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Abstract

Initial structures and cloud systems of a broad band snow cloud (BBC) formed off
Hokkaido Island, Japan are investigated by AVHRR/NOAA-10 and single X-band
Doppler radar data. The present paper has examined a method to distinguish
convective cells and anvils of snow clouds in the BBC using satellite radiances. The
procedure presents utilizing an actual scatter diagram corresponding to the brightness
temperature differences (T3-T4) of the AVHRR/NOAA-10 channels 3 and 4 plotted
as the function of channel 4 brightness temperature (T4). On the basis of the theoreti-
cally radiative background, the radiative characteristics of a snow cloud and BBC are
compared with their cloud systems.

Radiative features of snow clouds acquired over the Japan Sea on 28 January 1991
are diagnosed, as results of the observation and the application of the present
procedure. The alignment of strong echoes over 20 dBZ corresponds to the region
of the lower T4. The convective regions perform the T3-T4 value yields close to
0K (£1K). Also, radiative properties of snow clouds to the northern and southern
parts outside of the BBC are diagnosed. The radiation characteristics of the north-
ern region are attributed to the strong streak clouds under the winter monsoon
outbreak with predominant cirrus and/or cold anvil regions including convective cells.
The southern region is comprised of convective snow clouds. The significant
differences in radiative properties between the northern and southern regions outside
of the BBC are considered to mirror the stages of cloud developments and/or the
depth of mixing layers. Therefore, the thickness of the layers in the northern region
is larger than that in the southern region.

The comparison of radiative features in different regions near the BBC revealed
the conformity of convective radiation attributions and a strong radar reflectivity,
suggesting that the present application is exceedingly effective to identify the
convective snow cloud and to estimate a cloud development stage.
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1. Introduction

Cloud and radiation interactions have long been considered to reveal one of
the key problems in meso-scale research. The relation between clouds and
radiations have become even more crucial as several sensitivity studies (for
instance, Liou, 1980 ; Liou, 1992) have shown that the response of theoretical and
numerical models was extremely dependent on the various hypotheses and
parameterizations used to simulate a process. However, research on meso-
scale cloud systems and radiative properties is rarely performed, although it is
well investigated on planetary scale schemes. We focus on snow cloud systems
including various scenes of dynamic features influencing their own radiances at
a cloud-top. For the meso-scale cloud systems, snow clouds are the major
presence in a high-latitude region.

In the winter monsoon, various meteorological observations have been
carried out on the west coast of the Japan Sea to inquire into the formation
system (and its mechanism) of snow clouds. Mesoscale disturbances frequently
appear over both the northern and central parts of Japan Sea (Kodama et al.,
1995) along the JPCZ (the Japan-Sea Polar airmass Convergence Zone) accord-
ing to Asai (1988). Also a broad band snow cloud (hereafter BBC) extending
from north to south is occasionally formed off the western coast of Hokkaido
Island. The representative BBC has a scale of 500~1000 km in length and 50
~200 km in width, is maintained for 1~2 days, and generates heavy snowfalls
when it lands (Okabayashi and Satomi, 1971). In recent years, Doppler radar
observations (Fujiyoshi et al., 1988 ; Tsuboki et al., 1989 ; Satoh et al., 1992) and
numerical simulations (Sasaki and Satomura, 1991 ; Nagata, 1993) of the BBC
have been accomplished. It is widely recognized that the BBC commonly
originates on the western side of Soya Straits according to detailed analyses of
satellite imageries (Katsumata et al., 1996). The cold air that passes through
the Soya Straits from east to west is suggested to be one of the initial
disturbances triggering the evolution of the BBC (Kobayashi et al., 1987).

The detailed dynamic and kinematic structures of the BBC as a meso-scale
phenomenon, comparable with the radiative properties, has not yet been inves-
tigated. In the present paper, firstly, the relationship between the brightness
temperature of NOAA polar-orbiting satellite data and X-band Doppler radar
reflectivity data are explored. On the basis of the above results, the radiative
characteristics of a snow cloud and BBC are compared with their cloud systems.



