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Abstract

Air temperature profiles were observed for a year with
micro-climate observation in and around the mixed moun-
tain forest. The shading effects of tree crown, depending
on the solar elevation angle and abscission of broad leaf
species, controlled the diurnal and seasonal variation of
radiation budget and temperature gradients in the forest.
Vertical mixing of air in the forest was infrequent even the
wind speed over the forest was high. Sasa albo-marginata
served as another important daytime heat source at the
forest floor in snow-free season. In the forest, weak but
clear diurnal wind variation was observed on fair summer
days indicating prevailing of daytime up-slope winds
and nocturnal gravity currents. After leaf abscission, the
nocturnal temperature inversion prevailed in and out of
the forest. The importance of the local winds blowing
through the forest and their effect on the data from the
station in an open space are discussed with regard to the
long-term assessment of mountain meteorological and
forest phonological data.
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1. Introduction

The impacts of global climate change to the ecosystem,
water resources, and human society in mountainous areas
are serious worldwide concerns (Price, 2015). In Japan,
almost 70% of lands are mountainous areas covered
by forests, and even the weather of urban cities in the
coastal areas is indirectly affected by the thermodynamic
functions of mountains (Sato and Kimura, 2005; Takane
and Kusaka, 2011). For instance, Kimura and Kuwagata
(1995) demonstrated that mountain valley circulation and
amounts of sensible heat strongly depend on the hori-
zontal scale of topographic undulation. Furthermore, the
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diurnal processes of the heat budget at mountain slopes
are different from the general flat bare/grasslands or pas-
tures due to the forests (Oak, 1987). In the case of dense
forests with a crowded canopy, the crown surfaces absorb
insolation (Araki, 1995), but the response is not the same
as over the ground surface. Hattori (1984; 1986) report-
ed that a crowded hinoki cypress forest reflects 10% of
shortwave radiation, about 30% is transferred upward as
long-wave radiation, and 50-60% is used for evapotran-
spiration as sensible heating. Accordingly, less insolation
in the forest results in less sensible heating and causes
daytime cooling of the air temperature. Additionally, ra-
diative cooling at the surface in the forest is compensated
for by downward long-wave radiation from the trees.
Then, the surface air temperature in the forest is 2-3 K
lower for the daytime maximum and 1-2 K higher for the
nighttime minimum on calm fair days (Araki, 1995). Ob-
servation and numerical simulation in the overseas coun-
tries have demonstrated that forests in a large area reduce
surface albedo, provide water vapor, increase surface
roughness, and modulate in situ mesoscale atmospheric
circulations (Dolman et al., 2004). However, in Japan,
where mountain topography is complex, forests are not
always composed of a single unique spices, and oceanic
weather is dominant over the coastal mountain ranges,
there is uncertainty about which areas of mountain forests
affect the local circulations, under which weather condi-
tions, and how.

In the one-dimensional heat budget, we need to con-
sider the heat storage of trees and air in the forest with
photosynthesis and respirations. Oliphant et al. (2004)
pointed out that the heat storage term shows a large diur-
nal variation and affects the energy closure. McCaughey
(1984) showed that the storage term is especially impor-
tant in the nocturnal energy balance and varies depending
on the soil moisture. In Japan, Kondo et al. (1991) pro-
posed a simple method of heat-storage estimation by as-
suming a tree is a combination of columns with a thermal
conduction process. Saito et al. (2010) and Saito (2014)
quantitatively evaluated the amount of energy storage
during snow-cover and snow-free periods via tower ob-
servation in Takayama evergreen conifer forests. Their
results showed that a large day-to-day variability exists
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in the diurnal storage terms, and the magnitude of stored
energy and heat release by photosynthesis and respiration
dominated as the same amount of sensible heating. For-
ests with deciduous trees provide a more complicated en-
vironment because they change the forest structure, such
as proportion of canopy, trunk, and forest floor. Winter
snow cover in the forest also has complex and interesting
effects on heat storages. In the case of a mixed forest with
evergreen and deciduous trees, the important issue is to
reveal which species strongly contribute to the storage
term and control the micro-climate in the forest.

