
Introduction

The Agricultural NonPoint Source 
(AGNPS) pollution model was devel-
oped by the U.S. Department of 

Agriculture in response to the need to quantita-
tively examine the influence of non-point source 
pollution on surface water and groundwater 
quality in agricultural watersheds. The model 
is designed to estimate sediment and nutrient 
yields from agricultural activities, and it is used 
most appropriately to compare the impacts of 
alternative land management strategies on sur-
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face water quality (Young et al. 1989; Panuska et 
al. 1991). This model is a distributed, cell-by-cell, 
event-based watershed model that predicts surface 
runoff (including total runoff volume and peak 
runoff rate), sediment yield, and nutrient loading 
of phosphorus, nitrogen, and chemical oxygen 
demand (COD) on the basis of 22 input param-
eters derived from soil, land cover, and elevation 
data (Young et al. 1994; Young et al. 1995). 
   The purpose of this study is to investigate how 
spatial statistics of AGNPS-simulated runoff 
change when model inputs of different cell sizes 
are used. Specifically, we are interested in the 
changes of the overall runoff clustering level 
and the location and size of runoff clusters. In 
addition, we investigate the changes of overland 
cell runoff and total runoff volumes, as well as 
whether the effects of cell size are consistent 
throughout the watershed. We calculated spa-
tial statistics of the global Moran’s index and 
the global G statistic (for the entire watershed) 
to indicate the overall clustering degree and the 
degree of high- or low-runoff clustering, respec-
tively. We computed spatial statistics of the local 
Moran’s index and the local G statistic (by cells) 
to locate clusters of similar runoff values as well 
as high- and low-runoff clusters, respectively. The 
runoff clustering degree and cluster locations 
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are of great concern to watershed researchers 
and managers because high runoff contributes 
to soil erosion and deteriorates water quality; 
studying clustering patterns of modeled runoff 
helps decision making in optimal land manage-
ment strategies. The results of this study have 
implications for watershed quality management 
and water resources planning.

In the following sections, we first briefly review 
past studies of cell size effects (or resolution effects) 
on watershed modeling. Then we describe our study 
area, data source, analysis procedures, and results. 
The calculation of spatial statistics is explained in 
detail. Lastly, we discuss limitations of our analyses 
and future research directions before concluding 
with major findings of this study.

Literature Review
Previous research has explored the effects of 
input cell size (or resolution) on watershed 
runoff modeling. For example, Zhang and 
Montgomery (1994) and Wolock and Price (1994) 
found that the predicted peak runoff rate from 
the TOPMODEL hydrological model increases 
with increasing DEM cell size; Bruneau et al. 
(1995) reported the same finding while noticing 
that the TOPMODEL-simulated catchment area 
has an opposite decreasing trend with increas-
ing DEM cell size.

Using the KINEROS hydrological model, Thieken 
et al. (1999) found that the simulated peak runoff 
rate and total runoff volume both increase with 
increasing cell size. Canfield and Goodrich 
(2006) also observed an overall increasing trend 
of KINEROS2-simulated runoff volume and peak 
discharge, though the increase was found of no 
statistically significance.

In contrast to the increasing trend of runoff 
volume, Vieux and Needham (1993) found that 
the total runoff volume predicted from the AGNPS 
pollution model decreases with increasing cell size. 
Bhuyan et al. (2001) also reported a decreasing 
trend of AGNPS-simulated total runoff volume, but 
they observed that the peak runoff rate increases 
with increasing cell size. Davenport et al. (2003) 
found that both AGNPS-simulated total runoff 
volume and peak runoff rate increase with increas-
ing cell size, noting the corresponding increasing 
trend of the drainage area contributing to the 
total flow.

In comparing results from past studies of cell 
size effects on runoff modeling, it is important 
to understand that different hydrological models 

have different input requirements and, therefore, 
modeling assumptions, and the results from dif-
ferent models may not be directly compared. 
For example, the TOPMODEL and KINEROS 
hydrological models generally assume spatially 
uniform soil- and land-use parameters while the 
AGNPS pollution model allows for spatially varied 
soil- and land-use input parameters. Nevertheless, 
a consistent finding from past literature is the 
increase of peak runoff rate with increasing cell size. 
Regarding trends of total runoff volume, studies 
using TOPMODEL, KINEROS, and KINEROS2 
hydrological models tend to find increasing runoff 
volume with increasing cell size, while the AGNPS 
pollution model has produced mixed results.

