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It is known that the physical and biological processes that occur at the surface of terrestrial vegetation interact
with the atmosphere. While research tends to focus on either the impact of the atmospheric processes on the
ecosystem or vice versa, there is a profound need to study ecosystem processes in the vegetation surface-atmosphere
coupled system. This paper aims to review a certain subject matter where mutual influences between vegetation and
atmosphere are expected with respect to carbon cycle and energy balance to better understand this need to
investigate this coupled system. Finally, derivations of basic equations for a clear-sky one-dimensional (1D) planetary
boundary layer (PBL) model and a regional atmospheric model are introduced as they are useful tools to investigate the
interactions between vegetation and the atmosphere.

熱や CO2 の輸送を介した植生-大気境界層の
相互作用に関する研究動向
伊川 浩樹1)
陸域生態系の物理・生物的なプロセスが大気のプロセスと相互作用を持つことはよく知られている．
一般的に個々の研究は，大気が生態系の植生に与える影響，もしくは植生が大気側へ与える影響のど
ちらかに特化することが多い．一方で，大気と生態系を一つの系とみなす研究は昔から重要視はされ
ているが，そのような研究は未だに発展途上である．本レポートで，陸域生態系の炭素循環とエネル
ギー収支に関して，大気との相互作用を考慮することが重要であると考える，いくつかのテーマに対
する文献調査をおこなった．さらに、植生─大気相互作用を研究する上で有用なツールである，一次
元の大気境界層モデルと領域気象モデルの風速場に関する，基本的な式の導き方について紹介する．
キーワード：植生─大気相互作用，水循環，気候変動，土地利用，雲の生成
Vegetation-atmosphere interaction, Hydrological cycle, Climate change, Land use distribution, Cloud
formation

1. Background

Richardsonʼs original scheme of stomatal resistance, but
significant advances have been made in the field of land-

More than two decades ago, Entekhabi (1995) wrote

atmosphere interaction. Vegetation-atmosphere inter-

in his review article that scientists still use Lewis F.

action research has gained an increasing amount of

連絡先
伊川 浩樹
農研機構・農業環境変動研究センター
〒305-8684 茨城県つくば市観音台 3-1-3
Tel. 029-838-8239

e-mail：hirokiikawa@affrc.go.jp
⚑) 農研機構・農業環境変動研究センター
Institute for Agro-Environmental Sciences, National
Agriculture and Food Research Organization, Tsukuba,
Japan

2

伊川 浩樹

attention in the past few decades to link ecosystem and
environment studies with different spatial and temporal

2. Hydrological Cycle

scales. For example, a received energy on Earthʼs

Water flows continuously among different reser-

surface is distributed to sensible and latent heat fluxes

voirs on Earthʼs surface and in the atmosphere, whereas

that in turn heat or moisten the planetary boundary

water flow and the state of each reservoir are strongly

layer (PBL). Furthermore, a sensible heat flux (more

interrelated to each other and influenced by the local

accurately buoyancy flux) modifies the PBL height,

energy balance. When estimating evapotranspiration

which affects the budget of heat, vapor, and other gases

from the land surface, not only the moisture status of the

in the atmosphere that in turn regulates surface fluxes.

vegetation surface, but also the net impacts on the

These studies have proved that more appropriate

humidity level in the atmosphere and the resultant

boundary conditions must be considered, namely, the top

change in the partition of net radiation must be

of the PBL rather than the interface between the

considered.

atmosphere and vegetation (Margulis and Entekhabi,

Sensitivity analysis with relatively simple land

2001a). Here, I define a coupled system as an integrated

surface and atmospheric models has successfully identi-

system where the atmosphere and an ecosystem

fied a number of unique hydrological processes.

interact. Nonetheless, it is useful to assume a simple

Margulis and Entekhabi (2001b) developed an adjoint

system for investigating each process within the

framework for a simple land surface and boundary layer

boundary layer. Therefore, a majority of recent studies

model. This adjoint framework is useful in efficiently

still implicitly rely on the assumption of an uncoupled

identifying the sensitivities of state variables (e. g.,

system where the atmospheric and ecosystem processes

evapotranspiration) to both temporally fixed and variable

occur separately. The difficulty of investigating the

parameters and their pathways, which are the compo-

coupled system in an individual study has been a

nents of the net effect. With the developed adjoint

significant challenge in the advancement of vegetation-

model, a sensitivity analysis has been conducted for

atmosphere interaction research. In this paper, I aim to

latent and sensible heat fluxes with and without

review a certain subject matter where mutual influences

accounting for boundary layer feedback (Margulis and

between the atmospheric forcing and vegetation feed-

Entekhabi, 2001a). Their sensitivity demonstrated that

back are evident. By so doing, I hope to better

the results were clearly different between the coupled

understand the importance of investigating vegetation-

and the uncoupled cases. Specifically, the net effects of

atmosphere interactions in coupled systems in future

a perturbation on the canopy temperature and ground

research. Note that from a perspective of the land

temperature were dampened when feedbacks to the

surface, I use forcing as an atmospheric effect on

atmosphere was considered. They noted, however, that

vegetation and feedback as vegetation and entrainment

it is still challenging to obtain a clear consensus

effects on the PBL. Our knowledge constrains this

regarding the important parameters that control the

subject matter review to ecosystem- and regional-scale

feedback loops based on case studies.

studies on energy balance and carbon dioxide (CO2) in

A combination of the Penman-Monteith equation

terrestrial ecosystems. It is important to note that

and an atmospheric PBL model (e.g., McNaughton and

relevant and important studies have also been conducted

Spriggs, 1986), is one of the simplest modeling ap-

at the global scale (Manabe and Wetherald, 1967; Saito et

proaches used to investigate vegetation-atmosphere

al., 2004). Marine systems also affect the atmosphere

interactions. van Heerwaarden et al. (2010) quantita-

over the land (Sato and Sugimoto, 2013), and other trace

tively analyzed forcing and feedback effects on the

gases and volatile organic compounds (e.g., Miyazaki et

diurnal patterns of evapotranspiration in two contrasting

al., 2016; Mochizuki et al., 2015; Vilà-Guerau de Arellano

temperature environments. A single time derivative

et al., 2011) are also important considerations in

equation of the Penman-Monteith equation coupled with

vegetation-atmosphere research.

the PBL model was employed. Thus, the sensitivity of
the dependent variable (e.g., evapotranspiration) to each

Review on Vegetation-Atmosphere Interaction Research

independent variable in the equation can be evaluated by
the ratios of their derivatives with respect to time.
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3. Climate Change

Their model simulations showed that even though the

According to the classical theory of ecological

total effect of boundary layer feedback (temperature and

research (e. g., Connell and Sousa, 1983), when the

moisture fluxes from the land surface and entrainment)

intensity of perturbation exceeds a certain threshold in a

was similar between the two environments, the effect of

particular ecosystem, an alternative stable state, if it

adding or removing moisture had a more significant

exists, appears as the integrative results of different

effect in cooler environments compared to the effect in

processes across the atmosphere and biosphere. It is,

warmer environments, which is reasonable according to

therefore, important to understand the processes that

the Clausius-Clapeyron relationship.

are often overlooked owing to other competing factors in

Similar model-based approaches in the framework

order to accurately understand the future trajectory of

of a regional atmospheric model have been conducted by

the vegetation-atmosphere coupled system under chang-

Santanello and his colleagues (Santanello et al., 2015,

ing climate conditions.

