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⼤気観測に基づく都市域CO2排出の起源別推定
気候変動対策に関する産総研の取り組み︓気候変動の「緩和」と「適応」の両輪

GZR研究施設（つくば⻄事業所）完成イメージ
https://www.gzr.aist.go.jp/intro/

https://www.aist.go.jp/aist_j/news/pr20200117.html

緩和に向けて︓ゼロエミッション国際共同研究センターの設⽴（吉野彰センター⻑）
Global Zero Emission Research Center, GZR

適応に向けて︓気候変動のモニタリングとその影響評価

創エネルギー・蓄エネルギー・省エネルギー・
資源循環等に係る研究ユニット（主⼒）

リスク評価・環境診断に係る研究ユニット

本⽇の話題︓緩和へのゼロエミ技術の社会実装時の評価に、⼤気モニタリングを応⽤する
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本研究の⼤気モニタリング対象︓酸素（O2）と⼆酸化炭素（CO2）

⼤気中O2濃度およびCO2濃度の変動要因

OR値
天然ガス︓1.95
⽯油 ︓1.44
⽯炭 ︓1.17
セメント︓ 0.0

例：メタン燃焼（〜都市ガス）
CH4 + 2O2 → 1CO2 + H2O

OR = -DO2/DCO2 = 2

溶解度
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⼤気中O2濃度とCO2濃度の観測例（つくば市産総研構内）
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例︓2012-2019年のグローバルCO2収⽀
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⼤気中のO2濃度とCO2濃度を組合せた解析から、

【経年変動成分】グローバルCO2収⽀（左図）

【短周期変動】 局所での濃度変動要因（上図）

【季節変動】 海からの酸素放出・吸収

などが得られるが、今回は局所の情報に着⽬。
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東京都渋⾕区代々⽊（東海⼤学代々⽊キャンパス）における⼤気中O2濃度と
CO2濃度、および鉛直CO2輸送量の同時観測

100 SOLA, 2015, Vol. 11, 100−103, doi:10.2151/sola.2015-024

Abstract
From November 2012 to October 2013, we measured the eddy 

covariance flux of carbon dioxide (CO2) in the middle of Tokyo, 
Japan. The study area is characterized as having low-vegetated 
mid-rise residence with some arterial roads. Contribution of human  
activities to the measured CO2 flux was evaluated by hourly in-
ventory analysis.

The study area serves as a net source of CO2 whose annual 
total was +4300 gC m−2 yr−1. The resulting diurnal CO2 flux has 
one peak in the morning and one in late evening. This diurnal am-
plitude is larger in winter and also larger on weekday. An hourly 
inventory analysis for winter shows that the morning peak arises 
from both traffic and household gas use, whereas the evening peak 
arises from just the household gas. The significant difference in 
the morning flux between weekday and holiday should be attribut-
ed to the traffic emission.

(Citation: Hirano, T., H. Sugawara, S. Murayama, and H. 
Kondo, 2015: Diurnal variation of CO2 flux in an urban area of 
Tokyo. SOLA, 11, 100−103, doi:10.2151/sola.2015-024.)

1. Introduction

The Earth’s carbon cycle is an urgent climate research topic, 
particularly the surface emission of carbon dioxide (CO2). Large 
contributions of global emissions should be from cities. However, 
cities present a particularly complex system consisting wide vari-
ety of land-cover and human activities, so it is difficult to estimate 
the emissions there. A promising method of inversion-analysis 
for estimating the surface sources/sinks uses concentration 
measurements and an atmospheric transport model, and has 
been used to estimate the emission distribution over the building 
scale (Cambaliza et al. 2013) as well as the global scale (e.g., 
Maksyutov et al. 2013).

However, results of such an inversion-analysis method, as well 
as its inputs from the emission inventory must be validated using 
direct measurements of CO2 flux on the ground. In such tests, the 
point-measured flux should be scale-matched to the larger spatial 
and temporal scale in the inversion analysis, and such matching 
requires knowledge of the spatial distribution and diurnal varia-
tion of CO2 flux. Complexity of urban system makes it difficult to 
inquire the diurnal-variation of the CO2 flux, as well as its daily/
annual totals. Velasco and Roth (2010) reviewed the studies of this 
topic, and concluded that the diurnal pattern of urban CO2 flux 
varies in each observation sites. Anthropogenic emission should 
vary among each city, and another possible reason for the discrep-
ancies is that the emissions from fossil-fuel use are offset by CO2 
absorption of urban vegetation. For example Coutts et al. (2007) 
argued that the very different diurnal variations of CO2 flux in two 
urban areas could be attributed to the areas' different area-ratio of 
vegetation. Thus, it is necessary to clarify relative contribution of 
the factors controlling the diurnal variation of urban CO2 flux.