It is of particular interest to understand why 
past studies have derived opposite conclusions 
regarding cell size effects on AGNPS-predicted 
runoff volume. This study investigates the cause 
by testing the hypothesis that, if the compari-
son of runoff volume modeled at different cell 
sizes is based on a common watershed boundar-
ies, the runoff volume tends to decrease. On the 
other hand, if the comparison of runoff volume 
is based on individual watershed boundaries that 
generally increase with increasing cell size, the 
runoff volume tends to increase. Although past 
literature does not provide sufficient details of the 
data processing and analysis procedures to verify 
the hypothesis, the empirical results of this study 
have confirmed our hypothesis, as described later 
in this article.

In addition to investigating the different conclu-
sions from past studies, this study is the one, if not 
the first, to use spatial statistics to (quantitatively) 
examine clustering level and hot spot patterns of 
watershed runoff and also to study cell size effects 
on the analyses; the reason being the intensive 
computation of spatial statistics applied to grid-
based runoff data. Spatial statistics allow one to 
determine the overall clustering degree of cell 
runoff in the watershed and to locate statistically 
significant clusters of similar runoff values, which 
have particular implications for comparing alter-
native land management strategies in the context 
of AGNPS water quality modeling. High-runoff 
clustering contributes to erosion and pollution of 
the water quality; the degree of high-runoff cluster-
ing can be used as an indicator of the overall water 
quality in the watershed. Furthermore, visually 
examining statistically significant high-runoff clus-
ters provides significant insight regarding critical 
watershed areas to mitigate the impact of human 
activities on surface water quality.
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Designed to analyze the distribution of geographic 
features, spatial statistics differ from traditional 
statistics in that space and spatial relationships 
are an integral and implicit component of analysis 
(ESRI 2005). Spatial statistics are commonly used 
to analyze vector-based socioeconomic data. In 
this study, we used spatial statistics to examine 
cell-based watershed modeling outputs by con-
verting runoff raster data to vector point data. 
Watershed surface runoff varies geographically; 
therefore, it is appropriate to use spatial statistics 
to examine spatial autocorrelation properties and 
reveal geographic patterns of watershed runoff. 
Results from this spatial statistics analysis will have 
implications for water resources planning and water 
quality management, particularly in the context 
of investigating optimal cell size for effective and 
efficient watershed runoff modeling.

Study Area and Data Source
The study area is the Little River Watershed in 
Georgia, USA, which is approximately 12 km 
wide and 35 km long, and covers 334 square kilo-
meters (Figure 1). The Little River Watershed is 
one of the experimental watersheds for the U. S. 
Department of Agriculture (USDA) Agricultural 
Research Service (ARS) Southeast Watershed 
Research Laboratory (SEWRL). The primary 
goal of the SEWRL is to “develop an improved 
understanding of basic hydrologic and water 
quality processes on Coastal Plain watersheds 
and evaluate the effects of agricultural manage-
ment practices on the region’s natural resources 
and environment” (Bosch et al. 2007).

This study used the runoff datasets of eight dif-
ferent cell sizes that have been previously simulated 
using the AGNPS pollution model by Usery et al. 
(2004). The modeling was conducted based on a 
simulated precipitation event of 17.78 cm, with 
input data at eight cell sizes of 30-m, 60-m, 120-

m, 210-m, 240-m, 480-m, 960-m, and 1,920-m. 
The input data of elevation, land cover, and soil 
at different cell sizes were resampled from 30-
m resolution baseline datasets. The 210-m cell 
datasets were generated because a 210-m cell, 
approximately 10 acres in size, is commonly used 
by USDA scientists for watershed modeling. The 
30-m elevation data set comes from the USGS 
National Elevation Dataset (NED) (USGS 2006). 
The 30-m land cover data set is based on the 
USGS National Land Cover Database (NLCD) 
(USGS 2007). The 30-m soil data set originates 
from the USDA Digital Soil Geographic Databases 
(USDA 2006); this data set was originally in a 
vector polygon format and was converted to a 
30-m raster to match the land cover and elevation 
datasets for watershed modeling purpose. The 
land cover and soil data sets are categorical data 
and were resampled using the nearest neighbor 
method, while the elevation data set is numeri-
cal data and was resampled using the bilinear 
interpolation method.

