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Co-Registration of Two DEMs: Impacts on Forest
Height Estimation From SRTM and NED at
Mountainous Areas

Wenjian Ni, Guoqing Sun, Zhiyu Zhang, Zhifeng Guo, and Yating He

Abstract—The digital elevation model from the Shuttle Radar
Topography Mission (SRTM) and the National Elevation Dataset
(NED) have been used to estimate the forest canopy height. Most
of such studies have been conducted over flat areas; the method
performance has not been carefully examined over mountainous
areas. This study, which is conducted over two mountainous test
sites located in California and New Hampshire, reveals that the
co-registration of these two digital elevation models (DEMs) is
crucial to ensuring the quality of the results. The image co-
registration method used in interferometric SAR processing is
adapted to the co-registration of two DEMs. The forest canopy
height from the Laser Vegetation Imaging Sensor (LVIS) is used
as the reference data. The results showed that the misregistration
between SRTM and NED was very obvious at both test sites.
After the co-registration, the R? of the correlation between the
height of the C-band scattering phase center derived from SRTM
minus NED and the forest canopy height derived from LVIS data
was improved from 0.19 to 0.51, and RMSE was reduced from
16.4 m to 6.8 m for slope up to 55° at the California test site,
while the R*> was improved from 0.39 to 0.57 and RMSE was
reduced from 5.4 m to 3.6 m for slopes up to 45° at the New
Hampshire test site. The influences of data resolution and terrain
slopes were also investigated. The results showed that reducing
the data resolution by spatial averaging could not reduce the
influence of DEM misregistration.

Index Terms—Digital elevation model (DEM) co-registration,
forest canopy height, mountain, National Elevation Dataset
(NED), Shuttle Radar Topography Mission (SRTM).

I. INTRODUCTION

OREST canopy height is an important parameter for forest
management and forest ecosystem studies. The digital
elevation model from the Shuttle Radar Topography Mission
(SRTM) and National Elevation Dataset (NED) have been
used to estimate the forest canopy height. Kellendorfer et al.
[1] studied the extraction of the forest canopy height from
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SRTM using the NED. Simard et al. [2] explored the mapping
of mangrove forest height in the Everglades National Park
using SRTM calibrated by U.S. Geological Survey (USGS)
digital terrain model (DEM) and airborne Light Detection
and Ranging (LIDAR). The use of SRTM and NED data to
estimate forest canopy height is promising because SRTM is
derived from interferometric synthetic aperture radar (InSAR)
data, which is sensitive to the vertical distributions of forest
components. Meanwhile, SRTM is based on the C-band, which
is mainly scattered by forest canopy. Most of the studies to
date have been mainly conducted over relatively flat areas [1],
[2]. The co-registration between SRTM and NED were not
specially considered, especially over mountainous areas. Van
Niel et al. [3] found that the error caused by the subpixel mis-
registration of two DEMs was greater than or equal to the true
difference between the two models. However, the continuous
nature of DEM makes co-registration difficult because it is
difficult to find accurate control points, which are needed for
traditional co-registration approaches. Nuth and Kiéb [4] tried
to rectify the errors caused by the misregistration of DEMs
using regression analysis between error and slope as well as
aspects. Van Niel et al. [3] proposed a modified method based
on the work in [5] and [6]. An initial registration was first
made using ground control points. Next, one DEM was shifted
along the x and y directions in increments of 1/25th of a grid
cell. The best registration was determined by the shift that
produced the highest spatial autocorrelation. It is clear that
this method can only rectify the misregistration caused by the
relative horizontal movement, and the accuracy is determined
by the shift step. The misregistration induced by rotation,
skew, and scaling cannot be rectified.

