Module 4: Drought characterisation (time and spatial scale) monitoring and forecasting

Goal
The purpose of this module is to show how the water managers could get answers about drought in order to make decisions. Moreover, we have to give them, if it is possible, some tools, methodologies, software that they can use to get or built answers about drought. This can be done by learning them first the techniques to identify and estimate the different Drought characteristics using state of art LSP (ground and RS based) estimations. And second teaching them how to derive drought severity from these parameters using prepared datasets in practicals

Learning Objectives
At the end of this chapter, participants are expected to:

1. Understand what is a drought  linking to module 1 – types of drought;  
2. Understand drought characteristics and their impact.
3. Identify hydrological and land surface variable  most sensitive and important to drought 
4. Identify the data needed to assess the drought phenomena
5. Indigenous knowledge 
6. Estimate drought using observed LSPs  - methods ??
7. Understand information needs for  early warning system 
1 Overview
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2 Introduction

Drought is a reoccurring and worldwide problem that will grow in future. Droughts cause significant socio-economic and environmental impacts like reduced agricultural products, reduced water levels, increased fire hazards, and damage to wildlife. As drought is a slow hazard it is difficult to predict the temporal start and end. This prediction is further troubled because drought is depending on a lot of variables. Hence studying droughts incorporates the investigation in general land surface parameters, of which not all can be determined accurately. Drought characteristics, like intensity and frequency, will vary from one climate regime to another (Iglesias et al., 2009) and therefore, need to be investigated thoroughly. 

Because of its nature drought cannot be viewed solely as a physical phenomenon, and it is usually defined both conceptually and operationally. The Conceptual definition of drought is important in establishing drought policy and to declare exceptional drought based on science-driven assessments.  While the operational definitions help to define the onset, severity, and end of droughts, this helps policy makers, resource planners, and others in recognizing and planning for drought. Drought can be categorized as meteorological, agricultural, hydrological and socioeconomic droughts  in which the first three deal with mechanisms of measuring drought as a physical phenomenon, while the last deals with drought in terms of supply and demand following the effect of shortage of rain fall.Wilhite & Glantz, 1985()
. Drought occurs in all parts of the world, but it is severe when it occurs in developing countries specially Africa.
The impact of climate change on drought is severe. Climate change causes not only global temperature rise, but also the increase of extreme weather events (IPCC, 2007). Such extremes are intense rainfall followed by prolonged absence of precipitation. Both the rise in temperature and the long absence of precipitation are major factors for causing droughts. Therefore in forecasting future droughts this global change needs to be incorporated

2.1 Drought Assessment 
Assessing and analyzing drought is very important in water resource planning and management. Droughts are assessed under meteorological, agricultural, hydrological, and socio-economic aspects (Nagarajan, 2010). Drought assessment depends on the factors that caused the drought and the impacts of the drought. Assessing drought requires the understanding of historical droughts and its impact during the drought (Wilhite, 2007). 
Traditional methods of drought assessment and monitoring depend on rainfall data, are regionally limited, inaccurate and difficult to obtain in near-real time. In contrast, the satellite data are consistently available in near real time and can be used to identify the start of drought, its duration and magnitude prior to harvests.
While drought is defined as the absence of water, different droughts can be identified depending on which of the specific hydrological component which is absent. The different droughts that are recognised are: meteorological drought, agricultural drought and hydrological drought. An additional socio-economic drought is usually also recognised which associates the different droughts with the supply and demand of economic goods. 

3 Water Balance
When considering drought only to be a lack of precipitation the drought problem can never be fully solved. Drought is a problem caused by multiple-variables, and varies in both space and time. In order to characterise drought one should look not only into one part of the water cycle but all the components. 
The sun is the dominant driving force behind the  water cycle as its heats water in the oceans. This causes evaporation of the water into air (vapor). Due to heating of the atmosphere thisair rises taking the vapor up into the atmosphere, along with water from evapotranspiration, which is water transpired from plants and evaporated from the soil. The vapor rises into the air where cooler temperatures cause it to condense into clouds.

Air currents move clouds around the globe, and cloud particles collide, grow, and fall out of the sky as precipitation. Some precipitation falls as snow and can accumulate as ice caps and glaciers.. Most precipitation falls back into the oceans or onto land, where, due to gravity, the precipitation flows over the ground as surface runoff. A portion of runoff enters rivers in valleys in the landscape, with streamflow moving water towards the oceans. Runoff, and groundwater seepage, accumulate and are stored as freshwater in lakes.

Not all runoff flows into rivers, though. Much of it soaks into the ground as infiltration. Some of the water infiltrates into the ground and replenishes aquifers (saturated subsurface rock). Some infiltration stays close to the land surface and can seep back into surface-water bodies (and the ocean) as groundwater discharge, and some groundwater finds openings in the land surface and emerges as freshwater springs. Yet more groundwater is absorbed by plant roots to end up as evapotranspiration from the leaves. Over time, though, all of this water keeps moving, some to reenter the ocean.
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Figure 1: The global Water Cycle (taken from the USGS website)

