasonal 

forecasts are acknowledged, so decisions are not based solely on a single indicator. Instead, low-

cost monitoring and precautionary measures might be implemented. As the season progresses, 

the likelihood for a food crisis becomes more evident and appropriate interventions are adopted. 

However, a food crisis might unfold due to unexpected developments like a political crisis or 

food price surges. As soon as specific thresholds for these indicators are met, the early warning 

system will trigger action. The result is a more robust system that tracks various drivers of food 

insecurity and automatically assesses when a specific threshold is met to encourage action 

(Wilkinson et al., 2018).   

 

1.3.3.  Tipping points for food security? 

Early analyses on tipping points and regime shifts have tended to focus on ecological 

applications such as abrupt changes in the thermohaline circulation (Stommel, 1961) and 

transitions in the earth’s energy balance resulting from changes in solar radiation (Budyko, 
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1968). The theory of tipping points was explored in ecology by Chant (1961) who studied 

population collapses resulting predatory/prey relationships, but the concept was more formally 

developed in ecological thinking by Holling (1973), who described ecosystems as regimes that 

are susceptible to lower resilience levels as they are exposed to external shocks, until they 

change abruptly. Interest faded in the 1980s, but the possibility of anthropogenic climate change 

accelerating sudden changes renewed interest in the mid-1990s and 2000s. This new focus on 

tipping points has been driven by concern about more intense El Niño events (Trenberth and 

Hoar, 1997) and thinning of the Arctic ice sheets (Lindsay and Zhang, 2005). Some of these 

principles might be adopted to social-ecological systems like food security. 

 

The potential effects of these sudden transitions have led to research on the possibility of 

developing early warning systems for these (e.g., Ditlevsen and Johnsen, 2010; Lenton, 2013). 

Four key diagnostics have been proposed: increasing autocorrelation (Kuehn, 2011), variance 

(Dakos et al., 2012), skewness (Golledge et al., 2017) and rate-dependent thresholds (Ashwin et 

al., 2011). These indicators have been tested for various ecological contexts, including glacier 

melt, lake eutrophication, and forest mortality – but limited work has been conducted to test the 

value of these indicators for food security early warning. We test the utility of these diagnostics 

in this dissertation. 

 

1.3.4.   When early warning is not enough 

Sometimes state-of-the-art early warning is not enough – the decision to act is arguably the most 

important indicator of a functioning early warning system. In fact, some scholars even question 

whether technocratic improvements to early warning systems are even necessary given that 

governments intervene because of self-interests rather than objective alerts (Whittall, 2010). To 
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illustrate, the most sinister manifestation of this challenge in recent times is perhaps the 2011 

famine in Somalia. The crisis unfolded as a result of (1) erratic rainfall in the previous season, 

(2) cessation of World Food Programme operations due to security concerns, and (3) increasing 

restrictions on humanitarian presence placed by Al-Shabab (WFP, 2010; FEWS NET and 

FSNAU, 2011). Prior to the famine, regular warnings of potential drought conditions and an 

impending crisis were provided for eleven consecutive months. The quality and timeliness of the 

alerts was unprecedented for the time – and yet the response to the famine only started after the 

famine unfolded. The key challenge in this context was not the lack of information, but the 

mistrust in the early warning signal (specifically in the reliability of probabilistic seasonal 

forecasts and the absence of specific mortality estimates) and lack of advocacy efforts which led 

to a delayed response (Hillbruner and Moloney, 2012). With increasing availability of 

quantitative early warning analysis approaches, it is expected that decision-makers will trust 

early warning signal and enable early action – and in fact this has been the source of much 

research in early warning science. With this dissertation I hope to contribute towards a 

quantitative approach to increase credibility of early warning systems. 

 

1.4. The potential of remote sensing  

Remote sensing products offer an unparalleled  opportunity to enhance food security early 

warning: first, they are globally available (at least for areas where food insecurity tends to be a 

development challenge); second, they are typically available at low cost; third, they monitor 

environmental indicators relevant for food security; and fourth, some products are available at 

sufficient temporal and spatial resolution for food security analysis. These characteristics address 

the critical challenge of collecting data on a spatial and temporal scale commensurate with food 

crises through ground-truthing efforts alone (De Sherbinin et al., 2014). 
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Recent developments in remote sensing science allow for direct observation of drought-related 

impacts. Several drought-related indicators are already routinely monitored in early warning 

through satellite observations: precipitation (TRMM/GPM, AghaKouchak et al., 2015), 

groundwater (GRACE/GRACE-FO)18, soil moisture (SMAP, Velpuri et al., 2016), snow cover 

(MODIS, Kumar et al., 2014), evapotranspiration (MODIS, ECOSTRESS, Begueria et al., 

2014), chlorophyll fluorescence (OCO-2 SIF, Sun et al., 2015) and vegetation health (MODIS, 

Vrieling et al., 2016) are all indicators derived from satellite imagery that are currently used for 

drought assessments. And indeed, some of these products are already utilized in early warning 

systems (e.g., NDVI derived from MODIS is a critical input for global agroecological 

monitoring in the GIEWS and FEWS NET platforms, while snow cover from MODIS imagery is 

used for food security planning purposes in Afghanistan by FEWS NET). 

 

However, a key question is whether remotely-sensed data can be used to detect early warning 

signals for specific drought disasters that lead to a famine. The majority of the indicators 

mentioned here occur at the appropriate spatial and temporal resolutions to enable detection of 

droughts, and therefore hold great potential for enhancing early warning. If these indicators can 

be effectively used, these data could provide an operational platform to prepare for and manage 

drought risk in a more effective manner. I address this question in this dissertation, with the hope 

of demonstrating the untapped potential of some remote sensing products that have become 

available in the recent past. 
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1.5. Structure of the research 

With this dissertation, I evaluate accuracy rates associated with food security early warning and 

suggest a potential novel approach for enhancing detection of food crises. In Chapter 2 

(Krishnamurthy et al., 2020a), I evaluate the accuracy of the Famine Early Warning Systems 

Network in the Greater Horn of Africa, highlighting major deficiencies in accurately forecasting 

food security conditions in pastoral and agropastoral regions, areas which tend to be more prone 

to food insecurity. In Chapter 3 (Krishnamurthy et al., 2020b), I argue that tipping point theory – 

which has long been tested in ecological applications – could be applied to ever-increasing 

remotely-sensed products like soil moisture and groundwater to improve early warning signals. 

In Chapter 4 (Krishnamurthy et al., in review), I show that applying tipping point theory to 

remotely-sensed datasets offers an approach to improve early detection of impending food crises. 

In the final Chapter, I discuss how the work presented in the preceding Chapters can help 

develop the next generation of early warning. 

  



 11 

Chapter 2  

 

Dealing with uncertainty in famine predictions: How complex events 

affect food security early warning skill in the Greater Horn of 

Africa 

 

Adapted from: 

 

Krishnamurthy R, P.K., Choularton, R.J., and Kareiva, P.M., 2020. Dealing with uncertainty in 

famine predictions: How complex events affect food security early warning skill in the Greater 

Horn of Africa. Global Food Security, 26, 100374, doi: 10.1016/j.gfs.2020.100374 

 

2.1. Introduction 

The last four years have seen a reversal in decades of progress towards eradicating food 

insecurity. The latest estimates of global food insecurity suggest that over 821 million people 

experience food insecurity – compared to 785 million in 2015 (FAO et al., 2019). At the same 

time, emergency food assistance needs have increased for the fourth consecutive year: over the 

course of 2020, around 88 million people in 46 countries are projected to require emergency food 

assistance – representing an increase of 87 percent compared to 2015 (FEWS NET, 2019). This 

negative trend is primarily the result of protracted conflicts and increased magnitude of extreme 

weather events (FAO et al., 2019).  
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The increased risk of severe food insecurity across the world highlights the continued importance 

of investing in food security early warning systems. Such tools are essential for food assistance 

and planning, providing actionable information to governments and humanitarian agencies for 

contingency planning that can ultimately prevent large-scale food crises and human suffering 

(Brown et al., 2007; Ververs, 2011). Early warning systems develop scenarios based on diverse 

inputs, ranging from meteorological indicators, seasonal forecasts and agricultural production 

estimates to food prices, livestock terms of trade, humanitarian assistance plans, and conflict. 

Given the complexity and uncertainty associated with these data streams, early warning systems 

can result in incorrect forecasts, which can have serious consequences: on the one hand, 

overestimating food insecurity leads to inefficient use of limited resources, while on the other, 

underestimating the severity of food insecurity can lead to humanitarian crises with significant 

human losses (Heady and Barrett, 2015). 

 

Recent advances in the use of remotely sensed data for agricultural monitoring, improved 

regional weather forecasts, enhanced approaches for data collection, and the expanding use of 

mobile technology to collect data in remote areas have all contributed to the improvement of 

early warning systems. However complex weather phenomena continue to result in prediction 

errors, as illustrated by the difficulty of forecasting food security trends during the 2015/16 El 

Niño Southern Oscillation (Choularton & Krishnamurthy, 2019). Improvements have also been 

made in monitoring socioeconomic trends, such as food prices and conflict intensity – but these 

still represent a major source of error in forecasting food security. In terms of food security 

measurements, too, significant progress has been achieved by standardizing tools for quantifying 

food insecurity through methods like the Integrated Food Security Phase Classification (IPC), 
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which provides a benchmark that allows for inter-comparability of the severity of food insecurity 

across countries (Schiccitano, 2018). 

 

The standardization of food security metrics, in particular, allows for an unprecedented 

comparison of the performance of food security early warning systems beyond ad-hoc post-

crises evaluations. Despite the potential and significance, few evaluations of the accuracy of food 

security early warning systems have been done, especially at a comparative level across 

countries. To address this gap, this paper presents a method for assessing the accuracy of the 

Famine Early Warning System Network (FEWS NET) early warning data during the period 

January 2011-July 2019, using the Greater Horn of Africa (defined here as Ethiopia, Kenya, 

Uganda, Somalia, Sudan and South Sudan) as a case study. For the context of this paper, 

accuracy refers to the ability of food security analysts to project food security by comparing 

forecasted with actual food security classifications. We envision that this research will provide a 

more rigorous way to target resources to improve famine and food crisis early warning systems 

and help identify the specific contextual challenges that most affect early warning including 

climate prediction (see Coughlan de Perez et al., 2019), market conditions, and conflict.  

 

2.2. Materials and Methods 

The method used for this paper consisted of three steps: (1) collection of administrative 

divisions, livelihood zones, food security classification, seasonal outlook skill, and conflict 

incidence data, (2) data processing, (3) and an analysis consisting of evaluating differences 

between forecasted and actual food security classifications, identifying the relationship between 

accuracy and various sources of error, and a qualitative review of FEWS NET food security 
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assessments to identify factors contributing to discrepancies between outlooks and actual food 

security classifications (Figure 2.1).  

 

 

Figure 2.1. Overview of method. The method used for this paper consisted of three major 

steps. 

2.2.1.  Data acquisition 

Food security data. The Famine Early Warning System Network (FEWS NET) provides 

integrated food security phase classification (IPC) data – both forecasted and actual – on a 

quarterly basis from 2011 until 2015 (January-March, April-June, July-September, October-

December) and on a 4-monthly basis from 2016 onwards (February-May, June-September, 

October-January) in the FEWS NET data portal: http://www.fews.net/fews-data/333. Forecasted 

IPC classes are provided for the following season (3-4 months ahead). The IPC consists of 

protocols to classify food insecurity and provide information for decision making according to 

five categories that are comparable across countries: minimal food insecurity (IPC Phase 1), 
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stressed (Phase 2), emergency (Phase 3), crisis (Phase 4) and famine (Phase 5). Categories are 

assigned to geographical areas based on consolidated evidence on food-insecure communities to 

provide information on: (1) the severity of food insecurity, (2) the geographic and socioeconomic 

distribution of food insecurity, and (3) the reasons for food insecurity (IPC Global Partners, 

2012). For an area to be classified in an IPC phase, at least 20 percent of the population in that 

area must be estimated to be in that phase. Forecasted and actual IPC classes were downloaded 

for all of the Greater Horn of Africa countries for the period January 2011-October 2019.  

 

The role of humanitarian assistance. Humanitarian assistance affects food security outcomes and 

influences how accuracy rates are reported. For instance, a region may report differences 

between projected and actual food security conditions, because humanitarian assistance mitigates 

the effect of a food crisis. To capture this effect, we identified the areas where humanitarian 

assistance provision had an impact on the severity of food insecurity, as a response to an alert. 

Since 2012, FEWS NET IPC data include an exclamation mark to denote areas where food 

security conditions would be worse without humanitarian assistance.  In addition, FEWS NET 

provides a retrospective account of how much worse (in terms of IPC classes) food security 

conditions would be in an area (HA0). For instance, if HA0 = 1, food security conditions would 

likely be worse by 1 IPC class – so if an area is classified as IPC2!, the area would likely be 

classified as IPC3 in the absence of humanitarian assistance. For locations that were classified 

with an exclamation mark, we added the HA0 values to represent the food security conditions 

without humanitarian assistance and thereby remove this effect from our accuracy analysis.  

 

FEWS NET analytical units: administrative divisions and livelihood zones. IPC food security 

classes are provided at either the administrative level, or at a broader livelihood zone level, 
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depending on the availability of data and to satisfy the requirements of humanitarian planning in 

specific countries. For the countries in the Greater Horn of Africa, there is a significant 

difference in the number of analytical units: in Somalia, 19 livelihood zones are used while in 

Ethiopia, food security conditions are reported for each of 690 woredas (third administrative 

level units). To match the analytical unit of FEWS NET IPC classifications, administrative 

division layers were downloaded for Ethiopia, Kenya, Uganda, Sudan and South Sudan from the 

Global Administrative Units Layers (GAUL, 

http://www.fao.org/geonetwork/srv/en/metadata.show?id=12691) – while for Somalia, livelihood 

zones from FEWS NET were downloaded. 

 

Population dataset. In order to account for the large differences in population between 

administrative units, we have downloaded population estimates from the WorldPop database 

(https://www.worldpop.org/). WorldPop a high spatial resolution raster that relies on a 

statistically-based weighting layer combined with on ancillary data to spatially disaggregate 

census counts from administrative census units in an effort to develop higher resolution data 

products that represent population distribution more accurately (Tatem, 2017). Because 

WorldPop relies on a modeling approach, the dataset tends to avoid problems of overestimating 

rural populations – a common problem with unmodeled population estimates like GPW (Leyk et 

al., 2019). 

 

Predictive skill of seasonal forecasts. Climate information and seasonal forecasts are a major 

source of information for food security early warning, providing critical predictions about 

rainfall trends which can ultimately impact agricultural production and translate to food security 

impact (Funk et al., 2019). One of the predominant seasonal forecasts used for food security 
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projections in the Greater Horn of Africa (GHA) is the GHA Climate Outlook Forum 

(GHACOF) – a consensus-based service which provides probability distributions to indicate the 

likelihood of above- (within the wettest third of the climatological record), near- (the third of the 

recorded rainfall amounts centered on the climatological median), or below-normal rainfall (the 

driest third of recorded rainfall amounts) over broad geographic zones. Current GHACOF 

reports include a retrospective analysis of forecast performance using a hit score (available at 

http://rcc.icpac.net/index.php/long-range-forecast/verification-products) (see also Walker et al., 

2019). All available hit scores from January 2011 onwards were downloaded. 

 

Conflict data. The incidence of conflict is a major contributor to food insecurity. Data on conflict 

incidence were downloaded from the Armed Conflict Location and Evaluation Data Project 

(ACLED, https://www.acleddata.com/), which records the dates, actors, types of violence, point 

locations, and fatalities of all reported political violence and protest events. ACLED records are 

considered to be among the most comprehensive and accurate for conflict analysis.  

2.2.2.  Data processing 

Matching food security data to FEWS NET analytical units. Given slight inconsistencies between 

administrative layers and the polygons provided by FEWS NET, it was necessary to rasterize the 

raw shapefiles, and subsequently, extract the majority value for each division. We used the 

original analytical unit used by FEWS NET in order to maintain the integrity of the analysis.  

 

Calculating population by FEWS NET analytical unit. We used zonal statistics (sum) to estimate 

the number of people living in each FEWS NET analytical unit. Population estimates were then 

normalized with the following equation, where popi refers to a given population value, popmin is 
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the minimum population value in any analytical unit, and popmax is the maximum population 

value in the data: 

 

!"!!"#$%&'()* =	
!"!' − !"!$'!
!"!$%+ − !"!$'!

 

 

Subsequent results are reported based on these normalized population-based weights. 

 

Matching GHACOF outlooks to FEWS NET seasons. The Greater Horn of Africa Climate 

Outlook Forum meetings take place three times a year and produce a forecast for the March-

May, June-September, and October-December seasons. On the other hand, FEWS NET forecasts 

are available quarterly between 2011 and 2015, and thereafter for the periods February-June, 

July-September, October-January. Given these slight differences, the GHACOF verification 

product was manually matched to the most relevant FEWS NET season.  

 

Number of conflicts per analytical unit. ACLED data on conflict locations are provided as point 

data. These were matched to the FEWS NET analytical units (using the Intersect tool in QGIS 

and were later aggregated temporally to match the FEWS NET seasons between 2011 and 2019. 

For this analysis, we focus on the number of incidents rather than fatalities or number of victims 

because the latter are incomplete or inaccurate for several events, especially older incidents. As 

the ACLED database and other conflict databases become increasingly available, we hope that 

future analysis will provide a more nuanced analysis of the relationship between conflict 

intensity and early warning accuracy. 
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2.2.3.  Analysis approach 

The differences between forecasted and actual IPC classifications were calculated using the 

following equation: 

 

Bias = ∑ (./!0.!)"#$%
!  

 

Where &'! refers to the nth prediction and &! is the observed value repeated over i observations. 

This metric is often used in evaluations of accuracy for remote sensing applications (Pan et al., 

2016) and model performance (Fratarcangeli et al,. 2016). 

 

The bias calculation provides an estimate of error rates and the direction of error, enabling 

classification of accuracy according to the following categories:  

• correct food security estimate (i.e., the forecast matched the actual IPC category),  

• overestimation of food insecurity (i.e., the actual IPC class was lower than anticipated, or 

false alarm), 

• and underestimation of food insecurity (i.e., the actual IPC class was higher than 

forecasted, or false negative). 

 

These results indicated that significant areas within the region are routinely assessed as being 

food secure, with no change in food security status over the period of analysis. Therefore, we 

excluded areas that were assessed as food secure consistently. This allowed for a more specific 

evaluation of accuracy in the areas facing food insecurity. Final results are presented at the 

relevant FEWS NET analytical unit, to enable identification of geographic patterns of accuracy. 
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This information is intended to provide inputs for targeting regions where additional investments 

in food security monitoring or early warning inputs are required to improve accuracy rates.  

 

Arguably the greatest utility of an early warning system is its ability to detect a major crisis. To 

do this, we assessed periods where food security conditions deteriorated to at least a crisis 

situation (IPC 3 or higher), and evaluated whether the transition was forecasted. The analysis of 

crisis transitions provides further insight into the areas and livelihood groups that are most 

vulnerable, allowing for targeted early action resources. 

 

To assess sources of uncertainty in food security early warning systems, we reviewed all FEWS 

NET outlook reports and identified events linked to underestimation and overestimation of food 

insecurity. Four major types of events were identified through this analysis: droughts and other 

climate shocks like floods and cyclones, conflicts and political instability, food price volatility, 

and pest outbreaks – with the first two being the most common sources of error. We then 

estimated the correlations between food security projections, and GHACOF skill rate (as a proxy 

for intrinsic uncertainty associated with climate models) as well as conflict incidence (as an 

indicator of political instability) in order to quantify the contribution of uncertainty in weather 

forecasts and conflict events on overall early warning accuracy.  

 

2.3. Results 

2.3.1.  Early warning performance varies by geography   

Overall, food security early warning is highly accurate throughout the Greater Horn of Africa, 

though there is significant variability across countries: South Sudan (80 percent), Ethiopia and 

Somalia (85 percent), Kenya (92 percent), Sudan (90 percent) and Uganda (95 percent). 
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Accuracy rates were found to be higher in productive areas, such as the cropping zones of 

southern Uganda, southwestern Kenya and western Ethiopia – as well as the desert regions of 

Sudan – where food security early warning projections consistently match the food security 

situation.  

  

A disaggregation by administrative units (or livelihood zones in the case of Somalia) reveals 

large variations in accuracy sub-nationally (Figure 2.2). The highest accuracy rates were found in 

western Ethiopia, southwestern Kenya, southern and northwestern Uganda, and northeastern and 

southwestern Sudan. All of these regions are predominantly cropping zones, with the notable 

exception of the northeastern pastoral zone of Sudan.  

 

In contrast, the lowest accuracy rates were reported in central and southern Ethiopia, South 

Sudan, northeastern Uganda (the Karamoja sub-region), northeastern and southern Kenya, and 

northern and south-central Somalia. Regions with the lowest early warning accuracy tend to be 

predominantly pastoral and agropastoral zones.  
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Figure 2.2. Regional accuracy of food security early warning varies significantly in the 

Greater Horn of Africa. Higher accuracy rates are found in traditionally cropping-based 

zones of the region, while food security in zones that depend on pastoral and agropastoral 

livelihoods tends to be less accurately forecasted. 

 

2.3.2.  Errors in early warning: false alarms and missed crises 

Two types of error occur with early warning analyses: they can either provide an overestimate or 

an underestimate of the severity of food insecurity. The former kind occur when food security 

conditions (IPC classes) are better than projected. This may be because forecasts do not predict 

good climatic conditions or because humanitarian assistance is in place to mitigate food 

insecurity. These errors can be either false alarms or they could be the result of successful early 
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warning prompting an increase in humanitarian assistance. The latter category (‘missed crisis’ 

errors) occurs when forecasts miss crises or deteriorations of food security conditions, i.e., the 

actual IPC category is worse than forecasted.  

 

Overall, errors in early warning are more likely due to underestimates of food insecurity: 

between 2011 and 2019, 63 percent of errors were missed crisis errors while 37 percent were 

overestimates or false positives. Further, our analysis reveals that some areas are more prone to 

overestimates (especially in South Sudan, parts of Sudan, and Somalia) while others are more 

prone to missed crisis errors (especially in northern, central and eastern Ethiopia, and Kenya). 

This is further illustrated in Figure 2.3, below, which illustrates the proportion of errors classified 

as missed crises (0% false negatives (missed crises) = 100% false positives (false alarms)). 

 

 

Figure 2.3. Types of errors vary significantly by geography. Darker red areas show 

locations where early warning underestimates food insecurity, while darker blue areas 

represent locations where false alarms are more common. 

TYPE OF ERROR
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2.3.3.  Crisis detection 

The greatest contribution of a famine early warning system is its ability to anticipate (and 

thereby help prepare for) major food crises or serious deteriorations of food insecurity – which 

we define for this analysis as any increase in IPC category to at least IPC Phase 3. Between 2011 

and 2019, 3,014 instances of such transitions occurred – of which 1,949 (65 percent) were 

correctly identified. 