Several previous studies have used inventory analysis to clar-
ify how various emission sources contribute toward the measured 
fluxes (e.g. Moriwaki and Kanda 2004, hereafter MK04; Helfter 
et al. 2011; Christen et al. 2011). These studies, however, focused 
on seasonal variations, not diurnal-scale variations. Revealing 

the controlling factors of diurnal scale variations is still limited 
(Velasco et al. 2009; Ward et al. 2013; Ward et al. 2015; Lietzke 
et al. 2015).

Since the spatial distribution of land use and human activities 
in urban cities are heterogeneous, it is difficult to estimate the 
representative emission amount in urban area. MK04, previous 
findings in Tokyo, measured the CO2 flux in residential area using 
eddy covariance method. Around their measurement site the total 
green cover ratio was 20.6% so that vegetation was probably one 
of the controlling factors for the measured flux. Moreover, the flux 
source area does not include any arterial roads. Here we measured 
CO2 flux in a residence area in Tokyo which includes very small 
fraction of vegetation and two arterial roads. Our study, together 
with MK04, would contribute to inquire the representative emis-
sion in Tokyo.

The purposes of this study are 1) to clarify the diurnal varia-
tion of the CO2 fluxes year-round in Tokyo, Japan, and 2) to eval-
uate the diurnal contribution of human activities to the measured 
CO2 flux.

2. Observation

The study area is a compact, mid-rise residential area in 
Yoyogi, Tokyo, Japan (35.66°N, 139.68°E) (Fig. 1). The instru-
ments were installed on a roof-top tower (52-m above ground, 
25-m above roof). See Fig. 2 for the sensor setup. In this area, the 
mean height of the buildings is 9-m, and therefore the instruments 
are located above the roughness sublayer in the building canopy 
(Roth 2000). The sonic anemometer (WindMasterPro II, Gill) 
and an open-path infra-red gas analyzer (LI-7500A, LI-COR) 
measures the turbulence and turbulent fluctuation of both CO2 
and water vapor at 10 Hz. These instruments are 1.4-m horizon-
tally apart from the mast (17-cm diameter) on the northeastward 
horizontal boom. A test of the momentum flux found that the flow 
distortion by the mast does not significantly influence the turbu-
lence data except at a wind direction of southwest, where the mast 
partly obstructs the wind.

Figure 1 is overlaid with the typical flux footprints in winter 
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Fig. 1. The study area (upper left panel, aerial photo from the Geospatial 
Information Authority of Japan). The ovals show typical flux footprint in 
winter (blue: December to February) and summer (red: June to August). At 
upper right panel, the filled circle is the location of the measurement area 
and the hatched area indicates a densely inhabited district. The bottom 
panel shows the measured area seen from the tower.

Hirano et al. (2015 SOLA)
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鉛直輸送量
(フラックス)の
フットプリント

鉛直CO2輸送量（CO2フラックス︓Fc）を渦相関法により観測
都市キャノピー上の２⾼度で⼤気中O2濃度とCO2濃度を観測、⾼度差DO2、DCO2を算出

Fc、 DO2、DCO2の関係（傾度法）
Fo = -K DO2/DZ
Fc = -K DCO2/DZ
→ ORF = -Fo/Fc = - DO2/DCO2

Hirano et al. 
(2015 SOLA)

Ishidoya et al. 
(2020 ACP)

Fo ︓鉛直O2輸送量
K ︓鉛直渦拡散係数
ORF︓鉛直輸送のOR（O2:CO2交換⽐）
不確かな拡散係数を使⽤せずにORFを導出可能︕

東海⼤学代々⽊キャンパス内観測タワー



都市ガス 石油 人間呼吸

CO2O2

OR = 1.44

未知量 未知量 人口統計

大気のO2濃度とCO2濃度の高精度観測

2016�12
�����O2�CO2�

���������
�OR��
	���

OR = 1.2OR = 1.95

ORF︓観測
都市キャノピーから⼤気に排出されるCO2（鉛直CO2輸送量）の起源別推定法の考案

都市キャノピー内

都市キャノピー外鉛直O2
輸送量

鉛直CO2
輸送量
（観測）

代々⽊サイトの鉛直CO2輸送のフットプリント内の植⽣⾯積は⼗分に⼩さく、⽯炭消費やセメント⽣産
の影響は無視できるため、⼈間呼吸量を統計量から与えることで、O2とCO2の収⽀式から『都市ガス』
と『⽯油』の消費に伴うCO2排出量を分離評価できる。