3.1 Water Balance

In drought monitoring it is superfluous to investigate the complete water cycle over the whole earth while the area of interest is much smaller. Instead a local water balance can be written such that all the components within an area are coverd. The water balance equation is (Equation 7-1) and explained for each of the components. 
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is the ground water. Of course Inflow can be assumed to be the runoff from the neighbouring pixels.  Regional Drought can thus be investigated using the local values of each of these water balance components. However as each of these components in the water cycle has a different temporal variation, different drought exist. Note that Inflow into a catchment/pixel can be considered as the runoff/outflow from a neighbouring catchment/pixel. Hence they are treated as the same variable.
3.2 Drought Classification
According to (Mishra and Singh, 2010) the droughts are generally classified into four categories (Wilhite and Glantz, 1985; American Meteorological Society, 2004). This classification is in fact cascading from minor to major impacts, illustrated by 
1) Meteorological drought is defined as a lack of precipitation over a region for a period of time. Precipitation has been commonly used for meteorological drought analysis (Pinkeye, 1966; Santos, 1983; Chang, 1991; Eltahir, 1992). Considering drought as precipitation deficit with respect to average values (Gibbs, 1975), several studies have analyzed droughts using monthly precipitation data. Other approaches analyze drought duration and intensity in relation to cumulative precipitation shortages (Chang and Kleopa, 1991; Estrela et al.,2000). 

2) Hydrological drought is related to a period with inadequate surface and subsurface water resources for established water uses of a given water resources management system. Streamflow data have been widely applied for hydrologic drought analysis (Dracup et al., 1980; Sen, 1980; Zelenhasic and Salvai, 1987; Chang and Stenson, 1990; Frick et al., 1990; Mohan and Rangacharya, 1991; Clausen and Pearson, 1995). From regression analyzes relating droughts in streamflow to catchment properties, it is found that geology is one of the main factors influencing hydrological droughts (Zecharias and Brutsaert, 1988; Vogel and Kroll, 1992). 

3) Agricultural drought, usually, refers to a period with declining soil moisture and consequent crop failure without any reference to surface water resources. A decline of soil moisture depends on several factors which affect meteorological and hydrological droughts along with differences between actual evapotranspiration and potential evapotranspiration. Plant water demand depends on prevailing weather conditions, biological characteristics of the specific plant and stage of growth, and the physical and biological properties of soil. Several drought indices, based on a combination of precipitation, temperature and soil moisture, have been derived to study agricultural droughts. (iv) Socio-economic drought is associated with failure of water resources systems to meet water demands and thus associating droughts with supply of and demand for an economic good (water) (AMS, 2004). 
4) Socio-economic drought occurs when the demand for an economic good exceeds supply as a result of a weather-related shortfall in water supply
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Figure 2: Drought cascade 

4 Water Balance components
It becomes clear that a more detailed look at the water balance components is needed in order to understand drought and its impact. 

4.1 Precipitation
Clouds play an important role in the water cycle of the Earth. Water continually moves between oceans, atmosphere, cryosphere and land. The properties and motion of the coherent cloud features are primarily determined by large-scale atmospheric circulations, which are pertinent manifestation of the weather systems (Menzel 2001).   The amount of water moved through the hydrologic cycle every year is equivalent to the amount of water uniformly distributed over the surface of Earth with a depth of 1m. This amount of water annually enters the atmosphere through evaporation and returns to the surface as precipitation (Hartmann, 1994). In this cycle, clouds are the medium through which the transport takes place.

Precipitation in most areas is the dominant source of fresh water. Precipitation arises from water vapor in the air and as such is mostly dependend on the evaporation of the sea (and consequently the sea surface temperature). 

4.2 Soil Moisture
The amount of water stored in the soil can be divided up into two parts: soil moisture and ground water. Soil moisture is the water stored within the top level of the soil. It is fundamentally important the rate of actual evaporation, ground water recharge and runoff, and therefore is of vital importance looking into drought. Not only the amount of soil moisture is important but also the water-holding capacity of the soil. The water-holding capacity of the soil, which is different depending on the soil type, will affect possible changes in soil moisture deficits; the lower the capacity the great the sensitivity to prolonged absence of preciptiation. 
4.3 Evapotranspiration: 
Evapotranspiration (ET) is the largest sink of the water balance. It represents the combination of water loss to the atmosphere through on the one hand evaporation of soilmoisture and on the otherhand the transpiration of leaf water content by the vegetation. While transpiration of the soil is a pure physical process and only dependent on the energy available at the leaf level and the meteorological conditions; transpiration from the vegetation is a combined biological and physical process, called biophysical. Therefore the combined process of ET is not only dependent on the meteorological parameters but also processes within the canopy, like carbon assimilation and growth patterns. 

A difference must be made between actual ET and the reference ET. Reference ET is the hypothetical maximum amount of water lost by the soil/vegetation for specific meteorological condtions in case that there is not any water stress, while actual ET is the real water loss for the calculated for those same conditions. The combination of these two estimations is therefore of incredible value for determining the water stress level and consequently drought at the surface. 

