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Abstract

Shuttle radar topographic mission (SRTM) has created an unparalleled data set of global elevations that is freely available for modeling and
environmental applications. The global availability (almost 80% of the Earth surface) of SRTM data provides baseline information for many types
of the worldwide research. The processed SRTM 90 m digital elevation model (DEM) for the entire globe was compiled by Consultative Group
for International Agriculture Research Consortium for Spatial Information (CGIAR-CSI) and made available to the public via internet mapping
interface. This product presents a great value for scientists dealing with terrain analysis, thanks to its easy download procedure and ready-to-use
format. However, overall assessment of the accuracy of this product requires additional regional studies involving ground truth control and
accuracy verification methods with higher level of precision, such as the global positioning system (GPS).

The study presented in this paper is based on two independent datasets collected with the same GPS system in Catskill Mountains (New York,
USA) and Phuket (Thailand). Both datasets were corrected with differential base station data. Statistical analysis included estimation of absolute
errors and multiple regression analysis with slope and aspect variables. Data were analyzed for each location separately and in combination.
Differences in terrain and geographical location allowed independent interpretation of results.

The results of this study showed that absolute average vertical errors from CGIAR dataset can range from 7.58+0.60 m in Phuket to 4.07+
0.47 m in Catskills (mean+S.E.M.). This is significantly better than a standard SRTM accuracy value indicated in its specification (i.e. 16 m). The
error values have strong correlation with slope and certain aspect values. Taking into account slope and aspect considerably improved the accuracy
of the CGIAR DEM product for terrain with slope values greater than 10°; however, for the terrain with slope values less than 10°, this
improvement was found to be negligible.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

SRTM data were collected during 11-day mission in February
2000. Since then, they were described in details (Farr and
Kobrick, 2000; Rabus et al., 2003; Werner, 2001) and became
accessible for free download over the Internet (e.g. at ftp://
e0srpOlu.ecs.nasa.gov and http://seamless.usgs.gov/). However,
between two SRTM products that include raster data with 30 and
90 m spatial resolution, only 90 m data is available globally (80%
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of the Earth surface) while the 30 m data are available only for the
USA territory.

Since SRTM data became widely available, many studies
utilized them for applications in topography (Falorni et al.,
2005; Koch & Lohmann, 2000), geomorphology (Guth, 2003;
Stock et al., 2002), vegetation cover studies (Kellndorfer et al.,
2004), tsunami assessment (Blumberg et al., 2005), and urban
studies (Gamba et al., 2002). SRTM data verification was
performed using various altimetry data (Helm et al., 2002; Sun
et al., 2003) and digital elevation models (Jarvis et al., 2004;
Muller, 2005; Smith & Sandwell, 2003).

Because SRTM data produced a number of voids due to
lack of contrast in the radar image, a methodology based on
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Fig. 1. Study areas in Catskills, USA (A) and Phuket, Thailand (B).

spatial filtering was developed to correct this phenomenon
(Dowding et al., 2004; Jarvis et al., 2004). The final seamless
dataset with voids filled in is available at the website of Con-
sultative Group for International Agriculture Research Consor-
tium for Spatial Information (CGIAR-CSI) via http://srtm.csi.
cgiar.org/. Dataset compiled by CGIAR-CSI has the following
advantages:

1. Dataset is seamless.
2. There is user-friendly interface for downloading specific
DEM areas of interest.

. Data are already pre-processed for the immediate use.

4. Data are available in GeoTiff format that is accepted by most
GIS applications.

5. The website is supported by extensive documentation des-
cribing the process of filling voids in SRTM product.

[O8)

These advantages make CGIAR-CSI SRTM data product a
very valuable resource, especially for cases when analysis of
terrain had to be done promptly, for example, during Asian
Tsunami of 2004 (Blumberg et al., 2005). However, the accuracy
of this product is yet to be assessed. Partial assessment of its
accuracy was done by the Centro Internacional de Agricultura
Tropical (CIAT) in South America to verify performance of the
developed DEM (Jarvis et al., 2004), but global user community
would gain more benefits from other regional assessments.

This study is designed to assess CGIAR DEM accuracy by
comparing elevation values from processed CGIAR-CSI SRTM
with elevation values collected by differential GPS system in
two different geographical localities. Both datasets are based on
the same vertical datum (WGS84).