Recently, elevation-dependent warming has become
a hot topic worldwide with regard to future climate pre-
diction for high elevations (MRI-EDW, 2015). In Japan,
many scientists are also interested in the trend of tem-
perature changes depending on altitude, however, the
existence of only a few stations at high elevations and
the lack of long-term data records have prevented accu-
rate evaluations of mountain climate variability (Suzuki,
2013). Ueno et al. (2013) archived meteorological data
from multiple observatories above 1500 m maintained by
national university research centers and found large varia-
bilities in the diurnal variation of temperature among sta-
tions even over the 2000 m level above the atmospheric
boundary layer. The results indicate that differences in the
stations’ surrounding environment, such as whether they
are forested or above the tree lines, strongly affect the
heat budget of the observation area. Thus, even though
we have a long record of station data from an open (de-
forested) area on the mountain slope, we cannot accurate-
ly detect trends in the synoptic-scale climate without as-
sessing local factors such as the advection effect from the
forest. As most mountain slopes are covered by forests
in central Japan, meteorological tower observation above
the canopy is the most plausible method to monitor the
atmospheric environment. The AsiaFlux network is one
of the key nodes where a CO2 flux in forest phenology is
continuously monitored in Japan (http://www.japanflux.
org/), such as at Takayama, Fujiyoshida, Karuizawa and
Mt. Naeba, and the data has been used to validate satellite
estimates and numerical simulation results. However,
most of the tower station do not place automatic weather
station (AWS) in adjacent deforested areas, and micro-cli-
mate differences between inside and outside forest are not
evaluated.

In 2015, a canopy access tower was set in the red pine
forest of Sugadaira Research Station, Mountain Science
Center, University of Tsukuba for educational usage. Sug-
adaira is a highland at 1300 m a.s.l. in Nagano Prefecture.
Inland sunny weather with convective clouds dominates
in summer, and an almost 1 m deep snow cover exists in

winter due to the winter monsoon. The research center
has a long history of meteorological observation, since
1971, and Shimizu (2012) reported a significant increas-
ing trend in precipitation amounts with a weakening of
wind speed. Adjacent to the pine tree forest, a Miscanthus
grass field provides a good opportunity to compare the
micro-climate inside and outside the forest. Intensive mi-
cro-climate observation was conducted for almost a year
in 2016, using the tower and the grass field. Diurnal and
seasonal variabilities of temperature profile in the forest
and temperature differences inside and outside the forest
were analyzed. Characteristics of the temperature profile
variability were identified, and the importance of the ra-
diation budget and the seasonal change affected by forest
structure and phenology were discussed.

2. Observation

Continuous meteorological observation was conducted
from May 30, 2016, to May 16, 2017, at a tower 17.3 m
high in an 8.5 ha red pine forest area of the Sugadaira Re-
search Station (36°31°26”N, 138°20°51°E,1320 m a.s.l.).
The area consists a mixed forest of not only pine trees
(Pinus and Larix) but also broadleaf trees such as Betula,
Quercus and others. The canopy is composed not of a sin-
gle layer but of multiple layers (Fig.1a). The forest floor
is covered by Sasa albo-marginata throughout a year
(Fig. 1b), except that it is covered by almost 1 m of snow
in winter. According to the Sugadaira AMeDAS meteor-
ological data, snow-covered period was estimated to be
from Dec. 10, 2016 to April 16, 2017, a normal length in
climatology.

The top floor of the tower is almost level with the
canopy height where an AWS (Onset Co.,U30-NRC) and
a four component radiation sensor (Kipp&Zonen Co.,
CNR4) was set. The location name of tower top is T6,
and the height of the sensors from the ground surface is
19 m. Along a tower post, an air temperature/humidity
sensor with natural ventilation (Onset Co., U23) and a
solar shade were set at five levels: T5, 14.35 m; T4, 8.55
m; T3, 5.4 m; T2, 1.9 m, and T1, 0.6 m. The sensor at T1
was removed after November to prevent a snow-cover
effect. The sensor at T3 had battery trouble, and the data
after March 15, 2017, is missing. Near the tower foot, a
net radiation sensor (Prede Co., Q7) and micro-anemome-
ter (Makino Co.) were set at a 2 m height (location name;
TB2) from July 15 to August 10. A 6 ha Miscanthus grass
field is located west of pine tree area. An AWS and four
component radiation sensors were set (S1, 2 m) in the
center of the field. The distance between the tower and
S1 is almost 660 m. The temperature data used in this
analysis is measured using the same type of sensor with a
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Figure 1 a) observation tower in a mixed forest; b) net-radiation sensor over Sasa albo-marginata at the forest

floor (May 28, 2016).

catalog sensitivity of 0.2°C, and the observation interval
is 10 minutes.