Estimating climatological and hydrological parameters such as precipitation, evaporation, temperature, etc (Mishra et al., 2010) are the best ways for assessing drought events. In the past, drought assessments were done based on simply ground observations. However, the quantification of droughts had lower accuracy due to its distribution in space and time

4.4 Ground Water, Runoff and inflow

Inflow , Ground water, Runoff can all be considered as leftover parts of the water balance. They are very difficult to determine as they depend both water available by precipitation, the amount of loss of water through precipitation, the amount of water that is stored in the soil through soil moisture and the roughness of the surface. This last parameter characterizes the flow speed of the runoff and consequently also the duration of the runoff over a specific area. Therefore it influences the amount of water that is evaporated and percolated in the soil, this is illustrated in  Figure 3, which shows the concept of the Hydrologiska Byråns Vattenbalansavdelning (HBV) model (Lindström et al., 1997).  
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Figure 3: Estimating Runoff from the Water balance according to the HBV model
In this way Precipitation is divided into direct runoff and infiltration. Direct runoff   occurs if the simulated soil moisture storage SM exceeds the maximum storage capacity. The remaining precipitation infiltrates in the soil moisture reservoir and seeps through the soil layer to the quick runoff reservoir. The quick runoff routine accounts for percolation to the base flow reservoir, capillary transport to the soil moisture reservoir and quick runoff. 

5 Observing hydrological parameters from space

5.1 Ground based measurements

There is a large variety of ground based measurements that can measure the different components of the water balance

1) Precipitation relies mostly on tipping buckets and radar measurements for their measurements. While tipping buckets themselves are accurate instruments, rain events are very distributed over the land. As such a large number of tipping buckets is required to fully capture the precipitation of a specific region. Using radar measurements the coverage of precipitation estimation is greatly improved. However the measurement still needs to be interpreted to actual rainfall amount. In addition the measurements only range to regional not large scale areas and are very costly to maintain. 
2) Conventional methods of ET estimation are based on the ground measurements. Some examples of conventional ET estimation methods are pan evaporation G, 2002()
, Bowen ratio, eddy covariance, lysimeter, scintillometer, sap flow. Though conventional methods have shown relatively accurate ET for homogenous area, their uses are limited for larger heterogeneous area. Hence more instruments need to be put up for larger areas. 

3) For soil moisture measurements include theta probes, ground radar measurements and gravimetric measurments. For the first two measurements additional information such as the soil conductivity are necessary to estimate soil moisture. This is not needed for the gravimetric measurements in which a sample of the soil is taken to the lab, weighted, dried and then weighted again. For all measurements however multiple points need to be investigated and the number of soil moisture networks are limited. 
4) For runoff one determines the river flow at the end of the catchment. This can be done using flow meters, water levels. 
5) Ground Water level (change): Common methods of measuring the ground water are boreholes, soil moisture stations, and lake level measurements.  Such methods have good accuracy but they are too costly for monitoring a large area with an adequate network of measuring stations. Accurate measurement of ground water at large scales is challenging due to limited number of ground water monitoring stations.
While quantitative estimation of these components both on high spatial and temporal resolution is vital in water management the number of operational networks for such data is low. Although in Europe and North America a vast number of measurements exist, vast lands are still unrepresented. This is because it is costly to establish a single fully fledged hydro-meteorological station together with associated infrastructure. In addition, hydro-meteorological equipment are general unique in design expensive and prone to periodic break-down, due to the effects of the environment. Therefore remote sensing is needed to cover larger scales. 
5.2 Remote sensing techniques
Satellite remote sensing has become a vital technique within the water managers’ toolbox. Satellite sensors provide the potential of observing large areas at once with a single sensor. In addition these observations are made several times per week, while data is available within 2/3 days after the satellite image has been taken. In the past drought related remote sensing observables were limited to air temperature, but recently are extended which includes precipitation and soil moisture. Using advanced algorithms, it is even possible to estimate land surface processes like the evapotranspiration. 

Remote sensing uses observations of radiation to determine the state of the atmosphere/sea or land surface. Hence only land surface parameters that have a significant impact on the reflection or emission of radiation can be detected from remote sensing. Remote sensing sensors can be divided up into two categories: namely active and passive sensors. The active sensors emit themselves radiation and measure the return signal, while passive remote sensing only observes radiation. In addition a difference is made between optical and microwave measurements. 

· Optical remote sensing looks into the sun radiation reflected from earth surface and the thermal radiation emitted from the earth surface. The wavelength of this radiation is in between 400 nm and 15 
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 and needs to be corrected first for the absorption/ reflection of the atmosphere. The emitted radiation is a direct measure of the temperature of the cloud/ land surface, while the reflected radiation provides direct information about the amount of land surface 
· Microwave remote sensing measure satellite emitted radiation refracted back by the atmosphere/ earth surface or radiation emitted by the earth surface. The wavelength of this radiation is in between 0.1 cm and 10 cm and therefore is unimpeded by cloud cover during day and night. As such the amount of radiation received at the sensor cannot directly be identified as a reflection from a specific object, but instead measure of the dielectric constant of the soil/atmosphere. 
The advantage of optical remote sensing over passive remote sensing is that the resolution is several times higher. On the otherhand optical remote sensing observations of the earth are only made if there are no clouds, while for microwave remote sensing this does not pose a problem. Finally the resolution of the observation differ also between optical and microwave remote sensing, with optical RS having resolutions between 15m and 3km, and microwave remote sensing having resolutions between 12.5 km and 50 km. 

Table 2: Extra information about satellite trajectories

	As the satellite moves around the earth it does not have observe a specific location each day and also the observations do not have the same view angle. The amount of days in between satellite overpasses is called revisit time which is usually around 2/3 days. Only after a specific time does the satellite again view the specific area with the same view angle. This is called repeat cycle and is usually around 16days/28 days.