 

Transitions to crisis or crisis deepening occurred throughout the Greater Horn of Africa, with a 

larger number of transitions in South Sudan, the central highlands and pastoral lowlands of 

Ethiopia, the Darfur and Kordofan regions of Sudan, the arid and semi-arid lands of Kenya, 

south-central Somalia  (Figure 2.4). The ability to detect these transitions has a positive 

correlation with the number of crisis transitions (R = 0.838, p <0.05) – in other words, in regions 

with more frequent transitions, early warning systems tend to project crises more accurately than 

in areas with infrequent transitions. To illustrate, the northern region of South Sudan experienced 

the greatest number of crisis transitions but the crisis detection miss rate is less than 20 percent; 

on the other hand, areas of northern Somalia only experienced one crisis transition which was not 

forewarned by the early warning analysis. 
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Figure 2.4. (a) Frequency of crisis transitions and (b) rate of missed transitions.  

2.3.4.  Possible sources or error 

The most common sources of error in early warning analysis included limited skill in forecasting 

climate-related disasters (79 percent of errors in the Greater Horn of Africa were associated with 

inaccurate drought projections, while an additional 4 percent of errors were due to floods), 

followed by civil unrest and political conflict (13 percent of errors). The remaining errors were 

associated food price shocks and pest outbreaks (3 and 1 percent of errors, respectively). Indeed, 

periods with the highest error rate were also periods with complex weather phenomena which 

resulted in food security conditions that were challenging to project (Figure 2.5). 
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Figure 2.5. Overview of error rates in the Greater Horn of Africa by FEWS NET season. 

Major events associated with peaks in errors are highlighted though other factors, not 

listed here, might have also been responsible for errors. 

 

We evaluated the relationship between accuracy rates and the two most common sources of 

uncertainty (namely, climate forecasts and conflict incidence). As expected for early warning 

systems that depend on climate forecasts, our analysis suggests seasonal forecast skill is 

positively correlated with accuracy rates: seasons with more skillful forecasts also translate to 

accurate food security projections (Figure 2.6). Furthermore, our results indicate a moderately 

strong relationship between food security predictions and weather forecast skill (R = 0.494, p 

<0.05). The implication is that complex weather phenomena, which are associated with lower 

predictive skill, are particularly challenging for early warning analysts. The results also indicate 

that other factors, beyond climate, affect the accuracy of food security early warning. 
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Figure 2.6. Relationship between FEWS NET forecast accuracy and GHACOF skill rate. 

Higher errors in projecting food security conditions are associated with a higher miss rate 

in GHACOF outlooks, suggesting that improvements in seasonal forecasts – particularly 

for complex weather phenomena – will contribute to better food security forecasts. 

 

Conflict also contributes to uncertainty in early warning analysis (Figure 2.7). There is a negative 

relationship between mean accuracy of FEWS NET projections and the number of conflicts (the 

R value for accuracy rates and the log value of conflict events is -0.331, indicating that conflict 

contributes to errors – but it is not the only source of uncertainty). Indeed, every district affected 

by the civil conflict in South Sudan reports accuracy rates of less than 70 percent with some 

reporting an accurate projection only on 52 percent of occasions. Similar patterns are found in 

Pearson’s R = 0.494 
(p = 0.023)
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counties affected by the conflict in the Karamoja sub-region in northeastern Uganda with 

accuracy rates as low as 50 percent. While overall greater conflict incidence results in lower 

accuracy rates, the relationship between conflict incidence and accuracy rates is not 

straightforward. For areas that had between 1 and 49 conflicts as reported by ACLED, higher 

incidence of conflicts results in lower capacity to project food insecurity. For areas that 

experienced 50-74 conflicts, accuracy rates were among the highest (on average, 83 percent). 

Areas with more than 75 conflicts show lower accuracy rates. However, an important caveat 

should be added here: IPC projections are not spatially independent, thereby decreasing the 

degrees of freedom in the dataset. Moreover, t-tests invalidate the hypotheses that mean accuracy 

of the 75-99 (p-value = 0.3613) and >100 classes (p-value = 0.9132) would be greater than that 

of the 25-49 class. The results of the t-tests indicate that the relationship between accuracy and 

conflict incidence reported here is not statistically meaningful for areas with more than 75 

conflicts – and should be considered indicative only.  
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Figure 2.7. In areas with low conflict rates (less than 50 in 2011 and 2018), increasing 

conflict reduces accuracy rates; whereas areas with more than 50 conflicts show greater 

projection accuracy. The number of administrative divisions associated with each conflict 

level is shown in brackets. 

2.4. Discussion 

2.4.1.  Investing in early warning is beneficial – but more work remains to be done 

Early warning systems provide alerts that, if heeded adequately, translate to targeted early action 

that helps save lives and livelihoods for some of the world’s most food insecure communities 

(Drechsler and Soer, 2016). To illustrate, early interventions in the 2016/2017 season in Kenya 

reduced humanitarian needs. Based on the historical relationships between drought intensity and 

number of people requiring food assistance, in 2017, 500,000 fewer people required food 

assistance than expected (Funk et al., 2018). In part, the trend can be attributed to timely early 

warning alerts feeding into the humanitarian system (Funk et al., 2019), but the effect of long-

term livelihood development and the experience of previous droughts arguably play a more 

significant role in reducing vulnerability (Alinovi, 2010). 

 

Recognizing the value of early warning, substantial investments have been made to global and 

regional food security (and other) early warning systems over the last four decades – most 

notably, the Famine Early Warning Systems Network (FEWS NET), the Food and Agriculture 

Organization’s Global Information and Early Warning System (GIEWS), WFP’s Corporate Alert 

System, and the multi-agency Food Security and Nutrition Analysis Unit in Somalia (FSNAU) 

(e.g., Pulwarty and Sivakumar, 2014). Simultaneously, a lot of work has gone into identifying 

indicators and triggers that determine when an intervention will take place (Ruth et al., 2017).  
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Still, early warning systems occasionally overestimate or underestimate the severity of a food 

crisis, often because of uncertainties associated with seasonal weather forecasts, political 

instability and other inputs (e.g., Ahmadalipour and Moradkhani, 2017; Thiboult et al., 2017). 

The costs of over- or underestimating food insecurity can be significant. The former problem can 

lead to false alarms that can result in setting up an expensive operation for a crisis that is never 

manifested. Importantly, false alarms can reduce confidence in the quality of early warning alerts 

among donors – and hence delay action until more severe forms of food insecurity are evident 

(cf. Tapscott, 1997). On the other hand, underestimating food insecurity can lead to a missed 

food crisis, with potentially substantial costs on human lives and livelihoods (Braimoh et al., 

2018). While both errors are important, the associated costs of missing a crisis have 

disproportionately negative consequences for the most food insecure populations.  

 

The importance of investing in early warning is now more relevant than ever. A combination of 

climate-related shocks and protracted conflicts around the world have led to a trend of four 

consecutive years with increasing numbers of people experiencing food insecurity (FAO et al., 

2019; cf. Krishnamurthy et al., 2014). Forecasting where and when vulnerable groups are likely 

to experience a food crisis is therefore important – but the challenge is translating the 

uncertainties associated with climate change into seasonal forecasts that feed into early warning. 

For instance, climate change has been associated with stronger El Niño cycles, and little is 

known about what more intense ENSO circulations could mean for regional climate, and 

consequently, what the implications could be food security (Endris et al., 2019). 
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2.4.2.  Missed crises occur in areas affected by complex climate phenomena while false 

alarms occur most commonly in conflict zones  

Errors in early warning occur for a variety of reasons. Missed crisis errors typically occur 

because the seasonal forecasts miss a major anomalous climate phenomenon – and indeed, East 

Africa is considered the tropical region needing most improvement in seasonal forecasting 

(Hirpa et al., 2010; Weisheimer and Palmer, 2014). These errors are particularly prominent in 

pastoral areas where climate variability (and the potential impacts on grazing potential and 

livestock health) has historically been challenging to forecast (Luseno et al., 2003). However 

recent work has suggested greater predictability of food security conditions in pastoral and 

agropastoral areas using a standardized precipitation index, suggesting one way to improve 

predictive skill in these areas (Coughlan de Perez et all (2019).   

 

Recent examples of this type of error include the 2015/2016 El Niño cycle and the anomalous 

dry conditions in the first part of 2019. During the 2015/2016 ENSO, forecasts proved very 

problematic as expectations of normal or above normal rainfall were contrasted by severe 

droughts in reality. During the 2019 event, below-average rainfall in much of the region did not 

match the forecast for above normal or near-normal rainfall conditions in the March-May season, 

leading to crop failures. These two events caused a significant divergence in forecasted food 

security conditions compared to subsequent actual conditions (Choularton and Krishnamurthy, 

2019).   

 

Though our analysis reveals that the majority of missed crises occurred in areas where seasonal 

forecasts provided inaccurate projections, it would be simplistic to attribute food insecurity 

solely to rainfall (Sandstrom and Juhola, 2017): sudden conflict, unexpected market conditions 
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or pest outbreaks also affect food security projections. A challenge here is that climate conditions 

can also influence civil instability, food prices, and pest incidence, and separating the triggers is 

a complex intellectual problem (cf. Hendrix and Glaser, 2007). At the same time, food security 

forecasts integrate both probabilistic climate information with a range of quantitative and 

qualitative information, ultimately relying on expert judgment to construct the most likely food 

security scenario. Finally, missed errors may also occur because of disruptions in humanitarian 

or social protection programs – but it is difficult to quantify the effect of these disruptions 

(FEWS NET, 2019). 

 

Conversely, false alarms are most prominent in areas that are prone to conflict – such as South 

Sudan. A potential explanation for this is extreme caution from early warning analysts in areas 

that experience frequent conflict – possibly due to a lack of understanding of how protracted 

conflict incidence and intensity translates to food security outcomes (Weiss, 2016). In other 

words, a false alarm may actually be an indicator of a well-functioning humanitarian system 

whereby an early warning signal triggers a response that is sufficient to mitigate food insecurity. 

But additional localized information on the effects of humanitarian agencies would be needed to 

determine where and when this is the case. 

 

In addition to conflict, false pessimism can also be linked to weather events: the above-average 

2013/2014 meher rains in Ethiopia resulted in an exceptional harvest, with total agricultural 

production exceeding national projections by 10 percent (FEWS NET, 2014). In these cases, 

early warning assumptions typically indicate normal precipitation and crop production, in 

contrast to making an optimistic projection of a better than normal season. While false alarms 

may have less humanitarian consequences than a missed crisis, these can still have ramifications 
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in terms of decisions made in prioritizing national and international resource allocations to 

address chronic food insecurity, which often include pockets of more severe food insecurity.  

They could also limit the ability of decision makers to anticipate surplus food production and 

plan accordingly. For example, unanticipated high supply levels can result in price drops and 

reduced income for farmers, even greater challenges with storage and post-harvest losses, and 

poor import and export planning (Maxwell et al., 2008).   

 

2.4.3.  Crisis detection skill needs to improve in areas with fewer transitions 

Not all errors are equal. As alluded to earlier, missed crisis errors have a greater humanitarian 

impact. Within these, missing a transition to a crisis situation or a crisis deepening are arguably 

the most significant. Our analysis indicates that 65 percent of crisis transitions and crisis 

deepening instances were detected – illustrating that, though somewhat accurate, there is 

significant scope for improving skill in crisis detection. 

 

Earlier we highlighted the dominant sources of missed crises: inaccurate seasonal forecasts and 

conflict. But where does early warning fail to detect a crisis? There appears to be no correlation 

between missed crisis transitions and livelihood types: the pastoral regions of northern Kenya 

have high miss rates, but the pastoral regions of Ethiopia have low miss rates. The only trend we 

identify relates to the number of transitions: in areas with fewer transitions, detection tends to be 

less skillful. This might be attributable to the fact that in areas with higher frequency of 

transitions between food security states, analysts learn to identify triggering factors more 

accurately – whereas in areas where such transitions occur rarely, there is insufficient historical 

data to estimate how food security trends might change.  
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This phenomenon may be linked to the atrophy of vigilance hypothesis which posits that in 

hazardous systems, organizational safeguards against risk in those systems may atrophy over 

time (Busenberg, 1999; Freudenburg, 1992). For example, the 2007 Global Food Crisis followed 

decades of neglect of agricultural investment by national governments and development 

organizations (von Braun, 2008). A similar trend can be seen in Africa’s hydrometeorological 

monitoring capacity. While recent investments in hydrometeorological series in Africa are 

beginning to reverse the trend, for decades the network of hydrometeorological stations in Africa 

has been deteriorating, hydrometeorological data are often spotty and inaccurate, and existing 

stations are often not functioning or fail to communicate with the global meteorological network 

(Rogers et al., 2019), despite the increasing risks from climate hazards. In the context of the food 

security early warning in Greater Horn of Africa, a similar “fragmentation of vigilance” seems to 

be occurring whereby organizational focus is on the most crisis-prone areas, and lower attention 

(and therefore accuracy in early warning) is found elsewhere. This could represent a particular 

risk during more severe or large-scale crises where areas unaccustomed to addressing crises may 

also have less response capacities in the face of shocks and stressors. Investments are therefore 

needed to understand food security dynamics in areas that do not traditionally experience crises – 

especially in the context of a changing climate where drought might become more intense and 

frequent, even in areas that are not currently drought-prone (cf. Sedezcny et al., 2017; 

Richardson et al., 2018). 

 

2.4.4.  Managing uncertainty in early warning 

Key sources of error must be further researched in order to adequately address associated 

uncertainties in early warning systems. Droughts, floods, conflict, food price surges and pest 

outbreaks are the main sources of uncertainty for projecting food security conditions in the 
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Greater Horn of Africa. Because forecasting the onset and intensity of these events is 

challenging, food security early warning systems are intrinsically uncertain. With the 

understanding that uncertainty can never be fully eliminated, the humanitarian system should 

interpret these uncertainties in the context of their decision making. 

 

Climate events – and particularly droughts – accounted for the vast majority of missed crises. 

Our results suggest a medium positive relationship between seasonal forecast skill and food 

security projection skill, with an association of nearly 50 percent. Part of the challenge is that 

forecasts provided by the Greater Horn of Africa Climate Outlook Fora (a major source of 

climate information for FEWS NET projections) offer a probabilistic forecast for rainfall terciles 

that is overly conservative: probabilities range between 33 and 45 percent (see also Walker et al., 

2019). With such probability ranges, it is difficult to make confident projections about food 

security. This challenge is in turn amplified by the most likely scenario approach taken by FEWS 

NET analysts which use the most likely tercile as their basis for analysis. More robust seasonal 

weather forecasts and additional tools are therefore needed for early warning decision making, 

including for instance, using real-time satellite information in a more seamless manner (Funk and 

Verdin, 2010), identifying alternative climatic triggers (Coughlan de Perez et al., 2019), or 

deriving tipping point-derived early warning signals for food security (e.g., Krishnamurthy et al., 

2020). Finally, while we note that FEWS NET used a two-tiered scenario approach (most likely 

and worst-case) until 2009 and moved to a simplified system thereafter, where climate forecast 

uncertainty is high. Food security analysts could consider creating additional scenarios to inform 

decision makers. 
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Conflict is another major source of uncertainty in food security early warning, accounting for 

nearly one fifth of missed crises since 2011. Food security in areas that experience conflict is 

generally projected with lower accuracy than those that do not. But the relationship between 

conflict and food security forecasting skill is not straightforward. For areas that were affected by 

50-74 conflicts, accuracy is higher than areas that experienced between 1 and 49 conflicts. In 

part, this may be because in areas with frequent conflicts, violent events have become part of the 

baseline and are integrated into food security projections with greater confidence. Incidentally, 

these areas are also near urban centers where information flows are generally better than in 

remote rural areas, which may also explain the higher accuracy rates (cf. Moseley, 2001). 

However, accuracy rates in areas that had over 75 conflicts are lower, illustrating the complexity 

of integrating conflict analysis into early warning. These results also partially support the notion 

of atrophy of vigilance in less crisis-prone areas, as discussed earlier in this paper. 

 

Conflict analysis continues to be challenging because of two major issues: data collection in 

conflict zones is dangerous and often unfeasible, incorporating analysis of conflicts into 

consensus-based early warning led by governments that are parties to the conflict is impossible 

(Maxwell, 2019). To address this challenge, much work in the literature on security analysis has 

recently focused on predicting where and when conflict might take place as well as potential 

societal impacts (Chafedaux, 2017). Various approaches have been suggested, ranging from 

expert opinion (Tetlock, 2017) to quantitative methods like autoregressive models (cf., Brandt et 

al., 2014) and machine learning tools (Colaresi et al., 2017). New technologies like high-

resolution satellite imagery to track movement of people or locations of mass graves can also 

provide additional inputs for early warning, even when certain regions are inaccessible (cf. 

Witmer, 2015). These methods are relatively novel, and may prove useful in reducing 
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uncertainty for food security early warning analysis. But innovative methods to better understand 

how conflict affects food crises only represent the first step – after all, the purpose of early 

warning is to mitigate human suffering. Once a potential crisis has been identified, parties to the 

conflict (which sometimes include governments) need to agree to enabling the humanitarian 

system to intervene and avert a large-scale crisis. This, however, is extremely challenging (cf. 

Maxwell, 2019). 

 

Finally, regardless of the sources of uncertainty an increasing set of tools are available to help 

decision makers manage uncertainty. These include analytical tools such as near-real time 

monitoring using mobile and other high frequency data collection techniques (e.g., the World 

Food Programme’s mVAM) as well as information management dashboards speeding up the 

aggregation and primary analysis of multiple streams of information such as the Somalia Food 

Security and Nutrition Analysis Unit’s (FSNAU) dashboard. These tools allow for more frequent 

updates of food security forecasts and earlier identification of additional evidence to support 

decision making. Moreover, approaches to early action including no-regrets early warning (FAO, 

2018) and forecast-based early action (Wilkinson et al., 2018) that are grounded in rigorous cost-

benefit analyses of the benefits of early action can facilitate earlier decision making to address 

food crises within larger margins of uncertainty.  

 

2.5. Conclusions 

The value of food security early warning systems is undeniable: being able to forecast when and 

where a crisis might unfold can help minimize food security impacts. Investments in early 

warning have led to improvements in the way that food security analysis is conducted – from 

standardizing food security measurements to understanding teleconnections between global 
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climate process and seasonal rainfall patterns. Despite this progress, climate change and 

protracted conflicts in various regions of the world highlight the need to update our current early 

warning systems.  

 

Building on the framework developed by Choularton and Krishnamurthy (2019), here we present 

an analysis of limitations associated with early warning projections and possible sources of 

uncertainty that could be addressed with continued investment in the Greater Horn of Africa. Our 

analysis highlights that projections of food security in pastoralist and agropastoralist areas are 

less accurate – and additional work to understand food security dynamics among these livelihood 

groups is needed. Further, our findings suggest that errors in seasonal forecasts and the difficulty 

of predicting conflicts (and associated food security consequences) are among the most 

significant challenges in food security early warning analysis. Improving skill in these two 

streams of work will likely improve the accuracy of food security projections.  

 

Finally, the analysis presented here can the foundation of a quality assurance and continuous 

improvement process for this kind of early warning analysis. We also hope that by measuring the 

reliability of these systems, we can increase the confidence of decision makers to act early to 

mitigate the growing risks posed by hunger and famine. 
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Chapter 3  

Applying tipping point theory to remote sensing science to improve 

early warning drought signals for food security 

 

Adapted from: 

 

Krishnamurthy R, P.K., Fisher, J.B., Schimel, D.S. and Kareiva, P.M., 2020. Applying Tipping 

Point Theory to Remote Sensing Science to Improve Early Warning Drought Signals for Food 

Security. Earth's Future, 8(3), p.e2019EF001456. 

 

3.1. Introduction 

Droughts have always been part of human history, and when combined with social or political 

failures they have been linked to civil unrest, famines and even the collapse of civilizations. 

Droughts occur in many parts of the world, often with disproportionate impacts on the most 

vulnerable populations (Schlenker and Lobell, 2010; Diffenbaugh et al., 2015; Lesk et al., 2016; 

Richardson et al., 2018).  Most importantly, as a result of climate change, droughts are projected 

to become more frequent and intense globally (Cook et al., 2018). As drought becomes more 

common and harsher, society’s ability to mobilize relief efforts will be stressed, and the premium 

of effective early warning systems will be heightened. 

 

Clearly famine has many causes of which drought is only one factor (FAO et al., 2019). But in 

many places in the world characterized by poor food distribution systems and vulnerable 

populations, drought tends to be one of the most common instigators of famine (cf. Funk et al., 
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2019). Famine has many causes, and can occur without any climate drivers. This is particularly 

true in areas where communities depend on rainfed agriculture or traditional livestock rearing for 

their livelihood (cf. Brown and Brickley, 2012). These regions are primarily located in sub-

Saharan Africa, South and Southeast Asia, and Latin America – all regions that are particularly 

susceptible to shifts in climatic conditions such as a delay in the onset of the rainy season, or 

interruptions to the rainy season (Verdin et al., 2005). In these regions, monitoring climatic 

indicators can offer an opportunity to anticipate and prepare for food crises (Brown and Brickley, 

2012; de Perez et al., 2019). This does not mean that a severe drought necessarily must lead to 

famine – since poor governance, lack of technical capacity or relief capacity, and conflict can 

exacerbate the impact of a minor drought that might otherwise not result in a crisis (Devereux, 

2019; Glantz, 2019). Nonetheless, the nexus of climate change enhancing drought severity and 

famine poses one of the greatest global challenges we face today.  

 

Existing early warning systems for famine tend to rely on community and household data that 

can be aggregated up to larger scales, or crop assessments on the scale of kilometers or hectares 

(e.g., Funk and Verdin, 2010; MAF Timor-Leste, 2016; MDM Sri Lanka and WFP, 2017) . In 

fact, globally standardized classifications of food insecurity are expressed in terms of “1 in 5 

households” or “4 in 5 households” (see Table 2). This makes sense because suffering occurs at 

the household level.  However, this does not mean that early warning data needs to be restricted 

to the household level or farm field-level. Drought and food security crises can strike at much 

larger scales – at hundreds or thousands of square kilometers, and even at the scale of nations 

(Verdin et al., 2005). Collecting data on a spatial scale commensurate with large-scale drought 

and famine is a challenge from the perspective of cost and sampling design (see de Sherbinin et 

al., 2014). Here, the advent of remote sensing instruments offers a possible cost-effective 
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solution – these data provide large areal coverage and can be made available at no (or low) cost 

to international agencies and scientists (Kogan, 2000). 

