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SuMMARY

Intrinsic to the design of many weather-based index insurance schemes is the concept that 
one can quantify the relationship between crop and climate. This relationship is highly de-
pendent on the spatial and temporal scale that one studies it on, yet current index insurance 
schemes often use simple assumptions to decide the maximum distance between a gauge 
and an insured farm. This paper first discusses the spatial characteristics of rainfall before 
moving on to discuss how geostatistical techniques such as the variogram might be useful in 
designing index insurance contracts.

1. InTROduCTIOn

One of the main objectives of index insurance is to be able to confidently capture the rela-
tionship between the chosen index and the underlying factor to be insured, thus reducing ba-
sis risk. In the design and implementation of weather-based index insurance, this commonly 
means that one wishes to capture the relationship between rainfall (or some other weather 
parameter) and crop yield. This is a non-trivial task, because, although there is often a strong 
link between crop and climate, it is frequently non-linear and highly dependent on the spatial 
and temporal scales that one studies it on.
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This paper aims to introduce the reader to some of the features of the spatio-temporal 
variability of rainfall and to describe some geostatistical techniques which might be used to 
quantify it. The text first contains a brief introduction to the spatial characteristics of rain-
fall, concentrating in particular on those which might affect index design. Attention is then 
paid to geostatistical methodologies which might be used to model the spatial structure of 
rainfall. In particular, the text contains a description of the variogram, which might be useful 
for quantifying the spatial structure of rainfall.

Note that the examples of geostatistical analyses included in this paper relate to a case study 
in the Ethiopian highlands (Greatrex, 2012) and the paper also relies strongly on previous work 
by the authors (Greatrex, 2012; Grimes and Pardo-Iguzquiza, 2010) as referenced throughout 
the text, but attempts to place these in the context of weather-based index insurance.

2. REPRESEnTInG THE SPATIAL STRuCTuRE 
OF RAInFALL

2.1. The spatial features of rainfall

Rain gauge data sets are widely used in weather-based index insurance, both in index design 
and in determining payouts. However, many rain gauge networks are still relatively sparse 
and data is often difficult to access, especially when working in developing countries. In ad-
dition, most rain gauges must be managed by the relevant National Meteorological Agency 
rather than the insured farmers themselves, in order to ensure that the gauges are tamper-
proof. The result of this is that the rain gauge used to create a contract is rarely sited on the 
farm to be insured, and is often located some distance away. If the gauge is too far from 
the insured location to correctly record its rainfall, then this will lead to increased basis risk.

It is, therefore, useful to know the maximum distance that a gauge can be sited from a farm 
before the gauge record is no longer considered representative of the farm’s rainfall. This 
is easier to answer if one considers the underlying physical question: What is the spatial 
scale and structure of rainfall at the location of interest? Traditionally, many index insurance 
schemes have used an empirical distance of 20 km as a starting point, a distance derived 
from one of the original index insurance schemes based in Mali (Osgood, 2012). However, 
there are several features of rainfall (referred to as ‘challenges’ in this text) which might 
make such a simple assumption inappropriate.

•	  The spatial structure of rainfall is highly dependent on the geography and weather of 
the region of interest and is extremely variable in both time and space. for example, 
the spatial scale of an average rainstorm in Mali (approximately 20 km) might be very 
different to the spatial structure of frontal rain in South Africa, small-scale thunder-
storms over the Ethiopian mountains, or rainfall from a squall line in the Sahel.
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•	  The spatial structure of rainfall will also change during the course of the calendar year, 
depending on local weather conditions. Thus, rainfall from small-scale convection in the 
dry season will have a very different spatial structure to that of rainfall from large-scale 
organised convection at the height of the monsoon. This is important for index insurance as 
it means that one needs to know the time of year that rainfall is most likely to affect crop 
yield before one can answer questions about the scale an insurance contract can work over.

•	  The structure of rainfall is influenced by the temporal resolution of the rainfall measure-
ment. for example, the spatial structure of daily rainfall amounts will tend to the spatial 
scale of local weather, whilst the structure of monthly or seasonal totals will instead 
reflect the large scale climatological situation (Grimes and Pardo-Iguzquiza, 2010). This 
means that index insurance contracts based on seasonal rainfall totals might be appli-
cable further from a rain gauge than one based on daily rainfall amounts.