In this letter, a method for the co-registration of two
DEMs is firstly proposed. Two ground-range SAR images are
simulated from two DEMs by assuming that the backscattering
from the surface is determined by the cosine of the local radar
incidence angle. The co-registration coefficients are estimated
by using the common points recognized from the two sim-
ulated SAR image. Then the co-registration coefficients are
employed to project one DEM into the other. The effects of
co-registration on the forest canopy height estimation from
SRTM and NED are further investigated over two mountainous
test sites. The forest canopy height from the Laser Vegetation
Imaging Sensor (LVIS) is taken as the reference data because
LIDAR data are believed to be direct measurements of the
forest vertical structure [7]. The correlation between the dif-
ference of SRTM and NED (SRTM-NED) and forest canopy
height is analyzed under different terrain slopes and data
resolutions.
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Fig. 1. Location and terrain conditions of the California (CA) and New Hampshire (NH) test sites. (a) NED of the California
site. (b) NED of the New Hampshire site. (c) Histogram of the terrain slope of (a). (d) Histogram of the terrain slope of

(b). The vertical grid is 10% for the accumulation percentage in (c) and (d).

II. TEST SITES AND DATA
A. Test Sites

Two test sites in the U.S. are used in this letter. The
first (36°50'N, 118°50'W) is located between Tollhouse and
Independence in California (CA), and the second (44°0'N,
71°30" W) is located between Warren and Conway in New
Hampshire (NH), as shown in Fig. 1. Fig. 1(a) is the 1 arc-
second NED of the CA site downloaded from USGS, whereas
Fig. 1(b) is the corresponding NED of the NH site. These data
indicate that the elevation ranges from 82 to 4309 m at the
CA site and from 118 to 1440 m at the NH site. Fig. 1(c)
shows the histogram of slopes from Fig. 1(a): 40% of the area
has slopes of less than 20°, and 10% has slopes of greater
than 45°. Fig. 1(d) shows the histogram of slopes from Fig.
1(b): 30% of the area has slopes of less than 10°, and 10%
has slopes of greater than 35°.

B. Data

The SRTM instrument consisted of a C-band radar and
additional antenna to form an interferometer with a 60-m
baseline. It flew onboard the Space Shuttle Endeavour during
an 11-day mission in February 2000. The SRTM data are
distributed into two levels: SRTM-1, with data sampled in 1
arc-second intervals in latitude and longitude, and SRTM-3,
with data sampled in 3 arc-second intervals. SRTM-1 data
were downloaded from USGS (http://dds.cr.usgs.gov/srtm/)
and used in this letter. The elevations are in meters, refer-
enced to the WGS84/EGM96 geoid. The SRTM data were
transformed to the ellipsoid surface of GRS80 using the
GEOTRANS software developed by the National Geospatial-
Intelligence Agency.

NED is distributed in geographic coordinates in units of
decimal degrees by USGS. Its horizontal reference is the North
American Datum of 1983 (NAD 83), and its vertical reference

is the North American Vertical Datum of 1988 (NAVD 88).
The NED data were transformed to the ellipsoid surface of
GRS80 using GEOID12, which was developed by the National
Geodetic Survey (NGS). The relative vertical accuracy of the
1 arc-second NED versus the reference geodetic points was
reported as 2.44 m, whereas [8] reported a mean variation of
up to 5 m compared with LIDAR ground DEM.

NASA’s LVIS is an airborne laser altimeter system designed,
developed, and operated by the Laser Remote Sensing Labora-
tory at the Goddard Space Flight Center. The LVIS data used
in this letter were acquired on Sept. 21st, 2008, in CA and on
Aug. 1st, 2009, in NH using a 20-m footprint. LVIS ground
elevation data include location (latitude/longitude), ground
surface elevation, and the heights of the energy quartiles
(relative height to ground surface; RH25, RH50, RH75, and
RH100) where 25%, 50%, 75%, and 100% of the waveform
energy occur. The elevation is referred to WGS-84 (ie.,
GRS80) ellipsoid. The quartile heights are the relative direct
measurements of the vertical profile of canopy components.
The RH100 of LVIS data for the study area was rasterized to
an image with 1 arc-second x 1 arc-second pixels. The RH100
and RH50 of footprints located within a pixel were averaged
separately to be the value of the pixel. The pixels having no
footprints were masked out in the analysis.