 

Although remotely-sensed data currently provide input into drought and food security analysis, 

their use at the global level is not systematic, partly due to insufficient consideration of end-user 

needs and technical capacities (Purdy et al., 2019), and partly because in some contexts, climate 

data are deemed irrelevant given the complexity of food security challenges (de Perez et al., 

2019). In an effort to improve this situation, scientists have begun to offer suggestions for how 

satellite data might be used as an input into early warning decision-making (e.g., Verdin et al., 

2005; Brown, 2011; de Perez et al., 2019).   There is evidence that rainfall data over a 12-month 

period can anticipate drought risks in East Africa as much as six months in advance (de Perez et 

al., 2019).  Here we build off that recent work and develop an additional dimension to the use of 

satellite data in early warning systems: the theory of tipping points in dynamic systems. Unlike 

household surveys, or even crop field assessments, data streams from satellites can provide a 

richness of dynamics, and temporal variability that lends itself to dynamic systems theory (e.g., 

van Nes et al., 2014; Reyer et al., 2015; Dakos et al., 2019). After summarizing the types of 

pertinent data available from satellites and existing classifications of food insecurity, we explore 

“tipping point theory” as a possible framework that could enrich the value of satellite data. More 

specifically, when the data records are sufficiently long, one might be able to take advantage of 

changing statistical attributes of environmental time series beyond the 12-month or within-year 

analyses that have recently shown so much promise (de Perez et al., 2019).   
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3.2. The satellite data revolution 

Remotely-sensed environmental data are already being used for drought and food security 

assessments, though their use is still relatively limited.  To date these applications of remotely 

sensed data have been restricted to rainfall or vegetation indices (USGS 2017; NOAA 2017; 

Rojas et al. 2011, WFP et al. 2014, Otkin et al. 2015), and have tended to focus on the 

relationship between what has happened in the last twelve months and what might be expected in 

the upcoming growing season. When these climate data are used, it is widely appreciated that 

climate data are only part of the picture – there are numerous social, political and economic 

factors that can determine whether or not a famine occurs, and sometimes over-ride recent 

precipitation or temperature regimes. However, there is general agreement that rainfall and other 

climatic factors are an important contributor to food crises, at least in some regions of sub-

Saharan Africa, Asia and Latin America (e.g., Verdin et al., 2005; Haile, 2005; Brown and 

Brickley, 2012). 

 

The ideal or optimal remotely sensed data for early warning systems would: 1) be global in 

coverage, or at least cover all areas of the globe where drought is likely to be an issue, 2) have 

sufficient spatial resolution to be relevant to the administrative units responsible for food security 

and famine relief, 3) have intervals between data collection events short enough that the chance 

to respond to a food crisis has not passed, 4.) be available at near-real-time so that they can be 

operational and useful for humanitarian planning, and 5) represent data that are ecologically or 

environmentally salient to crop or livestock failure. 

 

In Table 1 we identify the satellite sensors for hydrological and vegetation indicators that best 

meet most of the above criteria.  For the purpose of famine and food production, all of the data 
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sources in Table 2 are effectively global in coverage. In terms of spatial resolution – 

administrative units relevant for food security range from 1,500 m2 (densely populated areas near 

urban centers) to 2,100 km2 (scarcely populated regions in desert regions), with the mean size 

being 150 km2 or ~12 km pixels (derived using data from FEWS NET, 2018).  Nine of the 

fifteen satellite data sets have a resolution of 12 km pixels or better, and thus are at a scale that is 

commensurate with administrative units.  Responses to major drought-induced food crises take 

on average three to four weeks to reach maximum operational capacity (IASC, 2014).  This 

means that the temporal resolution of environmental data similarly needs to be on the order of 

three to four weeks.  Examining the satellite data in Table 3.1, thirteen of the fifteen data sets are 

collected at intervals less than three weeks. Finally, more than half of the remote sensing 

products examined here are available in near-real-time. In comparison, the availability of 

household or crop assessment data depends on the time required to conduct fieldwork, and  

record and clean the data. Minimally this requires weeks, and usually longer than a month (De 

Sherbinin et al., 2014). 
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Table 3.1 Remotely-sensed environmental indicators that could be related to droughts or the impacts of droughts on food 

insecurity. 

INDICATOR REGIONAL UTILITY 

FOR FOOD 

SECURITY  

SENSOR PRODUCT NOMINAL 

SPATIAL 

RESOLUTION 

TEMPORAL 

RESOLUTION 

AVAILABILITY OF 

DATA 

Precipitation Areas that depend on rainfed 

agriculture 

TRMM/GPM Rainfall rate 30 km 3 hours 1997-present 

Groundwater Regions with limited rainfall 

that extract groundwater for 

irrigation  

GRACE/ 

GRACE-FO 

Total water storage 300 km 1 month 2002-2017, GRACE-FO:  

2018 

Snowpack  

 

Areas that depend on 

snowmelt for agricultural 

water 

MODIS MOD10 snow cover 

area 

500 m  8 days  2000-present 

MODIS MOD10 snow water 

equivalent 

25 km  8 days 2000- 2008 

MODIS MOD10 snow depth 24 km daily 2000- 2017 

Soil moisture Arid and semi-arid areas 

with limited rainfall 

SMAP Soil moisture 36 km 50 hours 2015-present 

SMOS Soil moisture 35-50 km 23 days 2009-present 

Sentinel-1 Soil moisture 500 m 6-12 days 2015-present 

Evapotranspiration MODIS MOD16 ET 500 m 8 days 2000-present 
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Agricultural regions, 

particularly irrigated crop 

land 

ECOSTRESS  L3 ET_PT-JPL 70 m 3-5 days 2018-present 

NDVI   Landsat Landsat NDVI 30 m 16 days Landsat 5- 8: 1984-present 

AVHRR AVHRR NDVI 1 km daily AVHRR-3: 1998-present 

MODIS  MOD13  250 m 16 days 1999-present 

SPOT SPOT-VGT 1 km 10 days 1998-present 

Fluorescence  OCO-2  SIF  ~2 km 16 days 2014-present 
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3.3. “Tipping point theory” as a framework applied to droughts and food 

security  

 

Tipping point theory emerges from the analysis on nonlinear dynamic systems and hence tends 

to be highly abstract and mathematical (Dakos et al., 2019).   Tipping points occur in nonlinear 

dynamic systems where an incremental change in a variable can lead to a completely different 

state: a system moves from one equilibrium state to a fundamentally different equilibrium state. 

These jumps to a new regime can happen because one of the state variables is perturbed, or 

because a particular input or stress is gradually and incrementally altered (Lenton, 2011).  In its 

simplest form, the idea of a tipping point can be captured by the game “Jenga”, whereby wooden 

blocks are stacked on top of each other, and players take turns to remove a block and place it on 

top of the tower. The probability of a player’s turn resulting in the collapse of the block tower is 

low, though the probability increases with each turn. These gradual changes (removal of blocks) 

inexorably make the structure unstable, until part (or all) of it collapses – game over. In tipping 

point theory, systems can behave in a similar way, with each day of accumulated environmental 

stress pushing the system closer to when it all tumbles down. 

 

Because climate and food systems are highly nonlinear, there is merit in asking if tipping point 

theory might provide ideas for how to analyze remotely sensed datasets.  Without any theory, it 

is obvious that simple increasing or decreasing trends can signal changes in the risk regime.  

However, droughts and famine need not just be the result of gradual deterioration – they could be 

dramatic flips in a food system. In particular, there is historical evidence that droughts have 

triggered abrupt food security crises (Fei and Zhou, 2016; Gupta et al., 2019). In this regard, 
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flash droughts are especially notable:  they occur over shorter periods than seasonal forecasts can 

anticipate (typically weeks) and can have severe effects on crop yields and grazing lands (e.g., 

Otkin et al., 2016; Xiong et al., 2018). And even for droughts that develop gradually over 

seasonal or annual scales, food security impact may manifest abruptly; for instance, the 2011 

famine in Eastern Africa occurred after several months of below-average rainfall in the region 

rather than during the entire period of drought (Ververs, 2011). In such instances, framing 

impacts as tipping points offers a quantitative approach for early warning analysis. 

 

3.3.1.  Droughts as tipping points 

What might a famine tipping point look like? An example of a state-variable perturbation that 

could cause such a tipping point is the addition of too many grazers to a grazer-pasture system. 

With the addition of too many livestock, intense grazing might degrade the pasture and cause 

massive soil erosion, which means the livestock cause even more damage because there is less 

forage, and ultimately a new state is reached that entails semi-arid shrubland or desert as opposed 

to a fertile pasture (Fleischer, 1994; Ellis and Swift, 1998). In this example, as forage stock is 

depleted vegetation health indices (such as the Normalized Difference Vegetation Index) would 

detect lower inter-annual variability in NDVI conditions signaling a transition to a landscape 

dominated by barren land or shrubs. Another major type of tipping point entails a regime shift 

that occurs because some climatic stress or input is gradually increased. For instance, the absence 

of rainfall during the rainy season could trigger a major crop failure and would represent a 

regime shift. 
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Currently, the leading metric used in famine early warning is the Integrated Food Security Phase 

Classification (IPC; see IPC Global Partners, 2012). The IPC approach consists of collecting data 

on agricultural production, food prices, nutrition rates, weather patterns, and other variables to 

determine the general food security situation in an area based on five classes (Table 3.2). The 

IPC framework was introduced in 2007 and later refined in 2011 and is now used in more than 

fifty countries to compare food security in a standardized manner (IPC Global Partners, 2012). 

The standardization of food security measurement provided a breakthrough in famine early 

warning systems because data quantifying food stress were sufficiently standard that they can 

now be used to test retroactively whether or not any proposed early warning system has merit. 

Indeed, leading food security early warning systems – such as the USAID-funded Famine Early 

Warning System Network (FEWS NET) and the FAO’s Global Information and Early Warning 

System (GIEWS) – rely on the IPC classification system to trigger humanitarian responses. An 

analogous approach, adjusted to crop patterns rather than food security conditions per se, is that 

of the GEOGLAM Crop Monitor which is also based on a five-class system ranging from 

exceptional to favorable, watch, poor and failure (see Whitcraft et al., 2015) 
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Table 3.2 Integrated Food Security Phase Classification (IPC). IPC phases are defined 

based on the classification criteria below (adapted from IPC Global Partners, 2012). 

 

 

With this framework, a tipping point in a food system can be thought of as a shift between 

periods with minimal food insecurity or mildly stressed food security (IPC 1 or 2) to a food crisis 

(IPC 3 or higher) in the following year (see Figure 3.1 for an illustration of this concept).  We 

adopt this between-year filter to distinguish from seasonal trends that happen every year (such as 

drying out through the growing season).  An example of a tipping point using the IPC categories 

is found in East Africa after the 2015/2016 El Niño episode. Usually El Niño events yield 

extended autumn rains in East Africa, which is good for livestock grazing (Korecha and 

Barnston, 2007).  This was not the case for the 2015/2016 event, which instead was characterized 

by extremely low rainfall in both the summer and autumns. This trend, combined with 

insufficient drought preparedness, resulted in crop failures and livestock mortality – and 

consequently a depletion of livelihood assets and food stocks. As a result, food security 

IPC CLASS FOOD INSECURITY 
CLASSIFICATION CRITERIA

Phase 1 Minimal

Phase 2 Stressed

Phase 3 Crisis

Phase 4 Emergency

Phase 5 Famine

At least four out of every five households are able to meet food 
security needs without resorting to atypical coping strategies.

At least one in five households is able to maintain adequate food 
security but resorts to atypical coping strategies (such as selling 
livestock or assets) to afford essential nonfood items.

At least one in five households have food consumption gaps with 
high acute malnutrition or are marginally able to maintain 
adequate food consumption only with sell of assets that will lead 
to food gaps. National drought response.

At least one in five households have large food consumption gaps 
resulting in very high acute malnutrition or mortality, or resort to 
coping strategies that will result in large consumption gaps. 
International drought response.

At least one in five households have an extreme lack of food or 
other basic needs. Starvation, death and destitution are evident. 
International drought response.
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conditions deteriorated in large parts of northern and central Ethiopia (see Figure 3.1), the arid 

and semi-arid areas of northern Kenya, central Somalia and the Karamoja sub-region of Uganda 

(FEWS NET, 2017). 

 

 

Figure 3.1. IPC classes provide an opportunity to identify drought tipping points that result 

in a food crisis. Application of IPC metrics to identify tipping points, showing the transition 

from stable food security conditions to a food crisis resulting from drought in Ethiopia 

(derived using FEWS NET, 2018). 

 

Early warning systems that incorporate climatic indicators have some record of success in 

mitigating major food crises. In June of 2015, for instance, seasonal forecasts suggested that 

southern Africa would experience drier-than-normal conditions during the rainy season that 

typically occurs between November and March. Responding to these warnings, several 

governments pre-positioned food stocks and imported food. By January, data indicated that the 

region was indeed experiencing its driest rainy season in over 35 years – but effective integration 

of early warning and early interventions helped avert a far larger crisis. Similarly, predictions of 
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below-average rainfall in parts of Eastern Africa during the 2017 season were instrumental in 

triggering a multi-agency humanitarian response. Despite the severity of the 2017 drought, 

relatively few deaths were reported (FEWS NET, 2017).  Even in cases where drought is not the 

main contributor to a food crisis, monitoring climatic indicators can provide useful information 

on the likelihood of potential changes in food prices, conflict, migration and other 

socioeconomic information that might trigger a crisis as environmental and socioeconomic 

indicators are intricately inter-connected (e.g., de Perez et al., 2019).  

 

3.3.2.  Early warning of tipping points 

Tipping point theory has identified four major statistical diagnostics that might be used as early 

warning signals of an impending tipping point (e.g., Lenton, 2011):  

 

Autocorrelation: In tipping point theory, dynamical systems that are approaching a transition 

typically exhibit ‘critical slowing down’ (Lenton, 2011), which statistically would be manifested 

as increased autocorrelation. Detection of tipping points through analysis of autocorrelation has 

been conducted for long-term processes occurring at decadal to century scales, such as the end of 

glacial phases or desertification of North Africa (Dakos et al., 2008; Figure 3.2(a)). Decadal and 

century timeframes are far too long to be useful for early warning of famine, which occurs on 

sub-annual scales that might not be preceded by critical slowing down signals (cf. Boettiger et 

al., 2013). However, examples from the ecological equilibrium field have shown that regime 

changes can be detected through autocorrelation metrics on annual timescales for collapse of 

quail populations (Hefley et al., 2013), on the scale of months in phytoplankton cycles (Batt et 

al., 2013), and on the scale of days for plankton populations (Veraart et al., 2012). 



 52 

 

Skewness: Some disturbances push a system closer to the boundary of an alternative state, which 

statistically can be manifested as an increase in skewness and a decrease in the “normalcy” of a 

data series. (Guttal and Jayaprakash, 2008). Golledge et al. (2017) detected a tipping point in 

East Antarctic ice-sheet mass during the Pliocene era through increasing skewness. As with 

autocorrelation analysis, skewness requires consistent data points for long timeseries (Figure 

3.2(b)).  

 

Increased variance: A system characterized by noise, such as a climate system, could exhibit 

flickering: this is the condition whereby strong disturbances push the system across boundaries 

of alternative states (Scheffer et al., 2009; Dakos et al., 2012). Flickering and critical slowing 

down correspond to higher variance prior to a complete transition as shown by increases in 

standard deviation or amplitude of a particular variable (Figure 3.2(c)). Using variance, 

Carpenter and Brock (2006) identified tipping points in eutrophication rates due to phosphorus 

fertilization, and Takimoto (2009) found transitions in demographic shifts among invasive 

species.  

 

Thresholds: A fourth methodological approach which holds potential for the identification of 

tipping points is based on the idea of rate-dependent tipping, whereby the forcing has to exceed a 

threshold to result in a critical transition (Ashwin et al., 2012; Siteur et al., 2016; Figure 3.2(d)). 

In the context of drought and food security, rate-dependent tipping may be quantified as, for 

instance, the number of days with below-average precipitation during the initial phase of the 

rainy season, triggering a drought tipping. Rate-dependent tipping is a relatively novel concept 
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and much work is yet to be conducted to determine whether threshold analysis can provide 

meaningful early warning signals. A working example that has been identified in the literature is 

that of ‘compost bomb instability’, whereby there is an explosive release of soil carbon from 

peatlands after a critical rate of global warming is reached (Wieczorek et al., 2011). As with 

other diagnostic approaches, rate-dependent tipping requires highly dense timeseries.   

 

 

Figure 3.2. Four main tipping point characteristics may be identified for early warning 

signals. The examples illustrate an early warning signal identified by (a) autocorrelation 

towards the end of a glacial period (Dakos et al., 2008), (b) skewness associated with ice 

melt (Golledge et al., 2017), (c) increased variance with eutrophication (Carpenter and 
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Brock, 2006), and (d) a theoretical example of a rate-dependent threshold for modelled 

carbon release from peatlands as a temperature threshold is reached. 

 

3.3.3.  Operationalizing tipping point diagnostics for famine early warning signals: 

Combining IPC metrics, satellite-derived environmental variables and tipping point 

theory 

The four statistical diagnostics – namely, autocorrelation, skewness, variance and threshold 

exceedance – offer an opportunity to operationalize an early warning system that detects 

transitions from one state of food security conditions (e.g., minimal food insecurity, or IPC Phase 

1) to a state of a food crisis (e.g., IPC Phase 3). In such a system specific diagnostic associated 

with an environmental variable would be monitored, and when specific thresholds are met, a 

famine warning would be triggered (Figure 3.3). 

 

 

FO
O

D
 S

EC
U

RI
TY

 S
TA

TE

m
or

e 
se

ve
re

 fo
od

 in
se

cu
rit

y

EN
V

IRO
N

M
EN

TA
L 

VA
RIA

B
LE

favorable  food security conditions

food crisis 
conditions

transition to 
food crisis

transition away 
from  food crisis

gradual stress in 
environmental variable 

favorable  
food security 
conditions

improvement in 
environmental 
variable 

TI
PP

IN
G

 P
O

IN
T 

D
IA

G
N

O
ST

IC

TIME

diagnostic derived from 
environmental variable signals 
upcoming transition

diagnostic signals 
approaching transition

threshold



 55 

Figure 3.3. In our conceptual model, the transition of interest is the regime shift from 

favorable food security conditions into a food crisis, and vice versa. Favorable conditions 

might include by sufficient (or surplus) food, while a crisis might be characterized by 

depletion of food stocks or loss of livelihoods. Environmental indicators derived from 

satellite observations might enable early detection of such transitions through specific 

statistical diagnostics, such as increasing autocorrelation, allowing governments and the 

humanitarian system to prepare for food crises.  

 
3.4. Potential remotely-sensed indicators of tipping points 

Given the range of hydrological and vegetation indicators available, a key question is which 

environmental indicators (or combination of indicators) are best-suited for early warning. Below 

we highlight the utility of the various indicators for drought and food security analysis, and 

discuss their promise for future analyses. 

 

3.4.1.  Hydrological indicators 

Precipitation: In rainfed agricultural systems, which dominate in much of sub-Saharan Africa, 

South Asia and Latin America, the main source of water for agriculture is seasonal precipitation 

and droughts are often associated with below-average rainfall levels (Salmon et al., 2015; Senay 

et al., 2015). Rainfall monitoring is one of the most direct and simplest methods to assess 

potential critical transitions. In the context of rainfall, a tipping point might be thought of as a 

transition towards more variable seasonal rainfall resulting in more extreme rainfall extremes 

(both high and low) and subsequent crop losses during the agricultural season (cf. Trenberth, 

2011). Satellite products, such as those from the Global Precipitation Measurement constellation, 
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offer data at the global level and are useful for identifying such tipping points. The long-term 

historical dataset available from GPM measurements as well as the high temporal resolution are 

significant advantages for early warning analysis. But the relatively low spatial resolution (30 

km) is likely to limit early detection of tipping points to droughts covering a large geographical 

area – and decisions based on precipitation data would have to take place at regional scales rather 

than at the subnational level. 

 

Groundwater: In addition to rainfall, groundwater is a major source of agricultural water. 

Groundwater extraction is both a response to dry conditions, and a contributing factor to more 

intense drought (Zaveri et al., 2016). Abrupt decreases in groundwater availability (for instance, 

through a severe drought) would result in a lower water table, to a point at which water pumps 

may not be economically or physically feasible (van Lanen and Peters, 2000). Such tipping 

points would have significant effects not only on seasonal agriculture but on long-term water 

availability. GRACE/GRACE-FO observations offer estimates of total water storage that can be 

used as a proxy of groundwater levels, providing unprecedented potential to measure 

groundwater globally and detect the point at which groundwater shortage may reach the tipping 

points highlighted here. Droughts associated with groundwater shortages occur over large 

geographic areas and at seasonal or longer timescales (Li and Rodell, 2015). GRACE/GRACE-

FO data have the lowest resolution of all sensors evaluated here – which will pose a challenge 

for analysis at geographic scales that are relevant for government planning. In addition, temporal 

resolutions of monthly intervals of remotely-sensed groundwater data (Swenson et al., 2003) do 

not allow for timely preparedness. However, initial work has shown that assimilation of 
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GRACE/GRACE-FO data into land surface models (e.g. Zaitchik et al., 2008; Girotto et al., 

2016) can enhance spatial and temporal resolution, which may prove useful for early detection.   

 

Snowpack: Snow behaves as a natural reservoir for water, particularly in mountainous 

environments (Belmeccheri et al., 2016). Monitoring snow is essential for drought assessment, 

particularly in mountainous environments where snow melt provides the main source of water 

for agricultural livelihoods (AghaKouchak et al., 2015). A tipping point in snowpack could be 

linked to rising temperatures. As mountain regions reach temperatures over 0 degrees Celsius 

earlier in the season, accelerated snowmelt may limit the amount of water available during the 

agricultural season (Molden et al., 2016). A related but more extreme tipping point is the 

potential for total loss of snowpack (e.g., Fyfe et al., 2017), which could result in a food security 

tipping point by reducing availability of water for crops such as paddy and wheat in mountainous 

regions where no alternative irrigation sources exist – such as in the high mountains of Nepal 

(Krishnamurthy et al., 2013). The use of snow data for drought assessment is less developed 

compared to other hyrdological products; in part, this is attributable to the lag between snowmelt 

and the change in water availability (AghaKouchak et al., 2015). This time lag is a benefit for 

early warning and identification of tipping points over longer timescales (e.g. Huang et al., 

2015), and temporal resolutions of 1-2 weeks is sufficient to detect potential tipping points. 

However, the lag between snowfall, melt and runoff varies significantly by region and season, so 

careful analysis is required to translate this lag into meaningful tipping points. 

 

Soil moisture: Soil moisture is a critical element of the hydrological cycle that directly affects 

plant water availability, overall plant productivity and crop yields – especially in arid and 
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semiarid areas with limited water and marginal agricultural lands (Martinez-Fernandez et al., 

2016; Wang et al., 2016; Sietz et al., 2017). In such regions, a tipping point may result from the 

depletion of soil moisture that in turn places plants under stress, and can even lead to plant 

mortality (Tietjen et al., 2017). Consequently, measurements of soil moisture through SMAP, 

SMOS and Sentinel-1 are critical for assessment of drought tipping points, particularly in 

environments prone to food insecurity (cf. Sohrabi et al., 2015; Cleverly et al., 2016). While soil 

moisture data are promising for tipping point analysis, the extent of historical satellite 

measurements is currently too limited to provide baseline dynamics against which a tipping point 

might be detected. In addition, as with rainfall measurements, soil moisture data are reported at 

relatively low resolutions (36 km), limiting their utility to regional or large-scale droughts. 

 

3.4.2.  Vegetation indicators 

Vegetation health (NDVI): Vegetation indices such as the normalized difference vegetation 

index (NDVI; Tucker, 1978; Vrieling et al., 2016) and the vegetation health index (VHI; Rojas et 

al., 2011) are routinely assessed to determine drought impacts on food security (Enenkel et al., 

2015; Brown, 2016), particularly in regions with simple topography and well-defined rainfall 

seasonality (Karnieli et al., 2010). A tipping point measured by NDVI (or related vegetation 

indices) may be identified through a sharp decrease in greenness before the end of the 

agricultural season (e.g. Zhou et al., 2017). NDVI calculations from Landsat, AVHRR, MODIS 

and SPOT-VGT observations have been successfully used to monitor drought (and translate 

drought to food security impact). However, when NDVI anomalies have been detected, they are 

typically detected while a drought is occurring, which might be too late to be much use in terms 
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of early warning. .But NDVI could confirm a tipping point anticipated by analyses of other data 

streams. 