The Sugadaira Research Station conducts meteor-
ological observation at the southwestern corner of the
Miscanthus grass field, where a force-ventilated tem-
perature/humidity sensor and present weather detectors
(Vaisala, PWD22) are located. According to a comparison
of the natural ventilated air temperature sensor with the
force-ventilated one for two days, the root-mean-square
error of temperature was 0.6°C. Thus, we assume that
resolution of temperature data is around 0.5°C. The data
of PWD22 are used for day-to-day weather classification
as explained in the next chapter.

Multiple heat sources, such as leaf, stem at multiple
levels and ground surface, exists in the forest. General
methods to evaluate the surface heat budget, such as the
Bowen ratio method and the bulk method, cannot be
applied because of multiple non-homogeneous sources,
so direct turbulence measurement is the best method.
However, in this study, direct evaluation of sensible heat
and latent heat using turbulence measurements was not
conducted. Instead, the tendencies of diurnal and seasonal
change in the vertical air temperature gradient with tem-
perature differences between the inside and outside of the
forest area were qualitatively assessed to reveal the diur-
nal and seasonal tendency of heat storage in the forest.

3. Weather variability and leaf abscission
The surface heat budget is strongly affected by daytime
radiation variability, surface wetness, and surface wind

speed. Usually, the development of a boundary layer is ev-
ident when the synoptic-scale disturbances are not active.
In mountains with a high elevation, the diurnal weather
change is more abrupt than that in lower, flat areas. We
excluded severe-weather days to identify the effects of the
forest on the micro-climate. Next, daily weather patterns
were classified according to the data from 6:00 to 14:00
throughout a year into the following three categories: (a)
occurrence of precipitation, (b) radiation amount, and (c)
wind speed over the forest. Evening data were not used
because the morning insolation is more important for
surface heating, and the afternoon weather is sometimes
modified by local development of convective clouds. For
(a), a precipitation day was defined as when the pres-
ent weather detector indicated precipitation, drizzle, or
rain for more than 1 hour; other days were classified as
non-precipitation. For (b), a cloudy (fair) day was defined
as when the averaged downward shortwave radiation was
less (more) than 320 W/m>. For (c), a windy (calm) day
was defined as when the averaged wind speed exceeded
(was below) 1.6 m/s at T6. The thresholds for (b) and
(C) were set experimentally to separate the daily weather
clearly from June to October, and accordingly, cloudy
(windy) days accounted for 40% (20%) of the total days.
Figure 2 shows weather categories according to classi-
fication of (a) to (c). Precipitation days, cloudy days, and
windy days occupied 46%, 50% and 29%, of the observed
year, respectively. From December to February, cloudy
and precipitation days prevailed due to the winter mon-
soon. Calm days tended to prevail throughout the year
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except in winter. As the anemometer at T6 was not high
enough to monitor winds in the atmospheric boundary
layer above the forest, canopy roughness around the tow-
er top affected the wind speed data. Windy days in April
and May might be due to passing extra-tropical cyclones.
Fair and non-precipitation days prevailed in summer and
they were used to assess the diurnal variation of air tem-
perature gradients in Chapter 5.