Features on Snow Clouds from AVHRR/NOAA and Doppler Radar 119

2. Observations and data

Radar observations were carried out from 16 to 28 January 1991 on Rebun
Island (45°28'N, 140°58’E) in the northern part of Hokkaido, Japan as shown in
Fig.1. Rebun Island is located in the Japan Sea nearly 60 km away from the
western coast of Wakkanai. The observation site is an appropriate point to
scrutinize the snow cloud without the modification of orographic effects during
winter monsoon surges, since it is surrounded in the ocean. The characteristics
of radar echoes and meso-g-scale structure on the BBC during this observation
period are reported by Uyeda et al. (1992) and Takemoto et al. (1998).

The single X-band Doppler radar (Meteorological Laboratory Radar of
Hokkaido University) was installed at the Cape Sukoton in Rebun Island. An
analysis area including Rebun Island is illustrated in Fig. 1. The area depend-
ed on the NOAA (U.S. National Oceanic and Atmospheric Administration)
polar-orbiting satellite is shown in the larger box of the left panel in Fig. 1.
The box covers 1024 X 1024 pixels of satellite images. In the right panel of Fig.
1, the box includes 128 x 128 pixels of detailed NOAA imageries and the circle of
60 km in radius indicates the coverage of Doppler radar observations. The
field, the box of 128 x 128 pixels, is drawn from original NOAA imagery with
1024 x 1024 pixels, represented in the right panel in Fig. 1 constructs the compari-
son of satellite and radar.
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Fig.1. Map for the observation and analysis area. The larger box in left panel is
1024 % 1024 pixels with AVHRR/NOAA-10 satellite imagery. In the right panel
around Rebun Island, the box covers 128 x 128 pixels of the satellite imagery.
The cross and the circle of 60 km in radius represent the single X-Band Doppler
radar site (Cape Sukoton) and the observation coverage respectively.
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The satellite data set (provided by the Center for Atmospheric and Oceanic
Studies, Faculty of Science, Tohoku University) utilized in this analysis is
channels 2,3 and 4 of the AVHRR (the Advanced Very High Resolution
Radiometer) instrument on board the NOAA-10 satellite. These channels for
AVHRR/NOAA-10 are in the following wavelength (Kidder and Vonder Harr,
1995) :

@ the solar spectrum (VIS) between 0.75 and 1.10 gm (channel 2),

®the near infrared region (NIR) between 3.55 and 3.93 um (centered 3.7

um ; channel 3) and

o the infrared window region (IR) between 10.5 and 11.5 gm (centered 11.0

pm ; channel 4).

Specifically, the AVHRR/NOAA HRPT (High-Resolution Picture Trans-
mission) data set corresponding to approximately 1.1 X 1.1 km resolution at the
subsatellite point is sufficient for detecting radiative properties and the structure
of the BBC that causes severe snowfalls in the winter monsoon duration.

3. Theory and method

In general terms, detection of snow clouds on satellite images depends on
the contrast between the clouds and their background. The estimation of
precipitation from VIS and IR satellite data has been used to support a variety
of applications (Arkin, 1979 ; Adler and Negri, 1988). These include climatol-
ogy, hydrology, flush flood identification, input to agricultural models,
verification of weather modification experiments and the study of convective
systems. At VIS wavelengths the contrast is in terms of reflectance differences,
and at infrared wavelengths the contrast is in terms of differences in brightness
temperature which includes the effects of emmittance and thermodynamic
temperature (Lauritson et al., 1979). For near infrared wavelengths (AVHRR/
NOAA-10 channel 3) the contrast is a mixture of reflectance and brightness
temperature differences. The following sections present the theoretical founda-
tion for the algorithm developed in this paper. Included here is a discussion of
the reflective thermal characteristics of the features to be analyzed.

3.1 Channel 3 radiance

The AVHRR/NOAA-10 channel 3 radiance is comprised of both reflection
and emission contributions. The analysis technique requires solar reflection
from channel 3 so the thermal emission contribution must be removed. For
more reflective surfaces (such as water clouds), solar reflection is the greater
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contributor to the channel 3 radiance measurement. On the channel 3, the
measured radiance is expressed by :

L3:EsBs( T)+ 73( (90,(9,¢)LOC0850 . (1)