2013, 2011, 2009, 2007). Santanello et al. (2013) eval-

One example where an alternative stable state likely

uated the performance of the NASA Unified Weather

occurs under climate change as the result of changing

Research and Forecasting model (NU-WRF; Peters-

equilibrium among competing factors can be seen in the

Lidard et al., 2015) by coupling three land surface model

case of different species compositions with different

(LSM) schemes and three PBL schemes plus offline LSM

interactions with the atmosphere (Baldocchi et al., 2000;

spin-ups (nine combinations) during dry and wet

Ikawa et al., 2015; Kobayashi et al., 2018; Nagano et al.,

conditions in the southern Great Plains region of the

2018; Tsuyuzaki et al., 2008). Eddy covariance is a

United States. NU-WRF was run with a high spatial (～1

popular technique that is used to quantitatively under-

km) and temporal (～5 s) resolution for one week with

stand ecosystem responses to the environment. With

LSMs spun up offline to provide initial land surface

the aid of ecosystem models, eddy covariance data have

conditions. Santanello et al. (2013) compared surface

been utilized to delineate a particular process that

heat fluxes (sensible, latent, and ground heat fluxes), air

contributes to surface fluxes (Katul and Albertson, 1999;

temperature, humidity, PBL height, and the lifting

Lai et al., 2002; Ono et al., 2013; Ueyama et al., 2016).

condensation level (LCL) deficit across the various

Carbon and oxygen isotope techniques can also be used

simulations and observations.

to understand the role of different ecosystem compo-

Their results included the following:

nents (e.g., Murayama et al., 2010; Wei et al., 2017, 2015).

・Surface heat fluxes varied more with the choice of
LSM than with the PBL schemes.

Eddy covariance can also be useful for targeting a
particular ecosystem composition (e. g., forest under-

・The difference in the surface heat fluxes between

story) (Baldocchi et al., 2000; Black et al., 1996; Falk et al.,

the coupled and the offline models was greater

2005; Helbig et al., 2016; Iida et al., 2009; Ikawa et al.,

during wet regimes because shortwave radiation

2015).

was overestimated owing to the inadequate representation of cloud formation.

Ikawa et al. (2015), for example, conducted eddy
covariance flux measurements for a sporadic black

・Both LSM and PBL schemes impacted the air

spruce forest in Alaskaʼs interior (Fig. 1) as well as the

temperature, humidity, and LCL deficit, but the

understory compartment, which accounts for more than

impact of the PBL was greater during wet regimes.

half of the areal fraction estimated by a flux footprint

・Model outputs such as reanalysis data are useful for

analysis. The major findings included the following: (1)

investigating land-atmosphere interactions.

the understory contributed to about half (40-80%) of the
ecosystem CO2 fluxes and an even greater fraction
(50-98%) of surface energy fluxes and (2) the ecosystem
and understory fluxes exhibited different responses to
vapor pressure deficit. The results suggest that the

伊川 浩樹
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(a)

(b)

Fig. 1. Eddy covariance systems (Japan Agency for Marine-Earth Science and Technology, International Arctic Research Center
supersite, registered as US-Prr in FLUXNET) in a sporadic black spruce site (Ikawa et al., 2015; Nakai et al., 2013; Suzuki et al.,
2015) for the ecosystem (a) and for the understory (b).

understory with the current species composition may be

the wetland compared to the mixed boreal forest. The

more vulnerable to extreme wet or dry conditions than

simulation also indicated that the greatest cooling effect

black spruce trees, at least in the short term (e. g., a

was simulated during the snow cover period, likely

season).

because the high albedo resulted in a low sensible heat

Similarly, Helbig et al. (2016) conducted an eddy

flux. They noted that their simulation was limited

covariance measurement for a landscape of a jack pine

because the feedback effects to the atmosphere on the

forest in southern Taiga in Canada and for a permafrost-

surface fluxes were not considered.

free wetland, which has been expanding in the forest.
Their observations indicated that the wetland exhibited
a higher albedo in the snow cover season, a greater latent

4. Land Use Distribution: Irrigated Fields

heat flux, and a lower sensible heat flux compared to the

Land use distribution and its impact on the

landscape. They further investigated the potential

atmospheric environment have been investigated in the

impact of the conversion of a mixed boreal forest to a

context of land management, environmental change, and

homogeneous wetland on the potential temperature and

the combination of the two (Baldocchi and Ma, 2013;

water vapor in the PBL using a clear-sky PBL model

Baldocchi et al., 2016; Bonan et al., 1992; Hemes et al.,

(McNaughton and Spriggs, 1986). They utilized ob-

2018; Law et al., 2018). Aside from greenhouse gas

served surface fluxes as the boundary conditions of the

effects, the atmospheric impacts of a vegetation surface

model, and the model simulations indicated that the

are primarily determined by the surface heat fluxes

potential air temperature was lower, the water vapor

(Santanello et al., 2013). However, the partition of

pressure was greater, and the PBL height was lower for

energy and its atmospheric impact are complex. For

Review on Vegetation-Atmosphere Interaction Research
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Fig. 2. Mase Rice Paddy Site, one of the oldest continuous eddy covariance sites in Japan.

example, increasing the aerodynamic conductance

rice paddy fields (Dong et al., 2016; Kuwagata et al., 2014;

generally lowers the Bowen ratio, resulting in a cooling

Yokohari et al., 2001). However, Chen and Jeong (2018)

effect (Hemes et al., 2018; Chapter 6 in Kondo, 1994); on

reported that the average daily air temperature was

the other hand, a high rate of heat transfer could warm

higher in the irrigated areas compared to nonirrigated

the atmosphere when the availability of moisture is

ones during the dry seasons on the North China Plain

limited (Baldocchi and Ma, 2013; Chapter 6 in Kondo,

owing to warm temperatures at night.

1994). A cooler (warmer) land surface does not

The spatial distribution of air temperature and

necessarily indicate a cooling (warming) effect on the

humidity near agricultural fields and other land uses

atmosphere, and the mixing between the surface and the

have been reported in Japan (Kuwagata et al., 2018, 2014;

atmosphere must be considered (e.g., Okada et al., 2014).