 

Chlorophyll fluorescence: Solar-induced chlorophyll fluorescence (SIF) is a relatively novel 

indicator used to monitor drought dynamics. Fluorescence measures the biochemical, physical 

and metabolic functions of plants, including photosynthesis, and can be used to assess changes in 

these functions during a drought event (Sun et al., 2017). A reduction in photosynthesis (as 

expected in drought conditions) would translate to lower fluorescence yield (Daumard et al., 

2010) and could potentially be linked to drought tipping. The application of SIF from OCO-2 

observations on drought assessment has been relatively limited given its novelty; however, initial 

analyses suggest that fluorescence anomalies are closely related to drought intensity and soil 

moisture in Texas and the US Mid-West (Sun et al., 2015).  However, as with NDVI, metabolic 

functions of plants are likely to show the characteristics of a transition after a tipping point, and 

hence may be more useful for confirming rather than forecasting a drought.   

 

Evapotranspiration (ET): ET is a major component of terrestrial ecosystems that links the 

water, energy and carbon cycles, representing the exchange of water and energy between 

ecosystems and the atmosphere (Chen et al., 2014). Increased ET rates are linked to higher water 

stress and therefore reduced net primary productivity and agricultural yield. Monitoring of ET 

rates has been used in drought assessments (Begueria et al., 2014) and has accurately identified 

the magnitude of drought events in situations where stand-alone precipitation measurements 

failed to reflect the extent or seriousness of the drought (Dubrovsky et al., 2009). This is because 

ET represents the demand for water rather than the supply (for instance, precipitation, snow, 
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groundwater and soil moisture are useful measurements of supply), and an increasing demand for 

water at the global level necessitates greater consideration of both sides of the supply-demand 

equation (Fisher et al., 2017). In the context of ET, a tipping point can be thought of as the 

moment when stomata close to limit water loss through transpiration, stopping carbon uptake. 

ET measurements are available from Landsat, MODIS and the recently launched ECOSTRESS 

mission, and provide data to evaluate the risk of drought tipping points in near-real-time. ET 

measurements occur at the appropriate temporal and spatial resolutions for food security-relevant 

early warning systems, and moreover link hydrology to vegetation. Therefore, ET is likely to 

prove an extremely valuable indicator for identifying tipping points. 

 

3.5. Limitations – Yes, but too much potential to ignore 

In agricultural and livestock systems, tipping point research has been limited by data – the 

absence of long time series of data at the needed temporal scale and spatial scales.  Several of the 

satellite instruments used for drought assessment have only started collecting data within the last 

decade, with merely a handful of measurements (primarily precipitation- and vegetation-based) 

available for more than 20 years. Some of the more recent sensors for soil moisture (SMAP) and 

fluorescence (OCO-2 SIF) provide time-series data for fewer than 5 years. In addition, efforts 

such as the NASA MEaSUREs (Making Earth System Data Records for Use in Research 

Environments) program, which aims to create long-term records by combining data from 

different missions, will accelerate progress. Moreover, in its 2017-2027 Decadal Strategy, the US 

National Academies of Sciences, Engineering and Mathematics highlighted the importance of 

enhancing applications of remote sensing data for water resource management while also 

stressing the relevance of vegetation stress information for a variety of applications including 
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ecosystem health and agriculture (NASEM, 2018). As such, the remote sensing data highlighted 

in this paper will be prioritized and will likely continue to be available, either with existing or 

upcoming missions (NASEM, 2018).  

 

Though we argue that remote sensing holds great potential for improving early warning systems, 

this is not to say that the use of remote sensing data is without limits. Remote sensing data are 

subject to error, largely due to cloud cover, atmospheric interference, geometric distortions and 

sensor degradation (which can include scanline problems) (Campbell and Wynne, 2011). These 

errors could lead to inaccurate interpretations of signals Various efforts have attempted to 

quantify error rates through different approaches – including accuracy rates comparing satellite 

and ground measurements (measured in percentages, bias, or root mean square error) and 

uncertainty ranges (measured in the unit of measurement of the satellite). The nature of these 

errors is different for each measurement. In mountainous regions of Ethiopia, for instance, 

remote sensors underestimate rainfall (Romilly and Gebremichael, 2011) while MODIS products 

tend to underestimate snow cover in heavily clouded regions and in areas with thin snow (Hall 

and Riggs, 2007). Measurements of error suggest high accuracy for SMAP (0.04 cm3 cm-3, Das 

et al., 2015), GRACE (8 mm per season, Strassberg et al., 2007), TRMM (84%, Hirpa et al., 

2010), and MODIS snow (93%, Hall and Riggs, 2007), NDVI (88%, Lunetta et al., 2006) and 

ET (70-85%, Velpuri et al., 2013). The relatively high accuracy indicate that the data have utility 

for detection of tipping points (and other applications); still, taking inaccuracies into account is 

important when interpreting data and translating them into early warning signals.  
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Assuming there are sufficiently long-terms and fine scale data, it is not clear that remote sensing 

data can, in fact,  be used to forecast a tipping point (cf. Andreadis et al., 2017). Each drought is 

different. Traditional definitions of drought center around intensity and impacts, ranging from 

meteorological (based on anomalies from average precipitation) to hydrological (where there is 

persistently low water availability), agricultural (where there is insufficient water for crops) and 

socioeconomic drought (when societal demand for water exceeds supply, leading to reduced 

hydropower and municipal water supply) (Fisher and Andreadis, 2014; Wilhite, 2016). The 

heterogeneity of droughts means that not every drought will lead to a food crisis: there are years 

during which the conditions for agricultural drought are met, but there is no food security impact, 

and conversely there are years during which a less severe meteorological drought results in food 

scarcity (cf. Lewis, 2017). A fundamental task is therefore identifying the subtle differences in 

system dynamics that occur prior to a major food crisis triggered by drought compared to other 

events. In other words, the challenge is whether remote sensing indicators can be used effectively 

to detect abrupt transitions towards food insecurity rather than simply seasonal trends or inter-

annual variability. 

 

A final limitation entails the reality of political and social factors.  A variety of famine early 

warning tools are already in existence (e.g., the USAID Famine Early Warning System, FAO’s 

Global Information and Early Warning System, and WFP’s Corporate Alert System). Yet, food 

crises still occur. In part, this discrepancy arises when the alerts generated by early warning 

systems are not credible, either because the quality of inputs is questionable or because the 

different warning systems provide conflicting messages (Lautze et al., 2012). At the same time, 

early warning systems are political tools and depend on agreement that there is a problem, that it 
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is urgent and that a solution is feasible (Zschau and Kuppers, 2013). It is easy to understand why 

governments may either not want to admit there is a crisis, or – conversely – claim a crisis that 

was in fact not a crisis (Maxwell and Fitzpatrick, 2011; Hillbruner and Moloney, 2012). That 

said, any methodological improvements in the effectiveness and credibility of early warning 

metrics can only help governments make better decisions (Choularton and Krishnamurthy, 

2019).  

 

Satellite data are unique in being global, georeferenced, available soon after measurement, and 

generally inexpensive to end users (Kogan, 2000). Moreover, they record a wide variety of 

attributes—from soil moisture to snowpack. Satellite data will always need ground-truthing, but 

given the expected increase in droughts, with all the human tragedy these droughts can create, 

satellite data warrant our attention. In particular, because satellite data are only going to improve, 

and because we will have an increasing number of droughts for which we also have satellite data 

with a long lead time – a high priority for research should be testing different ways of processing 

these data to generate an early warning for droughts that can trigger food crises. Tipping point 

theory is one possible framework because it generates diagnostics that generate a signal of 

impending crisis conditions before as opposed to during the event. Practical application of 

tipping point theory requires dense data streams (in time and space) and this is exactly what 

satellite remote sensing provides. The next step is comprehensive analyses of several droughts 

around the world along with the time series of remotely sensed data that preceded these events.  
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Chapter 4  

Detecting food security tipping points 
 

4.1. Introduction 

Trigger thresholds are a common component of many early warning systems (Mathys, 2007). In 

the context of famine or food insecurity early warning, a trigger threshold, such as below-

average seasonal precipitation during the agricultural growing period, can signal the need for 

emergency food assistance (Wilkinson et al., 2018). Of the various triggers for impending food 

crises, those that relate to drought are in the greatest need of refinement because droughts are 

associated with more than two thirds of the food insecurity crises that are not anticipated in East 

Africa alone (Krishnamurthy and Choularton, 2020). Improving the performance of such 

thresholds is therefore critically important. If a trigger indicator warns of an impending crisis 

when there is none (false positive), this misdirects limited resources; conversely, if a trigger 

indicator fails to anticipate a food crisis that does occur (false negative), people will 

unnecessarily suffer (Choularton and Krishnamurthy, 2019). 

 

Current famine early warning systems rely heavily on consensus-based probabilistic seasonal 

forecasts that primarily translate rainfall patterns into food security outcomes (Ogallo et al., 

2008). While substantial work has been done to improve seasonal forecasts, complex weather 

phenomena continue to hinder food security projections. To address this challenge, near real-

time remote sensing data are increasingly used, especially to fill data gaps for areas of the world 

that have limited in situ environmental data (Funk and Verdin, 2010). For example, vegetation 

indices such as the normalized difference vegetation index have been used to monitor crop health 
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and thereby estimate drought impact (Becker-Reshef et al., 2010). Rainfall anomalies have also 

been used to assess the severity of drought (Husak et al., 2013). A new generation of satellite-

based indicators may provide additional improvements in early warning systems, with soil 

moisture from the Soil Moisture Active Passive (SMAP) mission, showing particular promise as 

a potential predictor of food crises (Cleverly et al., 2016; Fritz et al., 2019). 

 

New remote sensing data alone are not enough to enhance our capabilities for early warnings.  

We also need analytical frameworks for the analyses of these new data.  The most 

straightforward approach would be to look for simple increasing or decreasing trends in 

environmental  indicators associated with food security and use a detected trend as a trigger for 

action. However, food crises can occur abruptly (Gupta et al., 2019), without any lead-up of a 

prolonged environmental trend. For abrupt shocks to food systems, an analytical framework 

based on tipping point theory is promising (Krishnamurthy et al., 2020).  

 

Applications of tipping point theory in ecological systems and climate conditions have shown 

that lag-1 autocorrelations can be used to detect a critical slowing down prior to major transitions 

(Scheffer et al., 2009; Dakos et al., 2015).   Here, we investigate lag-1 autocorrelation as a 

possible predictor of transitions in food security conditions, soil moisture, and food price data to 

anticipate food security tipping points. We tested the approach across all drought-induced food 

crises that occurred since 2015, when soil moisture records began.  The food crises took place in 

Guatemala, Kenya, Uganda, Somalia, Ethiopia, Sudan, Zimbabwe, Mozambique, Malawi and 

Cambodia.  Following the approach taken in previous applications of tipping point theory, we 

first ask if the autocorrelation diagnostic can predict the onset of a food crisis using the SMAP 
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soil moisture record.  We also provide the first empirical documentation of a link between the 

magnitude of the autocorrelation change and the severity of the ensuing transition.  Finally, 

because state transitions need not be irreversible, we also asked if the autocorrelation could be 

used to predict exiting from a food crisis. This is the first paper investigating how tipping point 

theory can detect transitions to a new state, and then transitions back to the original (or an 

improved) state in the context of food security.   

 

To identify food security tipping points, we use the Integrated Food Security Phase 

Classifications (IPC) (see Methods). The IPC is an approach to standardize food security metrics 

(IPC Global Partners, 2019), classifying the severity of food insecurity according to a five-class 

system (1-minimal insecurity, 2-stressed, 3-crisis, 4-emergency, 5-famine). IPC classes are 

reported every three months (every four months since 2016) for the smallest administrative 

division, or at the livelihood zone level in the case of Somalia and Mali (the average size of these 

analytical units is 150 km2). For our analysis we do not focus solely on transitions to crisis 

conditions (IPC 3 or higher); instead we define a food security tipping point as a prolonged 

period, i.e., > 6 months, of food security conditions that change by more than 0.5 in IPC classes 

(Baro and Deubel, 2006).  
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4.2. Early warning model 

We detect food security tipping points by calculating lag-1 autocorrelation values (AR(1)) 

associated with SMAP soil moisture data (SMAP Level 3 Radiometer Global Daily 36 km 

EASE-Grid Soil Moisture Version 6) (Figure 4.1). In some situations, soil moisture data alone 

might be sufficient to predict oncoming food crises. However, major changes in food prices are 

known to contribute to food crises. The Soil Moisture Auto-Regressive Threshold (SMART) 

allows soil moisture autocorrelation to be sensitive to price changes. We calculated the food 

security tipping point threshold by adding half of the difference between the first and maximum 

SMART values across the record to the first AR(1) using a rolling window of at least one full 

rainy season (for SMAP, 100 observations). Once the threshold is exceeded by at least 60 days a 

transition is predicted to occur. Food security tipping points occur in both directions – 

deterioration or improvement in food security conditions (Srokosz and Bryden, 2015). The 

direction of change is determined by the direction of the rolling average statistic. We applied the 

SMART model to all major food crises in the SMAP record (a total of thirteen since 2015). 

Across all case studies, SMART values increased significantly prior to a shift in IPC class 

(Kendall’s τ> 0.5; p<0.05).  

  



 68 

 

 

Figure 4.1. The Soil Moisture Auto-Regressive Transition (SMART) model integrates 

tipping point theory and remotely sensed soil moisture to predict food security tipping 

points. Autocorrelation coefficients and rolling averages for Soil Moisture Active Passive 

(SMAP) values are calculated, using a moving window of full rainy season (100 SMAP 

observations). Extreme price swings (>15% in either direction, relative to the previous 

month) are then incorporated into the autocorrelation coefficient. Finally, the threshold 

that indicates an approaching transition is defined using the first and the maximum 

SMART values. The model is applied to every case study without individual calibration for 

specific cases, allowing for universal replication in other contexts. 

 

4.3. Methods 

The method used for this analysis consisted of three steps (Figure 4.2): 

1. The first step consisted of downloading food security trend data for locations where 

major crises occurred, retrieving food price data for the major food staples, and 

downloading remotely-sensed data (see Remotely Sensed Data). 
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2. The second step consisted of calculating tipping point diagnostics associated with each 

remotely-sensed variable and defining thresholds. Food price data were used to refine the 

diagnostics and the associated thresholds. 

3. The final step involved determining logic rules to quantify what constitutes a tipping 

point and a trigger in order to perform further assessment of early warning skill. 

 

 

 

Figure 4.2. Detailed overview of the method undertaken for this analysis. The method used 

for this paper consisted of three major steps: data download, defining diagnostics and 

thresholds, and defining tipping points and triggers to enable analysis of early warning 

skill.  
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The analysis was then conducted for all major droughts since 2015 as defined by the World Food 

Programme and the Food and Agriculture Organization for which food security metrics since 

2015 were available. For this analysis we therefore included ten case studies (Figure 4.3).  

 

 

Figure 4.3. Major crises induced primarily by drought were identified in sixteen countries 

since April 2015. Of these, ten (Guatemala, Sudan, Uganda, Kenya, Ethiopia, Somalia, 

Malawi, Zimbabwe, Mozambique and Cambodia) were included for this analysis due to the 

availability of food security metrics.  

 

4.3.1.  Data sources 

Food crises. The regime shift of interest is the transition between a stable state of minimal food 

insecurity to a prolonged period with heightened food insecurity. All of the major food crises 

triggered by drought, identified jointly by the Food and Agriculture Organization (FAO) and the 

World Food Programme, (WFP) since 2015, and for which food security metrics were available 

(see below) were included in this analysis. The countries included for this work are: Cambodia, 

Ethiopia, Guatemala, Kenya, Malawi, Mozambique, Somalia, Sudan, Uganda and Zimbabwe.  

 

Countries included:
• Guatemala
• Sudan
• Uganda
• Ethiopia
• Kenya
• Somalia
• Mozambique
• Malawi
• Zimbabwe
• Cambodia

Countries excluded due to lack of 
food security metrics:
• Honduras
• Nicaragua
• Angola
• Viet Nam
• Papua New Guinea
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Food security metrics. Food security metrics are available through the Integrated Food Security 

Phase Classification (IPC) approach, which consists of protocols to classify food insecurity and 

provide information for decision making according to five categories that are comparable across 

countries: minimal food insecurity,  stressed, emergency, crisis and famine (Phases 1 through 5 

respectively). Phases are assigned to administrative units or livelihood zones based on 

consolidated evidence on food-insecure communities to provide information on: (1) the severity 

of food insecurity, (2) the distribution of food insecurity, and (3) the factors contributing to food 

insecurity (IPC Global Partners, 2019). Food security classifications for countries that 

experienced drought-induced food crises were downloaded from the FEWS NET Data Portal 

(https://fews.net/data). For Cambodia, FEWS NET does not provide food security analyses so 

the number of people receiving food assistance from the World Food Programme (WFP) was 

used as a proxy for the severity of food insecurity. Data were retrieved from WFP’s standard 

project and annual country reports (https://www.wfp.org/operations). 

 

Remotely-sensed data. For each of the identified case studies, we used area-averaged time 

series from the following datasets: 

• Surface soil moisture derived from the SMAP Level 3 Radiometer Global Daily 36 km 

EASE-Grid Soil Moisture Version 6, available from April 2015 onwards 

(https://nsidc.org/data/SPL3SMP/versions/6). The dataset provides global coverage every 

2.5 days. The SMAP mission built on the experience and lessons from previous soil 

moisture remote sensing missions such as Soil Moisture and Ocean Salinity (SMOS) to 

detect and mitigate the effect of radio frequency interference in order to provide 

continuous global high-quality soil moisture data (Oliva et al., 2012). Soil moisture data 
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are filtered to exclude observations in urban areas, areas with high surface water content, 

and areas impacted by radio frequencies in the same micro-wave wavelengths as SMAP – 

all of which are known to affect the quality of SMAP data (Reichle et al., 2017).  

• Precipitation derived from the TRMM and GPM missions Level 3 0.25° gridded 

products, available from 1998 until April 2015 (TRMM) and from February 2014 

onwards (GPM) (https://pmm.nasa.gov/data-access/downloads/gpm). GPM is an 

advanced successor of TRMM with additional channels on the dual-frequency 

precipitation radar (DPR) and on the GPM Microwave Imager (GMI) to enable detection 

of light precipitation and snowfall (Skofronick-Jackson et al., 2017). Because the two 

datasets are inter-comparable, a long-term dataset starting in 1998 is available (Stocker et 

al., 2018). 

• Evapotranspiration from the MODIS Level 4 500 m Version 6 product (MOD16A2), 

available from January 2001 until present (https://modis.ornl.gov/cgi-

bin/MODIS/global/subset.pl). Pixels are screened for cloud and aerosol cover to provide 

more accurate estimates of evapotranspiration rates (USGS, 2020). ET pixel values are 

the sum of all eight days within the composite period.  

• Normalized difference vegetation index values from the MODIS Level 3 250 m Version 

6 product (MOD13Q1), available from January 2001 until present 

(https://modis.ornl.gov/cgi-bin/MODIS/global/subset.pl). Imagery is available for every 

16-day period using the two 8-day composite surface reflectance granules (MOD09A1) 

in the 16-day period. The imagery is filtered for water bodies to improve accuracy of 

NDVI estimates (USGS, 2020).  
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• Equivalent water heights from processed GRACE/GRACE-FO data, available from 

March 2002 until October 2017 (GRACE) and from May 2018 until present (GRACE-

FO). Monthly mass grids are processed by the CNES/GRGS group and provided as 1° 

×1° grids through the GRACE-plotter (http://thegraceplotter.com/; Lemoine et al., 2018). 

Unfortunately, there are continuity issues given that no measurements were obtained 

from October 2017 until May 2018, which limits the skill of GRACE measurements for 

detecting food security transitions. 

 

Our analysis revealed that soil moisture was the indicator with most promise for detecting 

drought-induced food crises through tipping point diagnostics.  

 

Food prices. Prices of the dominant food staple in the nearest market were retrieved from the 

Food and Agriculture Organization’s Global Information and Early Warning System food price 

monitoring tool (http://www.fao.org/giews/food-prices/tool/public/#/home). Price data were 

downloaded in the local currency for a kilogram of the selected staple. 

 

4.3.2.  Tipping point early warning signals: diagnostics and thresholds 

Previous studies have demonstrated the utility of using at least four diagnostics for detecting 

sudden transitions in systems (Krishnamurthy et al., 2020): increasing lag-1 autocorrelation (e.g, 

Dakos et al., 2008), increasing variance (Takimoto, 2009), increasing skewness (Golledge et al., 

2017), and threshold exceedance (Wieczorek et al., 2011). The literature recommends defining 

the rolling window based on the number of observations before the transition occurs (usually half 

of the observations) (see Dakos et al., 2012; 2013; Scheffer et al., 2013). This approach is 
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preferred when the timing of the transition is known. For our analysis, we tested the predictive 

ability of our model and assumed that the timing of the crisis transition is not known. We used a 

consistent rolling window equivalent to at least one rainy period in every country (250 days, or 

100 SMAP observations). While a larger window size would be preferred, transitions occurring 

in 2016 would have been missed. 

 

After evaluating the skill associated with each diagnostic, we focused the analysis on lag-1 

autocorrelation (AR(1)) coefficients and rolling averages associated with SMAP measurements. 

The AR(1) coefficient provides an indication that a transition is likely to occur, but does not 

indicate the direction of change. A similar trend was found elsewhere in climatological 

applications of tipping point theory (Dakos et al., 2008). In our analysis, the rolling average 

diagnostic indicates the direction of change and therefore is a useful metric for early warning 

protocols. Lag-1 autocorrelation is calculated using the following equation: 
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Where Yi refers to the ith observation of soil moisture, ,. is the average soil moisture value, and 

N refers to the number of observations. 
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The initial analysis revealed that some crises were missed by soil moisture measurements alone, 

and that sudden food price increases were implicated. Our analysis revealed that difference in 

food prices of at least 15% relative to the previous month preceded a transition in IPC classes. 

However, food prices have non-linear effects on food security, with higher increases in food 

prices resulting in exponentially more severe food security consequences (Kalkuhl et al., 2016). 

To account for this relationship, the natural log of prices was calculated. Where food prices 

changes exceeded the 15% threshold, the log- transformed absolute value of the transformed 

food price change was multiplied with soil moisture AR(1) and rolling average values according 

to the following equation to adjust the diagnostics: 
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In studies for detection of major climatic shifts such as glaciations (Dakos et al., 2008) the 

threshold is defined based on the initial AR(1) value, which in turn is based on the rolling 

window size – with an increase in autocorrelation after this baseline indicating an approaching 

tipping point (Scheffer et al., 2009). We build on this foundation and apply a  threshold based on 

the difference between the initial and maximum SMART, as shown in Equation 3: 
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Theoretically, the maximum SMART value can increase over time due to changing 

environmental conditions or more severe price swings. As such the threshold can therefore be 

adjusted to such changes in environmental and market variables. 