The first term on the right hand side is the contribution to the measured
radiance from thermal emission of the viewed surface assuming the transmittan-
ce of the intervening atmosphere is equal to 1.0. The second term on the right
hand side is the contribution to the measured radiance due to solar reflection.
The amount of reflected solar radiance reaching the satellite is determined by
the incident solar radiance (L,) that is weighted by the cosine of the solar zenith
angle (&), and the reflectance (y) of the viewed surface. The directional
reflectance is a functiqn of the solar zenith angle, the satellite zenith angle (8),
and the relative azimuth angle between them (¢). Hemispherical reflectance
is related to the directional reflectance factor (£). These relationships are
expressed as (Taylor and Stowe, 1984 ):

03=73(6,0,)/€ . )

Thermal emission for channel 3 was estimated by inverting the Planck function
to find the temperature corresponding to the channel 4 radiance measurement.
This temperature was then used to solve the Planck function for channel 3
(Bs(T)). An emittance (e3) for channel 3 is related to reflectance (ps) according
to Kirchhoff’s law and shown by

&=1—ps . ?3)
Here, substituting Eqgs.(2) and (3) into Eq.(1) gives the calculated radiance as
expressed by :
Ls=(1—p3)Bs(T) + ps€Lqcos b, . “)
Finally, solving Eq.(4) for the reflectance of the AVHRR/NOAA-10 channe] 3
gives

__ Ls—By(T)
0= ELOCOS 90 - B3( T) (5)

Equation (5) was employed to evaluate the effective of the channel 3 reflectance
for each AVHRR/NOAA-10 satellite scenes for the following analysis.

3.2 Brightness temperature differences on channel 3 and 4

The discussion before section 3.1 shows that the reflective properties on
snow clouds are similar for wavelengths of the AVHRR/NOAA channel 3 and
4. Also, thin cirrus and/or anvil and convective clouds may have similar
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emission characteristics. Therefore, there are some cases where a thresholding
technique will fail to separate them correctly. Allen et al. (1990) expressed that
there is a difference in the transmissive features of cirrus clouds between 3.7
xm and 11.0 gm. This difference is demonstrated as a brightness temperature
difference between channel 3 and 4 of the AVHRR/NOAA-10. The Planck
blackbody emission, as a function of temperature, varies differently for these
two channels, and cirrus and/or anvil transmit more surface radiation at 3.7
um than at 11.0 zm. Specifically, the satellite measured radiance in channel 4
is then primarily due to emission from the cloud-top. Thus the radiance in
channel 4 is recognized as the cloud-top temperature, since most of the BBC is
the convective system of a cumulus cloud.

The physical basis of the methods suggested by Inoue (1985), Wu (1987) and
Giraud et al. (1997) was quite similar. They established that cirrus cloud-top
temperature and IR effective emmissivity could be derived from two window
channels centered at 11.0 gym and 12.0 um of AVHRR/NOAA. According to
these authors, 1) the brightness temperature differences of two channels are
always more important for cirrus and/or anvil clouds than for thick or clear-
sky areas and 2) this difference is very sensitive to the clouds’ radiative and
dynamic properties. Further investigations of the information content and
physical meaning of the brightness temperature differences between 3.7 yum and
11.0 gm of the radiometer have led to the development of an automatic proce-
dure for global estimates of both the cirrus and/or anvil clouds’ temperature
and of the ratio of the equivalent absorption coefficients in the two channels,
accounting for scattering effects.

Figure 2, which corresponds to observations performed over a snow cloud-
top, is employed to an example of an actual diagram of 200 AVHRR/NOAA-
10 pixels and described brightness temperature differences T3-T4 (K) plotted as
a function of T4 (expressing the equivalent blackbody temperature for the
channel 4). For the theoretically radiative background, Secfor C in Fig.2
indicates the convective clouds and/or regions, as the emmissivity nearly equals
1.0 (the T3-T4 is 0+1K). Sector A in Fig. 2 also shows the cirrus and/or anvil
clouds, since the T3-T4 yields a negative value such as Yamanouchi et al. (1987)
presented in high-latitude and polar regions. Note that this negative value for
the Sector A appears, only when T4 ranges are less than 258 K. Accordingly,
the plot of the diagram denoted Sector B in Fig. 2 corresponds to pixels totally
covering the coldest snow clouds with variety of a microphysical index (Giraud
et al., 1997).