S. Ishidoya et al.: O2 : CO2 exchange ratio for net turbulent flux 5303

Figure 7. ORF calculated by applying Deming regression fitted to
1 d (gray open circles) and 1-week (black closed circles) successive
1O2 and 1CO2 values. Also plotted are ORatm calculated by ap-
plying Deming regression fitted to 1 d (light red open circles) and
1-week (dark red closed circles) successive O2 and CO2 deviations
from their baseline variations shown in Fig. 3. OR values expected
from the consumptions of gas, liquid and solid fuels and land bio-
spheric activities are also shown.

have also been updated from the original data published by
Hirano et al. (2015). We can then proceed to separate out
the CO2 flux from gas and liquid fuel consumption by using
Eq. (4), followed by Eqs. (5)–(6):

FO = �(ORG ⇥ FG + ORL ⇥ FL + ORR ⇥ FR) , (5)
FC = FG + FL + FR, (6)

where FG, FL and FR (µmol m�2 s�1) represent the CO2
fluxes from gas and liquid fuel consumption and human res-
piration from the urban area to the overlaying atmosphere,
and ORG, ORL and ORR are the OR values for gas and liq-
uid fuel consumption and human respiration, respectively.
We use 1.95, 1.44 and 1.2 for ORG, ORL and ORR, respec-
tively. For this analysis, it is assumed that the contributions
from solid fuel consumption and terrestrial biospheric activ-
ities are negligible, given the fact that in the flux footprint
area, significant solid fuel consumption is absent and the veg-
etated area is relatively small. We also assume an ORR value
of 1.2 as an intermediate value of the reciprocal of respiration
quotients for carbohydrates, lipid and protein. We use the FC
observed by the eddy correlation method and the FR obtained
from the CO2 emission inventory to estimate FG and FL.

Figure 9 shows average diurnal cycles of the observed to-
tal CO2 flux and the CO2 flux from gas and liquid fuel con-
sumption estimated from Eqs. (4) to (6) for each season. The

average diurnal cycles of the inventory-based total, gas, traf-
fic and human respiration CO2 fluxes are also shown in the
figure. As seen in Fig. 9, similar diurnal cycles with two
peaks are found in both the observed and inventory-based
total CO2 fluxes for all seasons. Two peaks of the diurnal cy-
cles are also found in the diurnal cycles of the estimated and
inventory-based CO2 fluxes from gas consumption; however,
the evening peaks of the inventory-based flux in MAM, JJA
and SON are clearly larger than the estimated values. It is
also seen from the figure that the diurnal cycles of inventory-
based traffic CO2 flux do not change significantly through-
out the year, while those of the estimated CO2 flux from liq-
uid fuel consumption show large variabilities, especially in
the morning. Such variability may be caused by the smaller
1O2 and 1CO2 values observed during the daytime, com-
pared to those in the nighttime, as well as a rapid change in
the atmospheric stability after the daybreak. The actual diur-
nal cycles of liquid fuel consumption do not seem to change
significantly throughout the year, considering the results of
the inventory-based traffic CO2 flux. We therefore consider
the standard deviations of the seasonal diurnal cycles of the
estimated CO2 flux from liquid fuel consumption from the
annual average diurnal cycle to be the uncertainties for the
annual average cycle.

Figure 10 shows the same diurnal cycles of the observed,
estimated, and inventory-based CO2 fluxes as in Fig. 9 but
for the annual average cycle. The observed total CO2 flux
is found to be significantly smaller than the inventory-based
flux in the evening. Similar discrepancy was also seen in
our previous study (Hirano et al., 2015). The main cause
of this discrepancy in the evening is likely the much larger
inventory-based CO2 flux from gas consumption than the es-
timated flux. The estimated CO2 flux from liquid fuel con-
sumption is somewhat larger than the inventory-based traf-
fic CO2 flux in the evening, thus contributing to the above-
mentioned discrepancy to some extent. Although the uncer-
tainty in the estimated CO2 flux is large in the morning, the
observed peak of the estimated CO2 flux from gas fuel con-
sumption early in the morning and the gradual increase in
the estimated CO2 flux from liquid fuel consumption over
the same time period can be distinguishable. Such temporal
variations of the estimated CO2 flux are reasonable since gas
fuel consumption for domestic heating and cooking should
increase early in the morning and liquid fuel consumption
from the traffic should increase during the morning com-
mute. Consequently, it is confirmed that the simultaneous ob-
servations of the ORF and CO2 flux are useful in validating
the CO2 emission inventories developed based on statistical
data. However, as shown in Figs. 8–10, a large number of
1O2 and 1CO2 measurement data are needed to derive re-
liable ORF based on an aerodynamic method. If we measure
O2 concentration with high time resolution to determine net
turbulent O2 flux by an eddy correlation method, then it will
be possible to derive high-time-resolution ORF as a ratio of
the observed O2-to-CO2 fluxes. Such an innovative technique