 

This threshold is applied to all cases without calibration for individual cases, making this 

approach applicable for every location where a food crisis unfolded in our study. The threshold 

also eliminated all false alarms that would otherwise be identified with a threshold based solely 

on the initial autocorrelation coefficient. The advantage of defining thresholds through an 

equation is the possibility of simplifying the analysis of threshold levels, while also taking into 

account the local context (initial and maximum SMART values are different for each of the case 

studies examined here). 

 

4.3.3.  Operationalizing the early warning system model 

A set of logic rules were developed to identify tipping points and triggers. A tipping point is 

considered where there is a change in IPC class in either direction that is greater than 0.5 that is 

sustained for at least 100 days, resulting in two types of regime shifts – entering a crisis, and 

exiting a crisis. In other words, short-term fluctuations in food security are not considered regime 

shifts. For instances where food security conditions changed gradually, a regime shift is defined 

as two or more consecutive changes in IPC class in the same direction if the change is greater 

than 0.5 IPC classes since the first transition and is sustained by at least 100 days. In the latter 

case a tipping point begins at the first change in IPC conditions. For our analysis, we exclude 

transitions that occurred within the first year of the observational record of SMAP (because of 

insufficient historical measurements to establish a threshold) and those transitions occurring 
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within 100 days of the end of the record (due to the absence of food security data to validate the 

transition).  

 

The trigger is important for signaling when an intervention should take place, and is therefore an 

essential element of quality and skill. In our analysis, the trigger is activated when the following 

three conditions are met:  

• diagnostic exceeds threshold for >60 days 

• τ > 0.5 from the moment threshold is exceeded 

• tipping point occurs within 15 days of diagnostic values decreasing below threshold 

levels  

 

These definitions yielded three sets of triggers: true positives (a transition is forecasted, and it 

does indeed occur), false positives (a transition is forecasted but food security conditions remain 

unchanged), and false negatives (no transition is forecasted but food security conditions 

experience a shift).  

 

4.4. Results 

For each case study, tipping point diagnostics and thresholds are shown through a ‘dashboard’ 

(Figure 4.4). In the upper panel, food security conditions (IPC) are denoted by the solid grey line, 

while soil moisture values (SMAP) are shown by the solid blue line and food price changes 

(relative to the previous month) (FAO GIEWS) are shown by the dotted blue line. The period of 

interest is the prolonged shift in food security conditions (a change in IPC class of at least 0.5 

sustained for at least six months following a minimum baseline of one rainy season), denoted by 
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the red bar at the top of the plot. The period starts with a transition toward deteriorating food 

security conditions (at the beginning of the bar) and improvement in conditions (at the end of the 

bar).  In the case of Kenya, for example, a food crisis began in June 2016 and lasted over 18 

months following a prolonged period of below-average rainfall (FEWS NET, 2017). Over 1.3 

million people were affected. Food security conditions improved in December 2017 and 

continued to improve. Minor fluctuations in 2018 are not considered tipping points as food 

security conditions were not sustained for at least six months. In the lower panel, the SMART 

indicator (thick solid black line) exceeds the threshold by at least three months prior to the crisis 

transition and then stabilizes below the threshold during the crisis. During periods of extreme 

price changes, the AR(1) also changes – this is illustrated by the blue outline – although in this 

case the prices did not affect the trigger as it had already been exceeded. Before exiting the 

crisis, the SMART indicator again exceeded the threshold by at least three months signaling a 

potential upcoming shift. The rolling average, shown at the bottom by red (negative rolling 

average) and blue (positive) bars indicate the direction of transition.  
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Figure 4.4. Food security tipping points detected by tipping point statistics.  Top panel: 

Integrated Food Security Phase Classification (IPC) (gray line), remotely sensed soil 

moisture (solid blue line), and food price anomalies (dashed blue line). Bottom panel: Soil 

Moisture Auto-Regressive Threshold (SMART) indicator (black line, with blue highlight 

when price-influenced), trigger threshold (red line), and soil moisture rolling average 

(red/blue bars). When the SMART indicator exceeds the triggered threshold, a food 

security tipping point is forecasted; the indicator provides skill of up to three months lead 

time. The period of state change is indicated by the maroon bar in the top panel. The 

example shown above is for the northeastern region of Kenya; the other case studies are 

shown in the Supplemental Material. 

 

Across all case studies, we found that the SMART, once triggered, provides a lead time of no 

less than three months before a major transition both toward a food crisis or away from a crisis. 

SM
AR

T 
co

ef
fic

ie
nt

rolling avg. 
anom

aly

2015
A   M   J   J   A   S   O   N  D   J   F   M  A  M   J   J   A   S   O  N  D   J   F  M  A   M   J   J   A   S   O  N  D   J F M A  M  J  J  A  S  O  N  D         

2016 2017 2018



 80 

As the lead time to a transition decreases, the signal becomes stronger, providing greater 

confidence that a transition is increasingly likely. In contrast, during periods of no transition 

(“baseline”), SMART values are lower (p<0.05) (Figure 4.5). These results suggest that the 

SMART indicator is a useful metric for predicting when a major transition will occur as well as 

when conditions are likely to be stable.  

  

 

Figure 4.5. Sustained periods of Soil Moisture Auto-Regressive Threshold (SMART) values 

are indicative of a potential food security state shift. As the transition approaches, SMART 

values increase, providing greater certainty about impending shifts in food security 

conditions. Baseline SMART values are significantly lower than the values associated with 

periods prior to transitions (p<0.05).  

 

In addition to enabling forecasts of when a transition might occur, SMART values predict the 

magnitude of the food security shift, i.e., the change in food security conditions as measured by 

IPC classes (Figure 4.6). The implication is that the SMART indicator not only indicates when a 
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deterioration or alleviation is likely to occur, but also provides a quantitative indication of how 

large the shift in food security conditions is likely to be. The median values of SMART in the 

three months preceding a transition are strongly correlated with the change in IPC classes, with a 

larger SMART value indicating a larger transition. The predictive skill is nearly equal for exits 

(R2 = 0.83, p<0.05) and for transitions towards crises (R2 = 0.81, p<0.05).  

 

Figure 4.6. The 3-month median Soil Moisture Auto-Regressive (SMART) values forecast 

the size of the transition for both crises and exits. Data include all major drought-induced 

food crises over the soil moisture satellite record. 

 

(R2 = 0.81)

(R2 = 0.83)

TRANSITION TYPE 

Deterioration 
Improvement

UG

SO

ZW

ZW

GT

MZ

MW
SO

MZ

ET

ET

KE
KE

UG

SD
MZ

ZW
KH

KHMW

MZ



 82 

4.5. Not all remote sensing products are created equal 

Existing early warning systems rely on consensus-based seasonal forecasts, which tend to 

perform with lower accuracy in periods with complex climate phenomena. During El Niño years, 

for example, the hit rate of seasonal forecasts is 55-58% compared to the average hit rate of 69-

72% (ICPAC, 2019). Consequently, food security forecasting skill (i.e., the ability to 

successfully predict IPC categories) is lower in years with strong ENSO cycles (64%) compared 

to years without a strong ENSO signal (84%) (Krishnamurthy and Choularton, 2020). Part of the 

challenge has to do with the need for updating forecasts. Platforms like the Climate Outlook 

Forums, whereby analysts interpret information from a range of national, regional and 

international seasonal forecasts are expensive and therefore meet infrequently, e.g., 3-4 times per 

year (Walker et al., 2019).  

 

To address this challenge, Earth observation data are increasingly being used to provide regular 

monitoring updates and develop automatic triggers that activate funding mechanisms and famine 

prevention activities (Jjemba et al., 2018). Remote sensing products have different characteristics 

in terms of the types of variables they measure, temporal and spatial resolutions, historical 

availability, spatial coverage and accuracy (Krishnamurthy et al., 2020). Near-real-time 

monitoring of vegetation health (Meroni et al., 2019) and rainfall anomalies (Funk and Verdin, 

2010) has already proven to be valuable in improving responses to drought through signals for 

early warning (e.g., Rojas et al., 2011).  Initially, we tested tipping point diagnostics on a broad 

suite of remote sensing products for hydrology and vegetation health, including soil moisture, 

NDVI, rainfall anomalies, and evapotranspiration (Krishnamurthy et al., 2020). A key question is 

which of these characteristics is the most relevant for detecting food security transitions. In terms 
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of type of measurement, it is important for indicators to be predictive. Vegetation health 

indicators often lag in terms of detecting vegetation stress (and, ultimately, a food crisis), unlike 

hydrological indicators like soil moisture, which anticipate stress (e.g., Enenkel et al., 2015). In 

our analysis, vegetation indicators like NDVI and evapotranspiration only detect 33-66% of 

transitions. However, not all hydrological indicators perform with higher accuracy – GRACE 

groundwater measurements detected 0-57% of transitions, largely due to the limited temporal 

resolution. In comparison, our analysis using soil moisture was able to detect all transitions 

(Figure 4.7). 

 

Remotely-sensed soil moisture is a relatively novel indicator, available operationally only since 

2010 (through the Soil Moisture and Ocean Salinity mission) (Kerr et al., 2012) and 2015 

(through the Soil Moisture Active-Passive mission) (Entekhabi et al., 2010). Here we focus on 

SMAP observations, which generally have a higher spatial resolution (36 km for SMAP 

radiometer compared to 35-50 km for SMOS). SMAP also has a slightly higher temporal 

resolution (2.5 days) than SMOS (3 days). SMAP measurements are more accurate (global 

correlation with in situ soil moisture measurements of 0.76) than SMOS measurements (global 

correlation of 0.66), especially in areas of the world that tend to be more vulnerable to food 

crises (Chen et al., 2018). SMART detected all 25 major food security transitions in 10 countries 

– on average one transition every two years. In contrast, the SMART forecast using SMOS data 

identified only 72% of transitions in the same period (Figure 4.7). In our study, the ability to 

detect changes over time was more important for tipping point detection than spatial resolution. 

This is consistent with other applications of tipping point theory (Livina and Lenton, 2012). In 
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terms of measurement accuracy, SMAP was adequate for timely detection of food security 

transitions.  

 
Figure 4.7. Certain diagnostic approaches and remotely-sensed datasets are more accurate 

in identifying transitions to food crises than others. The combination of rolling averages 
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and autocorrelation in soil moisture measurements perform well in detecting deteriorations 

and improvements of food security trends. 

Across our case studies, food security transitions are more sensitive to soil moisture trends than 

to food prices: 70 percent of transitions can be predicted with soil moisture autocorrelation 

triggers alone. But, incorporating food prices raises predictive skill to 100%, especially in 

Southern African and Asian countries where extreme food price changes are a major trigger of 

food insecurity. The result of combining the two indicators may allow improved detection of the 

incubation of a food crisis when food price signals begin to worsen or improve synchronously 

with potential drought stress, especially in countries where rainfed agriculture and livestock 

production are predominant sources of livelihoods and food security (Turner, 1997).  

 

Table 4.1. Food price swings contributed, partly or primarily, to food security transitions 

in some of the case studies examined here. In such instances, a food price change of at least 

15 percent relative to the previous month, in either direction (increase or decrease) was 

noted in the month prior to a transition. 

 
Food price swing (% 
relative to previous month) 

IPC change at 
transition 

Transition 
type 

Country Food prices 
played a role 

15.2 - Crisis Cambodia x 

31.5 - Crisis Cambodia x 

15.9 1.2 Crisis Guatemala x 

18.1 1.4 Crisis Malawi x 

21.9 1 Crisis Mozambique x 

42.3 1.86 Crisis Mozambique x 

48.8 2 Crisis Somalia x 

42.1 1.5 Crisis Sudan x 
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42.5 0.5 Crisis Zimbabwe x 

18.7 1 Crisis Zimbabwe x 

0 0.67 Crisis Ethiopia  

0.7 0.5 Crisis Kenya  

11.2 1 Crisis Sudan  

4.7 0.8 Crisis Uganda  

-25.5 1 Exit Ethiopia x 

-29.5 0.5 Exit Guatemala x 

-18.1 0.9 Exit Malawi x 

-16.5 0.7 Exit Malawi x 

-72.72 2.8 Exit Mozambique x 

-18.1 0.5 Exit Uganda x 

-1.1 - Exit Cambodia  

-2.9 1 Exit Guatemala  

-1.9 0.62 Exit Kenya  

-2.6 0.5 Exit Somalia  

-0.6 1.88 Exit Sudan  

-1.7 1 Exit Zimbabwe  

 

Our results also indicate an empirical relationship between the magnitude of median 

autocorrelation metrics and the change in food security conditions. To our knowledge, this is the 

first documented analysis of a relationship between tipping point metrics and the magnitude of 

change in the system. If this relationship between magnitude of autocorrelation metrics and 

magnitude of change in food security holds up in future crises, it would be have huge value in 

responding to food crises – the response could be scaled to the size of the crisis. A humanitarian 

operation that does not match the scale of the crisis either squanders resources, or fails to protect 

lives. Currently, analysts rely on metrics of malnutrition and precipitation anomalies to make 

assumptions about the number of people who will require humanitarian assistance (Funk et al., 
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2019) – but the SMART model might provide an additional layer of information to anticipate 

humanitarian needs. 

 

4.5.1.  Global application of the model 

Research has shown that investment in early warning systems is highly valuable, with some 

estimates suggesting that a dollar invested in early warning saves up to 100 dollars in response 

(48). However, setting up early warning systems can be expensive and are therefore difficult to 

replicate globally across all locations. Typically, such early warning systems are only set up for 

priority countries. However, there are a number of cases where food security crises can still 

occur – and yet limited food security monitoring capacity exists. 

 

The model we propose here, based on price-sensitive soil moisture autocorrelation, is based on 

universalizable criteria applied to open-source information and can be replicated across all 

geographies. The main data sources, SMAP soil moisture and food prices are collected regularly 

through existing systems. At the same time, the thresholds utilized for the triggers are based on 

the context-specific characteristics of soil moisture dynamics (the maximum and initial values). 

The advantage of defining thresholds through a universal equation is the possibility of 

simplifying the analysis of threshold levels, while also taking into account the local context. 

 

The model we present here is universal and can be applied in any geography. In countries where 

no early warning systems are in place, it can signal an emerging crisis. And in countries with 

existing systems, our approach can provide increased confidence about the accuracy of signals 

detected through other indicators. 
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4.5.2.  Data length requirements 

In the absence of historical data, interpreting tipping point diagnostics is a complicated task. The 

length of the historical baseline influences the size of the rolling window, i.e., the subset of the 

data used to calculate diagnostics: a shorter window size is more likely to provide unclear signals 

while a longer rolling window offers a longer-term baseline for reducing the effects of large 

noise, identifying anomalies and potential tipping points (Rogers and Tsirkunov, 2011).  

 

The rolling window size also determines the initial and maximum autocorrelation values (and 

therefore influences the accuracy of the threshold). A small window is likely to hide seasonal 

trends, whereas a very large window size will hide some seasonal variability – both examples 

result in an inaccurate initial autocorrelation value (Livina and Lenton, 2012). In addition, a 

small window size could result in an artificially high maximum SMART value because short 

periods will be associated with soil moisture values that are very similar to each other. 

Conversely, a large window size would hide sub-seasonal trends, potentially resulting in a 

smaller maximum SMART value. As a result, the threshold level will be set too low and false 

positives will be triggered (Dakos et al., 2012).  

 

As the foregoing discussion illustrates, determining the size of the rolling window is essential for 

accurate early warning – yet the appropriate size of the rolling window is heavily contested. In 

applications for climate tipping points, the rolling window size is equivalent to 50 percent of the 

data series prior to the regime shift when the timing of the transition is known, with the idea 

being that signals identified in the first half of the dataseries represent baseline conditions that 

change as the transition is being reached (Dakos et al., 2008). Other authors suggest rolling 
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window sizes based on time. In ecological studies of whale populations, a data period of twenty 

years proved to be the minimally sufficient timeframe to detect inflections in population numbers 

(Clements et al., 2017). Recent work has suggested that the size of the rolling window depends 

on the frequency of data points, with datasets available at high temporal resolution recommended 

(Livina and Lenton, 2012).  

 

Ultimately the size of the rolling window depends on the time scales at which the tipping point is 

expected to occur. For process occurring on millennial scales – such as glaciations, the collapse 

of the thermohaline circulation, or the desertification of North Africa – window sizes of 2,500 

years, 20,000 years and 1,500 years respectively provide early warning signals based on 

increasing autocorrelation (Dakos et al., 2008). For food security applications, the relevant 

timescale is at the sub-annual (seasonal scale) scale – and at sub-annual scales high temporal 

resolutions allow for estimation of autocorrelation (Takimoto, 2009).  

 

For the purposes of this work, we tested the applicability of a universal window size assuming 

the beginning of the transition phase is not known, and used a rolling window size of 100 SMAP 

observations (at least 250 days) to capture seasonal variability during the length of at least one 

rainy season across all case studies. The window size of 100 was kept constant to account for 

missing records or days with cloud cover. The window size also used to allow for detection of 

transitions starting in 2016. Even without a long historical record (records began on April 2015), 

accuracy rates for crisis detection are promising. In part, this might be attributed to the high 

temporal resolution of the data (2.5 days). That SMAP measurements performed well even with 

a relatively short data record bodes well for its future usability in early warning. As the data 
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record expands, we will be able to test the utility of larger window sizes for predicting future 

food security transitions. 

 

4.5.3.  Tipping point thresholds 

There is an inherent difficulty in forecasting when a crisis will begin: a declaration of famine or 

food crisis is not only based on deteriorating food security conditions but also on political 

consensus that a crisis is indeed unfolding (Seal et al., 2017). By contrast, it is easier to predict 

when a food crisis will end for two reasons. First, declaring that a food crisis has ended is 

politically desirable (Kenneally, 2011). Second, climatological and environmental thresholds of 

improving conditions – though less studied— are less politically sensitive than those associated 

with food crises (Zschau and Küppers, 2013). Having said that, anecdotal evidence suggests that 

current early warning systems may be conservative in predicting recovery from major food 

crises, especially in conflict settings (Choularton and Krishnamurthy, 2019). Our approach 

provides an additional objective layer of information for determining when a crisis is 

approaching or likely to end with a three-month lead for both types of transition. Given that a 

large-scale humanitarian operation takes at least six weeks to mount (IASC, 2015), the three-

month lead provides time to avert a crisis. 

 

Setting the right threshold level is key for automatic trigger-based early warning systems and 

disaster risk finance mechanisms, providing information about when certain activities are needed 

to avert a crisis (Wilkinson et al., 2018). A low threshold is likely to result in too many false 

alarms being issued (and thereby reduce the credibility of the system). Conversely, a high 

threshold level would miss crises (Choularton and Krishnamurthy, 2019). Setting the threshold 
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correctly therefore has implications for effective early warning, and disaster risk finance. In 

contrast, improving the performance of these systems can build confidence to take action and to 

trigger disaster risk finance where reducing basis risk is critical. 

 

Here we use a universal threshold based on the initial and maximum SMART values, making it 

applicable to any geographic context without requiring further calibration; the threshold 

eliminated all false positives and false negatives in our case studies. But two important 

challenges remain. First, there is no guarantee that the approach will work for future drought-

related crises or in wealthier economies with different food systems. However, that our analysis 

worked for all case studies across various geographical contexts is highly promising but further 

replication exercises are required test the validity of the approach. Second, the threshold is 

dependent on the maximum SMART value. With changing environmental (e.g., soil moisture) 

and social (e.g., food prices) conditions, the maximum AR(1) coefficient could drastically 

change with implications on where the threshold is set. Here, too, additional work with a focus 

on future droughts will provide further clarity on this.   

 

Given the utility of SMAP data for food security early warning, can the humanitarian and science 

communities can continue to rely on the mission’s continuation? The active radar has already 

broken, and the mission is past its three-year nominal duration. On top of this, the mission cost 

nearly US$1 billion (NASA, 2015). Soil moisture has not been explicitly prioritized as a key 

indicator to monitor in the US National Academies of Sciences, Engineering and Mathematics 

2017-2027 Decadal Survey for Earth Science. However, as SMAP has shown to be very valuable 

for food crisis early warning, collection of these data has enormous societal value. The fact that 
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continued collection of soil moisture data might not continue in the long run – both because of 

technical issues (broken sensors) and competing scientific priorities – is a disturbing possibility. 

On the basis of our promising results,  we strongly recommend prioritizing soil moisture 

measurements with characteristics analogous to SMAP in future satellite missions. 

 

4.6. The unexplored promise of tipping point theory in combination with 

environmental indicators 

Food crises depend on multiple factors such as availability of crops and grazing land, food 

prices, governance regimes, health conditions and conflict – so even if an early warning correctly 

predicts that some thresholds (e.g., sufficient food) are not met, a crisis can still unfold because 

another event triggered it (e.g., political instability) (Ross et al., 2009). On top of this, there are a 

multitude of factors that early warning systems are not meant to capture: governance structures, 

legal frameworks, feasibility of providing humanitarian assistance, or the effects of pandemics 

(Walker, 2013). To address this challenge, a layered early warning system with multiple data 

streams providing information at different times can reduce uncertainty about the intensity and 

timing of food crises: for instance, seasonal forecasts might not suggest deteriorating trends, but 

monitoring of political stability might suggest an impending crisis (Funk et al., 2019). 

Conversely, an early warning signal might trigger early assistance and thereby preventing a crisis 

– in such cases, additional calibration might be needed to ensure the model adequately captures 

the effects of assistance.  

 

Our results show the significant opportunities for integrating tipping point theory to complement 

triggers that feed into existing early warning systems  – such as seasonal forecasts (available at 
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least 3-4 months before a potential crisis), vegetation and drought impact models (constantly 

being updated), and real-time monitoring. With food security challenges increasing due to 

climate-related events and conflict incidence (FAO et al., 2019), our approach offers an 

additional layer of prediction prior to a major food security tipping point. When all triggers 

indicate an upcoming crisis, the autocorrelation values can help enhance early interventions by 

providing greater confidence about the signal and by informing on the severity of the crisis. On 

the other hand, when all other triggers fail to predict an unfolding crisis, the tipping points 

framework offers a warning signal with a three-month lead-time to enable early action. 

 

The remote sensing tipping point approach we present here provides a potential step-change in 

food security early warning, given the temporal associations between detected early warning 

signals and the timing and intensity of food security transitions. The lead time of the signal will 

allow governments and the humanitarian community to prepare for a crisis, and potentially avert 

it. At the same time, the SMART indicator provides an indication of the severity of food security 

transitions – another piece of critical information for reducing humanitarian impacts. 
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Chapter 5  

Conclusions 
 

5.1. Summary of results 

Food security early warning systems are of paramount importance to achieving the global 

objective of eradicating hunger. The principal contribution of my research is demonstrating that 

the mathematical underpinnings of tipping point theory can be applied to food security early 

warning and thereby provide early warning of impending transitions. To accomplish this 

research, I relied on publicly available datasets from global efforts such as the Famine Early 

Warning Systems Network (FEWS NET), the Food and Agriculture Organization’s Global 

Information Early Warning System (GIEWS), and various satellite missions. My efforts 

contribute to the overall advancement in early warning capabilities, with a specific focus on 

long-term shifts in food security conditions of at least six months in duration.  