Features on Snow Clouds from AVHRR/NOAA and Doppler Radar 123

6 Sector B
41 e .
5 o o . 0.
— L] .'..:On.. .:.. ...' ;
\% 2 i | ... .: ...‘ oo. .
E_' 0 Sector C 2% | °
l e |
m . '.
= -2 ; S :-." .
..O:o...
-4 ¢ w:"
-6 SectgrA : : :
243 253 263 273

T4 (K)

Fig. 2. Example for the scatter diagram of actually observed brightness temperature
differences on channels 3 and 4 ; T3-T4 (K) versus the brightness temperature on
channel 4; T4 (K) for 200 AVHRR/NOAA-10 pixels. Sector A shows the
regions (the T3-T4 is less than —1 K) of the cirrus and/or anvil clouds. Sector
B (the T3-T4 is larger than 1 K) corresponds to pixels totally covered the coldest
snow clouds with the variety of a microphysical index (Giraud et al., 1997).
Sector C indicates the convective clouds and/or regions, as the emmissivity nearly
equals 1.0 (the T3-T4 yields 0+1K).

4. Results

4.1 Symoptic situation on 28 January 1991

A typical case on 28 January 1991 is acquainted with this paper, since the
BBC also appears on 23 January 1991 during the observation. Sea surface and
upper level charts at 09 JST on 28 January 1991 are illustrated in Fig. 3.
Although a pressure pattern presents that the northwesterly winter monsoon is
prominent around Japan, isobaric lines in Fig. 3(a) are in the direction on NE-
SW on the western side of Hokkaido Island and change to NW-SE on the
western side of Aomori. The western coast of Hokkaido is at the rear side of
a mainly low pressure area, the center of which is situated over the Sea of
Okhotsk. In Fig. 3(b), a significant cold air mass which is below —12°C at 850
hPa covered Hokkaido Island. The cold vortex with temperatures lower
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Fig. 3. Weather charts around Japan at 09 JST on 28 January 1991. (a). Sea surface
pressure (hPa). (b). 850 hPa level chart with height (solid contours; m) and
temperature {(dashed contours; °C). (e). 500 hPa level chart with height (solid
contours; m) and temperature (dashed contours; °C).

than —36°C at 500 hPa is located in the northern part of the jet stream in Fig.
3(c). Variations in temperature and wind on the ground at the radar site (Rebun
Island) are shown in Fig. 4 when the BBC generated. The part attaching an
arrow indicates the time when the BBC is confirmed by NOAA satellite images.
Temperature decreases about 2°C .and wind velocity is recorded as 10~15m/s,
although the wind direction tends to the north and northeast at this time.
Specifically, the above synoptic conditions are consistent with those reported by
other researchers (for instance, Kobayashi et al, 1987 ; Fujiyoshi et al., 1996)
when a BBC was observed to form off the western side of Hokkaido Island.

4.2 AVHRR/NOAA-10 and X-band radar properties
The AVHRR/NOAA-10 channel 4 imagery at 0646 JST on 28 January 1991
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Fig. 4. Time series of temperature (°C), wind direction and speed (m/s) on the ground

at the radar site (Rebun Island). An arrow indicates the time when the BBC was
identified by AVHRR/NOAA-10 channel 4 (IR) imagery.
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is described in Fig. 5 for the same region of Fig. 1 (left panel). The band-shaped
region of low T4 is recognized in the central part over the Japan Sea in the
figure with typical cloud streaks around it. The radar observation range was
in the generation region of the BBC extending approximately 500 km to the
western coast of Aomori. The detailed IR imagery regarding the occurrence of
the BBC is represented in Fig. 6 as the same area of Fig. 1 (right panel). The
low T4 region in the northwest and northeast of Rebun Island details a band-
shaped cloud developing to the south which originates around the radar site.
On the other hand, the X-band Doppler radar reflectivity (dBZ) of PPI (Plan
Position Indicator) with on elevation angle of 1.9° is illustrated in Fig. 7. The
times at 0636 JST and 0651 JST on 28 January 1991 are the nearest AVHRR/
NOAA-10 satellite scanning over the radar site. The PPI reflectivity contours
in Fig. 7 are drawn for 20 dBZ (outer) and 26 dBZ (inner). The snow echoes
aligned N-S over the Rebun Island at these times. The radar echoes on the PPI
consist of several convective cells. This configuration is clearly coincident with
the AVHRR/NOAA-10 T4 imagery in Fig. 6. Specifically, the alignment of a
strong echo over 20 dBZ corresponds with the region of the lower satellite T4.
Next, in order to understand the relations between the radiative properties
on the cloud-top and its cloud systems, the vertical cross section of the
southwardly echo cells is inspected. Figure 8 shows the vertical cross section
(an azimuth angle is 185.9°) ; both of the brightness temperature differences (T3-
T4) on AVHRR/NOAA-10 and the RHI (Range Height Indicator) of the radar
with the reflectivity (dBZ) and the minimum Doppler velocity (only shown out-
lines), since the radiation characteristics and vertical structures of the BBC are
compared. For this radar RHI, the direction represents the property of strong
echo cells. The time lag of the AVHRR/NOAA-10 and Doppler radar scan is
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Fig.5. AVHRR/NOAA-10 channel 4 (IR) imagery at 0646 JST on 28 January 1991.
The area of IR imagery illustrates the same region of Fig. 1 (left panel). Line A
and Line B outside of the broad band snow cloud (BBC) are investigated in
section 4.3.