Examining Overland Cell Runoff 

and Watershed Runoff Volumes
Overland cell runoff and the watershed total 
runoff volume for the eight data sets of differ-
ent cell sizes were examined first. When visually 
comparing the overland runoff at different cell 
sizes, runoff levels are high at tributary sources 
(Figure 2). For all cell sizes, the overland runoff 
ranges from 0.13 cm (0.05 inch) to 18.54 cm 
(7.3 inches). High runoff patches are at approxi-
mately the same locations and of the same sizes. 
It appears that there is no cell size effect on the 
overland runoff pattern except the generaliza-
tion effect due to larger cells.

One consequence of resampling is that the bound-
aries and areas of the watershed become larger at 

Figure 1. Little River Watershed, Georgia, USA.
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larger cell sizes (Figure 2 and Figure 3). Because the 
large watershed areas at large cell sizes are artificial, 
total runoff volumes at intersected watershed bound-
aries were compared, in addition to those based on 
individual watershed boundaries. The intersected 
watershed boundaries were calculated as the geometric 
intersection of common watershed areas of different 
cell sizes because watershed boundaries at large cell 
sizes do not necessarily completely contain watershed 
boundaries at small cell sizes. To compare the total 

runoff volumes at different cell sizes, the products 
of cell area and overland runoff for the entire water-
shed were summed. The total runoff volume based 
on individual watershed boundaries increases with 
increasing cell size (Figure 4A), which is consistent 
with the trend of total watershed areas. However, the 
total runoff volume based on the intersected water-
shed boundaries has an overall decreasing trend with 
increasing cell size (Figure 4B), which represents the 
real effect of cell size on runoff volumes.

The total runoff volume at 30-m cell size was used as 
a benchmark in comparisons involving runoff volumes 
at larger cell sizes. The total runoff volume based on 
individual watershed boundaries has a substantial 
change rate of up to 30 percent at larger cell sizes 
(Figure 4C); the change corresponds with the dra-
matic increase of watershed areas at large cell sizes 
(Figure 3). In contrast, the total runoff volume based 
on intersected watershed boundaries has a maximum 
change of 2.5 percent as cell sizes increase (Figure 
4D). Total runoff volumes in the range are therefore 
accepted as representative estimates. The implica-
tion for watershed scientists is that they can use data 
sets at 1920-m cell size to estimate the total runoff 
volume within 2.5 percent accuracy if the calcula-

Figure 2. AGNPS simulated runoff maps at different cell sizes, Little River, Georgia, USA.

Figure 3. Watershed areas at different cell sizes.
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tion of the total runoff volume is based on relatively 
accurate watershed boundaries. Furthermore, the 
change of runoff volumes from 30-m to 210-m cell 
sizes fluctuates within a 0.2 percent range (Figure 
4D), indicating that a relatively accurate estimate of 
total runoff volume can be obtained using relatively 
coarse data sets of up to 210-m cell size.

Analyzing Overall Clustering 
Level of Runoff

To investigate the effect of cell size on the overall 
clustering level of watershed runoff, the global 
Moran’s index was used to represent the cluster-
ing degree (Wong and Lee 2005). The global 
Moran’s index (I) is calculated as:

where:
    Xi = the runoff value for the ith cell;
   X  = the mean runoff of the watershed;
    Xj = the runoff value for the jth cell;

 Wij = weight parameter for the pair of cells i  
              and j to represent proximity relations; and 
    n = the number of runoff cells in the watershed. 

The equation basically tests if near cells have 
more similar values than distant cells. The sum 
of cross-products in the equation will be positive 
if more neighboring cells have similar values; the 
value of I will be greater than 0, indicating similar 
values are clustered. The sum of the cross-products 
in the equation will be negative if there are more 
neighboring cells with dissimilar values; the value 
of I will be less than 0, indicating similar values are 
dispersed. If some neighboring cells have similar 
values and some do not and there are roughly as 
many cell pairs with positive cross-products as 
there are with negative cross-products, the result 
of summing the cross-products will be close to 0, 
indicating a random distribution.