III. METHOD
A. Image Co-Registration Algorithm

The image needing to be resampled is referred to as the
slave image, whereas the other image is referred to as the
master image. Automatic co-registration of SAR images is a
common procedure in InSAR data processing [9]. It models
the misregistration between master and slave images caused
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by horizontal translation, scale, skew, and rotation as

X | _ g [ Xs| 4| %0 A= cos ¢ sing | |k, w

Vm Vs Yo —sing cosg| |0 Kk,
€))
where (xo, yo)' is the horizontal translation vector, (k,, ky)
is the scale factors along the sample and line directions, w
is the skew term, and ¢ is the rotation angle. There are six
transformation parameters that must be determined. (x,,, y,,)"
are the center coordinates of a chip in the master image,
whereas (x;, y;)T are the center coordinates of a chip in the
slave image having maximum correlation with the master chip.
The common points (control points) of these two images
were searched automatically, after which the point qualities
were screened based on the signal-to-noise ratio. To achieve
successful co-registration, the number of common points
should be much more than the number of parameters to be
determined. The resultantly over-determined system of linear

equations can be solved using the least squares method.

B. Co-Registration of DEMs

Two ground-range SAR images are simulated from two
DEMs by assuming that the backscattering from the surface
is determined by the cosine of the local radar incidence angle.
Assuming that a left-looking SAR flew along a straight line
from north to south with a specified incidence angle « (e.g.,
40°), the formula for the calculation of local incidence is as
follows [10]:

cos (#) = sin(c,) sin () cos (B8 — Bs) + cos (as) cos(a)  (2)

where 6 is the local incidence angle; « and B are the incidence
zenith and azimuthal angle of SAR, respectively; and o, and
Bsare the local slope and aspect angle from DEM, respectively.
According to the flight assumption, ¢ = 40° and B = 90°
Two images of the cosine of local incidence angle can be
produced from two DEMSs using equation (2). Their co-
registration parameters can be calculated using the algorithm
described in previous section by using one as the master image
and the other as the slave image. The co-registration can be
accomplished by resampling the slave DEM to the master
DEM using the estimated parameters.

C. Results Validation

The LIDAR data are the direct measurements of the veg-
etation vertical structures. In this letter, RH50 from LVIS
data is used to determine the forested area. The pixels having
RHS50 higher than 0.5 m are taken as forested pixels. RH100
from LVIS serves as a reference of forest canopy height.
The correlation between SRTM-NED and forest canopy height
is investigated before and after the co-registration of SRTM
and NED. Kellndorfer et al. [1] reported that averaging at
least 20 SRTM pixels per observation provides better results.
Therefore, the investigation is made at several resolutions
from 1 arc-second to 5 arc-seconds to explore the resolution
effect. Moreover, the slope effect is also considered in the
comparison. The analyses are conducted on different slope
intervals in 5° increments.

IV. RESULTS

The overlay flashing display of cosine images of local
incidence angle from SRTM and NED at the CA site shows

Fig. 2. Differences between SRTM and NED before and after the co-
registration of SRTM and NED. (a) Difference between original SRTM and
NED at CA. (b) Difference between registered SRTM and NED at CA.
(c) RH100 from LVIS data at CA. (d) Difference between original SRTM
and NED at NH. (e) Difference between registered SRTM and NED at
NH. (f) RH100 from LVIS data at NH. The polygons in (a), (b), (d), and
(e) are the area covered by LVIS data

that the displacements between SRTM and NED are different
in different parts of the area. Therefore, they must be co-
registered piece by piece. The piece size is specified as 500
arc-seconds by 500 arc-seconds. For the NH site, a horizontal
line is discovered in the image derived from (2), dividing
the SRTM data into two parts. The overlay flashing display
shows that the deformations are different for each of the two
parts of the SRTM data relative to NED. Therefore, the two
parts of the SRTM data were registered separately to NED,
and the mosaic was made after registration at the NH site.