Oue et al., 1994; Sakakibara et al., 2006; Yokohari et al.,

The partition of energy and its impact on the

2001). One of the important uses of such information is

atmosphere in the context of land use distribution have

in the evaluation of whether and to what extent publicly

been investigated for irrigated agricultural fields. The

available data from local meteorological stations are

impacts of irrigated fields on the atmosphere have long

useful for agricultural management. With a meteoro-

been recognized (Holmes, 1970). In particular, rice

logical data set obtained from one of the meteorological

paddy fields distribute a large fraction of the received

stations of the Japan Meteorological Agency (JMA) and

energy to evapotranspiration instead of a sensible heat

from an adjacent crop field in the city of Kumagaya

flux (e. g., Ikawa et al., 2017). Ikawa et al. (2017)

(known for its high temperature in summer), Kuwagata

estimated the fraction of latent heat flux in net radiation

et al. (2014) compared air temperature between the two

to be 0.73 on average for 13 crop seasons on the basis of

sites for three years. The result revealed that air

the data collected at the Mase Rice Paddy Site, one of the

temperature in the rice paddy field was lower than that

oldest continuous eddy covariance sites in Japan (Fig. 2)

at the JMA site, and the difference was more pronounced

(Iwata et al., 2018; Mano et al., 2007; Miyata et al., 2005;

in the daily maximum temperature (＞1°C) when solar

Ono et al., 2015, 2013, 2008; Saito et al., 2005). Low air

radiation was high compared to the daily minimum

temperatures are, therefore, often recorded in areas near

temperature. Interestingly, the air temperature differ-

伊川 浩樹
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ence between the JMA site and a nearby forest in

Yoshida et al. (2012) simulated rice crop yields under

Kumagaya was known to be more pronounced in the

decreasing rice paddy field areas for two decades (1987-

daily minimum value than in the maximum value.

2006) for the island of Shikoku in Japan with a rice

Different local effects other than vegetation difference

growth model (Iizumi et al., 2009) and a nonhydrostatic

between the rice paddy field and the forest were not

regional atmospheric model (Saito et al., 2007). Their

ruled out for a reason of the temperature difference

simulation suggests that air temperature increased more

compared to the JMA site; however, these results

in the grid cells dominated by rice paddy fields than

suggested that plant function types play an important

others by five times owing to the decrease in the fraction

role in determining the meteorological conditions over

of the area of rice paddy fields. The daily maximum air

vegetation fields.

temperature in the farm lands increased more than the

Kuwagata et al. (2018) further continued their study

daily minimum air temperature over the simulation

and compared the air temperature and vapor pressure

period. The resultant decrease in the rice yield was

between a rice paddy field and another JMA site in the

0.27% (1,196t of rice production), which was likely due to

city of Tsukuba, where surface energy flux data were

the shortened growth period with a smaller amount of

available. Their main findings included the following:

total absorption of solar radiation. They also indicated

(1) air temperature was lower in the rice paddy field than

that their crop growth model and the regional model

at the JMA site, and the difference was primarily

were driven separately and suggested that considering

explained by the sensible heat flux; (2) the vapor

the fully coupled system with an accurate evaluation of

pressure was higher in the rice paddy field than at the

the latent heat flux would improve their model

JMA site, and the difference was primarily explained by

simulations.

the latent heat flux; and (3) the daily minimum

Even among irrigated agricultural lands, differences

temperature difference in the fallow season was likely

in crop types and varieties alter the interaction between

related to radiative cooling.

vegetation and the environment (Ikawa et al., 2018; Le et

For agriculture, consideration of the vegetation-

al., 2011). Based on the results of the Tsukuba free-air

atmosphere coupled system is particularly important for

CO2 enrichment experiment (Hasegawa et al., 2016;

estimating the plant body temperature. Yoshimoto et

Nakamura et al., 2012), Ikawa et al. (2018) estimated

2

al. (2011) constructed an energy balance model (IM

evapotranspiration for a high-yielding rice cultivar

PACT) to estimate the panicle temperature of rice plants

(Takanari) and a commonly grown cultivar (Koshihikari)

in the region of Kanto in Japan. The model was

under changing atmospheric CO2 concentrations using

performed for the year 2007 when unusually high air

an LSM that consisted of submodels for photosynthesis

temperatures were recorded with the atmospheric

(de Pury and Farquhar, 1997) and energy balance

forcing data estimated from a regional atmospheric

(Maruyama and Kuwagata, 2010; Maruyama et al., 2017;

model with the model biases corrected using the data

Watanabe, 1994). Our primary finding was that

obtained from local meteorological stations. They

Takanari had 4-5% greater evapotranspiration than that

demonstrated that the panicle temperature was a better

of Koshihikari, but the increase was countered by an

indicator for heat-induced spikelet sterility than the air

increase in CO2 expected in 50 years. We further

temperature. Although the atmospheric forcing data

coupled the LSM with the clear-sky PBL model

used in this study may not perfectly represent the

(McNaughton and Spriggs, 1986), which simulates the

condition of agricultural fields, this study successfully

PBL height and mean scalar quantity (e.g., temperature,

demonstrated the importance of estimating the thermal

humidity, and CO2) in the PBL. These parameters

environment of plant canopy by considering the energy

estimated by the PBL model were fed in the LSM, and

exchange between the atmosphere and vegetation and

surface fluxes by the LSM were used for the PBL model.

not solely by air temperature.

The computation was made by an explicit numerical

The integrative effects of atmospheric forcing and

method with a small time step (1 min). The model

land surface feedback ultimately affect crop production.

results suggested that the change in the cultivars or the

Review on Vegetation-Atmosphere Interaction Research
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Fig. 3. Simulated potential air temperature in the PBL (a) and canopy temperature (b) in the
hypothetical cases when Koshihikari or Takanari was extensively grown under the current CO2
concentration (390 mol mol-1) or atmospheric CO2 concentrations elevated by 200 mol mol-1
(eCO2). The figure was redrawn from the data in the research by Ikawa et al. (2018).

CO2 conditions has a clear impact on the canopy
temperature and air temperature in the PBL (Fig. 3).
Topography and aerodynamic roughness modulate

5. Cloud Formation and Surface Energy
Partitioning

vegetation-land interactions at an extensive spatial scale.