A cutoff neighborhood distance was used to define 
the weight function in calculating the global Moran’s 
index. Cell pairs within this distance were assigned 
a weight of 1 and all other pairs were assigned a 
weight of 0. This neighborhood distance can be 
regarded as the scope of spatial interaction and 
can be determined from the variogram analysis, 
using the variogram range as the neighborhood 

Figure 4. Total runoff volumes based on individual watershed boundaries (a) and intersected watershed boundaries (b) 
at different cell sizes; percentages to 30-m runoff volumes based on individual watershed boundaries (c) and intersected 
watershed boundaries (d).
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distance. The variogram for watershed runoff was 
calculated, and the variogram range was determined 
on the basis of the first semivariance peak.

The Z score of the Moran’s index was computed 
to compare the clustering degrees at different cell 
sizes. The Z score indicates whether similar runoff 
values are closer than would occur by chance. It 
is, therefore, a normalized statistic that can be 
appropriately used to compare data sets of differ-
ent numbers of cells. The Z score of the Moran’s 
index (ZI) is calculated as:

where:
   IO= the observed I;
   IE = the expected I for a random distribution;  
           and
   S(IE) = the standard deviation of the expected I. 

The expected value of I for a random distribu-
tion depends on the number of cells in the data 
set, calculated as -1/(n-1), where n is the number 
of runoff cells in the watershed. This is a very 
small number that is close to 0; an observed I 
greater than 0 would result in a positive Z score, 
indicating a clustering pattern, and an observed 
I less than 0 would result in a negative Z score, 
indicating a dispersed pattern. 

The graph of the global Moran’s index Z score 
against cell size (Figure 5a) shows that the clus-
tering degree (represented by the Moran’s index 
Z score) decreases with increasing cell size and 
that watershed runoff has statistically significant 
clustering patterns at all cell sizes except 1920 m. 
The implication for watershed scientists is that they 
can use modeled runoff data of a large cell size of 
up to 960 m (for data collection convenience and 
model computational efficiency) to detect whether 
surface runoff across the watershed is clustered 
with statistical significance.

Furthermore, to determine whether the over-
all clustering pattern is contributed by high- or 
low-runoff clustering, the global G statistic (Getis 
1991) was calculated as:

where:
     Xi = the runoff value for the ith cell; 
     Xj = the runoff value for the jth cell; and 
    Wij = a weight parameter for the pair of cells i  
              and j to represent proximity relations. 

A large value of G indicates that high-runoff 
cells are clustered, while a small value of G indi-
cates that low-runoff cells are clustered. We used 
the same cutoff neighborhood distance param-
eter to calculate the global Moran’s index and 
then the global G statistic. The Z score of the 
global G statistic was computed to indicate the 
level at which the clustering pattern is significantly 
different from a random distribution of surface 
runoff. The Z score of G (ZG) is calculated as: 

where:
   GO = the observed G;
   GE = the expected G were there are no par- 
            ticular concentration of high- or low- 
            runoff at the specified neighborhood  
           distance parameter; and
 S(GE) = the standard deviation of the expected G. 

If the observed G is larger than the expected G, 
the Z score is positive, indicating high-runoff cells 
are clustered. The expected G (GE) at a specified 
neighborhood distance is:
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Figure 5. Global Moran’s index Z scores (a) and global G 
statistic Z scores (b) at different cell sizes.
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where:
  W = the sum of the weights for all cell pairs; and 
   n = the number of runoff cells in the watershed. 

The graph of the global G statistic Z score against 
cell size (Figure 5b) shows that the degree of high-
runoff clustering decreases with increasing cell 
size. Except for the 1920-m cell size, high-runoff 
patches in the watershed have an overall clustering 
pattern with statistical significance (a Z score of 
2.33 indicates a 98 percent confidence interval; 
a Z score of 1.96 indicates a 95 percent confi-
dence interval; and a Z score of 1.65 indicates a 
90 percent confidence interval). At the 1,920-m 
cell size, the Z score becomes negative, indicat-
ing more low-runoff patches are clustered. The 
implication for watershed scientists is that they 
can use runoff data at a large cell size of up to 
960 m to derive reliable results regarding whether 
high- or low-runoff patches are more clustered 
across the watershed.