Fig. 2 shows the difference images between SRTM and
NED before and after the co-registration of SRTM and NED.
Fig. 2(a)—(c) corresponds to the CA site, whereas Fig. 2(d)—(f)
corresponds to the NH site. Fig. 2(a) and (d) are the difference
images between the original SRTM and NED. The terrain
effects are very clear in these two images. Fig. 2(b) and (e)
are the difference images between the co-registered SRTM
and NED, wherein the terrain effects caused by misregistration
between SRTM and NED are almost removed. Fig. 2(c) and
(f) are the RH100 from LVIS data. The black polygons in Fig.
2(a), (b), (d), and (e) are the areas corresponding to the LVIS
coverage. It can be seen that the difference images resemble
the RH100 images better after co-registration than before
co-registration. Table I shows the estimated transformation
parameters of SRTM relative to NED. “Upper part” and “lower
part” refer to the NH site, while the rest are for the CA site.
The CA site is divided into four rows and six columns in
the co-registration. Fig. 3 depicts the horizontal displacement
of the different pieces of SRTM relative to NED. Ri and Cj
stand for the i row and j column, respectively. The arrows
are drawn in the unit of pixel size, and their lengths represent
the relative magnitudes of the displacement. The displacement
value and direction differ by piece.
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TABLE I
AFFINE PARAMETERS FOR CO-REGISTERING THE UPPER
AND LOWER PARTS OF SRTM TO NED*

Scale vectors Rotation

Part Skew Longitude  Latitude (deg)
direction direction

Upper part  —8.87E-05 0.9999 1.0002 —4.0E-04
Lower part  —3.2E-04 1.0001 0.9989 -2.3E-03
RICI1 8.34E-05 0.9999 0.9996 -8.83E-03
RIC2 4.82E-04 1.0003 0.9970 -3.09E-02
RIC3 2.28E-03 0.9995 0.9971 5.16E-02
RI1C4 —2.25E-04 1.0000 0.9998 4.00E-03
RI1C5 2.60E-03 1.0008 0.9999 1.79E-02
RI1C6 1.55E-03 1.0001 1.0001 7.36E-03
R2C1 1.59E-03 0.9997 0.9993 5.95E-02
R2C2 3.32E-04 1.0000 0.9997 7.33E-03
R2C3 -1.39E-03 0.9996 1.0018 -2.40E-02
R2C4 1.27E-03 0.9996 1.0023 5.50E-02
R2C5 1.01E-03 0.9999 1.0006 5.20E-02
R2C6 1.11E-04 1.0000 0.9995 -1.31E-02
R3C1 -1.33E-03 0.9995 1.0001 -3.49E-02
R3C2 -5.96E-04 0.9997 1.0000 7.86E-03
R3C3 -2.37E-04 1.0001 0.9975 —1.45E-02
R3C4 8.45E-04 0.9994 0.9982 2.74E-02
R3C5 —6.15E-05 1.0000 1.0001 -5.58E-03
R3C6 -5.88E-05 0.9994 1.0003 -5.62E-03
R4Cl1 6.02E-04 0.9998 1.0001 —2.36E-03
R4C2 8.22E-04 0.9997 1.0000 2.20E-04
R4C3 2.38E-04 0.9996 1.0001 2.48E-02
R4C4 -1.82E-03 0.9995 1.0010 —6.28E-02
R4C5 -1.97E-04 0.9989 0.9999 2.53E-02
R4C6 —-1.33E-03 0.9999 1.0007 —6.16E-02

* Upper part and lower part correspond to the NH site, whereas the rest
are for the CA site. The area of the CA site is divided into 4 rows and 6
columns in the co-registration. RiCj: the piece of the i row and j

column. The horizontal respectively.