 

Chapter 2, published in Global Food Security (Krishnamurthy et al., 2020a), provides a baseline 

for understanding the state of current early warning systems, and includes an in-depth overview 

of where and why early warning systems fail to anticipate food crises. Early warning data are 

now available for over a decade, enabling a systematic analysis of how accurately early warning 

forecasts predict actual food security conditions. Yet, despite the potential, Chapter 2 is the first 

study to carry out such an analysis at a regional scale. Four major findings emerge from this 

research.  
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First, early warning skill varies significantly by geography. In general, areas that are traditionally 

more food secure (such as the highly productive highlands of Western Ethiopia) have higher 

accuracy rates than areas that experience food insecurity on a seasonal basis. In contrast, areas 

that exhibit lower early warning skill rates are associated with complex topography, such as the 

transition between mountains and plains in central Ethiopia, areas with frequent conflict such as 

in South Sudan, and pastoral regions such as in the arid and semi-arid lands of Kenya. One of the 

key contributions of this work is providing a spatially explicit overview of early warning 

accuracy rates to enable targeted investment of resources for enhanced data collection and future 

analysis in these locations. 

 

The second key finding of Chapter 2 is that not all errors are the same. Some regions are more 

prone to overpredicting food insecurity (false alarms) while others experience the opposite 

scenario (false negatives, or missed crises). The implications of both errors are significant, both 

in terms of resources and human lives. A false alarm can trigger a large-scale humanitarian 

response that is not needed, thereby limiting resources for future responses in other locations. 

Another important but unquantified impact of false alarms is the reduced confidence of donors in 

early warning systems resulting from frequent false alarms. This problem is perhaps best 

exemplified in the children’s fable “The Boy Who Cried Wolf” in which a boy repeatedly tricks 

the villagers into believing that a wolf is approaching. Later, when a wolf actually comes to the 

village, the villagers do not heed the boy’s warnings and the town’s sheep are ultimately eaten by 

the wolf. With a system that produces false alarms on a consistent basis, there is a serious risk 

that the donors (“the villagers”) will not respond to the warning of an approaching crisis (“the 

wolf”). My analysis revealed that this type of error is most common in areas with high conflict, 
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possibly because food security analysts are being overly cautious in interpreting trends. The 

other type of error, false negatives (or missed crises), are arguably more costly from a 

humanitarian perspective. Failing to anticipate and respond to a crisis can result in millions of 

lives lost, and even for survivors, the implications of destroyed livelihoods can be significant. 

My analysis indicates that this type of error is more common in areas with complex climates, 

indicating that weather forecasting skill is still in need of additional improvement. The results are 

again shown in a spatial map to support decision makers in interpreting uncertainties associated 

with early warning forecasts. 

 

The third key finding of Chapter 2 concerns the ability of early warning systems to anticipate 

transitions to crisis situations – in other words, how well do early warning systems predict that a 

given area will transition from a state of acceptable food security conditions to a crisis situation? 

The somewhat surprising result of this enquiry is that areas that experience fewer crises are more 

prone to error. This is, in part, because in areas that are less prone to crises, there are less 

resources available to forecast food insecurity. Yet, a crisis can occur anywhere – even in places 

that do not traditionally experience them – and successfully preparing for such a situation is 

essential if we are to save lives. 

 

Finally, in Chapter 2 I also reviewed the key sources of uncertainty associated with early 

warning systems. It is well known that the major sources of error are linked to the ability to 

forecast climatic conditions (droughts, floods, and tropical storms) and socioeconomic variables 

(conflict intensity, price volatility). My research provides the first quantification of the 

contribution of each of these variables to early warning skill. The research also shows that 



 97 

climate forecast skill is twice as important as conflict frequency in determining successful food 

security forecasts.  

 

In all, Chapter 2 provides a baseline for understanding the status quo of early warning systems, 

which rely heavily on consensus-base seasonal climate analysis. With the increasing availability 

of remote sensing products that monitor environmental variables on a global scale, there is a case 

to be made for testing whether incorporating these satellite-derived datasets into early warning. 

In the last decade, satellite missions aimed at measuring soil moisture (SMOS, SMAP), 

groundwater (GRACE and GRACE-FO), chlorophyll fluorescence (OCO-2 SIF) and 

evapotranspiration (ECOSTRESS) have become available, opening up possibilities for more 

sophisticated analysis and inputs into early warning. By design, these products have different 

characteristics and spatial and temporal resolutions. With so many different products, the 

question is then how to integrate the various products more systematically into an early warning 

platform. Chapter 3, published in Earth’s Future (Krishnamurthy et al., 2020b), addresses this 

critical question by arguing that tipping point theory offers an overarching framework for such 

integration. In so doing, the research defines what a food security tipping point might look like, 

and how it might differ from tipping points explored in the ecological literature. The research 

also offers a meta-analysis of the utility of various remotely-sensed environmental datasets on 

vegetation health and hydrology for detecting tipping points. Here I also explore the different 

statistics that could be used to provide actionable early warning signals of impending tipping 

points: increasing autocorrelation, increasing variance, increasing skewness and threshold 

exceedance. The ability to detect any of these diagnostics prior to food security tipping points 

would have implications for early warning capabilities.  
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The theoretical underpinnings of tipping point theory that originated in the research of Holling 

(1973) offer exciting opportunities for applications in early warning. But to date, research in the 

field has focused on large-scale ecological transitions such as the collapse of the North Atlantic 

Oscillation, the disappearance of glaciers, or the loss of forests. These are all events that are 

difficult to reverse. In food systems, such transitions do not exist because the implication would 

be a permanent state of famine. So, with that in mind, how realistic is the application of these 

principles to seasonal processes that influence food security trends?  

 

Chapter 4 is the culmination of the previous Chapters: if Chapter 2 provides a baseline for 

understanding where and why early warning needs improvement and Chapter 3 provides a 

framework for potentially improving integration of new remote sensing products into early 

warning systems, Chapter 4 then explores the feasibility of applying tipping point theory to the 

detection of food security transitions. The research in Chapter 4 combines two diagnostics from 

tipping point theory (namely, autocorrelation and rolling averages) with food price data to 

provide a tool for detecting food security tipping point. The approach is applied to all major food 

crises in the record of the SMAP mission (April 2015-present). Three key findings emerge from 

this work. 

 

The first major result of Chapter 4 (Krishnamurthy et al., in review) is that the combination of 

soil moisture autocorrelation and food price statistics detected all transitions – both deterioration 

and improvement of food security conditions – in the SMAP record, including those that were 

not identified by status quo early warning systems. Although the SMAP record is relatively 
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recent, the ability to detect all transitions for all major food crises, which included 25 transitions, 

is encouraging and illustrates the potential for including remotely sensed soil moisture in tipping 

point analysis for predictive food security early warning. This finding also adds credibility to the 

argument that tipping points might be reversible, at least in food security systems, and that the 

statistics used to detect a shift between one state, and another could also be used to detect a shift 

in the opposite direction. From an operational standpoint, the finding is useful because it 

provides information that can inform how long a humanitarian operation should last. 

 

The second key finding of the research is that the signal provided by soil moisture and price 

statistics lasts between three and six months. A longer lead time is of course ideal, but the ability 

to provide signals even three months prior to a crisis is beneficial for staging a humanitarian 

operation. The research also shows that the autocorrelation statistics associated with the signal 

increase as the crisis is approaching, thereby providing increasing confidence that a transition is 

likely to occur shortly.  

 

The final and perhaps the most surprising finding in Chapter 4 is that the magnitude of 

autocorrelation is linked to the size of change in food security conditions. To my knowledge, this 

research is the first to identify a quantifiable relationship between a tipping diagnostic and the 

size of the regime shift. This is a finding that is fascinating from a theoretical perspective, yet 

more work is needed to better understand why the diagnostic and the magnitude of change in the 

system are related. From a practical standpoint, however, the implication is significant: the 

ability to predict how significantly food security conditions will change can help ensure that the 

scale of the operation matches the scale of the problem. 



 100 

 

A word of humility is warranted here. The work conducted for Chapter 4 is based on historical 

cases and there is no guarantee that future food crises will be successfully anticipated using the 

principles and approaches proposed here. After all, the past is not always a good predictor of the 

future. The findings are, however, promising and deserve further attention moving forward.  

 

Ultimately, the decision to act on an early warning signal is not purely a scientific one. There is a 

great deal of subjective decision-making that takes place before a drought or a food crisis is 

declared. Even if there is evidence of an impending crisis, it may take months for a response to 

be mounted. A key challenge is ensuring that all relevant stakeholders agree that there is a 

problem, that it is a serious one, and that it should be addressed. It is my hope that the research 

developed for my dissertation contributes to an objective decision-making process anchored in 

publicly available datasets. 

 

5.2. Future directions 

The advent of remote sensing of environmental variables has greatly contributed to food security 

early warning systems since the 1980s. Since 2010, a new suite of vegetation and hydrological 

products have become available to enable further improvements to early warning capabilities. In 

this dissertation, I showed that SMAP soil moisture data can contribute significantly to 

anticipating when food security tipping points induced by drought events might unfold – and the 

implications for food security and humanitarian interventions are far-reaching. But this research 

is only the first step towards improving detection of food security tipping points. From a 
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scientific perspective, there are still various questions that deserve further exploration. While 

from an operational angle, there is still work to be done. 

 

Moving forward past the doctoral dissertation, a key priority will be operationalizing the 

SMART analysis (Chapter 4) into a practical and functional tool that serves the humanitarian 

community and vulnerable populations in tandem and in support of existing early warning 

systems. Such an operational tool might be in the form of a dynamic near real-time map interface 

and tool that receives soil moisture measurements and food price information as inputs, and 

highlights where the SMART threshold has been exceeded by a given number of days. The 

information would then be validated through other sources of information, such as additional 

remote sensing analysis of vegetation anomalies or food security surveys, and ultimately provide 

some basis for scaling up humanitarian assistance. 

 

The issue of data integration into the SMART model is also one that requires further 

investigation. In Chapter 4, I demonstrated the utility of SMAP soil moisture and food prices as 

predictors of impending food security transitions. In part, the datasets were selected because of 

their availability in areas where food insecurity is a development challenge. However, data 

availability moving forward is likely to be a concern. For instance, the active sensor of SMAP 

has already broken, and the nominal length of the SMAP mission has been exceeded. To what 

extent the international community can continue to rely on SMAP (or SMAP-like) soil moisture 

measurements is a key question. Food price data at the market level are collected and stored 

routinely by the Food and Agriculture Organization, and the near-global collection of these data 

is likely to continue for the foreseeable future. But future research might show that other 
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indicators, such as fuel prices or metrics of market openness may prove to be better predictors of 

food insecurity. If such relationships are identified, a case could be made for investing in 

curating other datasets.   

 

Drought is a key contributing factor to food insecurity but not the only reason behind food crises 

(Chapter 2). Future work should focus on testing whether the tipping point detection approach 

can be applied to rapid onset hazards such as floods and storms. By their very nature, rapid-onset 

disasters do not exhibit critical slowing down expected before a tipping point (Chapter 3), but 

some of the principles developed for the SMART model might be applicable to these climate 

events (Chapter 4). 

 

A final question, and perhaps the topic that deserves another dedicated dissertation is whether 

tipping point diagnostics can be applied to conflicts. In Chapter 4, initial analysis showed that 

there is no straightforward relationship between soil moisture metrics and conflict – in some 

cases (e.g,, Yemen) soil moisture and conflict intensity appear to follow a similar trajectory 

while in others (e.g., northeastern Nigeria) there is no immediately discernible correlation 

between the two variables. But if future research is able to provide early warning signals for 

conflict outbreaks and intensity, the contributions to food security, humanitarian and 

peacekeeping operations will be invaluable. 

 

The work presented in my dissertation contributes to the advancement of early warning systems 

by applying principles of tipping point theory to food systems – a connection that has, to date, 

not been explicitly made. In the future, I hope that the findings of this research contribute to 
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global food security interventions and I would also like to continue applying the skills and 

knowledge I have gained these last four years to continue addressing questions of global 

importance.  

  



 104 

References 

Abe-Ouchi, A., Saito, F., Kawamura, K., Raymo, M.E., Okuno, J.I., Takahashi, K. and 
Blatter, H., 2013. Insolation-driven 100,000-year glacial cycles and hysteresis of ice-
sheet volume. Nature, 500(7461), p.190. 

Adams, M.A., 2013. Mega-fires, tipping points and ecosystem services: Managing forests 
and woodlands in an uncertain future. Forest Ecology and Management, 294, pp.250-
261. 

AghaKouchak, A., Farahmand, A., Melton, F.S., Teixeira, J., Anderson, M.C., Wardlow, 
B.D. and Hain, C.R., 2015. Remote sensing of drought: Progress, challenges and 
opportunities. Reviews of Geophysics, 53(2), pp.452-480. 

Ahmadalipour, A. and Moradkhani, H., 2017. Analyzing the uncertainty of ensemble-based 
gridded observations in land surface simulations and drought assessment. Journal of 
hydrology, 555, pp.557-568. 

Alinovi, L., D’errico, M., Mane, E. and Romano, D., 2010, June. Livelihoods strategies and 
household resilience to food insecurity: An empirical analysis to Kenya. In 
conference organized by the European Report of Development, Dakar, Senegal,Jjune 
(pp. 28-30). 

Andreadis, K.M., Das, N., Stampoulis, D., Ines, A., Fisher, J.B., Granger, S., Kawata, J., 
Han, E. and Behrangi, A., 2017. The Regional Hydrologic Extremes Assessment 
System: A software framework for hydrologic modeling and data assimilation. PloS 
one, 12(5), p.e0176506. 

Ashwin, P., Wieczorek, S., Vitolo, R. and Cox, P., 2012. Tipping points in open systems: 
bifurcation, noise-induced and rate-dependent examples in the climate system. Phil. 
Trans. R. Soc. A, 370(1962), pp.1166-1184. 

Baro, M. and Deubel, T.F., 2006. Persistent hunger: Perspectives on vulnerability, famine, 
and food security in sub-Saharan Africa. Annu. Rev. Anthropol., 35, pp.521-538. 

Bathiany, S., Scheffer, M., Van Nes, E.H., Williamson, M.S. and Lenton, T.M., 2018. Abrupt 
climate change in an oscillating world. Scientific reports, 8(1), pp.1-12. 

Batt, R.D., Brock, W.A., Carpenter, S.R., Cole, J.J., Pace, M.L. and Seekell, D.A., 2013. 
Asymmetric response of early warning indicators of phytoplankton transition to and 
from cycles. Theoretical ecology, 6(3), pp.285-293. 



 105 

Becker-Reshef, I., Justice, C., Sullivan, M., Vermote, E., Tucker, C., Anyamba, A., Small, J., 
Pak, E., Masuoka, E., Schmaltz, J. and Hansen, M., 2010. Monitoring global 
croplands with coarse resolution earth observations: The Global Agriculture 
Monitoring (GLAM) project. Remote Sensing, 2(6), pp.1589-1609. 

Beguería, S., Vicente‐Serrano, S.M., Reig, F. and Latorre, B., 2014. Standardized 
precipitation evapotranspiration index (SPEI) revisited: parameter fitting, 
evapotranspiration models, tools, datasets and drought monitoring. International 
Journal of Climatology, 34(10), pp.3001-3023. 

Boettiger, C. and Hastings, A., 2012. Early warning signals and the prosecutor's fallacy. 
Proceedings of the Royal Society B: Biological Sciences, 279(1748), pp.4734-4739. 

Boettiger, C. and Hastings, A., 2013. Tipping points: From patterns to predictions. Nature, 
493(7431), p.157. 

Boettiger, C., Ross, N. and Hastings, A., 2013. Early warning signals: the charted and 
uncharted territories. Theoretical ecology, 6(3), pp.255-264. 

Braimoh, A., Manyena, B., Obuya, G. and Muraya, F., 2018. Assessment of Food Security 
Early Warning Systems for East and Southern Africa (No. 29269). The World Bank. 

Brandt, P.T., Freeman, J.R. and Schrodt, P.A., 2011. Real time, time series forecasting of 
inter-and intra-state political conflict. Conflict Management and Peace Science, 
28(1), pp.41-64. 

Brown, M.E. and Brickley, E.B., 2012. Evaluating the use of remote sensing data in the US 
Agency for International Development Famine Early Warning Systems Network. 
Journal of Applied Remote Sensing, 6(1), p.063511. 

Brown, M.E., 2008. Famine early warning systems and remote sensing data. Springer 
Science & Business Media. 

Brown, M.E., 2016. Remote sensing technology and land use analysis in food security 
assessment. Journal of Land Use Science, 11(6), pp.623-641. 

Brown, M.E., Funk, C.C., Galu, G. and Choularton, R., 2007. Earlier famine warning 
possible using remote sensing and models. Eos, Transactions American Geophysical 
Union, 88(39), pp.381-382. 

Budyko MI. 1968. The effect of solar radiation variations on the climate of the earth. Tellus 
21: 611–19 

Busenberg, G. J., 1999. The evolution of vigilance: Disasters, sentinels and policy change, 
Environmental Politics, 8:4, 90-109, DOI: 10.1080/09644019908414495 



 106 

Campbell, J.B. and Wynne, R.H., 2011. Introduction to remote sensing. Guilford Press. 

Carpenter, S.R. and Brock, W.A., 2006. Rising variance: a leading indicator of ecological 
transition. Ecology letters, 9(3), pp.311-318. 

Chadefaux, T., 2017. Conflict forecasting and its limits. Data Science, 1(1-2), pp.7-17. 

Chant, D.A., 1961. An experiment in biological control of Tetranychus telarius (L.)(Acarina: 
Tetranychidae) in a greenhouse using the predacious mite Phytoseiulus persimilis 
Athias-Henriot (Phytoseiidae). The Canadian Entomologist, 93(6), pp.437-443. 

Chen, F., Crow, W.T., Bindlish, R., Colliander, A., Burgin, M.S., Asanuma, J. and Aida, K., 
2018. Global-scale evaluation of SMAP, SMOS and ASCAT soil moisture products 
using triple collocation. Remote Sensing of Environment, 214, pp.1-13. 

Chen, Y., Xia, J., Liang, S., Feng, J., Fisher, J.B., Li, X., Li, X., Liu, S., Ma, Z., Miyata, A. 
and Mu, Q., 2014. Comparison of satellite-based evapotranspiration models over 
terrestrial ecosystems in China. Remote Sensing of Environment, 140, pp.279-293. 

Choularton, R.J. and Krishnamurthy, P.K., 2019. How accurate is food security early 
warning? Evaluation of FEWS NET accuracy in Ethiopia. Food Security, 11(2), 
pp.333-344. 

Clements, C.F., Blanchard, J.L., Nash, K.L., Hindell, M.A. and Ozgul, A., 2017. Body size 
shifts and early warning signals precede the historic collapse of whale stocks. Nature 
ecology & evolution, 1(7), p.0188. 

Cleverly, J., Eamus, D., Coupe, N. R., Chen, C., Maes, W., Li, L., Faux, R., Santini, N. S., 
Rumman, R., Yu, Q., & Huete, A. (2016). Soil moisture controls on phenology and 
productivity in a semi‐arid critical zone. Science of the Total Environment, 568, 
1227–1237. 

Colaresi, M. and Mahmood, Z., 2017. Do the robot: Lessons from machine learning to 
improve conflict forecasting. Journal of Peace Research, 54(2), pp.193-214. 

Cook, B.I., Mankin, J.S. and Anchukaitis, K.J., 2018. Climate change and drought: From past 
to future. Current Climate Change Reports, 4(2), pp.164-179. 

Coughlan de Perez, E., van Aalst, M., Choularton, R., van den Hurk, B., Mason, S., Nissan, 
H., & Schwager, S. (2019). From rain to famine: Assessing the utility of rainfall 
observations and seasonal forecasts to anticipate food insecurity in East Africa. Food 
Security 

Cuny, F.C. and Hill, R.B., 1999. Famine, conflict, and response: A basic guide (pp. 117-
126). West Hartford: Kumarian Press. 



 107 

Dakos, V., Carpenter, S.R., Brock, W.A., Ellison, A.M., Guttal, V., Ives, A.R., Kefi, S., 
Livina, V., Seekell, D.A., van Nes, E.H. and Scheffer, M., 2012b. Methods for 
detecting early warnings of critical transitions in time series illustrated using 
simulated ecological data. PloS one, 7(7). 

Dakos, V., Carpenter, S.R., van Nes, E.H. and Scheffer, M., 2015. Resilience indicators: 
prospects and limitations for early warnings of regime shifts. Philosophical 
Transactions of the Royal Society B: Biological Sciences, 370(1659), p.20130263. 

Dakos, V., Kéfi, S., Rietkerk, M., Van Nes, E.H. and Scheffer, M., 2012. Slowing down in 
spatially patterned ecosystems at the brink of collapse. The American Naturalist, 
177(6), pp.E153-E166. 

Dakos, V., Matthews, B., Hendry, A.P., Levine, J., Loeuille, N., Norberg, J., Nosil, P., 
Scheffer, M. and De Meester, L., 2019. Ecosystem tipping points in an evolving 
world. Nature ecology & evolution, 3(3), pp.355-362. 

Dakos, V., Scheffer, M., van Nes, E.H., Brovkin, V., Petoukhov, V. and Held, H., 2008. 
Slowing down as an early warning signal for abrupt climate change. Proceedings of 
the National Academy of Sciences, 105(38), pp.14308-14312. 

Dakos, V., Van Nes, E.H., d'Odorico, P. and Scheffer, M., 2012a. Robustness of variance and 
autocorrelation as indicators of critical slowing down. Ecology, 93(2), pp.264-271. 

Das, N.N., Entekhabi, D., Dunbar, R.S., Njoku, E.G. and Yueh, S.H., 2015. Uncertainty 
estimates in the SMAP combined active–passive downscaled brightness temperature. 
IEEE Transactions on Geoscience and Remote Sensing, 54(2), pp.640-650. 

Daumard, F., Champagne, S., Fournier, A., Goulas, Y., Ounis, A., Hanocq, J.F. and Moya, I., 
2010. A field platform for continuous measurement of canopy fluorescence. IEEE 
Transactions on geoscience and Remote Sensing, 48(9), pp.3358-3368. 

de Perez, E.C., van Aalst, M., Choularton, R., van den Hurk, B., Mason, S., Nissan, H. and 
Schwager, S., 2019. From rain to famine: assessing the utility of rainfall observations 
and seasonal forecasts to anticipate food insecurity in East Africa. Food Security, 
11(1), pp.57-68. 

De Sherbinin, A., Levy, M.A., Zell, E., Weber, S. and Jaiteh, M., 2014. Using satellite data to 
develop environmental indicators. Environmental Research Letters, 9(8), p.084013. 

De Waal, A. (2018). Mass Starvation: The History and Future of Famine. Polity Press, 
Cambridge, UK. 

Devereux, S., 2019. 11 Preventable famines. An Economic History of Famine Resilience, 
p.203. 



 108 

Diffenbaugh, N.S., Swain, D.L. and Touma, D., 2015. Anthropogenic warming has increased 
drought risk in California. Proceedings of the National Academy of Sciences, 112(13), 
pp.3931-3936. 

Ditlevsen, P.D. and Johnsen, S.J., 2010. Tipping points: early warning and wishful thinking. 
Geophysical Research Letters, 37(19). 

Dodds, P.S. and Watts, D.J., 2005. A generalized model of social and biological contagion. 
Journal of theoretical biology, 232(4), pp.587-604. 

Drechsler, M. and Soer, W., 2016. Early warning, early action: the use of predictive tools in 
drought response through Ethiopia's productive safety net programme. The World 
Bank. 