Analyzing Neighborhood 
Distance Effect on Global 

Clustering Statistics
The neighborhood distance parameter specified in 
calculating the global clustering statistics will affect 
the results of the statistics and the interpretation 
of the clustering level (Getis and Ord 1992). To 
determine the effect of neighborhood distance on 
clustering statistics, a comparison was conducted 
of the global Moran’s index Z score and the global 
G statistic Z score at neighborhood distances rang-
ing from 210 m to 9600 m, using data sets at four 
cell sizes (210 m, 240 m, 480 m, and 960 m). The 
global Moran’s index Z score becomes smaller as 
neighborhood distances increase (Figure 6a). At a 
neighborhood distance of 9600 m, the clustering 
degree becomes relatively low for the 960-m cell 
size data set. The implication is that large neigh-
borhood distances can make the actual clustering 
patterns appear to be of no statistical significance. 
Considering that it is more computationally effi-
cient to calculate clustering statistics using a large 
neighborhood distance, a neighborhood distance 
equal to, or smaller than, 8640 m is preferable.

The global Moran’s index Z score reaches a maxi-
mum at a neighborhood distance of 1920 m. This 
indicates that cells separated at a distance of 1920 
m have values more similar to each other than they 
do at other distances, suggesting that large runoff 
patches in the watershed are of about the same size 
as a 1,920-m radius neighborhood (Figure 2).

The global G statistic Z score has a consistent decreas-
ing trend with increasing neighborhood distance (Figure 
6b), indicating that the degree of high-runoff clustering 
decreases with increasing neighborhood distance. At 
a neighborhood distance of 5760 m, the confidence 
level of high-runoff clustering drops below 90 percent 
(with a Z score of 1.5) for the 960-m cell size data 
set. Therefore, a neighborhood distance equal to, or 
smaller than, 4800 m is preferred to calculate the 
high-runoff clustering statistic.

Analyzing Location and Size 
of Runoff Cluster

While the global Moran’s index Z scores con-
firm an overall clustering pattern of watershed 
runoff, areas with similar runoff and areas where 
similar and dissimilar runoffs are interspersed 
are of particular interest when examining the 
source of clustering. The local Moran’s index 
was calculated for each runoff cell so as to locate 
spatial clusters of similar runoff values (Anselin 
1995). The local Moran’s index (Ii) for the ith 
cell is calculated as:

where: 
   Xi =  the runoff value for the ith cell;
  X  =  the mean runoff of the watershed;
   Xj =  the runoff value for the jth cell;
  Wij = a weight parameter for the pair of cells 
            i and j to represent proximity relations; 
            and
    S =  the standard deviation of runoff in the  
            watershed. 
    A large positive value for Ii indicates that the cell 
is surrounded by cells with similar values. A negative 
value for Ii indicates that the cell is surrounded by 
cells with dissimilar values. A cutoff neighborhood 
distance of 1920 m, at which the overall clustering 
degree is maximized (Figure 6A), was used to cal-
culate the local Moran’s index. The Z score of the 
local Moran’s index was computed to determine at 
which level the local clustering is significantly differ-
ent from a random distribution. The Z score of the 
local Moran’s index, Z(Ii), is calculated as:

where:
    O(Ii) = the observed Ii;
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    E(Ii) = the expected Ii for a random distribu- 
                tion; and
S(E(Ii)) = the standard deviation of the expected Ii.
 The expected Ii for a random distribution is cal-
culated as:

where:
  Wij = the weight parameter for the pair of cells i  
            and j to represent proximity relations; and
    n = the total number of cell pairs in the  
            watershed. 

