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ABSTRACT
The effects of measurement scale (spatial resolution) on the statistics derived from
environmental data constitute a critical factor in spatial pattern investigation. In this work, we
introduce a geostatistical approach to analytically predict the effects of spatial aggregation
(upscaling) on spatial statistics (correlation or semivariogram functions) of geospatial data
pertaining to environmental variables. More precisely, fine and coarse resolution data are linked
through an aggregation function (linear in this work) quantifying the contribution of the former to
the latter. The sample semivariogram of the coarse data is then analytically approximated
based on a known or estimated semivariogram model for the fine resolution data and that
aggregation function.
We illustrate the application of the proposed analytical approach using monthly and seasonal
measurements of sea surface temperature (SST) and chlorophyll-a (CHL) concentrations for a
decay (period 2005-2014), obtained from the MODIS Aqua sensor over the North Aegean Sea,
Greece. More precisely, we study the effect of upscaling on the empirical semivariogram
functions of SST and CHL for different pixel sizes. The results show that the proposed
geostatistical approach can accurately and consistently predict the effects of spatial aggregation
(upscaling) on the semivariogram functions derived at coarser spatial resolutions.
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1. Introduction
The spatial resolution, or measurement scale, of geospatial data is a critical factor for the
elucidation of spatial patterns in environmental variables. In addition, spatial resolution plays a
critical role in environmental data integration, where it is often necessary to transform attribute
values from one existing set of geographical units (supports) to another (Atkinson and Tate,
2000; Haining, 2003). Numerous studies in the geographical and statistical literature have been
carried out seeking to acknowledge, account for, and possibly mitigate the effects of spatial
aggregation on the statistical analysis of spatial data (Gotway and Young, 2002).
A major caveat in making inferences with spatial data is the Modifiable Areal Unit Problem
(MAUP), which pertains to the extrapolation of spatial statistics from data of one spatial
resolution to another. The MAUP, i.e., the notion that generalizations made at one level (spatial
resolution) depend on the size and configuration (grouping) of the underlying spatial units, has
been long considered “a fundamentally geographical phenomenon” (Openshaw, 1984).
Although various attempts towards its solution have been proposed (Fotheringham and Wong,
1991; Cressie, 1996; Holt et al., 1996), a general solution to the MAUP does not yet exist (Cao
and Lam, 1997).
In this work, we introduce an analytical geostatistical approach for studying the MAUP, within
the general framework of change of support (Gotway and Young, 2002; Kyriakidis, 2004). More
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precisely, fine and coarse spatial resolution attribute values are linked via a measurement
function that encapsulates the linear aggregation of point attribute values into their coarse-level
counterparts. The MAUP is then formulated analytically as the forward problem of estimating
coarse-level statistics, possibly involving multiple variables, based on knowledge of the
corresponding, fine resolution statistics.
2. Materials and methods
In the proposed geostatistical approach, any coarse resolution attribute value z  v  is specified
as an aggregate (e.g., average) of M v fine resolution attribute values z  c  within the coarse
support (pixel) v of the former:
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where c denotes the coordinate vector of the centroid of a fine resolution pixel, and gv  c  the
value of the aggregation function. In this work, z  v  is defined as an equally weighted average,
and z  c  is deemed representative of the entire fine resolution pixel of area a ; hence,

aM v approximates the area of the coarse pixel.
The spatial correlation, or better dissimilarity, of fine resolution attribute values is quantified by a
semivariogram model   h; θ  , which is typically an increasing function (e.g., exponential or
Gaussian) of the separation vector h between pixel centroids; here θ is a model parameter
(sill, range, nugget) vector.
The semivariogram  v  h  of coarse resolution values can then be analytically derived as the
convolution of the fine resolution semivariogram   h; θ  and the aggregation function:
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where v and vh denote two pixels separated by vector h ;   v, v  and   v, vh  denote,
respectively, averages of semivariogram values between fine resolution pixel centroids
spanning the same v or two different v and vh coarse pixels.
We illustrate the application of the proposed geostatistical approach to the study of aggregation
effects using monthly and seasonal data of sea surface temperature (SST) and chlorophyll-a
(CHL) for the period 2003-2014, obtained from the MODIS Aqua sensor over the North Aegean
Sea, Greece (Fargion and McClain, 2003). As an example, the original (4×4km2) monthly SST
and CHL data for December 2003 are shown in the left column maps of Figure 1. The objective
is to analytically predict the semivariogram of upscaled (five- and nine-fold) SST and CHL
values, shown in the central (five-fold upscaling) and rightmost (nine-fold upscaling) columns of
Figure 1, from the semivariograms of the corresponding fine resolution values and the
aggregation scheme.
3. Results
To mitigate the effects of spatial trends, the analysis (upscaling and variography) was
conducted using de-trended SST and log(CHL) residuals (not shown).

CEST2015_00591

Figure 1: Original (left column) and upscaled (five- and nine-fold) monthly concentrations of
SST (top row) and CHL (bottom row) in the North Aegean region for December 2003.

Figure 2: Original and upscaled semivariograms for SST (top row) and log(CHL) (bottom row)
residuals for December 2003. Sample semivariograms of original (fine) and upscaled (coarse)
residuals are shown in blue and modeled semivariograms in red.
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The coarse level semivariograms were computed from upscaled data for two levels of
aggregation and compared to their analytically predicted counterparts. The original (fine level)
and upscaled (coarse level) semivariograms for December 2003 are shown in Figure 2. It can
be seen that the sample coarse level semivariograms are satisfactory predicted from the
proposed analytical methodology; any discrepancy stems from the sampling variability of the
coarse level semivariograms due to the limited sample size at those resolutions.
4. Conclusions and discussion
A geostatistical approach is proposed in this work to analytically predict the effects of spatial
aggregation (upscaling) on the spatial statistics of fine resolution data. The fine and coarse
resolution data are linked through an aggregation function, and the sample semivariogram at
the coarse data is analytically approximated based on a known or estimated semivariogram
model for the fine resolution data and that aggregation function.
We illustrated the application of the proposed geostatistical approach to the study of
aggregation effects using data of SST and CHL, for December 2013 as an example, obtained
from the MODIS Aqua sensor over the North Aegean Sea, Greece. The results indicated that
sample coarse level semivariograms are satisfactory predicted from the proposed analytical
methodology. Research efforts are currently underway to extend this approach to address the
effects of spatial aggregation on measures of multivariate spatial association.
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