RI-“'--!-—‘-——-é_.---ﬂ:——
RLRTAYRYE
WMLl ie L L
Wk i

<1 c3
LongSdue direction

Fig. 3. Horizontal translation of SRTM relative to NED. The length of the
arrows represents relative magnitude of the displacement

Fig. 4 presents the scatter-plot of SRTM-NED against
RH100. Fig. 4(a) and (b) corresponds to the CA site, whereas
Fig. 4(c) and (d) corresponds to the NH site. The co-
registration improves the R? from 0.19 to 0.51 and reduces
the RMSE from 16.4 m to 6.8 m at the CA site for slopes
up to 55°. For NH, the R? is improved from 0.39 to 0.57
and the RMSE is reduced from 5.4 m to 3.6 m by the DEMs
co-registration for slopes up to 45°.

Fig. 5 shows the correlation between SRTM-NED and
forest canopy height under different data resolutions and
terrain slope intervals before and after the co-registration of
SRTM and NED. Fig. 5(a) and (b) are, respectively, the R?
and RMSE of linear regression between SRTM-NED and
RH100 under different slope ranges at the CA site, whereas
Fig. 5(c) and (d) corresponds to the NH site. Fig. 5 further
confirms the importance of the co-registration of SRTM and
NED over mountainous areas. The correlation of SRTM-NED
with forest canopy height is obviously improved under all
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Fig. 4. Scatter plots of SRTM-NED versus RH100 (a) before registration
(CA site), (b) after registration (CA site), (c) before registration (NH site),
and (d) after registration (NH site).

G e e o 50—
09 + Zaco{bef)
08 it

30?. =~ Saecibel)
[+1.3

8 8 &5 &

o
o
i
4
e
£

RMSE of linear regression
BB

]

WehbEn

B

P I R ek ol | (|
0 5 10 15 20 26 30 35 40 45 S0 55 60 1 3 5
‘Stope intervalieg) 0 5 10 15 xsu?p.fmi*g 45 50 55 60
(a) (b)
1 T 20
w 1gecibel) 19| - 1s0c(bef)
0g - 2secibef) 181+ 2ancioef)
- Bscc(be) 17H o 3necioef)
08 - dsoclie) 187+ saoctuer
§o07- - & 14— Ssecioel)
§ wqseclaf) | § 43~ Tseciah)
Los =~ 2sec(ofl) - 212 -+ 2eec(ah)
e ® o Ssocial) | S 11| -o- Jseciah)
5058 + - dsociofl) © 10|+ dseciaf) E
2 = Seecia) | = 3] Ssecian) .
S04 = 8 -
s - . w 7 /
B 0.3 Y 1 &g
by " xE 5 - .
0z = - 4 o
I G i e I
i : | G
%% 5 10 15 20 25 30 35 4 45 5 U0 5 10 15 20 > 320 3 40 45 80
Slope intervalideg) Slope interval (deg)
(c) (d)
Fig. 5. Correlation between SRTM-NED and forest canopy height under

different data resolutions and terrain slope intervals before and after the co-
registration of SRTM and NED. (a) and (b) show the R2 and RMSE for the
CA site, respectively, whereas (c) and (d) show the R? and RMSE for the NH
site, respectively.

data resolutions and terrain slopes after co-registration. The
R? is approximately 0.5 for forest located on slopes up to
35¢ at the CA site.

V. DISCUSSION

The difference between two DEMs is very sensitive to
misregistration for areas with significant relief. A shift of
a fraction of a pixel may cause significant changes in the
elevation difference between two DEMs if the pixel is on
a slope and the shift is in the direction of the slope. As
shown in this letter, this error cannot be removed by reducing
spatial resolution because all pixels on a slope are affected
due to misregistration. Supposing there is a ridge from north
to south, a displacement occurred due to the movement of
SRTM to the west of NED with a magnitude of a fraction
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of a pixel. For pixels located on the west slope, the elevation
differences between SRTM and NED should be larger than
their true value. For pixels located on the east slope, their
elevation differences should be smaller than their true value.
This error cannot be eliminated by averaging of several pixels
unless the final pixel size is so large that it can cover both the
west and east slopes.