A high positive Z score for a cell indicates that 
the neighboring cells have similar runoff values. 
A very negative Z score for a cell indicates that 
the cell is surrounded by cells of dissimilar runoff 
values. The Z scores of the Ii values for the 60-m, 
120-m, 210-m, 240-m, 480-m, and 960-m cell 
sizes were mapped to show where statistically 
significant clusters of similar runoff values are 
(Figure 7). It is apparent that statistically significant 
cluster patches correspond with runoff patches 
in the runoff maps (Figure 2). With increasing 
cell size, the locations of statistically significant 
clusters remain approximately the same, while 
their sizes decrease. The shrinking of statistically 

(a)

(b)

Figure 6. Global Moran’s index Z scores (a) and global G statistic Z scores (b) at seventeen neighborhood-distance 
parameters using datasets at four cell sizes.
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significant clusters is consistent with the decreas-
ing of the overall clustering degree (Figure 5A). 
As cell sizes become larger, statistically significant 
clusters become less definable and small clusters 
disappear, particularly at a cell size beyond 480 
m, which is regarded as the limit of cell size for 
mapping runoff clusters.

Spatial clusters of similar runoff values may be 
from high- or low-runoff clustering. High-runoff 
clusters are of particular interest to researchers due 
to their implication for erosion-induced pollution. 
We computed the local G statistic for each cell in 
order to locate statistically significant high-runoff 
clusters (Ord and Getis 1995). The local G statistic 
(Gi) for the ith cell is calculated as:

where:
    Xj = the runoff value for the jth cell; and 
   Wij = a weight parameter for the pair of cells 
            i and j to represent proximity relations. 

A cutoff neighborhood distance of 1920 m (at 
which the overall clustering level is maximized) 
was used to compute the statistic. A group of cells 
with high Gi indicates a concentration of cells with 
high-runoff values. Conversely, a group of cells 
with low Gi indicates a concentration of cells with 
low-runoff values. A Gi near 0 indicates there is no 

concentration of either high or low 
runoff surrounding the target cell. 
This occurs when the surrounding 
cell values are near the mean, or 
when the target cell is surrounded 
by a mix of high- and low-runoff 
values. The Z score of the Gi was 
computed (in the same way as for 
the local Moran’s index) to deter-
mine the level at which the local 
clustering is significantly different 
from a random distribution. As with 
the Gi value itself, a high Z score 
for a cell indicates its neighbors 
have high runoff values, and vice 
versa; a Z score near 0 indicates no 
apparent concentration of similar 
values. We mapped the Z scores of 
the Gi for the 60-m, 120-m, 210-m, 
240-m, 480-m, and 960-m cell sizes 
to show where statistically signifi-
cant high- and low-runoff clusters 
(termed hot spots and cold spots, 
respectively) are (Figure 8). Observe 

that hot spots correspond to high-runoff patches 
and cold spots correspond to low-runoff patches in 
the original runoff map (Figure 2). As the sizes of 
hot and cold spots decrease with increasing cell size, 
small hot and cold spots disappear, particularly at 
a cell size beyond 480 m. This limit of cell size for 
mapping hot and cold spots corresponds to that 
for mapping runoff clusters (Figure 7).

Analyzing Neighborhood 
Distance Effect on Hot Spot 

Patterns
The neighborhood distance parameter in map-
ping hot spots may have an effect on the size and 
location of hot spots (Getis and Aldstadt 2004) 
and the subsequent interpretation of potentially 
high-erosion areas in the watershed. To study 
the neighborhood distance effect on hot spot 
patterns and to investigate optimal neighbor-
hood distances for identifying hot spots, hot-spot 
maps were generated at neighborhood distances 
of 1440 m, 960 m, and 480 m, using data sets at 
five cell sizes (Figure 9). These hot-spot maps 
and previous hot-spot maps at a neighborhood 
distance of 1920 m (Figure 8) show that the 
smaller the neighborhood distance, the more 
fragmented the hot spots are. The fragmenta-
tion at a neighborhood distance of 480 m makes 

Figure 7. Runoff clusters, i.e., concentrations of similar runoff values, at 
different cell sizes. The red areas are statistically significant runoff clusters.
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the cluster pattern unrealistic 
(when referenced with the orig-
inal runoff map) and undesir-
able; therefore a neighborhood 
distance of 960 m or larger is 
preferred for hot spot analysis. 
The upper limit of neighbor-
hood distance parameter can 
be determined using the pre-
vious analysis of neighborhood 
distance effect on high-runoff 
clustering degree (Figure 6b). 
It was concluded that a neigh-
borhood distance of 4800 m or 
smaller is needed to have a reli-
able estimate of whether high 
runoff is clustered with the sta-
tistical significance across the 
watershed.