The net available radiation that a land surface

With a hydrostatic mesoscale atmosphere model, which

ecosystem receives is redistributed to sensible and latent

was developed by Kimura and Arakawa (1983),

heat fluxes. These fluxes, in turn, play a key role in

Watanabe and Shimoyama (2015) simulated wind vectors

determining the turbulence in the atmospheric boundary

over the Kanto Plain in Japan. The model simulation

layer, as well as the formation and characteristics of

successfully regenerated a wind convergence near the

boundary layer clouds. Moderate levels of cloud

city. However, the model did not simulate the wind

shading may increase photosynthesis in some plants by

convergence when the same aerodynamic roughness

increasing the diffuse radiation (Freedman et al., 2001;

was assigned for all land types. The value of such a

Mercado et al., 2009; Pedruzo-Bagazgoitia et al., 2017).

mesoscale model is used as a tool to implement a control

The cloud shading determined by the cloud optical depth

experiment over a large spatial scale. Watanabe and

has nonlinear effects on surface fluxes and, therefore,

Shimoyama (2015) further conducted a numerical

ecosystem feedback to the atmosphere.

experiment by hypothetically reducing the capacity of

The majority of the advancements in cloud-

evapotranspiration from the forest by half. One of the

vegetation interactions have been accomplished using

most noteworthy results of the hypothetical simulation is

the large-eddy simulation technique (Horn et al., 2015;

that basins displayed a particular increase in air

Vilà-Guerau de Arellano et al., 2014). In their seminal

temperature despite the absence of forests. The

work, Vilà-Guerau de Arellano et al. (2014) performed a

increased sensible heat flux in the mountains that

systematic numerical simulation to investigate how

surround the basins enhanced the valley breeze during

cloud shading affects energy partitioning of C3 and C4

the daytime. The valley breeze was compensated by

plants and in return affects cloud formation under two

the subsidence, which supplies adiabatically warmed air

competing factors (namely, the higher (lower) the

over the basin.

buoyancy surface flux, the higher (lower) the convection,
and the lower (higher) the evapotranspiration). A
particular emphasis was also placed on analyzing the
short time behaviors of stomatal conductance according
to the meta-analysis reported by Vico et al. (2011) and

伊川 浩樹
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how to mimic the perturbations of evapotranspiration

effect caused by evapotranspiration. Despite the dry-

measured by the scintillometer technique (van Kesteren

ing air in the PBL, the effect of increased humidity

et al., 2013). Sikma et al. (2017) further elaborated on

outweighed and formed clouds as the PBL developed.

this work by reporting that the pattern of such cloud

They estimated the ratio of entrainment to surface flux

formation depends on the atmospheric structure, which

of water vapor to be 1. 57. Davis et al. (1997) also

was primarily determined by background wind speeds.

displayed an image of the cross section of the aerosol-

Vegetation-atmosphere interactions and the resul-

laden PBL height, which provides us a visual sense of the

tant cloud formation also interplay with climate change.

PBL top characterized by the entrainment air and

In a model simulation study, Vilà-Guerau de Arellano et

convective cells.

al. (2012) suggested that elevated CO2 decreases

Upper atmospheric processes also affect the CO2

evapotranspiration via stomatal closure, which nega-

budget. Combe et al. (2015) compared the performan-

tively affects cloud formation.

ces of two coupled land surface and atmosphere models

Synoptic-scale meteorology also interacts with the

and used the one with a better agreement with

land surface and affects cloud formation. On the basis

observations to perform a sensitivity analysis of subsi-

of the simulation over an idealized terrain using a two-

dence and soil moisture with respect to meteorological

dimensional (2D) cloud-resolving model (Ogura and

variables, intrinsic water use efficiency (intrinsic WUE,

Yoshizaki, 1988), Shinoda and Uyeda (2002) demon-

ratio of photosynthesis and stomatal conductance), and

strated that rice paddy fields in eastern China supply

evaporation fraction (EF). The sensitivity analysis was

additional water vapor to the wet monsoon and generate

performed by either increasing subsidence or decreasing

shallow convective clouds. Shallow convective clouds

soil moisture, both of which are characteristics of a

further supply the moist to the troposphere, resulting in

drought period in the study region. Their findings

a condition that inhibits evaporation cooling of uplifted

showed that both changes in subsidence and soil

air and favors the formation of deep convective clouds.

moisture had a similar level of impact on the EF and
WUE in the short term (one day). In the case of

6. Upper-Atmosphere Processes

changed subsidence, the atmospheric CO2 concentrations within the boundary layer were strongly modu-

I mentioned earlier that the top of the PBL is an

lated by a decrease in the height of the boundary layer.

appropriate boundary condition that must be considered

Based on these results, they emphasized the importance

for vegetation-atmosphere interaction research. It is

of the upper-atmosphere processes in the vegetation-

important to be aware of how sensitive the processes

atmosphere system. They also added an insightful

within the PBL are to the prescribed boundary

discussion that although day-to-day variations of boun-

conditions in the upper atmosphere.

dary layer growth and entrainment are less important

Based on eddy covariance measurements on the

from an atmospheric state perspective, these processes

land surface and from aircraft (Electra) within the

can be important for a specific period of crop develop-

daytime PBL over boreal forests with the framework of

ment when plants are sensitive to heat and water

the Boreal Ecosystem-Atmosphere Study (BOREAS)

stresses.

(Sellers et al., 1997), Davis et al. (1997) reported flux

difference of) fluxes measurements at two levels spaced

7. Clear-Sky 1D Planetary Boundary
Model as a Tool to Analyze Vegetation
─ Atmosphere Interactions

over a significant fraction of the convective boundary

One of the difficulties in vegetation-atmosphere

layer.” One of their findings was that the flux divergence

interactions is that it is often not possible to obtain

of water vapor was positive throughout the day, which

information on all relevant processes based on observa-

indicates that the drying effect of the entrainment flux at

tion. Models are useful to estimate missing information

the top of the PBL was greater than the moistening

at best. Models are often useful in analyzing the impact

divergences for potential temperature and water vapor.
In their study, flux divergence was defined by “(the

Review on Vegetation-Atmosphere Interaction Research

of each process on the overall picture of vegetation-

9

(ws). Equation (2) is, therefore, rewritten as

atmosphere interactions.

 



The mixed-layer theory is one of the most powerful









(4)

tools used to investigate vegetation-atmosphere interac-

Under an ideal condition with a constant jump between

tions, and the theory is utilized in the aforementioned

the boundary layer and the entrainment (ce－cm = const.)