2. Study areas characteristics
Elevation data in this study were collected in two geograph-

ically independent regions: Catskill Mountains (New York, USA)
and Phuket (Thailand). Catskill area was surveyed in November

Fig. 2. GPS data (points) and SRTM pixels (squares).
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Fig. 3. Vertical errors across terrain (Phuket).

1999 and Phuket was surveyed in May 2005. Both surveys were
performed with the same unit, Trimble ProXR, with real-time
differential mode. After collection, data were corrected using
information from local base stations.

Study area in Catskill Mountains covers slopes with elevations
577-811 m above mean sea level (Fig. 1A). Study area in Thailand
covers hills, coastal plains, and bays with elevations ranging from
0 to 532 m (Fig. 1B). Both areas are covered with bush and forest
type vegetation up to 10 m high.

There are some differences in covered terrain characteristics.
In Thailand survey area, elevations, slopes, and aspects were more
variable than in Catskill Mountains. In Catskill Mountains study
area, survey covered mainly south—southwestern slope of the
mountain and its lower part. Number of GPS readings per one
CGIAR-CSI SRTM spatial unit (90 x 90 m) is compatible in both
Thailand and Catskill Mountains areas, ranging from one to nine.

3. Methodology
3.1. GPS settings and surveying
Among various methods of accuracy assessment, GPS survey

provides the best way to map features on terrain with high accu-
racy. In this study, GPS data were collected along roads and

Table 1
Analysis of SRTM and GPS data for Phuket study area

passable trails with Trimble ProXR receiver. It collects data using
12 channels, L1 frequency (1575.42 MHz), CA code (Coarse
Acquisition Code for modulating L1 frequency), real-time re-
ceiver, and integrated beacon. These settings allow collecting
high-accuracy signals into a data logger connected with the re-
ceiver (Trimble Navigation Ltd., 2004).

When surveying with GPS, the highest possible accuracy of
collected data is usually achieved by using a carrier-phase track-
ing mode (Blomenhofer et al., 1994; Farrell et al., 2003). Because
of its accuracy, this methodology is also used in tracking industry
(Farrell et al., 1999) and optics (Shelton et al., 2002). This mode
requires both receivers (remote and reference) to be close enough
and maintain tracking carrier phases simultancously. This
limitation might slow down the process of data collection (if
remote and reference devices get disconnected) and decrease
battery life (waiting for establishing connection and phase carrier
mode). Therefore, an alternative is to use post-processing of GPS
data with available base station data. This method was used in
present study.

Base station data are usually collected by a high end receiver
that constantly logs coordinates of its own location and deter-
mines an error associated with the satellite position, atmospheric
conditions, etc. The base station used in Phuket survey was
available at Khon Kaen University in Thailand (http://negistda.

Table 2
Analysis of SRTM and GPS data for the Catskill Mountains study area

Statistical parameters SRTM data GPS data

Statistical parameters SRTM data GPS data

Mean 47.04 46.54
S.EM. 3.41 3.32
Minimum 0 3.34
Maximum 183 190.53
Count 182 182

p value (independent measures #-test: SRTM vs. GPS) 0.917

Mean 637.45 634.68
S.E.M. 5.28 5.12
Minimum 606 603.05
Maximum 775 773.97
Count 73 73

p value (independent measures #-test: SRTM vs. GPS) 0.707
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Table 3
Analysis of discrepancies (absolute values) between SRTM and GPS data for
Phuket and Catskill Mountains study areas

Statistical parameters Phuket area  Catskills
area

Mean 7.58 4.07
S.EM. 0.60 0.47
Minimum 0.01 0.10
Maximum 43.21 21.88
Count 182 73

p value (independent measures 7-test: SRTM vs. 16)  <0.0001 <0.0001

kku.ac.th/gps/gpsen.html). Data from the base station were
downloaded and then used for post-processing with Trimble
Pathfinder software. Base station in Catskill survey was located
at Lamont-Doherty Earth Observatory, Palisades, NY.

3.2. GIS analysis

Fusion of SRTM-based elevation data from CGIAR-CSI
SRTM and GPS data required overlay of two different topological
objects: raster pixels and point data. This required converting both
data formats into one compatible form. In the present study,
CGIAR-CSI SRTM data were converted into a regular polygon
dataset with attribute table storing elevation values. Thus, each
polygon replicated raster pixel and was overlain with point data
from GPS. This operation is also known as “spatial join”. It
transfers attribute table values from polygons to underlying point
data. Fig. 2 shows an example of both datasets.