Forest phenology, especially with regard to the timing
of autumn leaf abscission, indicates significantly chang-
es of the forest structure and micro-climate. According
to phenology-monitoring data by the Center for Global
Environmental Research (http://db.cger.nies.go.jp/gem/
ja/flux/fujiphenologyf.html), a Japanese larch tree forest
at the foot of Mt. Fuji (1100 m) began leaf fall around
Oct. 18, completed the falling around Nov. 19, and had
the first snow cover on Nov. 24, 2016. In spring, snow
cover ceased on April 6, and trees started to sprout after
April 25. Sugadaira is located almost 150 km north of
the above mentioned site with higher elevation, and the
dominant red pine tree is an evergreen. There is no mon-
itoring system by a fisheye lens in the forest; however,
monthly base multiple leaf-trap observations have been
conducted at the forest floor. In the forest, six plots were
located, and five traps were set in each plot; dry weight
of litter was measured depending on the spices and parts

of tree, such as the Pinus leaf and Betula bark etc. This
study compared the month-to-month variability of the
averaged litter weight of five traps at plot 4, observed
seven times from June 10 to Nov. 27, to identify which
kind and parts trees contributed for leaf abscission in the
autumn 2016 (Fig. 3). Plot 4 was chosen because the tree
species around are most similar to those around the tower.
The laves, fruit, sub-branch of Pinus and other broad leaf
made up most of the total weight; heavier weight of Pinus
leaves was recorded especially in early June, at the end
of October, and at the end of November (Fig. 3a). Pinus
does not fall the leaves grown in the same year but fall
previous years’ leaves, and their amount depends on the
climate condition of this year (Han et al., 2003). Among
the broadleaf trees, Betula leaves increased in the middle
of September, and the amount of “other broadleaf” in-
creased in the middle of October (Fig. 3b). Here, “other
broadleaf” includes materials of uncertain classification.
The contribution of Quercus was not obvious. Those ten-
dencies are almost the same as in other plots. Therefore,
we concluded that broadleaf trees started to drop materi-
als in September and October, prior to the red pine trees,
which drop materials after the end of October. These tim-
ings are very important to assess which tree spices cause
air temperature profile changes in autumn.
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Figure 3 Monthly scale dry weight changes observed at plot 4. The data are simply averaged
value observed by five traps depending on different parts with spices of trees.
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4. Seasonal change of air temperature profile in the
forest

The vertical air temperature profile was calculated at
each level from T6 to T1, and diagrams showing diurnal
seasonal changes were plotted as six columns in Fig. 4.
The data starts in May 30, 2016 (150 DOY), and contin-
ues for almost a year, and a temperature difference of less
than +0.1 K/m was not shaded. Red (blue) coloring indi-
cates temperature warming (cooling) as elevation going
up (down) where energy flux is downward (upward). The
profiles at T4-T3 and T3-T2 were blank after March 15,
2017, due to the missing data from T3. To compensate for
the missing periods, a temperature gradient between T4
and T2 was calculated and shown on the right end. The
pattern of T4-T2 is quite similar to that of T4-T3 and T3-
T2 during a cold season, indicating that T4-T2 also repre-
sents a seasonal change in the temperature gradient after
March in the mid-lower layer of the forest.

The temperature gradient near the tower top (canopy
top) (T6-T5) indicated a positive tendency in the daytime.
Usually, the temperature decreases when elevation going
up above the canopy in the daytime due to forest surface
heating as observed in the ground surface. A reversed

signal observed in T6-T5 indicated that the location of
T6 is not high enough to be above the surface boundary
layer, and it is still measuring the heating of the crown in
the canopy. In the detail of diurnal variation, the gradi-
ent was weakening at noon when the next layer (T5-T4)
showed positive gradients. This is due to more insolation
at the lower level as the solar elevation angle increased
at noon. In October, the daytime positive gradient was
weakening, and it turned negative after around 300DOY
(Oct. 26) indicating temperature cooling as going up the
elevation around the tower top. The evident change in the
temperature gradient was due to defoliation. According
to the trap observation at the forest floor (Chapter 3), the
broadleaf trees were major contributors in October. We
need to be careful for this evidence, because, even the
mixed forest is categorized as a red pine tree area on the
map, micro-meteorology in the forest might be controlled
by broadleaf trees. Further assessment is expected to
evaluate whether Betula and Quercus trees contribute to
the category of “Other broad leaf tree”.