PBL models. Although its application is mostly limited

and no mean vertical velocity (ws = 0), combining Eqs. (1)

to 1D conditions with a developed PBL, it makes it

and (4) yields

possible to relate land surface processes to the state of
the PBL with simple formulations (Baldocchi and Ma,







(5)

2013; Combe et al., 2015; Helbig et al., 2016; Ikawa et al.,
2018; van Heerwaarden et al., 2010). Equations associ-

Equation (1) is then reduced to

ated with the PBL model based on the mixed-layer
theory were developed in the period from 1960 to 1980
(McNaughton

and

Spriggs,

1986;

Tennekes







(6)

and

Driedonks, 1981). Here, I introduce basic equations

Ikawa et al. (2018) used Eq. (6) for virtual potential

used in a clear-sky PBL model (McNaughton and Spriggs,

temperature, the mixing ratio of water vapor, and the

1986).

mixing ratio of CO2 concentration, whereas Eq. (5) was

A budget equation of a scalar (c) (e.g., temperature,

used for virtual potential temperature, assuming that the

humidity, and CO2) averaged over the mixed-layer (cm)

entrainment fluxes were zero and

can be written after the Reynolds decomposition as

potential temperature is 0.004 K m . For some details

follows:

and useful interpretations, I recommend Chapters 2 and




 

4 of Vilà-Guerau de Arellano et al. (2015) and Chapter 11



(1)

where h is the boundary layer height (m),

(unit of

scalarm s ) is a flux of c, and s and e denote the surface
－1

and the entrainment, respectively. Here, the equation



relates the land surface process



to cm in a very

simple way.



 , is provided either

by observation or by an LSM, additional equations are



of Stull (1988).

8. Governing Equations for a Regional
Atmospheric Model
8.1 General Equations
Here, I introduce how governing equations often

When the land surface flux,
needed for

of the virtual

－1



and h. In order to obtain the equation

used in a regional atmospheric model can be derived.
Starting with the conservation of momentum (e.g., Stull,
1988),

for h, the first derivative of the difference in c at the



capping inversion (ce － cm) over time is introduced as


















(7)

where U (U, V, and W) is the wind vector on the cartesian

follows:
 







(2)

coordinate (x, y, and z), g is the acceleration due to gravity
(m s－2), fc is the Coriolis parameter,

is the air density

The first term in the right-hand side (RHS) of Eq. (2) can

(kg m ), P is the pressure (Pa = kg m－1 s－2),

be rewritten as

kinematic viscosity (m s ), is the Kronecker delta, and

－3

2





(3)

is the

－1

is the alternating unit tensor.
The Boussinesq approximation assumes that the air

where we is the entrainment velocity and is the vertical

density varies linearly with temperature and that the

gradient of ce (unit of scalarm－1). The entrainment

density variation is important only in the buoyancy term

velocity (we) is defined as the balance between the

(see also Eqs. 17 and 18). With that assumption, Eq. (7)

boundary growth (dh/dt) and the mean vertical velocity

can be expanded into mean and turbulent components:
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hydrostatic assumption is still useful for a wide range of







research questions with relatively easy computations















(8)



















(9)



smaller than the fifth term,






 










(16)

  by Eq. (16)



(10)



  





(17)



is air density of average The Boussinesq approxima-

tion neglects buoyancy





),



yields


Assuming that the fourth term in the RHS is much









Rearranging and multiplying  

The Reynolds average yields


Watanabe and Shimoyama, 2015). For the z-component,
assuming a hydrostatic condition (



is the virtual potential temperature (K).

where

(Kimura and Arakawa, 1983; Kuwagata et al., 1994;

 





in the LHS and assumes

 . Therefore,





I rewrite the third term of the RHS in Eq. (10),



 

(18)

introducing the spatiotemporally averaged potential

For each x-, y-, and z-component, Eq. (15) with the

temperature ( ) and the Exner function (   

hydrostatic assumption can be written as

 







). T is air temperature (K), P0 is reference

pressure (=1000 hPa), R is the gas constant of dry air
(J kg－1 K－1), and Cp is the specific heat at constant
pressure (J kg－1 K－1). The average air density ( 0) and
average Exner function ( ) vary vertically as






















with respect to P yields




 







   








9. Final Remark


(12)



and substituting Eq. (12)

 

into the third term of the RHS in Eq. (10) yields




(11)



Rearranging Eq. (11),

Using  


(19)

=

0

P0/(RT0) (T0≈ －zg/Cp) and =T0/ . Taking a derivative of





In this work, I reviewed certain topics where mutual
influences between vegetation and atmospheric forcing
are evident. Vegetation-atmosphere coupled models

(13)



have been implemented in the area of hydrological cycles
(Margulis and Entekhabi, 2001a; Santanello et al., 2013;

Here, I indicate departures from the reference point by

van Heerwaarden et al., 2010), and these works have

dep. The RHS of Eq. (13) hence becomes

developed effective tools to investigate vegetation-

 















(14)

Finally, Eq. (10) can be written as
















atmosphere interactions. However, a significant challenge still remains in disentangling the complex interactions beyond very limited conditions where model





(15)

simulations have been performed. It is evident that
climate changes affect vegetation feedback to the
atmosphere, particularly in sensitive areas, such as the

8.2 Hydrostatic Assumption

northern high latitudes (Helbig et al., 2016; Ikawa et al.,

Although nonhydrostatic models are more common

2015), and future investigations are anticipated to

in recent atmospheric research (Saito et al., 2007), the

quantitatively evaluate the magnitude of the changes in
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the vegetation feedback in such sensitive areas under

Baldocchi, D., B.E. Law and P.M. Anthoni (2000) On measuring

climate change conditions. Crop yield, water use, and

and modeling energy fluxes above the floor of a homogene-

heat environment are interrelated sensitively to the
feedback in areas like Southeast Asia where irrigated
crop fields account for a major fraction of the land
surface (Ikawa et al., 2018; Kuwagata et al., 2018, 2014;
Yoshida et al., 2012; Yoshimoto et al., 2011). Typically,
heterogeneous land surface characteristics make a fully
coupled model simulation challenging in these areas.
The continuous collection of meteorological and yield
data is important. Finally, a vegetation-atmosphere
coupled system is also influenced by the conditions at the
top of and synoptic meteorology beyond the PBL (Combe
et al., 2015; Davis et al., 1997; Shinoda and Uyeda, 2002;
Sikma et al., 2017; Vilà-Guerau de Arellano et al., 2014).
A challenge still remains in the fact that the spatial
and temporal scales of observations for the atmosphere
are often much greater than those for the Earth surface,
and their representations are mismatched. The majority of recent studies on vegetation-atmosphere interaction

research

are,

therefore,

based

on

models.

