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Abstract

The melting of snow is in spring strongly affected by vegetation cover
and terrain topography in Finland. By using NOAA imagery it is possible
to monitor snowmelt process satisfactorily also in hilly and forested areas.
The combination of this snowcover information with snow water equivalent
values measured by aerial gamma ray spectrometry gives possibilities to
improve the accuracy of areal snow water equivalent estimates during the
melting period.

1. Background

Since the first meteorological satellites were launched in the early 1960’s a lot
of resereach and development work has been carried out for using satellite imagery
in snowcover monitoring. Especially in the USA, Canada and the USSR these
methods are in the operational stage and used every year (RANGO ef al, 1979,
BowLEY et al, 1981, KuPRIANOV, 1983). In this task mainly imagery taken by
geostationary and polar-orbiting satellites is used. Visible, near IR and thermal IR
parts of the electromagnetic spectrum are used in imaging and mainly visual as
well as numerical interpretation is used in determining the snowcovered area.
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The main problem of this technique is cloud cover which prevents imagery.
However, in most cases the time in which snow is covering the ground is suf-
ficiently long, so that enough cloudless images can be analyzed for determining
the snowcover variations. Especially geostationary and polar-orbiting weather
satellites give coverage frequent enough for most snowcover monitoring purposes.

At the same time as it became possible to get information on the areal extent
of the snowcover by satellite imagery, a technique was developed to measure the
water equivalent of the snowcover by gamma-ray spectrometry from aircraft
(WMO, 1979).

This technique is now operationally used in Norway, the USA and the USSR
and studied in many other countries.

Today it is not possible to obtain areal water equivalents of the snow oper-
ationally by satellite imagery (NASA, 1982). One way to get areal values is to
combine information obtained by satellite imagery and by gamma-ray techniques.
Satellite imagery gives the spatial distribution of the snowcover and gamma-ray
technique line and point values of the water equivalent of the snow. This way of
combining different kinds of information gives good possibilities to produce quite
fast water equivalent value maps for different purposes. Because remote sensing
techniques are relatively recent, the measurements made by these techniques are
not commonly used in hydrological models. In Switzerland and the USA snow-
cover data based on remote sensing measurements are used in hydrological models
(MARTINEC and RANGO, 1983) and in the USA the possibilities to use remotely
sensed data in hydrological models have been studied (PECK et al., 1981, 1982).

2. Snowcover monitoring using NOAA imagery

In Finland vegetation cover and land use are locally the most important factors
affecting the time of local snowmelt. In mesoscale the amount of snow is also im-
portant. In general, snow will melt 10 days earlier in open areas than in forests
(SoLaNTIE, 1977). Also, topography and elevation of terrain affect the snow
melt especially in the northern part of Finland. Figure 1 shows a part of NOAA-7
imagery taken April 26th, 1983. This satellite is a polar-orbiting weather satellite
with a multispectral scanner (Advanced Very High Resolution Radiometer, AVHRR),
which has 5 channels. Channel 1 operates in the 0.58 to 0.68 um band and channel
2 in the 0.78 to 1.10 um band. Due to the unusually warm weather in April, the
snow had already melted in southern and central Finland and the snowline went
close to a line from Raahe to Joensuu. Figures 2—5 show how the snow was
melting in the Kemijirvi—Posio area (\ = 66°30',¢ = 27°30") from 27th April to
16th May 1983. These figures show clearly how irregular the snowmelt process is
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Figure 1. NOAA-7 image taken 26th April, 1983. Snow is in the image darker than clouds
which are white.

in this area, and how this kind of data can improve the knowledge of the spatial
distribution of the snowcover in the spring.

For studying the effect of land use and type of vegetation cover on the snow-
melt process in spring the following classes were interpreted in a NOAA-6 imagery
taken 19th August 1980 in the Kemijdrvi—Posio area:

1. Water
2. Pine dominated forest
3. Spruce dominated forest
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Figure 2. NOAA-7 image taken 27th April, 1983

Figure 3. NOAA-7 image taken 3rd May, 1983.
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Figure 5. NOAA-7 image taken 16th May, 1983.
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Figure 6. Average radiances of terrain registered by the AVHRR of NOAA satellite during the
snowmelt period in 1983.

Figure 7. Snowcovered pine dominated forest.
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Figure 8. Melting snow in pine dominated forest.

&1 a

Figure 9. The last phase of snowmelt in pine dominated forest.
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4. Clearcut areas and half open forests } .
5. Open bogs (including agricultural fields) Open areas

In the interpretation supervised classification was used.