At noon, the temperature gradient at T5-T4 showed
a positive signal in summer as direct insolation reached
this level. It became stronger in the core winter season
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Figure 4 Air temperature gradient distribution as a function of local time (horizontal) and day
of year (vertical) at five levels, such as T6-T7 from the top to T2-T1 at the ground
surface. Positive value with warm color indicates the temperature increase as elevation
going up. Due to missing data from T3, a temperature gradient between T4 and T2 was
calculated and shown on the right side to compensate for the information from spring.
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(December to January) and diminished after the end of
February. At T4-T3 and T3-T2, the temperature gradi-
ent became negative in winter. Snow cover captured on
neighbor Pinus sub-arches and the observation tower
itself would be one factor causing heat sink around the
T4 level and strengthening the upper positive and lower
negative temperature gradient. At night, days with a large
positive gradient at T4-T3 and T3-T4 appeared frequently
after October indicating strong nocturnal cooling in the
bottom layers. However, nighttime air temperature differ-
ences between the inside and outside of forest were not
obvious on those days, as will be explained in Chapter 6.
We speculated that radiative cooling dominated the entire
mountain area after defoliation and cold gravity currents
prevailed on the mountain slopes. For further investiga-
tion, nocturnal weather classification is needed to confirm
the day-by-day variability of radiative cooling.

The lower-most gradient at T2-T1 showed another ev-
ident signal in the warm season. A positive gradient was
especially evident from the morning until noon. This sig-
nal confirmed that Sasa albo-marginata is another impor-
tant heat source that absorbs direct and scattering short-
wave radiation at the forest floor. A night, strong cooling
occurred on several days under the Sasa albo-marginata,
but not every day. The lower-most observation was
stopped after the leaves had fallen, and we could not con-
firm whether the nocturnal temperature gradient in the
T4-T2 layer continued to the surface.

5. Diurnal variation of air temperature during warm
season

One of unique characteristics in Fig. 4 is a bimodal var-
iation of the daytime temperature gradient in the canopy
(T6-T5) during the warm season. Such a characteristic was
also found in the temperature difference between S1 and
T2 after February as will be introduced in Chapter 6. Those
features revealed that the radiation budget in the forest pri-
marily controls the diurnal temperature variability. In this
chapter, fair weather days without precipitation from July
to September were extracted, and the diurnal variation of
micro-meteorology in the forest was examined.

Firstly, the wind condition was examined because sen-
sible heat may be primarily diffused and transferred by
turbulence and local currents. From July 15 to Aug. 10,
a micro-anemometer with a resolution of 0.1 m/s was set
at the foot of the tower, then 19 days without precipita-
tion with high insolation were extracted. The averaged
diurnal variation of wind speed was compared between
the tower top (T6) and tower foot (TB2) in Fig. 5a. An
increase in daytime wind speed was clearly observed
at T6; however, the wind was very weak in the forest.

------- TB2 northerly --o- TB2 southerly

——T6 northerly ——T6 southerly

Figure 5 a) Diurnal variation of wind speed, b) fre-
quency distribution of wind direction, and c)
diurnal changes of wind direction frequen-
cies for northerly and southerly component at
the tower foot (TB2) and tower top (T6). The
data was resampled for 19 non-precipitation
days with high radiation in the warm season.

Wind roses, showing frequency of wind direction more
than 0.1 m/s of wind speed, are shown in Fig. 5b. East-
west component winds were infrequent, southerly winds
prevailed at both sites, and winds from the NNW (NE)
prevailed at the tower top (foot). Northerly and southerly
components of the wind were calculated, and the diurnal
variations of their frequency are shown in Fig. Sc. At the
tower top, both northerly and southerly winds prevailed
through the day, but the frequency of the northerly com-
ponent increased during the night, when the southerly
component was reduced. The S-NNW direction shown
as the wind rose in Fig. 5b corresponds to valley-shaped
topography composing the Sugadaira area running from
Sugadaira-guchi in the south to Susaka in north, not the
slope direction toward the Neko-Azumaya mountain
ridges. Therefore, we suspect that the wind system over
the forest is primarily controlled by the large-scale flows
crossing over the Sugadaira area between the Ueda and
Nagano areas along the eastern mountain ranges compos-
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ing Mt. Neko, not a mountain-valley circulation along the
local mountain slopes. Additionally, the micro-scale forest
canopy around the tower may affect wind observation. On
the other side, the increase of southerly (northerly) winds
clearly prevailed in the daytime (after midnight) at the
tower foot even when the wind speed was weak. Specifi-
cally, nighttime northerly winds are mostly from the NE,
corresponding to the mountain-slop direction toward Mt.
Neko. This feature indicates daytime valley winds coming
from the Sugadaira-guchi valley, and a nocturnal gravity
current coming from the Neko and Azumaya mountain
ranges intrudes into the forest horizontally, affecting the
low-level temperature profiles.