However, our recent work suggests that buoyancy
surface flux is very sensitive to even slight changes in
plant water use (Ikawa et al., 2018), and further
reinforcement of the current LSM based on observations
may be necessary in order to accurately evaluate the
effects of vegetation feedback to the atmosphere. With

ous and heterogeneous conifer forest. Agric. For. Meteorol.,
102, 187-206.
Baldocchi, D. and S. Ma (2013) How will land use affect air
temperature in the surface boundary layer? Lessons
learned from a comparative study on the energy balance of
an oak savanna and annual grassland in California, USA.
Tellus B, 65.
Black, T.A., G. den Hartog, H.H. Neumann, P.D. Blanken, P.C.
Yang, C. Russell, Z. Nesic, X. Lee, S.G. Chen and R. Staebler
(1996) Annual cycles of water vapour and carbon dioxide
fluxes in and above a boreal aspen forest. Glob. Change
Biol., 2, 219-229.
Bonan, G.B., D. Pollard and S.L. Thompson (1992) Effects of
boreal forest vegetation on global climate. Nature, 359,
716-718.
Chen, X. and S. -J. Jeong (2018) Irrigation enhances local
warming with greater nocturnal warming effects than
daytime cooling effects. Environ. Res. Lett., 13, 024005.
Combe, M., J. Vilà-Guerau de Arellano, H.G. Ouwersloot, C.M.
J. Jacobs and W. Peters (2015) Two perspectives on the
coupled carbon, water and energy exchange in the
planetary boundary layer. Biogeosciences, 12, 103-123.
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the recent development of an observation network, such

Dong, J., X. Xiao, G. Zhang, M.A. Menarguez, C.Y. Choi, Y. Qin,
P. Luo, Y. Zhang and B. Moore (2016) Northward expansion

as FLUXNET, long-term eddy covariance sites (e.g., Figs.

of paddy rice in northeastern Asia during 2000-2014: Rice

1 and 2) that accommodate interdisciplinary fields of
research will play an important role in future research on
vegetation-atmosphere interaction research.

Expansion in Northeastern Asia. Geophys. Res. Lett., 43,
3754-3761.
Falk, M., K.T. Paw U, S. Wharton and M. Schroeder (2005) Is
soil respiration a major contributor to the carbon budget
within a Pacific Northwest old-growth forest? Agric. For.

Acknowledgment
The author thanks Tsutomu Watanabe, Tsuneo
Kuwagata, Sachinobu Ishida, and Jordi Vilà-Guerau de
Arellano for their constructive comments.

Meteorol., 135, 269-283.
Freedman, J.M., D.R. Fitzjarrald, K.E. Moore and R.K. Sakai
(2001) Boundary layer clouds and vegetation-atmosphere
feedbacks. J. Clim., 14, 180-197.
Hasegawa, T., H. Sakai, T. Tokida, Y. Usui, M. Yoshimoto, M.
Fukuoka, H. Nakamura, H. Shimono and M. Okada (2016)
Rice free-air carbon dioxide enrichment studies to improve

References

assessment of climate change effects on rice agriculture. In:
Hatfield, J.L. and D. Fleisher (eds) Advances in Agricultural
Systems

Modeling,

7,

45-68.

American

Society

of

Baldocchi, D., S. Knox, I. Dronova, J. Verfaillie, P. Oikawa, C.
Sturtevant, J.H. Matthes and M. Detto (2016) The impact of

Agronomy, Crop Science Society of America, and Soil

expanding flooded land area on the annual evaporation of

van Heerwaarden, C. C., J. Vilà-Guerau de Arellano, A.
Gounou, F. Guichard and F. Couvreux (2010) Understanding

rice. Agric. For. Meteorol., 223, 181-193.

Science Society of America, Inc.

12

伊川 浩樹

the daily cycle of evapotranspiration: A method to quantify
the influence of forcings and feedbacks. J. Hydrometeorol.,
11, 1405-1422.

van Kesteren, B., O. K. Hartogensis, D. van Dinther, A. F.
Moene, H. A. R. de Bruin and A. A. M. Holtslag (2013)
Measuring H2O and CO2 fluxes at field scales with

Helbig, M., K. Wischnewski, N. Kljun, L. E. Chasmer, W. L.
Quinton, M. Detto and O. Sonnentag (2016) Regional

scintillometry: Part II - Validation and application of 1-min

atmospheric cooling and wetting effect of permafrost thaw-

Kimura, F. and S. Arakawa (1983) A numerical experiment on

induced boreal forest loss. Glob. Change Biol., 22, 4048-

the nocturnal low level jet over the Kanto Plain. J.

4066.
Hemes, K.S., E. Eichelmann, S.D. Chamberlain, S.H. Knox, P.Y.
Oikawa, C. Sturtevant, J. Verfaillie, D. Szutu and D. D.
Baldocchi (2018) A unique combination of aerodynamic and

flux estimates. Agric. For. Meteorol., 178-179, 88-105.

Meteorol. Soc. Jpn. Ser II, 61, 848-861.
Kobayashi, H., S. Nagai, Y. Kim, W. Yang, K. Ikeda, H. Ikawa,
H. Nagano and R. Suzuki (2018) In situ observations reveal
how spectral reflectance responds to growing season

surface properties contribute to surface cooling in restored

phenology of an open evergreen forest in Alaska. Remote

wetlands of the Sacramento-San Joaquin Delta, California.

Sens., 10, 1071.
Kondo, J. (1994) Meteorology of water environment (in
Japanese) Asakura-shoten, Tokyo.

J. Geophys. Res. Biogeosciences, 123, 2072-2090.

Holmes, R. M. (1970) Meso-scale effects of agriculture and a
Large Prairie Lake on the atmospheric boundary layer.
Agron. J., 62, 546-549.

Kuwagata, T., S. Haginoya, K. Ono, Y. Ishigooka and A.
Miyata (2018) Influence of local land cover on meteorologi-

Horn, G.L., H.G. Ouwersloot, J. Vilà-Guerau de Arellano and M.
Sikma (2015) Cloud shading effects on characteristic

cal conditions in farmland: Case study of a rice paddy field

boundary-layer length scales. Bound.-Layer Meteorol., 157,

Kuwagata, T., Y. Ishigooka, M. Fukuoka, M. Yoshimoto, T.
Hasegawa, Y. Usui and T. Sekiguchi (2014) Temperature

237-263.

near Tsukuba City, Japan. J. Agric. Meteorol., 74, 140-153.

Iida, S., T. Ohta, K. Matsumoto, T. Nakai, T. Kuwada, A.V.

difference between meteorological station and nearby

Kononov, T.C. Maximov, M.K. van der Molen, H. Dolman, H.
Tanaka and H. Yabuki (2009) Evapotranspiration from

farmland —Case study for Kumagaya city in Japan—.

understory vegetation in an eastern Siberian boreal larch

Kuwagata, T., J. Kondo and M. Sumioka (1994) Thermal effect

forest. Agric. For. Meteorol., 149, 1129-1139.
Iizumi, T., M. Yokozawa and M. Nishimori (2009) Parameter

of the sea breeze on the structure of the boundary layer

estimation and uncertainty analysis of a large-scale crop
model for paddy rice: Application of a Bayesian approach.
Agric. For. Meteorol., 149, 333-348.
Ikawa, H., C.P. Chen, M. Sikma, M. Yoshimoto, H. Sakai, T.
Tokida, Y. Usui, H. Nakamura, K. Ono, A. Maruyama, T.
Watanabe, T. Kuwagata and T. Hasegawa (2018)

SOLA, 10, 45-49.

and the heat budget over land. Bound.-Layer Meteorol., 67,
119-144.
Lai, C.-T., G. Katul, J. Butnor, D. Ellsworth and R. Oren (2002)
Modelling night-time ecosystem respiration by a constrained source optimization method. Glob. Change Biol.,
8, 124-141.