Figure 6 shows a typical curve which describes how the radiance of a snow-
covered area was decreasing during snowmelt when measured by the AVHRR of
the NOAA-7 satellite. This curve was noticed to be different for different terrain
types and for different elevations. Also aspect has an effect on the shape of this
curve. Figure 7 represents the situation in the terrain when the area is snow-
covered. Figures 8 and 9 illustrate how the image changes when the snow is
melting and only part of the original snowcover is left.

The effect of elevation difference can be noticed in Figures 10 to 12. The
snow melts later in the areas located higher up and this can be seen in the curves.
Figure 13 shows this phenomenon as seen at ground level. The effect of the veg-
etation cover on the snowmelt is shown in Figure 14. Snow is melting faster in
the open area than in the forest. Seen from ground level the situation is as Figure
15 shows. :

The effect of aspect in snowmelt was studied by observing the radiances of the
slopes of some large hills measured by the AVHRR channel 1. The ratios of radi-
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Figure 10. Radiances of spruce dominated forests at the elevations ;)f 220 m and 300 m
during the snowmelt period in 1983.
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Figure 11. Radiances of pine dominated forests at the elevations of 220 m and 300 m during
the snowmelt period in 1983.
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Figure 12. Radiances of open areas at the elevations of 210 m and 280 m during the snowmelt
period in 1983.
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Figure 13. The hills in the background are covered by snow whereas snow is almost melted in
the foreground beneath the hills.
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Figure 14. Radiances of open area (OA) and pine dominated forest (Pl) at the same elevation
220 m during the snowmelt period in 1983.
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Fig. 15. Snow has melted in the bog in the foreground but still exists in the forest.

ation from slopes facing north and slopes facing south were on different dates as
presented in the following (pine- and spruce dominated forests):

Date 27.4. 3.5. 1.5 16.5.
Ratio 1.065 1.014 0.954 0.981

This ratio illustrates the wellknown fact that melting starts on the southern
slope. When the ratio is larger than one there are already bare patches in snow
on the southern slope. When the ratio is less than one snow has also melted on
the northern slope. Because of the warming effect of the radiations measured on
the southern slope are higher in early spring. Figures 16 and 17 show the snow
in the northern and the southern slope of a hill. In this case the southern slope
is almost treeless but the situation is very similar in forested areas.

Figure 18 shows the usefulness of channel 2 of the AVHRR when the time of
snowmelt is studied. When all snow has melted and the growing season has not
yet begun the radiations measured in this channel are at their lowest. When the
growth begins the radiations increase very rapidly because the increasing amount
of chlorophyll in nature. Figure 19 shows how the ratios of readings of channels 1
and 2 of the AVHRR are changing when snowmelt is going on in the spring. This
also shows that by analyzing NOAA/AVHRR data one can determine when melting
is going on and which areas are partly snowless. Also in Figure 19 one can notice



204 Risto Kuittinen and Jaakko Perdld

Figure 16. Forest growing on the north slope of a high hill, 3rd May 1983. The snow water
equivalent is about 200 mm.

Figure 17. The open south slope of the same hill as in Figure 16. The snow water equivalent
is about 50 mm, 3rd May 1983.
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Figure 18. Radiances of open areas at the elevations of 210 m and 280 m during the snowmelt
period in 1983.

that variations of observations in the whole image are decreasing towards summer.
In this case a part of this variation is caused by clouds which occur in images
taken in April and May and the remainder is caused by snowcover. When the
standard deviation of the means for test areas were studied, the following results
were achieved:

Mean and standard deviation of the standard deviation
Date 27.4. 3.5. 9.5. 16.5.

Channel 1 3.09£1.98 142+0.52 1.52+070 240+0.76
Channel 2 237+1.03 1.78+0.80 0.88+0.60 0.89 +0.37

The image of 16th May (Figure 5) was the most cloudy so that the decreasing
effect of the variation of the standard deviation is not quite clear. Later in summer
an increase of variation is expected, due to the growth of vegetation.

Although the accumulation of snow is almost the same in microscale in differ-
ent areas, the melting of snow is strongly affected by vegetation cover and terrain
topography, and as can be seen, snowcover can be satisfactorily monitored in
spring also in hilly and forested areas when NOAA imagery is used. This gives a
possibility to use these images to determine the representativeness of different
snowcourses during the melting period. '
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Figure 19. The means and standard deviations of the digital NOAA imageries taken 27th April =,
3rd May e, 9th May + and 16th May 4 in the Kemijirvi—Pori area.