Next, the radiation budget around the forest was exam-
ined. Twenty-nine days of fair days without precipitation
were extracted from May 30 to July 31, and the diurnal
variation of the averaged net radiation (Rn) at the tower
top (T6), the tower foot (TB2), and outside the forest (S1)
was compared, as shown in Fig. 6a. The Rn at S6 was
about 150 W/m? higher than that at T1, indicating that the
forest absorbs more radiation than do the grasslands. The
upward long-wave radiation is several 10 W/m? higher at
S1 than at T6 (Fig. 6b); however, the daytime albedo was
reduced more than 10% at T6 as compared to the S1 con-
tributing to the large increase of Rn at the top of forest.
At the forest floor (TB2), the Rn almost dropped below
50 W/m? in the morning, but it increased to 200 W/m? at
noon due to direct insolation with a large solar elevation
angle. Rn in the afternoon is low, but higher than in the
morning, and may be due to the increase in downward
long-wave radiation associated with heat stored by trees.
At night, the Rn at TB2 is almost 0 W/m?. The Rn is neg-
ative at T6 and S1 due to radiative cooling; however, the
amount is around 25 W/m? and is considered low.

From May 31 to Oct. 29, except for Aug. 8-9, the diurnal
variation of heat storage of the air in the forest was estimat-
ed by the temporal difference of temperature as follows;

ATn

Qn = PCp e (D
where Qn [W/m?] is the quantity of heat at six levels (n=1-
6), p [kg/m?] equals air density, c, [J/kg/K] equals the
specific heat at a constant pressure, and At [s] is set as an
hourly interval. p is set to 1.045 kg/m? as a constant value
at 870 hPa and 15°C, and c, equals 1005 J/kg/k. The miss-
ing air temperature at T2 (1.9 m) for July 15 to Aug. 10 and
at T3 (5.4 m) for Sept. 17 to Oct. 11 were interpolated from
the neighbor level data by linear regressions.

The averaged Qn during the period is shown in Fig.
7a. The average net radiations at the top and foot of the
tower are also shown in the figure as references of radia-
tion condition. Qn was positive for 5:00 to13:00, with a
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Figure 6 Diurnal variation of a) net radiation at the tower
top (T6), grass field (S1) and tower foot (TB2), b)
upward long-wave radiation at S1 and T6, and c)
daytime albedo changes at T6 and S1. The data
was resampled for 29 non-precipitation days
with and high radiation in the warm season.

maximum at around 7:00. Almost all of the levels showed
similar tendencies, except the topmost level (T6) showed
a rapid increase to 0.33 W/m? just after sunrise. This may
be due to the warming of only the canopy top due to a
small solar elevation angle. Qn decreased linearly and be-
came negative after 14:00. The minimum Qn appeared at
17:00 when the higher level released more energy. After
the midnight, Qn stayed around -0.05 W/m?.

Next, the tendency was compared between two samples,
one is a group with precipitation (53 days) and the other
is a group with non-precipitation (98 days), as shown in
Fig. 7b. Amplitudes were significantly reduced at all levels
for precipitation days. Two causes were attributed, such
that increase of cloud amount reduced available radiation
energy at the forest top, and the net-radiation was used to
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Figure 7 Diurnal variation of air heat storage in the forest at six levels, T6-T1, in the warm season.
(a) Average for all days with net radiation at T6 (Rn2) and S1 (Rn3), (b) days with precipitation (PE, line only) and without pre-
cipitation (PN, line with marker), (c) the same for large (RL2) and small (RL1) insolation, and (d) the same for high (WL2) and
low (WL1) wind speed at T6. The sample number for the average is shown in parentheses.