Visualization of vertical errors in GIS revealed lack of uni-
form distribution of the errors across terrain. Fig. 3 shows an
example of a survey profile in Phuket study area with elevation
errors expressed as vertical bars of different height. Greater error
values were associated with rugged terrain, while smaller error
values were associated with coastal plain, suggesting that such
terrain characteristics as slope and aspect can influence CGIAR-
CSI SRTM accuracy. The effect of slope on SRTM accuracy was
also investigated by Sun et al. (2003) and the influence of aspect
was described by Miliaresis and Paraschou (2005).

Therefore, CGIAR-CSI SRTM data were converted into
SLOPE and ASPECT grids using Arc/Info method. In this study,
ASPECT grid was created using ArcInfo method (ESRI, 2005)
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Fig. 4. Correlation between SRTM and GPS data for Phuket study area.

where it is identified as “the down-slope direction of the maxi-
mum rate of change in value from each cell to its neighbors”.
SLOPE grid was also created using ArcInfo method (ESRI,
2005) where it is identified as “the maximum rate of change in
value from each cell to its neighbors”, using methodology de-
scribed in Burrough (1986). Then both grids were overlaid with
GPS survey points using “spatial join”. Thus, GPS points ac-
quired attributes of SLOPE, ASPECT and SRTM data. All data
points with their respective attributes were organized in a
spreadsheet table for subsequent statistical analysis.

3.3. Statistical analysis

The main goal of statistical analysis was to answer the
following questions:

1. Does absolute vertical accuracy of CGIAR-CSI SRTM data
exceed the 16 m value specified for the original SRTM
dataset (Rodriguez et al., 2005)?

2. How do slope and aspect influence CGIAR-CSI SRTM data
accuracy?

3. Is it possible to increase the accuracy of CGIAR-CSI SRTM
data using slope and aspect information?

To address these questions, we examined the magnitude of
absolute errors in CGIAR-CSI SRTM data. “Errors” were oper-
ationally defined as discrepancies between elevation from CGIAR-
CSI SRTM data and corresponding GPS measurements which we
assumed to be accurate and, thus, used them as reference values.
We averaged GPS measurements for each CGIAR-CSI SRTM
spatial unit (rather than using individual GPS data) in order to
avoid artificial and potentially misleading increase in the sample
size. We also analyzed the magnitude of absolute errors in the
CGIAR-CSI SRTM data with respect to slope and aspect charac-
teristics of the landscape. Finally, we considered predictive value
of CGIAR-CSI SRTM data for estimates of terrain elevation and
whether the accuracy of predictions can be improved on the basis
of available information regarding slope and aspect characteristics
of the landscape. To this effect, we conducted linear regression
analysis on CGIAR-CSI SRTM and GPS data and compared the
results with multiple linear regression using GPS data as dependent
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Fig. 5. Correlation between SRTM and GPS data for the Catskills study area.
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Table 4

Analysis of discrepancies (absolute values) between SRTM and GPS data for
terrains with slope values less and greater than 10° in Phuket and Catskill
Mountains study areas

Study area Phuket Catskills

Slope <10° >10° <10° >10°

(Mean=S.E.M.) (3.84+  (14.19+ (3.49+ (13.10+
0.27) 0.43) 0.28) 0.20)

Mean 5.03 12.37 3.83 19.20

S.EM. 0.41 1.31 0.35 2.70

Minimum 0.00 0.20 0.10 16.50

Maximum 21.0 43.20 13.70  21.90

Count 117 65 71 2

p value (independent measures #-test, <0.0001 <0.0001

slope <10 vs. slope >10)

variable, and CGIAR-CSI SRTM, slope, and aspect data as inde-
pendent variables. All analyses were performed using SPSS sta-
tistical package (ver. 13.0, SPSS Inc., Chicago, IL). In all tests,
results with probability values less than 0.05 were considered
statistically significant. Presented data are shown as mean+S.E.M.
(standard error of the mean), unless otherwise noted.