3. A method for determining areal water equivalents of snow

Due to the quite frequent coudiness in spring one can presume that 3 to §
cloudless NOAA images are available to determine the areal extent of the snow
cover during the melting period. At the same period it is possible to carry out 2
to 3 flights for gamma-ray measurements, to determine the water equivalent of
the snow. Thus by combining the results of these 5 to 8 measurements it is
possible to make reliable maps of the water equivalent of the snow cover for the
melting period.

Using summertime NOAA imagery X and ground truth data the area of interest
is classified into classes R;. Classification is made using supervised classification,
so that

X, €R, if {a""l <Xy < by
1 3
! Gy < Xyjp < by
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where X;j is a vector located in the point i
X the kth element of vector X;; (channel k)
a4y and bz‘jk are the values which are limiting the area of class R; in
channel .

After classification we have a new image Y, where each Yl.]. is some land use or
vegetation type. When this image is added the topographic information, one
obtains are new image Z.

Zii = upu,) k=1,.,0

Il =1,...,p
m=1,..,q,
where Z;; is a vector located in the point ,j
t the land use or vegetation type
u the elevation zone
v the aspect
k the number of different land use and vegetation types (1,..., 0)
p the number of elevation zones (1, ...,p)

m the number of aspects (1, ..., q).

When the area of the watershed is divided into equally large squares it is poss-
ible to determine for every square the average values of Z,’s. At the centre of this
square there is a grid point Gi]. as follows:

Gy = (T kp V,);

where 1, is the average of ¢ in the square
u, the average of u in the square
v, the average of v in the square.

Using a similar interpretation process for every snow course, #,'s, u,'s and 7,/s
are determined.

On the basis of these basin characteristics information from the whole water-
shed and the snow courses, the representativeness of every snow course can be
determined, within an area, which from earlier snow measurements is known to
have, in mesoscale, homogeneous snow accumulation. For this reason the area of
a watershed is divided into subareas. Within each subarea the determination of
the areal water equivalent SWE,,, of the snow cover is made as follows:

1) The representativeness of every snow course L; for every Gy; is determined on
the basis of basin characteristic information.
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If Gi,. = (t,, us,vy) and Lj = (t,,up, V)

the weight P,; L; of the water equivalent of the snow of L; at G;; is determined
as follows:

= =1
If tG,-]- =l Pr= elsewhere 0

3
Ifu, = Upp Py =% elsewhere 0

Gjj
1
If VGii = vLj, p, = 3 elsewhere 0
Pyr; =Pt Py Dy,
thus the weight PijL], is in this case:

1 1 2
P = (3+0+3)=3

2) For every G; we determine the weights p;; of all snow courses L; to that

n
2 Py = 1, where n is the number of snow lines in the subarea.
k=1

The snow water equivalent SWE at Gy; is thus
n
SWE=3 Pijec* SWL," where SWL,- is the water equivalent.
k=1

3) The areal water equivalent of the snow cover SWE,, is
¥
SWE,, = ri > SWE, where r is the number of grid points G,; in the subarea.
i=1
Before the snow begins to melt during the early stages of the snowmelt NOAA
imagery can give very little information of the spatial distribution of the snow-
cover because the AVHRR cannot determine the thickness of the snowcover unless
it is so thin that bare patches already exist.

4. Discussion

The method described here is now under development. There are still many details

which have to be studied more closely, the most important ones are:

— The method which is to be used to determine the average of the basin character-
istics for grid points.

— The relationships of snow depletion, between different terrain types during the
melting period. ‘
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— Radiometric calibration procedures for NOAA data during the snowmelt period.

— The effect of springtime snow accumulation.

— The possibilities to estimate the water equivalent of the snowcover by NOAA
imagery during the time, when the snowcover is so thin that bare patches
already exist.

For these studies data of several snowmelt periods are needed.
To make the above system operational the following problems must be solved:

1) The determination of the water equivalent of the snowcover by gamma-ray
techniques must be so fast that the water equivalents determined along snow
courses are available within 24 hours after measurements.

2) The time needed for processing NOAA data must be about one day. Thus
satellite-based snow information would be available on an average within three
days after the passage of the satellite.

3) The method to compute the areal averages must be stored in a computer so
that it may be used instantly and the water equivalent map can be drawn using
automatic plotters.
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