Analyzing Runoff 
Statistics at 

Watershed Level vs. 
Local Level

Previous analyses of cell size effects on runoff 
statistics are based on the assumption that these 
effects are systematic throughout the watershed. 
To investigate local variability of cell size effects, 
the Little River Watershed was partitioned into 
30 areas and their individual statistics were 
examined (Figure 10). For the purpose of this 
analysis, the partition of watershed areas was 
based on visually identified, relatively homo-
geneous runoff patches. Average overland 
runoff, the total runoff volume, and the over-
all clustering statistics for individual watershed 
areas at different cell sizes were calculated. The 
average runoff for individual areas does not 
have consistent trends with increasing cell size 
(Figure 11), which corresponds with the con-
stant runoff range with changing cell size for the 
entire watershed area (Figure 2). We then inves-
tigated whether the total runoff volume within 
a local watershed area has a consistent trend 
with changing cell size. The change ratios of 
runoff volume between successive cell sizes were 
mapped for the thirty watershed areas (Figure 
12). If an area stays blue throughout successive 
cell sizes, the area has a consistent decreasing 
runoff volume. In contrast, if an area stays red 
throughout successive cell sizes, the area has 
a consistent increasing runoff volume. The 

change ratio maps show that no single area has 
a consistent runoff change, while three areas 
have a consistent decreasing runoff from 210-m 
to 1,920-m cell sizes. The runoff volume change 
for local areas, then, is not as consistent  and 
significant as that for the entire watershed area. 
The implication is that the optimal cell sizes (of 
210 m or smaller) for estimating the total runoff 
volume for the entire watershed area may not be 
applicable to local watershed areas.

Next, spatial statistics at the local level were 
compared with those at the watershed level. The 
global Moran’s index and the global G statistic 
were calculated for individual watershed areas at 
different cell sizes (Figure 13). The global Moran’s 
index Z scores for individual watershed areas were 
all positive (indicating clustering of similar runoff 
values) and all decreased as cell size increased 
(Figure 13a), which corresponds with the trends 
for the entire watershed area (Figure 5a). As for 
the global G statistic, most watershed areas had 
positive G statistic Z scores (indicating high-runoff 
clustering) and a few had negative G statistic Z 
scores (indicating low-runoff clustering) (Figure 
13b), which corresponds with the overall positive 
Z scores at the watershed level (Figure 5b). 

Regardless of whether a local area had posi-
tive or negative G statistic Z scores, the statistical 
significance of clustering decreased as cell size 

Figure 8. Runoff hot spots (red) and cold (blue) spots at different cell sizes (at a 
neighborhood distance of 1920 m). The red hot spots are statistically significant high-
runoff clusters; the blue cold spots are statistically significant low-runoff clusters.
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(a)

(b)

(c)

increased, which corresponds with the trend for the 
entire watershed area. Because the effects of cell 
size on spatial statistics are consistent throughout 
the watershed, the optimal cell sizes for calculating 
spatial statistics (960 m or smaller for global cluster-
ing statistics and 480 m or smaller for local clustering 
statistics by cells) for the entire watershed area are 
considered applicable to local watershed areas.

The uniform clustering statistics of different local 
watershed areas at large cell sizes (Figure 13) indicate 
that natural runoff variability and extremes are lost as 
cell size increases. In the context of natural resource 
modeling, the extremes may convey important infor-
mation about the watershed that watershed scientists 
can use to study local factors of hydrological processes. 
For that reason, watershed runoff modeling using 

Figure 9. Runoff hot spots and cold spots at five different cell sizes at a neighborhood distance of 1440 m (a), 960 m 
(b), and 480 m (c).
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data sets of cell sizes smaller than or equal to 210 
m is preferred.

Discussion
Previously modeled runoff data sets at eight suc-
cessive cell sizes were used to draw conclusions 

regarding appropriate cell sizes for calculating 
runoff volumes and spatial statistics. The eight 
cell sizes are not an exhaustive continuity and, 
therefore, the suggestions of optimal cell sizes 
are relatively general. Future studies may test 
additional, intermediate cell sizes to draw con-
clusions that are more specific.