also ignored for this BBC on 28 January 1991. Convective echoes are exhibited
on the radar RHI ranges of 12~20 km and 40~48 km with a relatively strong
intensity at this time. The convective regions show the T3-T4 value is close to
0K (+1K). Inthe above section 3.2, the existence of the convective snow cloud
is discussed by the value (the T3-T4 is 041 K).

Furthermore, the radiation property on this cross section is represented in
Fig. 9 as a scatter diagram. The scatter plots identified as convective regions
(corresponding to Secfor C as expressed in Fig. 2) occupy 64% in total. This
fact suggests that the BBC which originated near Rebun Island is composed of
convective clouds over the ocean. On the other hand, the scatter plots of coldly
anvil regions (recognized as Sector A in Fig. 2) are 36%. The latter attribution
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Fig. 6. Detailed AVHRR/NOAA-10 channel 4 (IR) imagery around the radar site

(Rebun Island) at 0646 JST on 28 January 1991. The image represents the same
area of Fig. 1 (right panel).

reflects the cloud portions south of convective clouds. Since the region corre-
sponding to the Sector B in Fig. 2 is not plotted, only convective cloud systems
are dominant in the initial BBC formation around the Rebun Island.

4.3 Radiations and cloud systems on initial BBC

In order to discuss the cloud system in a wide range of the initial BBC
formations, scatter diagrams of radiative characteristics are shown in Fig. 10.
Figure 10(a) and (b) describe the northern part (Line A in Fig. 5) and the
southern part (Line B in Fig. b) respectively, which are outside the BBC. For
the north feature of the BBC, the share of convective regions (corresponding to
Sector C in Fig. 2) is 229% on the Line A and that of cirrus and/or cold anvil
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Fig. 7. The X-band Doppler radar reflectivity (dBZ) of PPI (Plan Position Indicator)
with the circle of 60 ki in radius at the elevation angle of 1.9°.  The times at (636
JST and 0651 JST on 28 January 1991 are the nearest AVHRR/NOAA-10 satellite

scanning over the radar site. The reflectivity contours are drawn for 20 dBZ
(outer) and 26 dBZ (inner).
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Fig. 8. The brightness temperature differences (upper panel) on AVHRR/NOAA-10
channel 3 and 4 (T3-T4 ; K) and the RHI (Range Height Indicator) of the X-band
Doppler radar (lower panel) with the reflectivity (dBZ ; solid contours and shaded
areas over 20 dBZ) and the minimum Doppler velocity (dashed line) at the south-
ward radar site (an azimuth angle is 185.9%).

regions (the Sector A in Fig. 2) occupy 64% in T4 less than 258 K. As the region
corresponding to Sector A in Fig. 2 is predominant on Line A, the cloud system
on the northern region outside of the BBC is considered to be composed of
strongly streak clouds with convective cells under the winter monsoon outbreak.