•	  The spatial scale of rainfall depends very much on the rainfall parameter being insured. In 
particular, rainfall occurrence (e.g. the number of rainy days/dry spell statistics) has a very 
different structure to rainfall intensity (e.g. rainfall totals/extreme rainfall). This is illustrated 
well in figure 1, which shows a radar image of a convective cell. Here, there is a lot of fine 
detail in rainfall intensity: only a small region will experience very heavy rainfall, which could 
lead to adverse consequences such as flooding. In comparison, there is much more spa-
tial coherence in rainfall occurrence. This matters because an index insurance contract de-
signed to prevent flooding would need to consider the finer spatial scale of extreme rainfall, 
whilst one protecting against crop losses due to drought might be able to consider the larger 
spatial scales of whether it has rained or not. Therefore, this is, again, important for index 
insurance because a contract based on the number of rain days would apply to a very differ-
ent spatial area to one concentrating on extreme rainfall amounts. figure 1 also shows that 
there is no simple universal relationship between rainfall occurrence and intensity.

•	  The spatial structure of rainfall might not be isotropic around the rain gauge (e.g. it 
might not be the same in all directions). for example, in a region with frontal rainfall, 
the spatial structure might look very different when one looks north-south compared 
to when one looks east-west. This is particularly the case in regions such as the Sahel.

Figure 1: A radar image of a typical con-
vective storm (Setvak, 2006): 
it is apparent that the spatial 
structure of rain/no rain is very 
different to the spatial structure 
of rainfall intensity.
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•	  The structure of rainfall is highly influenced by the local microclimate. for example, the 
process of orographic enhancement normally means that rainfall intensity increases 
with altitude. However, Dinku et al. (2007) show that, in Ethiopia, the topography is so 
variable that a complicated rain-shadow effect occurs, meaning that rainfall amount 
decreases with height over many Ethiopian mountains. The issue of microclimate is 
important for index insurance because many gauges are traditionally situated along 
roads or in towns, rather than on tops of mountains or in agricultural areas. Therefore, 
care must be taken of the fact that the closest gauge to an insured farm might not be 
the most representative of its rainfall, and simple assumptions must not be made about 
the characteristics of rainfall without good local knowledge.

•	  finally, the statistical characteristics of rainfall are difficult to model as it is highly 
skewed, has a joint distribution (rainfall occurrence and amount can be modelled as 
a Dirac and Gamma function respectively), and is heteroscedastic, where its variance 
depends on rainfall amount.

There are many techniques which can be used to model rainfall amounts. The next section 
concentrates in particular on geostatistical techniques as they are ideally designed to deal 
with the statistical characteristics of rainfall and address many of the challenges above. Note, 
however, that these techniques should still be used in conjunction with local knowledge rather 
than in isolation.

2.2. Rainfall and geostatistics

Geostatistics is the name for a family of techniques developed in order to study and interpolate 
auto-correlated or regionalised data (i.e. data that has a spatial correlation which varies with 
distance). The techniques are based on the concept that at a location, x, a set of observations, Z, 
can be modelled as a slowly varying mean background, m, plus a random fluctuation, R.
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There are several studies discussed in Section 2.1 that suggest the field of geostatistics is well 
suited to addressing challenges, providing that basic assumptions of the method are correct 
(Grimes and Pardo-Iguzquiza, 2010; Lebel et al., 1987). In terms of index insurance, one tech-
nique in particular, the climatological variogram, is a useful tool for quantifying the spatial scale 
of rainfall at a given location. The full methodology behind this is explained in detail in Grimes 
and Pardo-Iguzquiza (2010) and in Greatrex (2012) but, in brief, imagine there is a set of obser-
vations Z of length M at locations x(i.=1 to M), then make a list of all potential pairs of observations 
and sort by the physical distance h between them. These can then be split into bins of length 2δ. 
The mean variance at any given value of h is then given by:
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where:

2 AUTHOR: FRANCOIS KAYITAKIRE

Tt = β(Lt − Lt−1) + (1− β)Tt−1

St = γ
Yt

Lt
+ (1− γ)St−a

Yt+p = (Lt + pTt)St+a−p

5. Greatrex (pp. 198-199)

Zx = mx +Rx

γ(h) =
1

N(h)

M∑
j=i=1

M∑
i=1

(
β(Zxi − Zxj )

2)
)

(2)

where

β = 1 |(h− δ) < |xi − xj | < (h+ δ)

β = 0 otherwise

6. Meroni (p. 242)

Zi =
xi − µ

σ

  (2) (3)

and N(h) is the number of pairs where β = 1.

To see the spatial distribution of a dataset, γ is calculated for varying levels of h. If γ is then 
plotted against h the resulting plot is called an experimental variogram. As rainfall data is 
often sparse, a climatological semi-variogram can be created by building up an ‘average 
variogram’ over several rainfall events, where each is scaled by the event’s total variance 
(it is the inverse of the more common correlogram). This method assumes isotropy, second 
order stationarity, and that the spatial scale within all the events chosen is similar (e.g. that 
the spatial scale of a thunderstorm in western Ethiopian in June remains approximately con-
stant). This means a variogram is sensitive to the events that the user chooses to include in 
the analysis. An example climatological variogram is shown in figure 2 and its characteristics 
are described in Greatrex (2012).

Figure 2: Example of a climatological 
variogram (for June rainfall in 
the Oromiya Region of Ethiopia). 
The sill, nugget and range are 
marked for reference.

The nugget is the semi-variance as distance approaches zero. This might correspond to 
sampling error or the intrinsic uncertainty in a variable. In the case of rainfall, one might 
expect the nugget to equal zero because rainfall is highly spatially correlated at the scale 
of a few metres; however, measurement or location error means that this is rarely the case.

It is expected that as h increases, two samples of Z that are a distance h apart would become 
less spatially correlated. The distance at which the two samples become statistically inde-
pendent of each other is defined as the range of the variogram.

The statement above means that at the range distance, the variogram will level off. The 
value of the semi-variance at this point is denoted as the sill . As a climatological variogram 
is normalised, the sill is conditioned to be at a semi variance of 1.
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To make best use of the variogram, one can fit a model to estimate the underlying spatial 
structure in the data. Available models have to fit several stringent mathematical criteria (thus 
there is a limited choice), but all will output values of the nugget, mean and sill. The range in 
particular then provides a useful tool to check whether an insured farmer’s field is near enough 
to a gauge for index insurance contract to be feasible. It is important to note, as discussed in 
Gommes (2012), the range of the variogram corresponds to statistical independence; for index 
design, a more stringent threshold and smaller range will probably be more appropriate.

The next section discusses how variograms can help address many of the challenges dis-
cussed in Section 2.1. However, this work is not suggesting that variograms should be used in 
isolation to define the spatial scale of rainfall. Instead, they should be considered as another 
tool, complementary to current methods and local knowledge, to ensure that index insurance 
contracts are suitable for a local environment. for example, the range from a variogram in 
a region such as East Africa or the Sahel might be a better starting point for creating an index 
insurance contract than assuming and empirical ‘approximately 20 km’.

2.2. Variogram features

2.3.1. How much data is needed?

An experimental variogram depicts the average semi-variance at a given separation distance; 
thus, for a variogram analysis to be provide a good indication of the spatial structure of rainfall, 
one must also take care to abide by the assumptions discussed in the previous section and to 
use enough data to make a statistically robust plot. As shown in figure 3, approximately 100–
200 pairs of points in each distance bin is the lowest data limit possible before the variogram 
becomes unreliable. This means that it can be difficult to find enough gauges at close enough 
distances to make a variogram robust at the spatial scales of interest.

However, one is able to use a relatively short time series of data in this analysis. This makes 
the use of geostatistics interesting when one considers that there are several new dense 
gauge networks currently being designed for index insurance. The variograms in this paper 
were made using approximately 250 stations and 5 years of good quality daily data for the 
Oromiya Region of Ethiopia as shown in figure 4.