Increasing canopy photosynthesis in rice can be achieved

Law, B.E., T.W. Hudiburg, L.T. Berner, J.J. Kent, P.C. Buotte
and M.E. Harmon (2018) Land use strategies to mitigate

without a large increase in water use-A model based on

climate change in carbon dense temperate forests. Proc.

free-air CO2 enrichment. Glob. Change Biol., 24, 1321-1341.

Natl. Acad. Sci., 115, 3663-3668.

Ikawa, H., T. Nakai, R. C. Busey, Y. Kim, H. Kobayashi, S.

Le, P.V.V., P. Kumar and D.T. Drewry (2011) Implications for

Nagai, M. Ueyama, K. Saito, H. Nagano, R. Suzuki and L.
Hinzman (2015) Understory CO2, sensible heat, and latent

the hydrologic cycle under climate change due to the

heat fluxes in a black spruce forest in interior Alaska.

States. Proc. Natl. Acad. Sci., 108, 15085-15090.
Manabe, S. and R.T. Wetherald (1967) Thermal equilibrium of

Agric. For. Meteorol., 214-215, 80-90.

expansion of bioenergy crops in the Midwestern United

Ikawa, H., K. Ono, M. Mano, K. Kobayashi, T. Takimoto, T.
Kuwagata and A. Miyata (2017) Evapotranspiration in a

the atmosphere with a given distribution of relative

rice paddy field over 13 crop years. J. Agric. Meteorol., 73,

Mano, M., A. Miyata, Y. Yasuda, H. Nagai, T. Yamada, K. Ono,
M. Saito and Y. Kobayashi (2007) Quality control for the

109-118.

humidity. J. Atmospheric Sci., 24, 241-259.

Iwata, H., M. Mano, K. Ono, T. Tokida, T. Kawazoe, Y. Kosugi,
A. Sakabe, K. Takahashi and A. Miyata (2018) Exploring

open-path eddy covariance data. J. Agric. Meteorol., 63,
125-138 (in Japanese with English abstract).

sub-daily to seasonal variations in methane exchange in a

Margulis, S.A. and D. Entekhabi (2001a) Feedback between

single-crop rice paddy in central Japan. Atmos. Environ.,

the land surface energy balance and atmospheric boundary

179, 156-165.

layer diagnosed through a model and its adjoint. J.

Katul, G.G. and J.D. Albertson (1999) Modeling CO2 sources,
sinks, and fluxes within a forest canopy. J. Geophys. Res.
Atmospheres 1984-2012, 104, 6081-6091.

Hydrometeorol., 2, 599-620.
Margulis, S. A. and D. Entekhabi (2001b) A coupled land
surface-boundary

layer

model

and

its

adjoint.

J.

Review on Vegetation-Atmosphere Interaction Research

Hydrometeorol., 2, 274-296.

13

Maruyama, A. and T. Kuwagata (2010) Coupling land surface

J. Agric. Meteorol., 68, 15-23.
Ogura, Y. and M. Yoshizaki (1988) Numerical study of

and crop growth models to estimate the effects of changes

orographic-convective precipitation over the Eastern

in the growing season on energy balance and water use of

Arabian Sea and the Ghat Mountains during the summer

rice paddies. Agric. For. Meteorol., 150, 919-930.
Maruyama, A., M. Nemoto, T. Hamasaki, S. Ishida and T.
Kuwagata (2017) A water temperature simulation model
for rice paddies with variable water depths. Water Resour.
Res., 53, 10065-10084.

McNaughton, K. G. and T. W. Spriggs (1986) A mixed-layer
model for regional evaporation. Bound. -Layer Meteorol.,
34, 243-262.

monsoon. J. Atmospheric Sci., 45, 2097-2122.
Okada, M., M. Okada and H. Kusaka (2014) A polyethylene
chamber for use in physical modelling of the heat exchange
on surfaces exposed to a radiation regime. Bound.-Layer
Meteorol., 153, 305-325.
Ono, K., M. Mano, G. H. Han, H. Nagai, T. Yamada, Y.
Kobayashi, A. Miyata, Y. Inoue and R. Lal (2015)
Environmental controls on fallow carbon dioxide flux in a

Mercado, L. M., N. Bellouin, S. Sitch, O. Boucher, C.
Huntingford, M. Wild and P. M. Cox (2009) Impact of

single-crop rice paddy, Japan. Land Degrad. Dev., 26, 331-

changes in diffuse radiation on the global land carbon sink.

Ono, K., A. Maruyama, T. Kuwagata, M. Mano, T. Takimoto,
K. Hayashi, T. Hasegawa and A. Miyata (2013) Canopy-

Nature, 458, 1014-1017.

339.

Miyata, A., T. Iwata, H. Nagai, T. Yamada, H. Yoshikoshi, M.

scale relationships between stomatal conductance and

Mano, K. Ono, G. H. Han, Y. Harazono, E. Ohtaki, M. A.
Baten, S. Inohara, T. Takimoto and M. Saito (2005) Seasonal

photosynthesis in irrigated rice. Glob. Change Biol., 19,

variation of carbon dioxide and methane fluxes at single

2209-2220.
Ono, K., A. Miyata and T. Yamada (2008) Apparent

cropping paddy fields in central and western Japan.

downward CO2 flux observed with open-path eddy

Phyton, 45, 89-97.

covariance over a non-vegetated surface. Theor. Appl.

Miyazaki, Y., S. Coburn, K. Ono, D. T. Ho, R. B. Pierce, K.
Kawamura and R. Volkamer (2016) Contribution of

Oue, H., T. Fukushima and T. Maruyama (1994) A microme-

dissolved organic matter to submicron water-soluble

teorological function of paddy fields that control tempera-

organic aerosols in the marine boundary layer over the

ture conditions. J. Jpn. Soc. Irrig. Drain. Rural Eng., 62,

eastern equatorial Pacific. Atmospheric Chem. Phys., 16,

955-960.

7695-7707.

Climatol., 92, 195-208.