The results of analysis can be applied to CGIAR-CSI SRTM
data as “regional regression model”, similar to ones, developed
by USGS and USACE for flood prediction in USA. Floods
“regression models” were developed for gauged streams to
provide estimates of floods for ungauged sites without obser-
vations. The program started in 1993 as National Flood Fre-
quency (NFF) program (Jennings et al., 1994). The NFF
program is based on constant updating of regression equations
developed for most of the USA. Since CGIAR-CSI SRTM data
are available worldwide and it is hard to obtain specific field
verification data everywhere, use of developed and updated
regression curves in various regions can become a practical tool
for CGIAR-CSI SRTM applications in applied science.

10

5
Mean Discrepancy

(m)

4. Results
4.1. CGIAR-CSI SRTM data accuracy

Tables 1 and 2 show descriptive statistics for CGIAR-CSI
SRTM and GPS data for Phuket and Catskill areas. Results of #-
tests confirm lack of significant differences between data ob-
tained by the two methods in either study area. Table 3 sum-
marizes discrepancies between CGIAR-CSI SRTM and GPS
measurements for Phuket and Catskill Mountains study areas.
Average absolute error of CGIAR-CSI SRTM data was found to
be 7.58+0.60 m (Phuket) and 4.07+0.47 m (Catskills).

Linear regression analysis reveals strong correlation between
CGIAR-CSI SRTM and GPS data for both Phuket (Fig. 4) and
Catskill Mountains study areas (Fig. 5). ANOVA tests, per-
formed on the linear regression data, showed this correlation to
be highly significant for both study areas (p<0.0001 in both
cases). It is of interest to note that in both cases the value of the
slope of the regression line was very close to 1.

4.2. Slope and aspect influence on CGIAR-CSI SRTM data
accuracy

Analysis revealed significant decrease in accuracy of CGIAR-
CSI SRTM data when measurements were performed on terrain
characterized by slope values greater than 10° (Table 4). Indeed,
the average magnitude of errors is more than two times higher for
terrains with slope values exceeding 10° compared to areas where
slope values are less than 10° in Phuket study area (5.03+0.41 m
vs. 12.37+1.31 m, p<0.001) and more than five times higher in
Catskills (3.83£0.35 m vs. 19.20+£2.70 m, p<0.001). It should
be noted, though, that in the Catskills study area only two sites
studied were characterized by slope values higher than 10°.

When predictive value of CGIAR-CSI SRTM elevations was
considered, exclusion of data corresponding to terrains with
slope values exceeding 10° from regression analysis reduced the

NW

Fig. 6. Discrepancy between SRTM and GPS data as a function of slope and aspect characteristics of the terrain; Phuket study area.
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standard error of the estimate by 40% for Phuket (from 10.85 m

to 6.50 m) and 12% for Catskills data (from 4.73 m to 4.15 m).

Aspect of the terrain was found to have influence on both the
magnitude and the sign of errors in the CGIAR-CSI SRTM data.
Because of the uneven distribution of the Catskill Mountains area
sites according to aspect characteristic, we decided to exclude
Catskills data from the analysis of aspect impact on CGIAR-CSI
SRTM accuracy and use only data obtained from the Phuket study
area. The highest magnitude of errors was observed for mea-
surements made on slopes facing northwest (NW) and southeast
(SE). Correspondingly, CGIAR-CSI SRTM measurements under-
estimated elevations of slopes facing NW and overestimated
elevations of slopes facing SE (Fig. 6). This tendency was present
irrespectively of the slope value; however, measurements made
on terrains with slope values higher than 10° resulted in greater
errors and only in this group aspect impact on errors was sta-
tistically significant (Table 5).

4.3. Ways to improve CGIAR-CSI SRTM data accuracy

Accuracy improvement was ascertained by comparing stan-
dard errors of the estimate (S.E.E.) resulting from multiple
regression analysis (with CGIAR-CSI SRTM, aspect, and slope
as independent variables) and linear regression analysis (with
CGIAR-CSI SRTM as a single independent variable). GPS data
represented dependent variable in both analyses. Analyses were
applied to Catskills data (data range “slope < 10°”), to Phuket
data (data ranges “slope < 10°”, “slope>10°", and “all”), and to
a combined set of data consisting of Catskills and Phuket mea-
surements pooled together (data ranges “slope<10°”,
“slope>10°”, and “all”).