latent heat by interceptions of trees. A second comparison
was done between two groups with high and low radiation
amounts. Member of the group is 24 and 74 days, respec-
tively. A group with high radiation caused a larger Qn
throughout a day. A group with low radiation resulted in a
negative Qn earlier, and the minimum value in the evening
was smaller than that on precipitation days. These charac-
teristics may be due to the concentration of low-radiation
days in the later season with a shorter day length. A third
comparison was done between the strong and weak wind
days (63 and 11 days, respectively) using wind speed data
from the tower top (T6). It was obvious that two samples
did not show clear difference in the Qn profile (Fig. 7d).
The results indicated that air temperature profile in the for-
est was not affected by the vertical mixing of momentum
with wind speed variability above the canopy. Furthermore,
even on the precipitation day, a diurnal temperature change
exists in the forest because of daytime surface heating and
horizontal advections on a large scale.

6. Differences of air temperature inside and outside

the forest

Figure 8 shows diagrams of diurnal seasonal changes
similar to those in Fig. 4: (a) temperature differences
between inside and outside the forest, (b) grassland and
above the forest (middle), and (c) the top and bottom
of the tower. It is obvious that the daytime surface air
temperature outside the forest is warmer, by more than
1.5°C, especially in the warm season (Fig. 8a). The dif-
ference exists even in the winter season with snow cover,
suggesting that the snow surface temperature may differ
inside and outside the forest. After February, a bimodal
temperature difference appeared by reducing the differ-
ences around noon indicating that direct radiation at the
forest floor with a large solar elevation angle may provide
uniform snow or ground surface temperature. The noc-
turnal temperature was sometimes warmer in the forest,
but the difference amount was small. The temperature at
the grassland is warmer than that above the forest in the
daytime (Fig. 8b), and this tendency was strengthened by



Kenichi UENO, Seiya UEDA, Ryuji KANAI, Daisuke MASAKI, Miyuki SATO, Son RIN and Mitsuru HIROTA

a)s1-T2 b)51-T6 c)TG-TIZ
May30 FEET] EEE | 3
S | |3
July 18 - ¥ e
Missing
= SRlE
Sep.6 | & .’ =
Oct.26 - = =
;: f— ] m—— OC
Dec. 18 ' = £ - C—= b
:. = o ~ ~= f 1.5
Feb.3 |- =% FRE=e o L.
;El +_' 0.8
Mar. 25 o - r 18
2 j| ==\.
May14 1o e O S M,
102 1020 1020
Time Time Time

Figure 8 Same as Fig. 4, but for temperature differences
for a) S1 (grassland) to T2 (tower bottom in the
forest), b) S1 (grass land) to T6(tower top), and
¢) T6 (tower top) to T2 (tower bottom).

more than 1°C after leaf fall. We suspect that a cold air
intrusion from the forest may have reduced the air tem-
perature differences between S1 and T6 during summer,
when broadleaves provide shade from the radiation at the
upper forest. In Fig. 8c, the upper temperature was warm-
er than the lower one in the summer daytime, however,
the gradient reversed after leaf fall in the end of October.
This would be due to warming of the lower air temper-
ature by tree stems. During the nighttime, days of large
air temperature differences between S1 and T6 coincided
with those between T6 and T2, indicating that cooling at
the tower bottom induced both temperature differences. A
cold gravity current may prevail into the forest and cause
the temperature differences. An ultra-sonic anemometer
needs to be employed to detect the gravity current.

7. Summary

Air temperature variabilities inside and outside the
forest were analyzed via one year of continuous obser-
vation using a canopy access tower in a red pine forest
and an AWS in an adjacent grassland. A large daytime
temperature gradient in the upper layer of the forest and
a reversed gradient after October indicated warming of
tree crowns due to insolation and the effects of leaf ab-
scission. According to the monthly base leaf-trap obser-
vation, broadleaf trees in a mixed-tree forest shed leaves
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and change the radiation budget in the upper forest. In the
middle to lower levels, a nocturnal temperature inversion
sometimes developed after October without temperature
differences inside and outside the forest. Nocturnal grav-
ity currents due to mountain-slope radiative cooling may
prevail not only in the deforested area but also in the for-
est after the falling of leaves in the whole neighborhood.
At the forest floor, Sasa albo-marginata was another im-
portant daytime heat source in warm season.