5.3 Remote sensing observables

Precipitation: Precipitation can be measured from both optical and microwave measurements. Precipitation from optical remote sensing is estimated using the cloud(top) temperature which is correlated to precipitation amounts. The Meteosat Second Generation (MSG) Spinning Enhanced Visible and Infra Red Imager (SEVIRI) is good at detecting back-scattered radiation from cloud tops and is used in many studies. Precipitation from microwave remote sensing have recently gained popularity in this field, with the potential to improve precipitation estimates from the surface and from space. Microwave retrievals over the ocean are thought to rival radar retrievals for accuracy, but retrievals over land have more uncertainty due to the effect microwave reflections of the land surface. 
Soil Moisture: Since the early days satellite remote sensing was seen as a potential tool to provide spatial and temporal continuous soil moisture measurements. These traits have motivated much research, particularly in the microwave domain of the electromagnetic spectrum (Engman and Chauhan, 1995). Using a map of different soil types the dielectic constant observed from microwave remote sensing  can be converted into an estimation of soil moisture. The depth of measurement in microwave remote sensing depends on the wavelength of the observation and can vary between 2.5 cm and 15 cm.

Evapotranspiration: Evapotranspiration cannot be directly measured from space. Instead evapotranspiration is estimated from algorithms that model the different processes. These models use land surface parameters, like land surface temperature, Leaf Area Index, and NDVI in combination with meteorological conditions like air temperature, humidity and windspeed. 
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5.4 Remote sensing processing chain

In satellite remote sensing the sensor is at the top of the atmosphere. Because processing power on the satellite is limited due to the amount of energy available data is not processed at satellite level. Instead the estimation of the different land surface/sea surface/atmosphere parameters is performed at the ground using a the following processing chain. Some large scale products freely available on the internet are listed below in Table 1.
8. L1a data: The data gets transmitted downwards to receiving stations by highspeed microwave interlinks. At this stage the imagery the format is highly compressed and only uncalibrated and is called Level 1a (L1a). This data is usually not made available. 
9. L1b data: At the receiving station the data is stored and afterwards geocorrected and calibrated to provide measured radiances at the top of the atmosphere (TOA). This data is called L1b data. This data is still stored in the coordinate system of the satellite, called swath. For more information about swath please look into Table 1. This data is already made available for download, and is mostly used by universities. 
10. L2 data: The data is then corrected for the atmosphere and the angles for the sun and sensor to produce in the case of optical remote sensing bottom of atmosphere (BOA) reflectance’s / brightness temperatures. In the case of microwave data atmospheric correction only consists of filtering data for precipitation events. This atmospherically corrected data is called L2 data. 
11. L3 data: From these L2 reflectances / brightness temperatures the specific land surface parameters are calculated using a variety of algorithms. Simple algorithms (for example NDVI) simply calculate the ratio of specific bands while other more complex methods estimate land surface parameters through inversion of complicated radiative transfer models. Finally this imagery is reprojected to a specific grid. This means that all the data for different dates can be overlaid with each other. This is called L3 data. For some of the land surface parameters the observations of different consecutive days are combined to lower the uncertainty in the products and to circumvent gaps due to cloudcover. However this does not mean that this data is gap free. If either no cloudfree days were found, or there was an error within the processing chain still gaps can be present. Note that the NASA names its L3 products actually L2 products.
12. L4 data: This processing chain is to produce gap free data. For this complicated data assimilation techniques are used that try to ‘interpolate’ between the data to reduce gaps. These assimilation techniques might also use ground measured data for gapfilling. 
13. L5 data: This last processing chain is merge different products to create a completely new product. For example to combine both leaf area index, land surface temperature to produce evapotranspiration. For this a dedicated remote sensing algorithm needs to be employed
While evapotranspiration is considered a level 5 product, it still contains gaps in the data. This is because the land surface temperature input data for the remote sensing algorithm still has datagaps. Land surface temperature is one of the most difficult variables to convert into a level 5 product. The land surface temperature continuously changes based on the incoming radiation and the processes on the ground and the atmosphere. Hence filling in a gap due to cloudcover demands the knowledge of what the effect of this cloud is having on the temperature. A large international project (GlobTemperature) is currently underway to start making the first gapfree land surface temperature. 

Table 1: Freely available Large scale products for use in drought monitoring

	Variable
	Dataset
	S. Res
	T. Res.
	Downloadsite

	Precipitation
	TRMM
	5km
	3hourly
	ftp:/disc2.nascom.nasa.gov/

	
	CMORPH
	8km
	30min
	ftp://ftp.cpc.ncep.noaa.gov/

	
	MSG
	3km
	30min
	GEONETCAST

	
	ECMWF
	
	
	

	Soil Moisture
	AMSRE 
	
	Daily
	http://www.esa-soilmoisture-cci.org/

	
	WACMOS
	12.5km
	Daily
	

	Evapotranspiration
	MODIS
	1km
	Daily
	ftp://ftp.ntsg.umt.edu/pub/MODIS/
Mirror/MOD16/


	
	WACMOS
	1km
	Daily
	http://wacmos.itc.nl

	
	LANDSAF
	3km
	30min
	http://landsaf.meteo.pt



	Land surface parameters (LAI/NDVI/LST)
	MODIS
	1km
	daily
	ftp.e4ftl01.cr.usgs.gov