In all cases, application of multiple regression resulted in
smaller S.E.E. For the whole range of slope values and for slopes
less than 10°, the improvement was negligible (0.1 to 0.7 m).
However, application of multiple regression to data range
“slope>10°”" decreased SEE by 3.93 m (Phuket dataset) and
3.95 m (combined dataset) (Fig. 7).

Derived multiple regression equation (GPS=P,+ P;* Aspect+
Py*Slope+ P5*SRTM) for combined dataset had fitted parameters
and * value as follows: Py=32.061, P;=0.046, P,=—2.827,
P5=0.970,7=0.9906. ANOVA test, performed on the regression
data, showed the correlation to be highly significant (»p<0.0001),
thus, confirming statistical validity of the proposed multiple

Table 5
Analysis of discrepancies between SRTM and GPS data as a function of slope
and aspect characteristics of the terrain; Phuket study area

Slope Aspect

NE SE SW NW
<10° 0.39+1.81 2.83+1.70 -0.51+1.75 —5.14£2.13
>10° —2.84+1.87 14.90+2.49 2.80+2.08 —8.82+2.05
All —0.78+1.40 6.93+1.59 0.52+1.46 —6.79+2.14

Data=mean+S.E.M. Statistical significance was achieved in “all” (SE vs. NW,
p=0.011) and in “>10°” slope categories (NE vs. SE, p=0.0018; NE vs. NW,
p=0.044; SE vs. SW, p=0.034; SE vs. NW, p=0.006; SW vs. NW,
p=0.0206); test: one-way ANOVA followed, when applicable, by multiple
comparison tests with Bonferroni correction.
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Fig. 7. Accuracy gain achieved through application of multiple regression
analysis with aspect, slope, and SRTM data as independent variables.

regression model as a way of relating the slope and aspect
characteristics of the terrain to the accuracy of CGIAR-CSI
SRTM data.This model in its present form is valid for the cur-
rently available dataset, but, naturally, will be updated as new data
become available.

5. Conclusions
Analyses presented in this paper indicate that:

1. Absolute vertical accuracy of CGIAR-CSI SRTM data for
our datasets proved to be two to four times higher than the
value of 16 m presented in the original SRTM requirement
specification.

2. Both slope and aspect characteristics of the terrain have
significant impact on accuracy of CGIAR-CSI SRTM data.
Accuracy particularly suffers on terrains with slope values
higher than 10°. Aspect of the terrain influences both the
magnitude and the sign of errors in the CGIAR-CSI SRTM
data. CGIAR-CSI SRTM data underestimate elevations of
slopes facing NW and overestimate elevations of slopes
facing SE, but the errors are significant only on terrains with
slope values exceeding 10°. Quality of collected SRTM data
also depends on incidence angles that affect differential
distances for ground targets and the accuracy of original data
(Jarvis et al., 2004). These angles could be potentially taken
into account in studies that use original SRTM data.

3. When slope and aspect information is available, use of such
information by means of incorporating it into a multiple
regression model will considerably improve accuracy of
CGIAR-CSI SRTM data, but apparently, meaningful gain in
accuracy will only be achieved on terrains with slope values
exceeding 10°. On less rugged terrain accuracy, improve-
ment is negligible and use of multiple regression analysis in
those cases seems impractical.

4. Developed regression curves can be used as a basis for a
comprehensive database that will be updated as new data
become available. The most efficient implementation of this
approach can be achieved using Internet-based technologies.
For the spatial reference and location of geographic areas
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described by the regression models, Internet map servers
such as Google Earth can provide an invaluable platform
(Ullman & Gorokhovich, 2006). Its simplicity as well as
availability of application program interface (API) will allow
development of tools to enhance use of SRTM data in many
environmental applications.

5. Role of vegetation was not fully assessed in this study. It is
assumed that in both geographic areas vegetation covers
uniformly (height and density) 90 %90 m square (pixel size
of CGIAR-CSI SRTM product). In this case, the associated
error would be constant and, therefore, would not affect
described relationships.

6. The results of accuracy assessment also depend on the number
of GPS readings per one spatial unit of CGIAR-CSI SRTM
data (i.e., 90 m). The more GPS readings would be available,
the more accurate the final estimation will be. However,
implementation of this approach requires special planning of
GPS surveys and considerable additional resources, and was
not within the scope of the present study.
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