Dubrovsky, M., Svoboda, M.D., Trnka, M., Hayes, M.J., Wilhite, D.A., Zalud, Z. and 
Hlavinka, P., 2009. Application of relative drought indices in assessing climate-
change impacts on drought conditions in Czechia. Theoretical and Applied 
Climatology, 96(1-2), pp.155-171. 

Ellis, J.E. and Swift, D.M., 1988. Stability of African pastoral ecosystems: alternate 
paradigms and implications for development. Rangeland Ecology & 
Management/Journal of Range Management Archives, 41(6), pp.450-459. 

Endris, H.S., Lennard, C., Hewitson, B., Dosio, A., Nikulin, G. and Artan, G.A., 2019. 
Future changes in rainfall associated with ENSO, IOD and changes in the mean state 
over Eastern Africa. Climate dynamics, 52(3-4), pp.2029-2053. 

Enenkel, M., See, L., Bonifacio, R., Boken, V., Chaney, N., Vinck, P., You, L., Dutra, E. and 
Anderson, M., 2015. Drought and food security–Improving decision-support via new 
technologies and innovative collaboration. Global Food Security, 4, pp.51-55. 

Entekhabi, D., Njoku, E.G., O'Neill, P.E., Kellogg, K.H., Crow, W.T., Edelstein, W.N., 
Entin, J.K., Goodman, S.D., Jackson, T.J., Johnson, J. and Kimball, J., 2010. The soil 
moisture active passive (SMAP) mission. Proceedings of the IEEE, 98(5), pp.704-
716. 

FAO, 2018. Horn of Africa Impact of Early Warning Early Action: Protecting pastoralist 
livelihoods ahead of drought. Accessed at: 
http://www.fao.org/3/ca0227en/CA0227EN.pdf 

FAO, IFAD, UNICEF, WFP and WHO (2019) The state of food security and nutrition in the 
world 2019: Safeguarding against economic slowdowns and downturns. Rome, FAO. 

FAO. 1996.  Rome Declaration on World Food Security and World Food Summit Plan of 
Action. Rome: FAO. 



 109 

Fei, J. and Zhou, J., 2016. The drought and locust plague of 942–944 AD in the Yellow River 
Basin, China. Quaternary international, 394, pp.115-122. 

FEWS NET. 2016. Southern Africa Food Security Alert, 2016. Available from: 
http://fews.net/sites/default/files/documents/reports/FEWS%20NET_Southern%20Af
rica%20Drought_Alert_20160122.pdf  

FEWS NET. 2018. FEWS NET. Available from: http://fews.net/  

Fisher, J.B. and Andreadis, K.M., 2014. Drought: Roles of Precipitation, Evapotranspiration, 
and Soil Moisture. In: Encyclopedia of Natural Resources: Air. Taylor and Francis, 
New York, (pp. 1015-1017). 

Fisher, J.B., Melton, F., Middleton, E., Hain, C., Anderson, M., Allen, R., McCabe, M.F., 
Hook, S., Baldocchi, D., Townsend, P.A. and Kilic, A., 2017. The future of 
evapotranspiration: Global requirements for ecosystem functioning, carbon and 
climate feedbacks, agricultural management, and water resources. Water Resources 
Research, 53(4), pp.2618-2626. 

Fleischner, T.L., 1994. Ecological costs of livestock grazing in western North America. 
Conservation biology, 8(3), pp.629-644. 

Fox, N.J., Marion, G., Davidson, R.S., White, P.C. and Hutchings, M.R., 2015. Climate-
driven tipping-points could lead to sudden, high-intensity parasite outbreaks. Royal 
Society open science, 2(5), p.140296. 

Fratarcangeli, F., Murchio, G., Di Rita, M., Nascetti, A. and Capaldo, P., 2016. Digital 
surface models from ZiYuan-3 triplet: performance evaluation and accuracy 
assessment. International journal of remote sensing, 37(15), pp.3505-3531. 

Freudenburg, W. R., 1992. Nothing recedes like success? Risk analysis and the 
organizational 

Fritz, S., See, L., Bayas, J.C.L., Waldner, F., Jacques, D., Becker-Reshef, I., Whitcraft, A., 
Baruth, B., Bonifacio, R., Crutchfield, J. and Rembold, F., 2019. A comparison of 
global agricultural monitoring systems and current gaps. Agricultural systems, 168, 
pp.258-272. 

Funk, C. and Verdin, J.P., 2010. Real-time decision support systems: the famine early 
warning system network. In Satellite rainfall applications for surface hydrology (pp. 
295-320). Springer, Dordrecht. 

Funk, C., Davenport, F., Eilerts, G., Nourey, N. and Galu, G., 2018. Contrasting Kenyan 
resilience to drought: 2011 and 2017. USAID Special Report. 



 110 

Funk, C., Shukla, S., Thiaw, W.M., Rowland, J., Hoell, A., McNally, A., Husak, G., Novella, 
N., Budde, M., Peters-Lidard, C. and Adoum, A., 2019. Recognizing the Famine 
Early Warning Systems Network (FEWS NET): Over 30 Years of Drought Early 
Warning Science Advances and Partnerships Promoting Global Food Security. 
Bulletin of the American Meteorological Society, (2019). 

Funk, C., Shukla, S., Thiaw, W.M., Rowland, J., Hoell, A., McNally, A., Husak, G., Novella, 
N., Budde, M., Peters-Lidard, C. and Adoum, A., 2019. Recognizing the Famine 
Early Warning Systems Network: Over 30 Years of Drought Early Warning Science 
Advances and Partnerships Promoting Global Food Security. Bulletin of the American 
Meteorological Society, 100(6), pp.1011-1027. 

Funk, C.C., Herring, S., Wang, S.Y.S. and Yoon, J., 2019, December. Climate Extremes: 
Patterns, Mechanisms, and Attribution I. In AGU Fall Meeting 2019. AGU. 

Fyfe, J.C., Derksen, C., Mudryk, L., Flato, G.M., Santer, B.D., Swart, N.C., Molotch, N.P., 
Zhang, X., Wan, H., Arora, V.K. and Scinocca, J., 2017. Large near-term projected 
snowpack loss over the western United States. Nature communications, 8, p.14996. 

Gatfaoui, H., Nagot, I. and De Peretti, P., 2017. Are critical slowing down indicators useful 
to detect financial crises?. In Systemic Risk Tomography (pp. 73-93). Elsevier. 

Giannini, A., Krishnamurthy, P.K., Cousin, R., Labidi, N. and Choularton, R.J., 2017. 
Climate risk and food security in Mali: A historical perspective on adaptation. Earth's 
Future, 5(2), pp.144-157. 

Girotto, M., De Lannoy, G.J., Reichle, R.H. and Rodell, M., 2016. Assimilation of gridded 
terrestrial water storage observations from GRACE into a land surface model. Water 
Resources Research, 52(5), pp.4164-4183. 

Glantz, M.H., 1987. Drought in Africa. Scientific American, 256(6), pp.34-41. 

Glantz, M.H., 2019. Drought, Famine, and the Seasons. African Food Systems in Crisis: Part 
One: Microperspectives, p.45. 

Golledge, N.R., Thomas, Z.A., Levy, R.H., Gasson, E.G., Naish, T.R., McKay, R.M., 
Kowalewski, D.E. and Fogwill, C.J., 2017. Antarctic climate and ice-sheet 
configuration during the early Pliocene interglacial at 4.23 Ma. Climate of the Past, 
13(7). 

GoTL and WFP [Government of Timor-Leste and World Food Programme], 2016. 
Consolidated Livelihood Exercise for Analyzing Resilience: Timor-Leste. GoTL, Dili. 

Gsell, A.S., Scharfenberger, U., Özkundakci, D., Walters, A., Hansson, L.A., Janssen, A.B., 
Nõges, P., Reid, P.C., Schindler, D.E., Van Donk, E. and Dakos, V., 2016. Evaluating 



 111 

early-warning indicators of critical transitions in natural aquatic ecosystems. 
Proceedings of the National Academy of Sciences, 113(50), pp.E8089-E8095. 

Gupta, A. K., Dutt, S., Cheng, H., & Singh, R. K. (2019). Abrupt changes in Indian summer 
monsoon strength during the last~ 900 years and their linkages to socio‐economic 
conditions in the Indian subcontinent. Paleogeography, Palaeoclimatology, 
Palaeoecology, 536, 109347. 

Guttal V, Jayaprakash C. 2008. Changing skewness: an early warning signal of regime shifts 
in ecosystems. Ecol. Lett. 11:450–60  

Haile, M., 2005. Weather patterns, food security and humanitarian response in sub-Saharan 
Africa. Philosophical Transactions of the Royal Society B: Biological Sciences, 
360(1463), pp.2169-2182. 

Hall, D.K. and Riggs, G.A., 2007. Accuracy assessment of the MODIS snow products. 
Hydrological Processes: An International Journal, 21(12), pp.1534-1547. 

Headey, D. and Barrett, C.B., 2015. Opinion: Measuring development resilience in the 
world’s poorest countries. Proceedings of the National Academy of Sciences, 112(37), 
pp.11423-11425. 

Hefley, T.J., Tyre, A.J. and Blankenship, E.E., 2013. Statistical indicators and state–space 
population models predict extinction in a population of bobwhite quail. Theoretical 
Ecology, 6(3), pp.319-331. 

Hendrix, C.S. and Glaser, S.M., 2007. Trends and triggers: Climate, climate change and civil 
conflict in Sub-Saharan Africa. Political geography, 26(6), pp.695-715. 

Hillbruner, C. and Moloney, G., 2012. When early warning is not enough—Lessons learned 
from the 2011 Somalia Famine. Global Food Security, 1(1), pp.20-28. 

Hirota, M., Holmgren, M., Van Nes, E.H. and Scheffer, M., 2011. Global resilience of 
tropical forest and savanna to critical transitions. Science, 334(6053), pp.232-235. 

Hirpa, F.A., Gebremichael, M. and Hopson, T., 2010. Evaluation of high-resolution satellite 
precipitation products over very complex terrain in Ethiopia. Journal of Applied 
Meteorology and Climatology, 49(5), pp.1044-1051. 

Holling, C.S., 1973. Resilience and stability of ecological systems. Annual review of ecology 
and systematics, 4(1), pp.1-23. 

Huang, K., Yi, C., Wu, D., Zhou, T., Zhao, X., Blanford, W.J., Wei, S., Wu, H., Ling, D. and 
Li, Z., 2015. Tipping point of a conifer forest ecosystem under severe drought. 
Environmental Research Letters, 10(2), p.024011. 



 112 

Husak, G.J., Funk, C.C., Michaelsen, J., Magadzire, T. and Goldsberry, K.P., 2013. 
Developing seasonal rainfall scenarios for food security early warning. Theoretical 
and applied climatology, 114(1-2), pp.291-302. 

IASC [Inter-Agency Standing Committee]. 2015. Emergency Response Preparedness. IASC: 
New York 

ICPAC, 2019. Verification Products: Greater Horn of Africa Climate Outlook Forum. 
http://rcc.icpac.net/index.php/long-range-forecast/verification-products 

IPC Global Partners. 2012. Integrated Food Security Phase Classification Technical Manual 
Version 2.0. Evidence and Standards for Better Food Security Decisions. FAO. 
Rome.  

IPC Global Partners. 2019. Integrated Food Security Phase Classification Technical Manual 
Version 3.0. Evidence and Standards for Better Food Security and Nutrition 
Decisions. Rome. 

Jackson, L.C., Smith, R.S. and Wood, R.A., 2017. Ocean and atmosphere feedbacks affecting 
AMOC hysteresis in a GCM. Climate Dynamics, 49(1-2), pp.173-191. 

Jjemba, E.W., Mwebaze, B.K., Arrighi, J., de Perez, E.C. and Bailey, M., 2018. Forecast-
Based Financing and Climate Change Adaptation: Uganda Makes History Using 
Science to Prepare for Floods. In Resilience (pp. 237-242). Elsevier. 

Jones, A.D., Ngure, F.M., Pelto, G. and Young, S.L., 2013. What are we assessing when we 
measure food security? A compendium and review of current metrics. Advances in 
Nutrition, 4(5), pp.481-505. 

Kalkuhl, M., von Braun, J. and Torero, M., 2016. Volatile and extreme food prices, food 
security, and policy: an overview. In Food price volatility and its implications for 
food security and policy (pp. 3-31). Springer, Cham. 

Karnieli, A., Agam, N., Pinker, R.T., Anderson, M., Imhoff, M.L., Gutman, G.G., Panov, N. 
and Goldberg, A., 2010. Use of NDVI and land surface temperature for drought 
assessment: Merits and limitations. Journal of climate, 23(3), pp.618-633. 

Kawamura, K., Parrenin, F., Lisiecki, L., Uemura, R., Vimeux, F., Severinghaus, J.P., 
Hutterli, M.A., Nakazawa, T., Aoki, S., Jouzel, J. and Raymo, M.E., 2007. Northern 
Hemisphere forcing of climatic cycles in Antarctica over the past 360,000 years. 
Nature, 448(7156), p.912. 

Keneally, T., 2011. Three famines: starvation and politics. Public Affairs. 



 113 

Kerr, Y.H., Waldteufel, P., Richaume, P., Wigneron, J.P., Ferrazzoli, P., Mahmoodi, A., Al 
Bitar, A., Cabot, F., Gruhier, C., Juglea, S.E. and Leroux, D., 2012. The SMOS soil 
moisture retrieval algorithm. IEEE transactions on geoscience and remote sensing, 
50(5), pp.1384-1403. 

Kidd, C., Becker, A., Huffman, G.J., Muller, C.L., Joe, P., Skofronick-Jackson, G. and 
Kirschbaum, D.B., 2017. So, how much of the Earth’s surface is covered by rain 
gauges?. Bulletin of the American Meteorological Society, 98(1), pp.69-78. 

Klisch, A. and Atzberger, C., 2016. Operational drought monitoring in Kenya using MODIS 
NDVI time series. Remote Sensing, 8(4), p.267. 

Kogan, F.N., 2000. Contribution of remote sensing to drought early warning. Early warning 
systems for drought preparedness and drought management, pp.75-87. 

Korecha, D. and Barnston, A.G., 2007. predictability of June–September rainfall in Ethiopia. 
Monthly weather review, 135(2), pp.628-650. 

Krishnamurthy, K., Lewis, K. and Choularton, R., 2012. Climate impacts on food security 
and nutrition: A review of existing knowledge. World Food Programme. 

Krishnamurthy, P.K., Choularton, R.J. and Kareiva, P.M., 2020. Dealing with uncertainty in 
famine predictions: How complex events affect predictive skill of famine early 
warning. Global Food Security. 

Krishnamurthy, P.K., Fisher, J.B., Schimel, D.S. and Kareiva, P.M., 2020. Applying tipping 
point theory to remote sensing science to improve early warning drought signals for 
food security. Earth's Future, p.e2019EF001456. 

Krishnamurthy, P.K., Fisher, J.B., Choularton, R.J., and Kareiva, P.M., in review. Detecting 
food security tipping points. Science. 

Krishnamurthy, P.K., Hobbs, C., Matthiasen, A., Hollema, S.R., Choularton, R.J., Pahari, K. 
and Kawabata, M., 2013. Climate risk and food security in Nepal—analysis of 
climate impacts on food security and livelihoods.  

Krishnamurthy, P.K., Lewis, K. and Choularton, R.J., 2014. A methodological framework for 
rapidly assessing the impacts of climate risk on national-level food security through a 
vulnerability index. Global Environmental Change, 25, pp.121-132. 

Kuehn C. 2011. A mathematical framework for critical transitions: bifurcations, fast-slow 
systems and stochastic dynamics. Phys. D: Nonlinear Phenom. 240: 1020–35. 

Kumar, S.V., Peters-Lidard, C.D., Mocko, D., Reichle, R., Liu, Y., Arsenault, K.R., Xia, Y., 
Ek, M., Riggs, G., Livneh, B. and Cosh, M., 2014. Assimilation of remotely sensed 



 114 

soil moisture and snow depth retrievals for drought estimation. Journal of 
Hydrometeorology, 15(6), pp.2446-2469. 

Lautze, S., Bell, W., Alinovi, L. and Russo, L., 2012. Early warning, late response (again): 
the 2011 famine in Somalia. Global food security, 1(1), pp.43-49. 

Lemoine, J.M., Bourgogne, S., Biancale, R. and Gégout, P., 2018, April. The new GRGS-
RL04 series of mass variations modelled with GRACE data. In EGU General 
Assembly Conference Abstracts (Vol. 20, p. 18624). 

Lenton, T.M., 2013. Environmental tipping points. Annual Review of Environment and 
Resources, 38, pp.1-29. 

Lesk, C., Rowhani, P. and Ramankutty, N., 2016. Influence of extreme weather disasters on 
global crop production. Nature, 529(7584), p.84. 

Lewis, K., 2017. Understanding climate as a driver of food insecurity in Ethiopia. Climatic 
Change, 144(2), pp.317-328. 

Leyk, S., Gaughan, A.E., Adamo, S.B., de Sherbinin, A., Balk, D., Freire, S., Rose, A., 
Stevens, F.R., Blankespoor, B., Frye, C. and Comenetz, J., 2019. The spatial 
allocation of population: a review of large-scale gridded population data products and 
their fitness for use. Earth System Science Data, 11(3). 

Li, B. and Rodell, M., 2015. Evaluation of a model-based groundwater drought indicator in 
the conterminous US. Journal of Hydrology, 526, pp.78-88. 

Li, B., Rodell, M., Kumar, S., Beaudoing, H.K., Getirana, A., Zaitchik, B.F., de Goncalves, 
L.G., Cossetin, C., Bhanja, S., Mukherjee, A. and Tian, S., 2019. Global GRACE data 
assimilation for groundwater and drought monitoring: advances and challenges. 
Water Resources Research, 55(9), pp.7564-7586. 

Lindsay, R.W. and Zhang, J., 2005. The thinning of Arctic sea ice, 1988–2003: Have we 
passed a tipping point?. Journal of Climate, 18(22), pp.4879-4894. 

Liu, D., Mishra, A.K., Yu, Z., Yang, C., Konapala, G. and Vu, T., 2017. Performance of 
SMAP, AMSR-E and LAI for weekly agricultural drought forecasting over 
continental United States. Journal of Hydrology, 553, pp.88-104. 

Livina, V.N. and Lenton, T.M., 2012. A recent tipping point in the Arctic sea-ice cover: 
abrupt and persistent increase in the seasonal cycle since 2007. arXiv preprint 
arXiv:1204.5445. 



 115 

Lunetta, R.S., Knight, J.F., Ediriwickrema, J., Lyon, J.G. and Worthy, L.D., 2006. Land-
cover change detection using multi-temporal MODIS NDVI data. Remote sensing of 
environment, 105(2), pp.142-154. 

Luseno, W.K., McPeak, J.G., Barrett, C.B., Little, P.D. and Gebru, G., 2003. Assessing the 
value of climate forecast information for pastoralists: Evidence from Southern 
Ethiopia and Northern Kenya. World development, 31(9), pp.1477-1494. 

Mallya, G., Zhao, L., Song, X.C., Niyogi, D. and Govindaraju, R.S., 2013. 2012 Midwest 
drought in the United States. Journal of Hydrologic Engineering, 18(7), pp.737-745. 

Martínez-Fernández, J., González-Zamora, A., Sánchez, N., Gumuzzio, A. and Herrero-
Jiménez, C.M., 2016. Satellite soil moisture for agricultural drought monitoring: 
Assessment of the SMOS derived Soil Water Deficit Index. Remote sensing of 
environment, 177, pp.277-286. 

Masih, I., Maskey, S., Mussá, F.E.F. and Trambauer, P., 2014. A review of droughts on the 
African continent: a geospatial and long-term perspective. Hydrology and Earth 
System Sciences, 18(9), pp.3635-3649. 

Mathys, E., 2007. Trigger Indicators and Early Warning and Response Systems in Multi‐
Year Title II Assistance Programs Washington, DC. Food and Nutrition Technical 
Assistance Project, 20. 

Maxwell, D. and Fitzpatrick, M., 2012. The 2011 Somalia famine: Context, causes, and 
complications. Global Food Security, 1(1), pp.5-12. 

Maxwell, D., 2019. Famine early warning and information systems in conflict settings: 
challenges for humanitarian metrics and response. 

Maxwell, D., Caldwell, R. and Langworthy, M., 2008. Measuring food insecurity: Can an 
indicator based on localized coping behaviors be used to compare across contexts?. 
Food Policy, 33(6), pp.533-540. 

Maxwell, K. and Johnson, G.N., 2000. Chlorophyll fluorescence—a practical guide. Journal 
of experimental botany, 51(345), pp.659-668. 

Maystadt, J.F. and Ecker, O., 2014. Extreme weather and civil war: does drought fuel 
conflict in Somalia through livestock price shocks?. American Journal of Agricultural 
Economics, 96(4), pp.1157-1182. 

Medellín-Azuara, J., MacEwan, D., Lund, J., Howitt, R.E. and Sumner, D.A., 2015. 
Agricultural Irrigation in this drought: Where is the water and where is it going?. 
Agricultural and Resource Economics Update, 18(5), pp.5-6. 



 116 

Merewitz, E., Meyer, W., Bonos, S. and Huang, B., 2010. Drought stress responses and 
recovery of Texas× Kentucky hybrids and Kentucky bluegrass genotypes in 
temperate climate conditions. Agronomy Journal, 102(1), pp.258-268. 

Meroni, M., Fasbender, D., Rembold, F., Atzberger, C. and Klisch, A., 2019. Near real-time 
vegetation anomaly detection with MODIS NDVI: Timeliness vs. accuracy and effect 
of anomaly computation options. Remote sensing of environment, 221, pp.508-521. 

Ministry of Agriculture and Fisheries, 2016. Rapid Drought Impact Assessment in Timor-
Leste - El Niño 2015/2016. Dili: MAF. 

Ministry of Disaster Management and WFP, 2017. Sri Lanka Joint Assessment of Drought 
Impact on Food Security and Livelihoods. Colombo: Ministry of Disaster 
Management. 

Misselhorn, A.A., 2005. What drives food insecurity in southern Africa? A meta-analysis of 
household economy studies. Global environmental change, 15(1), pp.33-43. 

Mohareb, A.M. and Ivers, L.C., 2019. Disease and Famine as Weapons of War in Yemen. 
New England Journal of Medicine, 380(2), pp.109-111. 

Molden, D.J., Shrestha, A.B., Nepal, S. and Immerzeel, W.W., 2016. Downstream 
implications of climate change in the Himalayas. In Water Security, Climate Change 
and Sustainable Development (pp. 65-82). Springer, Singapore. 

MONRE and WFP [Ministry of Natural Resources and Environment, Lao PDR and World 
Food Programme], 2016. Consolidated Livelihood Exercise for Analyzing Resilience: 
Lao PDR. MONRE, Vientiane. 

Moore, J.C., 2018. Predicting tipping points in complex environmental systems. Proceedings 
of the National Academy of Sciences, 115(4), pp.635-636. 

Moseley, W.G., 2001. Monitoring urban food security in Sub-Saharan Africa. African 
Geographical Review, 21(1), pp.81-90. 

NASA [National Aeronautics and Space Administration]., 2017. NASA Earth Science - 
Applied Sciences Program: Disasters. NASA. 