In this study, 17 successive neighborhood dis-
tances were tested to calculate the overall cluster-
ing statistics and four neighborhood distances to 
derive hot-spot maps; recommendations regarding 

appropriate neighborhood distances were sub-
sequently provided. The conclusions of optimal 
neighborhood distances for calculating the overall 
clustering statistics are more specific compared to 

Figure 10. Thirty partitioned watershed areas.

Figure 11. Runoff averages for the thirty watershed 
areas at different cell sizes.

Figure 12. Runoff-volume ratios between successive cell sizes for 30 watershed areas referenced with a surface runoff map.
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those for deriving hot-spot maps. Future studies 
may test additional, intermediate neighborhood 
distances in generating hot-spot maps to refine 
the neighborhood distance suggestions.

The trends of watershed statistics with changing 
cell size may be similar to those obtained in other 
watershed studies using the same approach, but 
conclusions regarding appropriate cell sizes and 
neighborhood-distance parameter in calculating 
spatial statistics are likely to be different, depending 
on the spatial scales of individual watersheds.

Results and Conclusions
This study examines the effects of cell size on 
spatial properties and statistics of simulated 
watershed runoff. Specifically, the change of 
overland cell runoff, total cell runoff volumes, 
overall runoff clustering degree, and runoff clus-
ter patterns were examined. The trends of these 
runoff properties and statistics are observed in 
maps and graphs, and appropriate cell sizes 
for the analyses are suggested. In addition, the 
appropriate neighborhood-distance parameter 
for calculating spatial statistics was evaluated, 
and the cell size effects for the entire watershed 

area versus the local watershed areas were com-
pared.

The results show that the range of overland runoff 
within the watershed does not change with cell 
size, while the total runoff volume of the watershed 
has an overall decreasing trend. Researchers can 
estimate the total runoff volume from the model-
ing results within 2.5 percent accuracy using data 
set at a cell size of 1920 m or smaller, and within 
0.2 percent accuracy using data set at a cell size 
of 210 m or smaller.

The overall clustering degrees (indicated by the 
Z scores of the global Moran’s index and the global 
G statistic) have a decreasing trend with increasing 
cell size. The appropriate cell size for calculating 
both clustering statistics is 960 m or smaller. The 
upper limitation of the neighborhood-distance 
parameter for calculating the clustering statistics 
is 8640 m for the global Moran’s index and 4800 
m for the global G statistic.

Runoff clusters become smaller at larger cell size, 
while the locations of runoff clusters do not change. 
Runoff clusters can be barely defined at a cell size 
beyond 480 m, which is therefore regarded as the 
limit of cell size for mapping runoff clusters.

Hot spots (high-runoff clusters) become more 
fragmented at smaller neighborhood-distance 
parameters. A neighborhood distance equal to 
or larger than 960 m is suggested to generate hot 
spot maps, while the upper limit of neighborhood 
distance is determined as 4800 m based on the 
analysis of the high-runoff clustering degree for 
the watershed.

Runoff properties and statistics at the local level 
were studied by partitioning the watershed into 
thirty areas. Analysis results show that the runoff 
volume change at local areas is not consistent/
significant as that for the entire watershed area. 
On the other hand, the decreased clustering with 
increasing cell size is comprehensive at every local 
watershed area. As local variability of spatial sta-
tistics is reduced with increasing cell size, a cell 
size smaller than or equal to 210 m is suggested 
for retaining information of extreme conditions 
within local watershed areas.

The results of this study have implications for 
how watershed models are applied and results are 
interpreted. While the results should be verified 
across other regions, the results presented here 
establish several guidelines for watershed model-
ing, specifically in the Coastal Plain area. Future 
research may study other watersheds of different 
sizes and characteristics and compare the results. 
Other watershed modeling outputs, such as sedi-
ment yield and nutrient loadings of phosphorous 

(b)

(a)

Figure 13. Global Moran’s index Z scores (A) and global G 
statistic Z scores (B) for the 30 watershed areas at different 
cell sizes.
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and nitrogen, may also be studied (using the same 
approach) and the results be compared.
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