Fig. 4(c) and (d) shows that there are some negative values
in SRTM-NED after co-registrtion. These negative pixels are
always scattered along steep, narrow valleys over mountainous
areas. The changes in gradient and aspect are sharper over
steep, narrow valleys than slopes. The sensitivity of the InSAR
phase to the frequent elevation changes may not be high
enough due to the accuracy of the InSAR phase measurement.
Alternatively, the misregistration over steep, narrow valleys
may be different from that of other areas.

Although a SAR is assumed to fly over the terrain covered
by DEMs when calculating the local incidence angle, the
calculation is conducted in the original DEM coordinate
(ground range). There is no transformation or projection
to slant range geometry. Therefore, the inherent distortions
of SAR images, such as foreshortening and layover, will
not appear in the local incidence angle image. The SAR is
supposed to be left-looking and to fly from north to south.
Under this condition, the upper left corner of simulated
image corresponds to the northwest corner of the DEM. The
incidence angle is not necessarily 40°; it can be 20°, 30°, or
any other value from 0° to 90° as long as the local incidence
angles of two DEMs are calculated using the same parameters.

The co-registration method adopted here can consider the
misregistration of DEMs caused by translation, rotation, scale,
and skew. The co-registration is mainly based on the recog-
nition of common terrain features. The more terrain features
found, the better the success of the registration. Occasional
failure occurred only for very flat areas with a near complete
absence of terrain features. However, in practice, it is not
critical to perform co-registration over these very flat areas.
Another advantage of the proposed method is that it enables
users to check the misregistration visually by overlay the
flashing display, which can help users divide the image into
sub-images for piecemeal co-registration, as done in this
letter.

Table I and Fig. 3 show that horizontal translation is the
most influential parameter. However, the other parameters can
not be neglected. Near the edge of a 500 pixel x 500 pixel sub-
image, equation (1) shows that a 0.01° rotation can cause the
displacement of 0.087 pixels, a scale of 0.9998 or 1.0002 can
cause the movement of 0.1 pixels, and a skew of £0.0002 can
cause the displacement of 0.1 pixels. The parameters given in
Table I are equal to or greater than the typical values of these
parameters, which further demonstrates that skew, rotation,
and scale factors also must be considered in the DEM co-
registration.

The co-registration method proposed herein is imposed on
SRTM and NED data for the forest canopy height estimation.
In fact, the comparison of DEMs has many applications
in geography, such as to assess the vertical and horizontal
accuracies of new DEMs, as performed by Hofton et al. [5],
to measure vegetation height, as performed by Simard et al.
[2], and to estimate glacier volume change, as performed
by Berthier et al. [11]. The most important prerequisite of
these applications is the accurate co-registration of DEMs. The
method proposed in this letter can tolerate some differences

between the two DEMs to be co-registered as long as their
basic terrain features are similar. For example, the SRTM and
NED data have some slightly different features in forested
areas. The elevation difference of these two DEMs ranges
within several tens of meters, as shown in Fig. 4. The proposed
method should be applicable for other DEMs whose difference
is in similar ranges.

VI. CONCLUSION

The forest canopy height estimation over mountainous areas
using SRTM and NED data were investigated. The research
was conducted at two mountainous test sites. An automatic co-
registration method for SRTM and NED was proposed. The
results at both sites showed that the method was effective and
that misregistration must be considered in the forest canopy
height estimation over mountainous terrain. The correlation
between SRTM-NED and forest canopy height information
from LVIS was obviously improved under all data resolutions
and slope intervals. It is feasible to retrieve forest canopy
heights over mountainous areas using SRTM and NED for
slopes up to 55°.
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