	
	MSG
	3km
	30min
	http://landsaf.meteo.pt




6 Combining Indigenous knowledge with Remote sensing

While remote sensing provides us with a viable tool for estimating land surface parameters, hydrological components it does not claim to provide absolute truth. The use of remote sensing is limited due to the following shortcomings:

14. Satellites only observe radiation. Therefore the objective of the remote sensing algorithms is to link this radiation to land surface parameters, and use models to link the land surface parameters to the hydrological components. 
15. These models first need to be calibrated using ground measurements and validated over different areas. The accuracy of the remote sensing product can therefore never be higher than the accuracy of the instruments with which the calibration/validation is performed. For example, estimating evapotranspiration from ground measurements have an uncertainty of about 20%. Remote sensing models are restricted to this minimum of 20% uncertainty, but usually have uncertainties that are higher due to model errors and uncertainties within the atmospheric correction. 
16. Optical remote sensing provides only data in the case of satellite overpass and only when there are no clouds over the area. In addition atmospherical-correction needs to be applied to correct for the absorption and reflection of the atmosphere
17. There is a tradeoff between model complexity and number of required inputs. A model that is very complex, require a significant amount of input information and in addition a significant computing time, while a simple model only uses a limited amount of data, but provides less accuracy than the complex models. For each application the requirements needs to be identified and model-complexity adjusted. 
In short, remote sensing data provides a fast and simple method for creating large sets of information over a spatially and temporally large area. However this information needs to be combined with the indigeneous knowledge to provide ground truth information. For simple models (step 2) this can be done by calibrating/validating these specific models to each area. For more complex models that are able to distinguish between different processes the merging of the two information sets (RS and ground measurements) is by data assimilation (step 4).

7 Drought indices

Drought indices are the tools to identify the characteristics of drought such as the onset, severities and the spatial extent. Drought indices provide a basis for drought assessment. The Characteristics of a good drought index are 

1. The index should respond to a specific temporal domain
2. The index should be able to respond to all seasons (summer or winter). 

3. The index should be spatially comparable irrespective of climatic zones. 

However a single drought index cannot characterize the complete extend of the drought types. Therefore with different type of droughts, several different drought indices have been introduced. Therefore, like drought, drought indices do not have a universally accepted definition. Use of drought indices depends on the study of interest like meteorological, hydrological or agricultural domains (S.Niemeyer, 2008) and also on the data available. Some of the drought indices are as follows:  

· Percent of Normal: is one of the simplest rainfall measurements for a location or a single season. Percent of normal is calculated by dividing actual precipitation by normal precipitation and  multiplying by 100%. Normal precipitation for a location is considered to be 100%. Percent of normal is suited for the weather forecast.  

· Standardized Precipitation Index (SPI): SPI is less complex as it depends only on precipitation data at least 30 years (longer the better) (Agnew, 2000; McKee et al., 1995; Tsakiris et al., 2004). The long-term precipitation record is normalized using a probability distribution so that the mean SPI for a location and desired period is zero. SPI is computed for different time scales ranging from 3, 6, 12, 24, and 48 months. Negative SPI values indicate dry condition and positive for wet conditions. SPI is helpful in early warning of drought and in assessing drought severity. The only disadvantage of using SPI is that the values based on preliminary data may change and it does not involve important parameters such as temperature and ET. 
· Palmer Drought Severity Index(PDSI): PDSI was developed to measure the duration and intensity of long term drought (Guttman et al., 1992; Palmer, 1965). It is calculated based on the precipitation, temperature, and soil moisture data and therefore, responds to abnormally dry and wet conditions. The disadvantage of PDSI is that the values may lag emerging droughts and well suited for homogeneous regions.  

· Crop Moisture Index(CMI): CMI is used to monitor short-term soil moisture condition (Palmer, 1968), based on mean temperature and precipitation for each week especially agricultural droughts. Similar to PDSI, CMI also responds to change in weather conditions. CMI can only be used during the crop growing season and not for long-term drought. 
· Surface Water Supply Index (SWSI): SWSI was developed by Shafer and Dezman, 1982 as a complement to Palmer Index where it is calculated based on snowpack, streamflow, precipitation, reservoir storage. SWSI is independent for individual basin, therefore, cannot be used for basin comparisons. 
· Reclamation Drought Index (RDI): Recently developed for detecting drought severity and duration. Similar to SWSI, RDI is used for basin level and cannot be used for basin comparisons. RDI is calculated based on precipitation, snowpack, stream flow, reservoir level and temperature (Weghorst, 1996). 
· Evapotranspiration Deficit Index (ETDI): is calculated using the water stress ratio. The water stress is calculated using the actual and reference ET. Water stress values ranges from 0 to 1, where 1 indicates no ET and 0 indicating ET occurring at same rate as the reference ET (Narasimhan et al., 2005). 
· Soil Moisture Deficit Index (SMDI): is calculated similar to the ETDI, but instead of water stress ratio the soil moisture anomolies are taken (Narasimhan et al., 2005). 