In Fig. 10(b) to the south and outside of the BBC, on the other hand, the
convective region (the Sector C in Fig. 2) and the cirrus and/or cold anvil region
(the Sector A in Fig. 2) yield 46% and 49% on the Line B in Fig. 5 respectively.
These radiative properties on the scatter diagram in the cloud region are similar
to those of Fig. 9 and the results expressed section in 4.2. The cloud system in
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Fig. 10. Same as Fig. 2 but for the scatter diagrams that (a) and (b) describe the
northern part (Line A in Fig. 5) and the southern part (Line B in Fig. 5) outside
of the BBC respectively.
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the southern region is mainly composed of convective clouds. Specifically, the
obvious differences which indicate radiative characteristics in two locations of
the Line A and Line B outside of the BBC are related to the formation of
clouds, the convective activity and the stage of the BBC.

5. Discussion

As shown in the previous section, radiative features of the BBC and snow
clouds in the northern and southern parts out of it were diagnosed. The
radiation characteristics of the northern region (as expressed by Line A in Fig.
5 and the diagram in Fig. 10(a)) is attributed to strong streak clouds under the
winter monsoon outbreak with predominant cirrus and/or cold anvil regions
including convective cells. The southern region (Line B in Fig.5 and the
diagram in Fig. 10(b)) is comprised of convective snow clouds. The remarkable
differences in radiative properties between the northern and southern regions
outside the BBC are considered to mirror the stage of cloud development and/
or the depth of the mixing layers: the thickness of the mixing layer of the
northern region is larger than that of the southern region.

The radiative features of the BBC conformed to that of developing
convective clouds. Katsumata et al. {1996) attempted to investigate the initial
structures of a BBC by combining data from SSM/I (the Special Sensor
Microwave Imager), a satellite-borne microwave radiometer, and radars.
They described that a BBC around the Rebun Island performed correspondingly
a behavior similar to the narrow cold frontal band of extratropical cyclones
(Hobbs and Biswas, 1979 ; James and Browning, 1979). The BBC on 28 January
1991 is also considered to be the narrow cold frontal type counting the
convective properties of the cloud region in the southern area outside of the
BBC.

The comparison of radiative characteristics in different regions revealed
the conformity of convective radiation properties and a strong radar reflectivity
(expressed the section 4.2), and suggests that the present method is effective for
identifying the convective snow cloud and estimating cloud stages: the
convective cloud region has cloud-top temperatures less than 258 K, and bright-
ness temperature differences (T3-T4) of AVHRR/NOAA-10 channels 3 and 4
close to 0 K (1K) ; the cloud stage is diagnosed with negative values on T3-
T4 less then —1 K around convective clouds.
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6. Conclusions

Initial structures and cloud systems of a broad band snow cloud (BBC)
formed off Hokkaido Island, Japan are investigated by AVHRR/NOAA-10 and
single X-band Doppler radar data. In this paper, we have examined a method
to distinguish convective cells and anvils of snow clouds in the BBC with
satellite radiances. The procedure presents utilizing an actual scatter diagram
corresponding to brightness temperature differences (T3-T4) of the AVHRR/
NOAA-10 channels 3 and 4 plotted as the function of channel 4 brightness
temperature (T4). On the basis of the theoretically radiative background, the
radiative features of a snow cloud and BBC are compared with their cloud
systems.

A typical case of the initial BBC on 28 January 1991 is selected among radar
observations carried out from 16 to 28 January 1991 on Rebun Island. The
radar echoes on the PPI consists of several convective cells. The configuration
coincides well with the AVHRR/NOAA-10 T4 imagery. The alignment of
strong echoes over 20 dBZ corresponds to the region of the lower T4. Next, in
order to understand the relations between the radiative properties on the cloud-
top and its cloud systems, a vertical cross section of the southern echo cells is
inspected. The convective regions show that the T3-T4 value yields close to 0
K (+1K).

Radiative features of the BBC and snow clouds in the northern and southern
parts outside of the BBC were also explored. The radiation characteristics of
the northern region are attributed to strong streak clouds under the winter
monsoon outbreak with predominant cirrus and/or cold anvil regions including
convective cells. The southern region is comprised of convective snow clouds.
Specifically, the remarkable differences in radiative properties between the
northern and southern regions outside of the BBC are considered to mirror the
stages of cloud developments and/or the depth of the mixing layers. The
thickness of the mixing layer of the northern region is larger than that of the
southern region.

As the comparison of radiative characteristics in different regions near the
BBC revealed the conformity of convective radiation properties and a strong
radar reflectivity, we suggest that the present procedure is extremely effective
for identifying the convective snow cloud and estimating the cloud development
stages.
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