NASA, 2015. Soil Moisture Active Passive Launch; Press Kit January 2015. 
https://www.jpl.nasa.gov/news/press_kits/smaplaunch.pdf 

NASEM [National Academies of Sciences, Engineering, and Medicine]. 2018. Thriving on 
Our Changing Planet: A Decadal Strategy for Earth Observation from Space. 
Washington, DC, The National Academies Press. 



 117 

Nes, E.H., Hirota, M., Holmgren, M. and Scheffer, M., 2014. Tipping points in tropical tree 
cover: linking theory to data. Global change biology, 20(3), pp.1016-1021. 

Nobre, C.A. and Borma, L.D.S., 2009. ‘Tipping points’ for the Amazon forest. Current 
Opinion in Environmental Sustainability, 1(1), pp.28-36. 

Notz, D., 2009. The future of ice sheets and sea ice: Between reversible retreat and 
unstoppable loss. Proceedings of the National Academy of Sciences, 106(49), 
pp.20590-20595. 

Nuttall, M., 2012. Tipping points and the human world: living with change and thinking 
about the future. Ambio, 41(1), pp.96-105. 

Ogallo, L., Bessemoulin, P., Ceron, J.P., Mason, S. and Connor, S.J., 2008. Adapting to 
climate variability and change: the Climate Outlook Forum process. Bulletin of the 
World Meteorological Organization, 57(2), pp.93-102. 

Oliva, R., Daganzo, E., Kerr, Y.H., Mecklenburg, S., Nieto, S., Richaume, P. and Gruhier, 
C., 2012. SMOS radio frequency interference scenario: Status and actions taken to 
improve the RFI environment in the 1400–1427-MHz passive band. IEEE 
Transactions on Geoscience and Remote Sensing, 50(5), pp.1427-1439. 

Otkin, J.A., Anderson, M.C., Hain, C., Svoboda, M., Johnson, D., Mueller, R., Tadesse, T., 
Wardlow, B. and Brown, J., 2016. Assessing the evolution of soil moisture and 
vegetation conditions during the 2012 United States flash drought. Agricultural and 
forest meteorology, 218, pp.230-242. 

Otkin, J.A., Svoboda, M., Hunt, E.D., Ford, T.W., Anderson, M.C., Hain, C. and Basara, 
J.B., 2017. Flash droughts: A review and assessment of the challenges imposed by 
rapid onset droughts in the United States. Bulletin of the American Meteorological 
Society, (2017). 

PAGASA. 2018. Dry Spell/Drought Assessment. Available at: 
https://www1.pagasa.dost.gov.ph/index.php/27-climatology-and-
agrometeorology/1621-dryspell-drought-assessment  

Painter, T.H., Berisford, D.F., Boardman, J.W., Bormann, K.J., Deems, J.S., Gehrke, F., 
Hedrick, A., Joyce, M., Laidlaw, R., Marks, D. and Mattmann, C., 2016. The 
Airborne Snow Observatory: Fusion of scanning lidar, imaging spectrometer, and 
physically-based modeling for mapping snow water equivalent and snow albedo. 
Remote Sensing of Environment, 184, pp.139-152. 

Pan, X., Liu, Y. and Fan, X., 2016. Satellite retrieval of surface evapotranspiration with 
nonparametric approach: Accuracy assessment over a semiarid region. Advances in 
Meteorology, 2016. 



 118 

Public Health England (2014) Heatwave plan for England 2014. 
(www.gov.uk/government/uploads/system/uploads/attachment_data/file/429384/Heat
wave_Main_Plan_2015.pdf 

Pulwarty, R.S. and Sivakumar, M.V., 2014. Information systems in a changing climate: Early 
warnings and drought risk management. Weather and Climate Extremes, 3, pp.14-21. 

Purdy, A.J., Kawata, J., Fisher, J.B., Reynolds, M., Om, G., Ali, Z., Babikian, J., Roman, C. 
and Mann, L., 2019. Designing drought indicators. Bulletin of the American 
Meteorological Society, 100(11), pp.2327-2341. 

Ramakrishna, S.S.V.S., Rao, V.B., Rao, B.S., Prasad, D.H., Rao, N.N. and Panda, R., 2017. 
A study of 2014 record drought in India with CFSv2 model: role of water vapor 
transport. Climate Dynamics, 49(1-2), pp.297-312. 

Reichle, R.H., De Lannoy, G.J., Liu, Q., Ardizzone, J.V., Colliander, A., Conaty, A., Crow, 
W., Jackson, T.J., Jones, L.A., Kimball, J.S. and Koster, R.D., 2017. Assessment of 
the SMAP level-4 surface and root-zone soil moisture product using in situ 
measurements. Journal of Hydrometeorology, 18(10), pp.2621-2645. 

Reyer, C.P., Brouwers, N., Rammig, A., Brook, B.W., Epila, J., Grant, R.F., Holmgren, M., 
Langerwisch, F., Leuzinger, S., Lucht, W. and Medlyn, B., 2015. Forest resilience 
and tipping points at different spatio‐temporal scales: approaches and challenges. 
Journal of Ecology, 103(1), pp.5-15. 

Rezaie-Boroon, M.H. and Fisher, J.B., 2012. Linking Groundwater Quality and Quantity: An 
Assessment of Satellite-Based Groundwater Storage Anomalies from GRACE against 
Ground Measurements of Contaminants in California. Journal of Environmental 
Science and Engineering. B, 1(11B), p.1271. 

Richardson, K.J., Lewis, K.H., Krishnamurthy, P.K., Kent, C., Wiltshire, A.J. and Hanlon, 
H.M., 2018. Food security outcomes under a changing climate: impacts of mitigation 
and adaptation on vulnerability to food insecurity. Climatic change, 147(1-2), pp.327-
341. 

Rogers, D.P., Tsirkunov, V.V., Kootval, H., Soares, A., Kull, D., Bogdanova, A.M. and 
Suwa, M., 2019. Weathering the Change: How to Improve Hydromet Services in 
Developing Countries?. World Bank. 

Rojas, O., Vrieling, A. and Rembold, F., 2011. Assessing drought probability for agricultural 
areas in Africa with coarse resolution remote sensing imagery. Remote sensing of 
Environment, 115(2), pp.343-352. 

Romilly, T.G. and Gebremichael, M., 2011. Evaluation of satellite rainfall estimates over 
Ethiopian river basins. Hydrology and Earth System Sciences, 15(5), pp.1505-1514. 



 119 

Ross, K.W., Brown, M.E., Verdin, J.P. and Underwood, L.W., 2009. Review of FEWS NET 
biophysical monitoring requirements. Environmental Research Letters, 4(2), 
p.024009. 

Rüth, A., Fontaine, L., de Perez, E.C., Kampfer, K., Wyjad, K., Destrooper, M., Amuron, I., 
Choularton, R., Bürer, M. and Miller, R., 2017. Forecast-Based Financing, Early 
Warning, and Early Action: A Cutting-Edge Strategy for the International 
Humanitarian Community. In Routledge Companion to Media and Humanitarian 
Action (pp. 135-149). Routledge. 

Rüth, A., Fontaine, L., de Perez, E.C., Kampfer, K., Wyjad, K., Destrooper, M., Amuron, I., 
Choularton, R., Bürer, M. and Miller, R., 2017. Forecast-Based Financing, Early 
Warning, and Early Action: A Cutting-Edge Strategy for the International 
Humanitarian Community. In Routledge Companion to Media and Humanitarian 
Action (pp. 135-149). Routledge. 

Saatchi, S., Asefi-Najafabady, S., Malhi, Y., Aragão, L.E., Anderson, L.O., Myneni, R.B. 
and Nemani, R., 2013. Persistent effects of a severe drought on Amazonian forest 
canopy. Proceedings of the National Academy of Sciences, 110(2), pp.565-570. 

Salmon, J.M., Friedl, M.A., Frolking, S., Wisser, D. and Douglas, E.M., 2015. Global rain-
fed, irrigated, and paddy croplands: A new high resolution map derived from remote 
sensing, crop inventories and climate data. International Journal of Applied Earth 
Observation and Geoinformation, 38, pp.321-334. 

Sandstrom, S. and Juhola, S., 2017. Continue to blame it on the rain? Conceptualization of 
drought and failure of food systems in the Greater Horn of Africa. Environmental 
Hazards, 16(1), pp.71-91. 

Schlenker, W. and Lobell, D.B., 2010. Robust negative impacts of climate change on African 
agriculture. Environmental Research Letters, 5(1), p.014010. 

Scholes, R.J. and Archer, S.R., 1997. Tree-grass interactions in savannas. Annual review of 
Ecology and Systematics, 28(1), pp.517-544. 

Scicchitano, J.S., 2018. International measurement of food security: Enhancing alignment 
between evidence and assistance programs. Journal of Public Affairs, p.e1837. 

Seal, A., Hailey, P., Bailey, R., Maxwell, D. and Majid, N., 2017. Famine, conflict, and 
political indifference. 

Senay, G.B., Velpuri, N.M., Bohms, S., Budde, M., Young, C., Rowland, J. and Verdin, J.P., 
2015. Drought monitoring and assessment: Remote sensing and modeling approaches 
for the Famine Early Warning Systems Network. In Hydro-Meteorological Hazards, 
Risks and Disasters (pp. 233-262). 



 120 

Seo, K.W., Wilson, C.R., Famiglietti, J.S., Chen, J.L. and Rodell, M., 2006. Terrestrial water 
mass load changes from Gravity Recovery and Climate Experiment (GRACE). Water 
Resources Research, 42(5). 

Serdeczny, O., Adams, S., Baarsch, F., Coumou, D., Robinson, A., Hare, W., Schaeffer, M., 
Perrette, M. and Reinhardt, J., 2017. Climate change impacts in Sub-Saharan Africa: 
from physical changes to their social repercussions. Regional Environmental Change, 
17(6), pp.1585-1600. 

Shah, T., 2010. Taming the anarchy: Groundwater governance in South Asia. Routledge. 

Sietz, D., Ordoñez, J.C., Kok, M.T.J., Janssen, P., Hilderink, H.B., Tittonell, P. and Van 
Dijk, H., 2017. Nested archetypes of vulnerability in African drylands: where lies 
potential for sustainable agricultural intensification?. Environmental Research 
Letters, 12(9), p.095006. 

Siteur, K., Eppinga, M.B., Doelman, A., Siero, E. and Rietkerk, M., 2016. Ecosystems off 
track: rate‐induced critical transitions in ecological models. Oikos, 125(12), pp.1689-
1699. 

Skofronick-Jackson, G., Petersen, W.A., Berg, W., Kidd, C., Stocker, E.F., Kirschbaum, 
D.B., Kakar, R., Braun, S.A., Huffman, G.J., Iguchi, T. and Kirstetter, P.E., 2017. 
The Global Precipitation Measurement (GPM) mission for science and society. 
Bulletin of the American Meteorological Society, 98(8), pp.1679-1695. 

Sohrabi, M.M., Ryu, J.H., Abatzoglou, J. and Tracy, J., 2015. Development of soil moisture 
drought index to characterize droughts. Journal of Hydrologic Engineering, 20(11), 
p.04015025. 

Speranza, C.I., Kiteme, B. and Wiesmann, U., 2008. Droughts and famines: the underlying 
factors and the causal links among agro-pastoral households in semi-arid Makueni 
district, Kenya. Global Environmental Change, 18(1), pp.220-233. 

Srokosz, M.A. and Bryden, H.L., 2015. Observing the Atlantic Meridional Overturning 
Circulation yields a decade of inevitable surprises. Science, 348(6241), p.1255575. 

Steffen, W., Richardson, K., Rockström, J., Cornell, S.E., Fetzer, I., Bennett, E.M., Biggs, R., 
Carpenter, S.R., De Vries, W., De Wit, C.A. and Folke, C., 2015. Planetary 
boundaries: Guiding human development on a changing planet. Science, 347(6223), 
p.1259855. 

Steffen, W., Rockstrom, J., Richardon, K., Lenton, T.M., Folke, C., Liverman, D., 
Summerhayes, C.P., Barnosky, A.D., Cornell, S.E., Crucifix, M., Donges, J.F., 
Fetzer, I., Lade, S.J., Scheffer, M., Winkelmann, R. and Schellnhuber, H.J., 2018. 



 121 

Trajectories of the Earth System in the Anthropocene. Proceedings of the National 
Academy of Sciences. DOI: 10.1073/pnas.1810141115 

Stocker, E.F., Alquaied, F., Bilanow, S., Ji, Y. and Jones, L., 2018. TRMM version 8 
reprocessing improvements and incorporation into the GPM data suite. Journal of 
Atmospheric and Oceanic Technology, 35(6), pp.1181-1199. 

Stocker, T. ed., 2014. Climate change 2013: the physical science basis: Working Group I 
contribution to the Fifth assessment report of the Intergovernmental Panel on 
Climate Change. Cambridge University Press. 

Stolbova, V., Surovyatkina, E., Bookhagen, B. and Kurths, J., 2016. Tipping elements of the 
Indian monsoon: Prediction of onset and withdrawal. Geophysical Research Letters, 
43(8), pp.3982-3990. 

Stommel H. 1961. Thermohaline convection with two stable regimes of flow. Tellus 13, pp. 
224–30 

Strassberg, G., Scanlon, B.R. and Rodell, M., 2007. Comparison of seasonal terrestrial water 
storage variations from GRACE with groundwater‐level measurements from the High 
Plains Aquifer (USA). Geophysical Research Letters, 34(14). 

Sun, Y., Frankenberg, C., Wood, J.D., Schimel, D.S., Jung, M., Guanter, L., Drewry, D.T., 
Verma, M., Porcar-Castell, A., Griffis, T.J. and Gu, L., 2017. OCO-2 advances 
photosynthesis observation from space via solar-induced chlorophyll fluorescence. 
Science, 358(6360), p.eaam5747. 

Sun, Y., Fu, R., Dickinson, R., Joiner, J., Frankenberg, C., Gu, L., Xia, Y. and Fernando, N., 
2015. Drought onset mechanisms revealed by satellite solar‐induced chlorophyll 
fluorescence: Insights from two contrasting extreme events. Journal of Geophysical 
Research: Biogeosciences, 120(11), pp.2427-2440. 

Sweet, W.V. and Park, J., 2014. From the extreme to the mean: Acceleration and tipping 
points of coastal inundation from sea level rise. Earth's Future, 2(12), pp.579-600. 

Swenson, S., Wahr, J. and Milly, P.C.D., 2003. Estimated accuracies of regional water 
storage variations inferred from the Gravity Recovery and Climate Experiment 
(GRACE). Water Resources Research, 39(8). 

Takimoto, G., 2009. Early warning signals of demographic regime shifts in invading 
populations. Population ecology, 51(3), pp.419-426. 

Tapscott, C., 1997. Is a Better Forecast the Answer to Better Food Security? To Better Early 
Warning? To Better Famine Prevention?. Using Science Against Famine: Food 
Security, Famine Early Warning, p.19. 



 122 

Tatem, A.J., 2017. WorldPop, open data for spatial demography. Scientific data, 4(1), pp.1-4. 

Tetlock, P.E., 2017. Expert Political Judgment: How Good Is It? How Can We Know?-New 
Edition. Princeton University Press. 

Thiboult, A., Anctil, F. and Ramos, M.H., 2017. How does the quantification of uncertainties 
affect the quality and value of flood early warning systems?. Journal of hydrology, 
551, pp.365-373. 

Thomas, A.C., Reager, J.T., Famiglietti, J.S. and Rodell, M., 2014. A GRACE‐based water 
storage deficit approach for hydrological drought characterization. Geophysical 
Research Letters, 41(5), pp.1537-1545. 

Thompson JMT, Sieber J. 2011. Predicting climate tipping as a noisy bifurcation: a review. 
Int. J. Bifurc. Chaos 21: 399–423 

Tietjen, B., Schlaepfer, D.R., Bradford, J.B., Lauenroth, W.K., Hall, S.A., Duniway, M.C., 
Hochstrasser, T., Jia, G., Munson, S.M., Pyke, D.A. and Wilson, S.D., 2017. Climate 
change‐induced vegetation shifts lead to more ecological droughts despite projected 
rainfall increases in many global temperate drylands. Global change biology, 23(7), 
pp.2743-2754. 

Trenberth, K.E. and Hoar, T.J., 1997. El Niño and climate change. Geophysical Research 
Letters, 24(23), pp.3057-3060. 

Trenberth, K.E., 2011. Changes in precipitation with climate change. Climate Research, 
47(1-2), pp.123-138. 

Trenberth, K.E., Dai, A., Van Der Schrier, G., Jones, P.D., Barichivich, J., Briffa, K.R. and 
Sheffield, J., 2014. Global warming and changes in drought. Nature Climate Change, 
4(1), p.17. 

Tucker, C.J., 1978. Red and photographic infrared linear combinations for monitoring 
vegetation. 

Turner, B., Pidgeon, N. 1997. Man-made disasters Butterworth-Heinemann 

van Lanen, H.A.J. and Peters, E., 2000. Definition, effects and assessment of groundwater 
droughts. In Drought and drought mitigation in Europe (pp. 49-61). Springer, 
Dordrecht. 

van Nes, E.H., Hirota, M., Holmgren, M. and Scheffer, M., 2014. Tipping points in tropical 
tree cover: linking theory to data. Global change biology, 20(3), pp.1016-1021. 



 123 

Velpuri, N.M., Senay, G.B. and Morisette, J.T., 2016. Evaluating new SMAP soil moisture 
for drought monitoring in the rangelands of the US high plains. Rangelands, 38(4), 
pp.183-190. 

Velpuri, N.M., Senay, G.B., Singh, R.K., Bohms, S. and Verdin, J.P., 2013. A 
comprehensive evaluation of two MODIS evapotranspiration products over the 
conterminous United States: Using point and gridded FLUXNET and water balance 
ET. Remote Sensing of Environment, 139, pp.35-49. 

Veraart, A.J., Faassen, E.J., Dakos, V., van Nes, E.H., Lürling, M. and Scheffer, M., 2012. 
Recovery rates reflect distance to a tipping point in a living system. Nature, 
481(7381), pp.357-359. 

Verbesselt, J., Umlauf, N., Hirota, M., Holmgren, M., Van Nes, E.H., Herold, M., Zeileis, A. 
and Scheffer, M., 2016. Remotely sensed resilience of tropical forests. Nature 
Climate Change, 6(11), p.1028. 

Verdin, J., Funk, C., Senay, G. and Choularton, R., 2005. Climate science and famine early 
warning. Philosophical Transactions of the Royal Society B: Biological Sciences, 
360(1463), pp.2155-2168. 

Ververs, M.T., 2011. The East African food crisis: did regional early warning systems 
function?. The Journal of Nutrition, 142(1), pp.131-133. 

von Braun, J., 2008. Food and Financial Crises: Implications for Agriculture and the Poor. 
International Food Policy Research Institute, Washington, D.C. 

Vrieling, A., Meroni, M., Mude, A.G., Chantarat, S., Ummenhofer, C.C. and de Bie, K.C., 
2016. Early assessment of seasonal forage availability for mitigating the impact of 
drought on East African pastoralists. Remote sensing of environment, 174, pp.44-55. 

Wadhams, P., 2012. Arctic ice cover, ice thickness and tipping points. Ambio, 41(1), pp.23-
33. 

Walker, D.P., Birch, C.E., Marsham, J.H., Scaife, A.A., Graham, R.J. and Segele, Z.T., 2019. 
Skill of dynamical and GHACOF consensus seasonal forecasts of East African 
rainfall. Climate Dynamics, 53(7-8), pp.4911-4935. 

Walker, P., 2013. Famine early warning systems: victims and destitution. Routledge. 

Wang, H., Vicente-serrano, S.M., Tao, F., Zhang, X., Wang, P., Zhang, C., Chen, Y., Zhu, D. 
and El Kenawy, A., 2016. Monitoring winter wheat drought threat in Northern China 
using multiple climate-based drought indices and soil moisture during 2000–2013. 
Agricultural and forest meteorology, 228, pp.1-12. 



 124 

Wang, S., Yuan, X. and Li, Y., 2017. Does a Strong El Niño Imply a Higher Predictability of 
Extreme Drought?. Scientific reports, 7, p.40741. 

Wegren, S.K., 2011. Food security and Russia's 2010 drought. Eurasian Geography and 
Economics, 52(1), pp.140-156.  

Weisheimer, A. and Palmer, T.N., 2014. On the reliability of seasonal climate forecasts. 
Journal of the Royal Society Interface, 11(96), p.20131162. 

Webb, P. and Braun, J.V., 1994. Famine and food security in Ethiopia: lessons for Africa. 
John Wiley & Sons Ltd. Weiss, T.G., 2016. Humanitarian intervention. John Wiley & 
Sons. 

Weiss, T.G., 2018. Humanitarian challenges and intervention. Routledge. 

Whitcraft, A.K., Becker-Reshef, I. and Justice, C.O., 2015. A framework for defining 
spatially explicit earth observation requirements for a global agricultural monitoring 
initiative (GEOGLAM). Remote Sensing, 7(2), pp.1461-1481. 

Wieczorek, S., Ashwin, P., Luke, C.M. and Cox, P.M., 2011. Excitability in ramped systems: 
the compost-bomb instability. Proc. R. Soc. A, 467(2129), pp.1243-1269. 

Wilhite, D.A. and Svoboda, M.D., 2000. Drought early warning systems in the context of 
drought preparedness and mitigation. Early warning systems for drought 
preparedness and drought management, pp.1-16. 

Wilhite, D.A. ed., 2016. Droughts: A Global Assesment. Routledge. 

Wilkinson, E., Weingartner, L., Choularton, R., Bailey, M., Todd, M., Kniveton, D., and 
Cabot Venton, C., 2018. Forecasting, hazards, averting disasters: Implementing 
forecast-based early action at scale. Overseas Development Institute 

Witmer, F.D., 2015. Remote sensing of violent conflict: eyes from above. International 
Journal of Remote Sensing, 36(9), pp.2326-2352. 

Xiong, Q., Deng, Y., Zhong, L., He, H. and Chen, X., 2018. Effects of drought-flood abrupt 
alternation on yield and physiological characteristics of rice. International Journal of 
Agriculture and Biology, 20(5), pp.1107-1116. 

Zaitchik, B.F., Rodell, M. and Reichle, R.H., 2008. Assimilation of GRACE terrestrial water 
storage data into a land surface model: Results for the Mississippi River basin. 
Journal of Hydrometeorology, 9(3), pp.535-548. 

Zaveri, E., Grogan, D.S., Fisher-Vanden, K., Frolking, S., Lammers, R.B., Wrenn, D.H., 
Prusevich, A. and Nicholas, R.E., 2016. Invisible water, visible impact: groundwater 



 125 

use and Indian agriculture under climate change. Environmental Research Letters, 
11(8), p.084005. 

Zhou, Y., Xiao, X., Zhang, G., Wagle, P., Bajgain, R., Dong, J., Jin, C., Basara, J.B., 
Anderson, M.C., Hain, C. and Otkin, J.A., 2017. Quantifying agricultural drought in 
tallgrass prairie region in the US Southern Great Plains through analysis of a water-
related vegetation index from MODIS images. Agricultural and Forest Meteorology, 
246, pp.111-122. 

Zschau, J. and Küppers, A.N. eds., 2013. Early warning systems for natural disaster 
reduction. Springer Science & Business Media. 

 

 