In the calculation of each of these indices a long time series of data is required. This long time series of for example precipitation is necessary to characterize the normal situation of the land. The intensity of the drought is than characterized by the deviation of this parameter from its 30year value. 
7.1 Precipitation drought indices
Drought occurs due to shortage of water at land surface which is mainly from a lack of precipitation. In order to start the monitoring of drought, precipitation needs to be investigated. Although several indices have been used in literature, only two will be discussed here due to simplicity and their frequent use in current day practices:

7.1.1 Precipitation anomaly
As rainfall is very intermittent (see Figure 1) precipitation at a particular day cannot be compared to that particular day in previous years. Instead first the data needs to be averaged over a particular period (3 monthly, 6 monthly). Afterwards this can be compared to the 3monthly/6monthly average of the previous years. In this way the precipitation anomaly is defined: 
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 the average precipitation during a particular period and 
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the multiyear average precipitation at the same period but during previous years. In order to provide a reasonable estimate of the normal precipitation in this period the multiyear average (
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), should be calculated over at least 30 years. 
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In the case of drought lack of precipitation is not necessarily the biggest problem, instead prolonged absence of rain is the biggest problem. In that way the accumulative precipitation anomaly is defined. 
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 the accumalted precipitation during a particular period and 
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the multiyear average of the accumulated precipitation. It is shown in Figure 5 that is much easier to derive the shortage of water from the difference between the normal accumulative rainfall and the accumulative rainfall during a drought event.
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The use of the precipitation anomaly is however is limited due to the fact that it is not compable between different locations. The precipitation anomaly does not take into account the natural variability of the precipitation in a specific area. This is solved by the introduction of the standardized precipitation index. 
7.1.2 Standardized Precipitation index

The standardized precipitation index (SPI) is based on the same principle as the precipitation anomaly, using only precipitation data. However this value is than divided by the standard deviation in the specific area. This creates a standardized value which provides similar results for different study areas. As a result the droughts over different study areas can thus be compared. The SPI is calculated using the following formula:
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where,
[image: image25.wmf]i

P

is the monthly precipitation observation, 
[image: image26.wmf]P

is the mean monthly precipitation, and 
[image: image27.wmf]s

is the standard deviation of this mean. Negative SPI value indicated dryness and positive indicates wetness as categorized in Table 2‑1.
	Table 7‑1 : Category of SPI values by McKee and Edward.

                   SPI Values
2.0 and above
Extremely wet
1.5 to 1.99
Very wet
1.0 to 1.49
Moderately wet
-0.99 to 0.99
Near normal
-1.0 to -1.49
Moderately dry
-1.5 to -1.99
Severely dry
-2.0 and less
Extremely dry



While precipitation is able to predict meteorological drought it does not take into account the state of the land surface. Therefore for agricultural drought using the precipitation anomaly or the standardized precipitation index is not sufficient. One way to solve this problem is to use (in parallel with SPI), soil moisture.

7.2 Soil Moisture drought index 

7.2.1 Soil moisture Deficit Index

In the development of SMDI and ETDI (see later) the following demands were set Narasimhan, et al., 2005()
: 
1. The index should respond to the agricultural drought.

2. The index should be able to respond to all seasons (summer or winter).

3. The index should be spatially comparable irrespective of climatic zones.

The Soil Moisture Deficit Index is therefore defined as a weighted average between the previous SMDI value and the current soil moisture deficit: 



[image: image28.wmf]50

5

.

0

1

j

j

j

SD

SMDI

SMDI

+

=

-






   

7‑2
where, 
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 represent the SMDI for the previous period and 
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is the soil moisture deficit:


[image: image31.wmf]100

*

min

,

,

j

j

j

i

j

j

i

SW

MSW

MSW

SWS

SD

-

-

=

     If 
[image: image32.wmf])

(

,

j

j

i

MSW

SW

£





7‑3




[image: image33.wmf]100

*

max

,

,

j

j

j

i

j

j

i

MSW

SW

MSW

SW

SD

-

-

=

     If 
[image: image34.wmf])

(

,

j

j

i

MSW

SW

>





7‑4






where, 
[image: image35.wmf]j

MSW

 is the long-term median available soil water in the soil profile (mm),
[image: image36.wmf]j

WS

max

 is the long-term maximum soil water,
[image: image37.wmf]j
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min

 is the long-term minimum soil water. On average, the monthly soil deficit index value ranges from -100 to +100 indicating very dry to very wet conditions.  As soil moisture depends on the depth of the measurements and its impact on the plant depends on the rootzone several SMDI`s are defined: SMDI-2, SMDI-4 and SMDI-6 for respectively a depth of 2,4,and 6 feet. While some plants do not take their water from the first 15cm an additional hydrological parameter should be investigated, namely the evapotranspiration. 
7.3 Evapotranspiration drought indices

As evapotranspiration from remote sensing is an emerging product. Therefore not a lot of drought indices have been created to fully use this new information. However increased evapotranspiration can be one of the other main causes of drought, while at the same time a decrease in evapotranspiration provides a clear indication that the land surface is undergoing water stress. It is therefore of vital importance to in addition to soil moisture and precipitation also look into the evapotranspiration for drought monitoring. Two drought indices based on evapotranspiration are listed below: 

1. The Water requirement satisfaction index.

2. The Evapotranspiration deficit index.

7.3.1 Water requirement satisfaction index 
Water requirement satisfaction index (WRSI) is an operational monitoring which indicates performance of a crop based on the availability of water during a growing season Allen et al., 1998()
. It is calculated as the ratio of seasonal actual crop Evapotranspiration (AET) to the crop water requirement (WR).