On fair-weather days without precipitation in the warm
season, a wind system dominating south-northwest com-
ponent was observed at tower top that corresponding to
the running direction of large-scale concave topography
between the Ueda and Nagano basin, and the component
of local mountain-valley circulations along the slope of
Mt. Neko was not dominant. On the other hand, the wind
system in the forest was weak but showed evident diurnal
changes over the Sasa albo-marginata, such as daytime
southerly winds from the direction of Sugadaira-guchi, a
gateway to the Ueda basin, and nighttime northeasterly
winds from the direction of Mt. Neko. The net radiation
at the tower top was almost 150 W/m? greater than that at
the grassland outside the forest due to a decrease of more
than 10% in the daytime albedo. As the solar elevation
angle increased at noon, insolation reached to the lower
level of the forest, and then the temperature gradient at
the top was diminished, and the gradient at the second
level increased. This tendency was more evident after the
falling of the leaves. In winter, the temperature gradient
at the middle level of the forest showed a rather compli-
cated signal, and the effects of snow cover captured by
tree branches or leaves were expected. Air temperature
data definitely indicated the effects of intra-seasonal for-
est phonological changes. Further automatic observation
of the leaf area index (LAI) at different elevations is
needed to capture and explore weekly forest phonological
changes. The diurnal variation of heat storage of air in the
forest was primarily reduced by the occurrence of precip-
itation and a shortage of downward shortwave radiation
due to cloud amount increases. Vertical mixing of air in
the forest was infrequent even the wind speed over the
forest was high. This study demonstrated that even the
forest was categorized as pine tree area; broadleaf trees
determine the radiation budget in the forest and change
temperature profiles. Especially, year-to-year variability
of LAI changes in the autumn and spring seasons should
be identified with nation-wide scale climate variability.

At the forest floor, a weak but evident diurnal variation
of winds was observed over the Sasa albo-marginata,
such as southerly daytime flow and northeasterly noc-
turnal flow from the mountain side. Daytime tempera-
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ture differences between the grass field and tower top
increased after leaf abscission. We speculated that the
grassland summer temperature was suppressed by the
advection of cool air due to valley winds blowing through
the forest. Many mountain site observatories are set in
an open space surrounded by forests. Therefore, the data
may be strongly affected by the advection from the forest
where the signals of climate variability are modulated.
Pair observation of the microclimate above and outside
the forest is needed to evaluate both the local and synoptic
factors at once. After autumn, the surface inversion layer
frequently prevailed both inside and outside the forest at
night. Ueno et al. (2015) observed frequent development
of needle ice after the clear-cutting of a mountain forest
in winter due to the enhancements of nocturnal radiative
cooling and the daytime direct solar radiation at the sur-
face. The leaf abscission in autumn may also enhance the
diurnal heat budget at in the entire mountain slope and
modulate basin scale local atmospheric circulations.
From an ecosystem point of view, intermittent forest
succession is triggered by disturbances (Oliver and Lar-
son, 1990). Disturbances by means of weather variability
correspond with extreme events, such as a heat wave,
storm, heavy snow, rain, or associated flooding. Some
dominant species in the open area by disturbances, such
as Alnus hirsute or Betula, show a faster elongation rate
than do species in a the closed forest, such as Aesculus
turbinata or Fagus (Ishida, 1992). On the other hand,
experimental relations between the opening ratio and
growth ratio in the open area change depending on the
species (Gutiérrez et al., 2004; Takahashi et al., 2013),
and a preferable environment for the species (a “niche”)
may vary depending on the species that promote forest
diversity (Grubb, 1977). According to this study, temper-
ature distribution in the forest is primarily controlled by
the radiation profiles that change diurnally and seasonally
depending on the structure of the forest. In other words,
it might be said that forests determine their own envi-
ronment of micro-climate during their life cycle. Further
investigations are expected to reveal which species are
more affected by which scale/timing of disturbances by
means of extreme weather events in the mountain areas.
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