










VZA of 65° (nominally, MODIS has ±55° scan angle, which is about
±65° VZA).

We chose the St. Louis Creek stand as an example to show GORT
modeled reflectances. Reflectance in the principal plane is influenced
by the hotspot effect, where the view geometry coincides with the
solar geometry. Considering large solar zenith angle in winter,
MODIS sensor rarely collects data near the hotspot, so results in the
cross-principal plane are closer to the real MODIS acquisitions. In
Fig. 4, modeled reflectances generally decrease in the visible bands,
but increase in the mid-infrared and near-infrared as view angles in-
crease. For landscapes with only snow, mid-infrared reflectance
should be much lower than green; but here we see that the trees
have a significant effect: mid-infrared reflectance is similar to green
wavelengths and even greater at large VZA.

The dependence of NDSI on the VZA (Fig. 5) illustrates how the
view angle can influence the performance of the current MODIS
snow algorithm for snow-covered forests. The NDSI and NDVI
values were calculated from GORT modeled band reflectances. These
values of all four stands have similar dependence on the VZA, but
with different magnitudes. Although the NDSI values remain
positive for the Sparse Stand, NDSI decreases rapidly with
increasing VZA, while the NDVI values increase slightly. The MODIS
snow mask can correctly identify these stands as snow-covered if
viewed at nadir, but would have troubles at large VZA. Snow cover
in the Dense Stand will be missed when the VZA is greater than 5°
because the NDSI values are negative. NDVI remains positive at all
view angles, even for the Sparse Stand at nadir. Since the NDSI
values change with VZA, the MODIS snow products may give
different fractional snow cover values for observations from

different days, even though the snow cover does not change
significantly.

The important factors in the GORT simulation include the shape of
the trees, forest and snow optical properties, and solar geometries.
The ellipsoid shape was used in this study instead of a conical
shape, since it has already been shown to be effective for estimating
VGF though forest canopies (Liu et al., 2008). In addition, we modeled
the reflectance of individual bands and NDSI against VZAwith varying
tree and snow optical parameters at different solar zenith angles.
Spectral reflectance shows strong dependence on some of these in-
puts, for example, leaf transmittance, snow grain sizes and impurities,
and solar zenith angles. However, the outputs of our simulations still
show the strong correlations between NDSI and VZA presented here.

4.2. The view angle effect of the MODIS gridding process

The symmetric pattern in Fig. 6 indicates that the VZA introduces
random uncertainties during the MODIS gridding processes because
the GIFOV of MODIS sensor is changing with increasing VZA. This ef-
fect could result in either overestimation or underestimation of the
snow cover fraction, depending on the forest cover in the areas sur-
rounding the grid cells. VGF estimates have higher uncertainty from
the MODIS gridding process at larger VZA, with RMSEs of 6.46%,
8.15% and 11.1% for a VZA of 5°, 30°, and 55°, respectively.

Fig. 1. The 30 m fractional forest cover map of the Sierra Nevada Mountains in California.

Table 3
Class information of the forest cover map in Sierra Nevada, California.

Forest cover (%) 0 10 20 30 40 50 60 70 80 90
Percentage of all
pixels (%)

48.2 1.2 2.6 4.9 7.4 7.6 6.3 5.3 5.7 10.6

Table 4
Information about four forest sites.

Location Coordinates Jan 1st 2004 to Mar 30th
2004 (first 90 days)

Total snowy
days

Avg max
temperature

Eagle River, Wisconsin 45°55′39″N 88°50′14″W 61 −2.8 °C
Springfield, Vermont 43°23′05″N 72°32′18″W 40 −0.56 °C
Harvard forest,
Massachusetts

42°31′04″N 72°12′49″W 31 0.56 °C

Lebanon, New Hampshire 43°43′06″N 72°08′42″W 41 −1.1 °C
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The effects of combing both changes in VGF and the gridding pro-
cess are shown in Fig. 7. Increasing VZA can substantially reduce over-
all VGF and gradually shifts the pattern to underestimation. The
symmetrical pattern at nadir indicates that the effects are mainly a re-
sult of the gridding process. At off-nadir view angles, the canopy
masking effect dominates. In Fig. 7c, most VGF estimates are lower
than 10%, which is the lowest value in the original map. The RMSE
values also increase with increasing VZA, and could be as high as
31% at VZA of 50°, or close to the end of MODIS scan lines.

4.3. Empirical analysis

When the averaged NDSI values for the four forested sites are
plotted as functions of view zenith angle, the effect of high view an-
gles in forested landscapes is obvious (Fig. 8). Second-order polyno-
mial curves can fit these points well. As observations move away

Fig. 2. A visual view of four study sites from Google Earth™. The white squares in maps are approximately 1.5×1.5 km, which represent the 3×3 pixel windows in MODIS 500 m
gridded products.

Fig. 3. Viewable gap fractions (VGF) as a function of view zenith angle (VZA) for the
four stands modeled with the GORT model. The black solid line on the right represents
the end of the MODIS scan line.

Fig. 4. GORT modeled band reflectance as a function of view zenith angle in the cross-
principal plane for the St. Louis Creek stand. Solar zenith angle is fixed at 50°.
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