[image: image38.wmf]100

×

=

WR

AET

WRSI










7‑5
Where WRSI is crop water requirement satisfaction index (%),  AET is the  seasonal actual crop evapotranspiration (mm d-1) and  WR seasonal water requirement (mm d-1). The water requirement (WR) is the same as the potential crop evapotranspiration estimated after the FAO reference evapotranspiration has adjusted with appropriate crop coefficient (Kc) value which is the water use pattern of a crop.  WR = PET * KC.
In order to define the spatial variation during the growing season for each modeling grid-cell, WRSI model requires a start-of-season (SOS) and end-of-season (EOS) time. The threshold used to determine SOS is based on amount and distribution of rainfall received in three consecutive dekads and SOS starts when there is at least 25 mm of rainfall in one dekad followed by rainfall records of having at least 20 mm in the next two consecutive decades, on the other hand the end of seasons (EOS) can be estimated by adding Length of Growing period (LGP) and SOS. The calculated WRSI value of a given pixel can represent the seasonal integrated conditions from the start of the growing season until the time of modeling period Brown, 2008()

7.3.2 Evapotranspiration Deficit Index

he problem with the WRSI is that is does not correct for seasonal differences, or that it takes into account previous stages of the land. This problem is circumvented by the evapotranspiration deficit index by considering the previous drought index state.  For this is follows the same methodology as the Soil Moisture Deficit Index. 
ETDI have high temporal resolution (weekly) compared to the monthly temporal resolution of commonly used PDSI and SPI. But for this study, monthly temporal resolution has been used due to constrain in weekly ET from MODIS. Following are the steps involved in the calculation of the ETDI: The ETDI for the time
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month is calculated on incremental basis by Palmer (1965):
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where, 
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 represent the ETDI for the initial month and 
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is the monthly water stress anomaly:


[image: image43.wmf]100

*

min

,

,

j

j

j

i

j

j

i

WS

MWS

WS

MWS

WSA

-

-

=

     If 
[image: image44.wmf])

(

,

j

j

i

MWS

WS

£





7‑7




[image: image45.wmf]100

*

max

,

,

j

j

j

i

j

j

i

MWS

WS

WS

MWS

WSA

-

-

=

     If 
[image: image46.wmf])

(

,

j

j

i

MWS

WS

>





7‑8






where, 
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MWS

 is the long-term median water stress of the month
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,
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 is the long-term maximum water stress of the month
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,
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 is the long-term minimum water stress of the month 
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. On average, the monthly water stress anomaly value ranges from -100 to +100 indicating very dry to very wet conditions.  The water stress is given by, 
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where, 
[image: image54.wmf]0

ET

is the reference evapotranspiration from the Penman-Monteith using meteorological data and
[image: image55.wmf]ET

 is the actual evapotranspiration derived a remote sensing algorithm like the SEBS, SEBAL, TSEB.  
7.4 Hazard identification on basis of past events
In terms of disaster management several stages can be identified leading up to a disaster. These stages are: threat, hazard, disaster. 
· Threat. Disaster vary in the amount of warning communities receive before they occur. For example, earthquakes in general have limited (if at all)  any warning before they hit, while warnings for hurricanes and flooding usually can be announced several hours before they hit. Drought hazard is a creeping phenomenon that develops over time, and thus its impacts are diffuse and spread slowly, in contrast to other rapid onset natural hazards, such as floods, earthquakes and landslides. In order to provide accuracte warnings in Drought monitoring drought indices levels need to be carefully identified on basis of previous events. 
· Hazard: is generally defined as a potentially damaging phenomenon, substance, human activity or condition that may cause loss of life, injury or other health impacts, property damage, loss of livelihoods and services, social and economic disruption and environmental degradation (UNISDR, 2009). The point that the ongoing drought transforms from a threat to a hazard is when specific boundaries are exceeded. This can be estimated by thresholding the different drought indices. These thresholds can be dependent on duration, but also frequency. 
· Disaster: is defined as a serious disruption of the functioning of a community or a society that involves widespread human, material, economic or environmental losses and impacts, which exceeds the ability of the affected community or society to cope, using its own resources (UN ISDR, 2009). While the initial direct or physical effects of drought disaster on the water-dependent sectors may be similar regardless of the type of economy, the long-term consequences of each event will depend on specific local circumstances
In drought management we can use these different stages to minimize the risk and impact of the drought. 

7.5 Risk analysis
Risk entails the combination of the probability of an event and its negative consequences (taken from “Mainstreaming Drought Risk Management” (UNDP). Drought (Disaster) Risk refers to the potential loss of lives, reduced health status, livelihoods, assets and ecosystem services in connection with drought, which could occur to a particular community or a society over a specified time period in the future (UN-ISDR, 2009). 