www.atmos-chem-phys.net/20/5293/2020/ Atmos. Chem. Phys., 20, 5293–5308, 2020

Ishidoya et al. (2020 ACP)



代々⽊サイトでの⼤気中O2濃度、CO2濃度および鉛直CO2輸送量の観測結果

2016年3⽉〜2017年9⽉の観測結果 2016年12⽉16〜23⽇の観測結果

O2濃度

CO2濃度

O2濃度⾼度差

CO2濃度⾼度差

鉛直CO2輸送量

拡⼤

CO2濃度が増加する時にO2濃度が減少する短周期の変動が多数観測されており、同様の対応
は濃度の⾼度差にも⾒られている（冬季8⽇間の拡⼤図を右図に⽰す）。また渦相関法で観測
された鉛直CO2輸送量には、冬季に排出が極⼤となる季節変動が⾒られる。



⼤気観測に基づく都市域CO2排出の起源別推定
代々⽊サイトで観測された季節平均のO2およびCO2濃度の⾼度差、

ORF、鉛直CO2およびO2輸送量の⽇内変動

春夏秋冬の四半期毎に観測データをComposite
した、各季節の平均的な⽇内変動を⽰す。

O2濃度およびCO2濃度の⾼度差は夜間に⼤き
く、季節的には冬季に⼤きい。

ORFは夜間に⾼く⽇中に低い値を⽰し、季節的に
は冬季に⾼い値を⽰す。総じて、天然ガス消費
と⽯油消費のORの中間的な値である。

鉛直CO2輸送量はいずれの季節も都市から⼤気へ
の排出であり冬季が最⼤で、午前と夜間に極⼤
を⽰す。

鉛直CO2輸送量にORFを乗じて算出される鉛直O2
輸送量（⼤気O2の消費量）は、グローバルな⼤
気中O2濃度減少における単位⾯積当たりのO2消
費量の、数百倍の⼤きさである。

O2濃度⾼度差

CO2濃度⾼度差
春夏
秋冬

ORF

鉛直CO2輸送量

鉛直O2輸送量（-Fc x ORF）



⼤気観測に基づく都市域CO2排出の起源別推定冬 春

夏 秋

トップダウン法の結果を、代々⽊近郊の交通量と家庭・飲⾷店の都市ガス消費統計によるCO2排出量と⽐較
すると、夜間の都市ガス消費における違いが顕著であり、そのため統計量に基づく評価では代々⽊街区の
CO2排出量が過⼤に⾒積もられていることが⽰唆される。また誤差は⼤きいものの、給湯・調理に伴う早朝
の都市ガス消費のピークや、通勤時間帯の交通量増加による午前中の⽯油消費の漸増も⾒て取れる。

代々⽊におけるCO2の起源別排出量の⽇内変動
– ⼤気観測によるトップダウン法と統計量に基づくボトムアップ法の⽐較 –



今回の⼿法では⼈間呼吸量を統計データから算出しているが、今後、国⽴環境研究所が⾏っている放射
性炭素同位体⽐等の観測も組み合わせて化⽯燃料起源と⽣物起源のCO2排出量を分離し、⼤気観測だけ
で⽯油・都市ガス・⼈間呼吸による排出量を分離して評価できる⼿法の開発を⽬指す。

https://www.aist.go.jp/aist_j/news/pr20200117.html

モデル地区で
の社会実装

⼤気観測に基づく
トップダウン法による検証

統計量に基づく
ボトムアップ法による評価

CO2排出量の減少
製造？運輸？発電？
⽯油？ガス？⽯炭？

⼤気観測に基づき⾃動⾞と都市ガス由来のCO2排出量を街区スケールで分離評価することが
可能となった。⼿法の更なる⾼度化を図ることで、ゼロエミッション技術の社会実装時に、
そのCO2削減効果を燃料種・産業部⾨別に検証するためのツールになることが期待される。