2.3.2. Variograms of rainfall occurrence v rainfall amount

One of the main features discussed in Section 2.1 was that the spatial scale of rainfall oc-
currence can be very different to that of rainfall intensity. The variogram analysis allows one 
to look at these statistics independently and to correctly match the spatial scale study to the 
exact relationship used in the insurance contract between crop and climate. The difference 
between the spatial scale of rainfall amount and occurrence is illustrated in figure 5. If one 
was designing an index insurance contract based on the number of rain days, then, in this 
case, the ‘20 km’ maximum distance seems reasonable. However, if one was more interested 
in insuring against extreme rainfall intensity or floods, then most of the variability in the 
rainfall amount data is contained within less than 5 km.
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Figure 3: Top: an experimental variogram 
for rainfall amount in May in the 
Oromiya Region of Ethiopia; bot-
tom: this figure shows how many 
pairs went into each bin (when 
there are less than 200 pairs 
of gauges, the noise becomes 
too large to see the underlying 
spatial pattern).

Figure 4: Rain gauges used to make the 
variograms shown in this paper 
(data is from 2002–06 and pro-
vided courtesy of the Ethiopian 
National Meteorological Agency)

2.3.3. Anisotropy

Using a variogram approach also allows a user to study whether the spatial structure of 
rainfall is isotropic and directional, or whether it appears the same in all directions. One can 
simply create a variogram where the distance used is the distance in some direction rather 
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than the shortest distance between the stations. This approach is well showcased in the work 
of Lebel to quantify the structure of rainfall over the Sahel (Lebel and Le Barbe, 1997; Lebel 
et al., 1987). In particular, Lebel showed that there was a much larger spatial correlation in 
rainfall when one looks in the north-south direction, compared to when one looks east-west, 
which might be expected in that region.

2.3.4. Including seasonality

As one can choose the events that comprise a climatological variogram, one can focus on purely 
the time of year and type of rainfall that affects crop yield. for example, if crop yield was more 
dependent on the small-scale convection at the start of the growing season (rather than the 
large-scale convection later in the season), then one could simply make a variogram using data 
from the starting month of the season. This, again, means that an index insurance contract can 
be tailored to exactly match the best relationship between climate and crop yield. Examples of 
variograms showing the structure of rainfall varying throughout the calendar year (in Ethiopia 
and in Uganda) can be found in Greatrex (2012) and in Maidment et al. (2012).

2.3.5. Software

Traditionally, creating a variogram might have been complex and time-consuming. However, 
there are now several specific software suites such as KrigeRain (Greatrex, 2011) and Info-
Map (Pebesma et al., 2010) which allow the user to quickly and easily create climatological 
variograms, alongside many packages in programs such as Matlab and R.

Figure 5: Semi-variograms of rainfall oc-
currence and intensity (rainfall 
amount if raining) for May in 
Ethiopia. The thick red vertical 
lines correspond to the distances 
within which most, or all, rainfall 
at the pairs of gauges is related 
to each other (e.g. the variogram 
range).
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3. dISCuSSIOn And COnCLuSIOnS

This paper aimed to show some features of the spatial structure of rainfall and how this 
can be quantified using geostatistical techniques. Using a variogram to measure the spatial 
structure of rainfall overcomes many of the complexities discussed in the paper and provides 
a relatively simple method of obtaining a baseline spatial scale in index insurance design.

The author is not, however, suggesting that a variogram analysis should supersede local knowl-
edge or other techniques currently used for defining spatial scale index design (e.g. discussions 
with farmers), especially considering the importance of local microclimate and the sparsity of 
rain gauge observations. Data requirements, in particular, mean that it will not be feasible to 
create a variogram for every local climate around every gauge used in index insurance.

Instead, we suggest that the variogram might provide a useful baseline for quantifying the 
spatial scale of rainfall which can then be used as a starting point for discussion. Even if data 
requirements mean that a variogram can only be made for a region or a country of interest, 
it would still provide a more evidence-based starting point than simply assuming ‘approxi-
mately 20 km’, as is currently often the case. The existence of specific software packages 
also means that creating a variogram can be accomplished quickly and simply in weather-
based index insurance design.
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