The level of drought disaster risk is often measured by the combination of (a) the degree of exposure to a drought hazard and (b) the level of vulnerability that a community (sector or system) faces (African Development Bank, et al., 2004). This concept is expressed in the following formula: 

RISK = HAZARD x VULNERABILITY
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With Vulnerability referring to the characteristics and circumstances of a community, system or asset that make it susceptible to the damaging effects of a hazard, as in the case of drought (UN-ISDR, 2009). Vulnerability is an encompassing composite term. It illustrates, for example, the capacity and nature of the resource base to continue to provide ecosystem goods and services during a period of severe rainfall deficit, or the degree to which people are directly dependent on the provision of water and other resources necessary for their well-being.

According to this principle, a large number of individuals subjected to exposure to a moderate drought hazard could be considered at the same risk level as a smaller number of people who live with a higher frequency and/or severity of drought hazards. It is difficult to set a standard procedure to examine risk levels because of the slow onset and creeping nature of drought. 

In some cases the Risk equation is expanded with an exposure term (see below). This is because while drought maybe present in a specific country/region, not all the people are in the same location as the drought. However using remote sensing data both the hazard status and the exposure are captures in the same map, and exposure can be left out of the picture. 


[image: image56]
Note that people outside the location of the hazard can however still be affected. When a disaster causes large migrations, electric power failure and shortage of medicine, the effects of drought will grow larger than its own footprint. This should be captured in the vulnerability assessment. 

7.5.1 Resilience
It is impossible to circumvent the natural processes of drought hazards – disruptions or anomalies

in the global circulation pattern of the atmosphere. Nonetheless, it is still possible to prevent drought disasters, mitigate their impacts and reduce their risks to human lives and livelihoods by increasing the degree of resilience. 

Resilience is generally defined as the ability of a system, community or society that is potentially exposed to hazards to resist, absorb, accommodate and recover from the effects of a hazard in a timely and effective manner, including through the preservation and restoration of its essential basic structures and functions (UN-ISDR, 2009). This ability is determined by the degree to which the social system is capable of increasing its capacity for learning from past disasters, and translating the lessons into improved future protection and risk reduction measures (African Development Bank, et al., 2004). However, the drought risk of a given community is decreased when resilience is increased. Such a relative relationship modifies the above mentioned formula as follows:

Risk = HAZARD x Vulnerability / Resilience
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Considering that communities have little control over exposure to hazards other than relocating, the focus of development actors should be directed on finding ways to reduce the degree of vulnerability and increase the level of resilience. Whether a community is vulnerable or resilient to drought is largely a function of its Coping or Adaptive Capacity. This is generally defined as the ability of people, organizations and systems, using available skills and resources, to face and manage adverse conditions, emergencies or disasters (UN-ISDR, 2009). Coping capacity is often understood to be intrinsic to an affected community. One type of Coping is the creation of a drought forecast system together with an integrated drought management system. However to create such a system one needs to comprehend the possible causes of the drought.
7.6 Towards a Drought Forecasting
Forecasting drought assists in building resilience towards the drought events and lowers the risk, and therefore mitigates the effects of drought through warning the riskholders in time. In order to prepare for hydrological drought an adequate hydrological model should be choosen.  that can simulate both local as well as continental hydrology and that can forecast the hydrology in the area from several months to several decades. In this way interlinkages can be found between meteorological conditions and drought conditions which are not necessarily in the same area. An increase in sea surface temperature (due to el nino, la nina) can have profound impact on the rainfall intensity / frequency in Australia and Indonesia. 

Several large scale models exist that can perform this task. As each of these models is highly complex it would be too much for this syllabus to describe all of them. Instead the two models currently used in the two largest drought prediction monitors will be explained. 

1) Variable Infiltration Capacity (VIC). VIC is used in the American Drought Monitor (http://droughtmonitor.unl.edu/) for predictive purposes (see Figure 6:US National Drought Monitor) VIC is a hybrid of physically based and conceptual components. It uses are daily precipitation and temperature as input and computes incoming shortwave radiation, and long-wave radiation as a function of daily precipitation and daily minimum and maximum temperature. For the other computations it uses physically based formulations for the calculation of the sensible and latent heat fluxes, and a conceptual baseflow model to simulate runoff generation from the deepest soil layer, and a conceptual scheme to represent the spatial variability in infiltration capacity and hence production of runoff. Total daily runoff and evaporation are simulated for each grid cell independently. The runoff from each of the individual cells is then combined using a routing scheme (only for the stream), to produce daily and then accumulated monthly flows at selected calibration points. 
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Figure 6:US National Drought Monitor

1) HTESSEL: HTESSEL is part of the integrated forecast system at ECMWF with operational applications ranging from the short-range to monthly and seasonal forecasts  HTessel  computes the land surface response to atmospheric forcing, and estimates the surface water and energy fluxes and the temporal evolution of soil temperature, moisture content and snowpack conditions. It has a flexible spatial resolution, depending on the input  resolution, and it has been applied globally with a resolution of 0.5°. The model runs  with a time step of one hour forced with sub-daily (6 hourly or less) near surface meteorology (air temperature, wind speed, specific humidity and surface pressure) and surface fluxes (solid and liquid precipitation and downward solar and thermal radiation).  A detailed description of HTESSEL can be found online..
7.6.1 Early drought warning system
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Note that the ground water change is also measured using remote sensing by detailed analysis of the earth gravity. However this is 


not treated here because the footprint of these measurements are about 100 kmx100km and as such is not valuable for drought monitoring. 
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Figure � SEQ Figure \* ARABIC �5�: Accumulative Rainfall
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