Pedruzo-Bagazgoitia, X., H.G. Ouwersloot, M. Sikma, C.C. van

Mochizuki, T., Y. Miyazaki, K. Ono, R. Wada, Y. Takahashi, N.
Saigusa, K. Kawamura and A. Tani (2015) Emissions of

Heerwaarden, C.M.J. Jacobs and J. Vilà-Guerau de Arellano
(2017) Direct and diffuse radiation in the shallow cumulus-

biogenic volatile organic compounds and subsequent

vegetation system: Enhanced and decreased evapotranspi-

formation of secondary organic aerosols in a Larix
kaempferi forest. Atmospheric Chem. Phys., 15, 1202912041.

ration regimes. J. Hydrometeorol., 18, 1731-1748.
Peters-Lidard, C.D., E.M. Kemp, T. Matsui, J.A. Santanello, S.
V. Kumar, J.P. Jacob, T. Clune, W.-K. Tao, M. Chin, A. Hou,

Murayama, S., C. Takamura, S. Yamamoto, N. Saigusa, S.

J.L. Case, D. Kim, K.-M. Kim, W. Lau, Y. Liu, J. Shi, D. Starr,

Morimoto, H. Kondo, T. Nakazawa, S. Aoki, T. Usami and
M. Kondo (2010) Seasonal variations of atmospheric CO2,

Q. Tan, Z. Tao, B.F. Zaitchik, B. Zavodsky, S.Q. Zhang and
M. Zupanski (2015) Integrated modeling of aerosol, cloud,

13C, and 18O at a cool temperate deciduous forest in

precipitation and land processes at satellite-resolved scales.

Japan: Influence of Asian monsoon. J. Geophys. Res.

Environ. Model. Softw., 67, 149-159.
de Pury, D.G.G. and G.D. Farquhar (1997) Simple scaling of

Atmospheres, 115, D17304.
Nagano, H., H. Ikawa, T. Nakai, M. Matsushima-Yashima, H.
Kobayashi, Y. Kim and R. Suzuki (2018) Extremely dry

photosynthesis from leaves to canopies without the errors

environment down-regulates nighttime respiration of a

Saito, K., J. Ishida, K. Aranami, T. Hara, T. Segawa, M. Narita
and Y. Honda (2007) Nonhydrostatic atmospheric models

black spruce forest in Interior Alaska. Agric. For.
Meteorol., 249, 297-309.

of big-leaf models. Plant Cell Environ., 20, 537-557.

and operational development at JMA. J. Meteorol. Soc. Jpn.

Nakai, T., Y. Kim, R. C. Busey, R. Suzuki, S. Nagai, H.
Kobayashi, H. Park, K. Sugiura and A. Ito (2013)

Saito, K., T. Yasunari and J. Cohen (2004) Changes in the sub-

Characteristics of evapotranspiration from a permafrost

decadal covariability between Northern Hemisphere snow

black spruce forest in interior Alaska. Polar Sci., 7, 136-

cover and the general circulation of the atmosphere. Int. J.

148.

Climatol., 24, 33-44.

Nakamura, H., T. Tokida, M. Yoshimoto, H. Sakai, M. Fukuoka
and T. Hasegawa (2012) Performance of the enlarged RiceFACE system using pure CO2 installed in Tsukuba, Japan.

Ser II, 85B, 271-304.

Saito, M., A. Miyata, H. Nagai and T. Yamada (2005) Seasonal
variation of carbon dioxide exchange in rice paddy field in
Japan. Agric. For. Meteorol., 135, 93-109.

14

伊川 浩樹

Sakakibara, Y., Y. Kitahara and K. Nakagawa (2006) The

surface albedo and plant cover after wildfire in a Picea

relationship between urban-rural water vapor pressure

mariana forest in interior Alaska. Clim. Change, 93, 517-

differences and the population sizes of settlements in Saku,

525.

Nagano, Japan. J. Agric. Meteorol., 62, 1-8.
Santanello, J.A., M.A. Friedl and M.B. Ek (2007) Convective

Ueyama, M., N. Tahara, H. Iwata, E.S. Euskirchen, H. Ikawa,
H. Kobayashi, H. Nagano, T. Nakai and Y. Harazono (2016)

planetary boundary layer interactions with the land

Optimization of a biochemical model with eddy covariance

surface at diurnal time scales: Diagnostics and feedbacks. J.

measurements in black spruce forests of Alaska for

Hydrometeorol., 8, 1082-1097.

estimating CO2 fertilization effects. Agric. For. Meteorol.,

Santanello, J. A., C. D. Peters-Lidard, A. Kennedy and S. V.
Kumar (2013) Diagnosing the nature of land-atmosphere

Vico, G., S. Manzoni, S. Palmroth and G. Katul (2011) Effects of

coupling: A case study of dry/wet extremes in the U. S.

stomatal delays on the economics of leaf gas exchange

Southern Great Plains. J. Hydrometeorol., 14, 3-24.

under intermittent light regimes. New Phytol., 192, 640-

Santanello, J. A., C. D. Peters-Lidard and S. V. Kumar (2011)
Diagnosing the sensitivity of local land-atmosphere coupling via the soil moisture-boundary layer interaction. J.
Hydrometeorol., 12, 766-786.
Santanello, J.A., C.D. Peters-Lidard, S.V. Kumar, C. Alonge
and W. -K. Tao (2009) A modeling and observational
framework for diagnosing local land-atmosphere coupling

222, 98-111.

652.
Vilà-Guerau de Arellano, J., C. C. van Heerwaarden and J.
Lelieveld (2012) Modelled suppression of boundary-layer
clouds by plants in a CO2-rich atmosphere. Nat. Geosci., 5,
701-704.
Vilà-Guerau de Arellano, J., C.C. van Heerwaarden, B.J. van
Stratum and K. van den van den Dries (2015) Atmospheric

on diurnal time scales. J. Hydrometeorol., 10, 577-599.
Santanello, J. A., J. Roundy and P. A. Dirmeyer (2015)

Boundary Layer: Integrating Air Chemistry and Land

Quantifying the land-atmosphere coupling behavior in

Vilà-Guerau de Arellano, J., H.G. Ouwersloot, D. Baldocchi and
C.M.J. Jacobs (2014) Shallow cumulus rooted in photosyn-

modern reanalysis products over the U.S. Southern Great
Plains. J. Clim., 28, 5813-5829.
Sato, T. and S. Sugimoto (2013) A numerical experiment on

Interactions Cambridge University Press, New York.

thesis. Geophys. Res. Lett., 41, 1796-1802.

the influence of the interannual variation of sea surface

Vilà-Guerau de Arellano, J., E.G. Patton, T. Karl, K. van den
Dries, M. C. Barth and J. J. Orlando (2011) The role of

temperature on terrestrial precipitation in northern Japan

boundary layer dynamics on the diurnal evolution of

during the cold season. Water Resour. Res., 49, 7763-7777.

isoprene and the hydroxyl radical over tropical forests. J.

Sellers, P.J., F.G. Hall, R.D. Kelly, A. Black, D. Baldocchi, J.

Geophys. Res., 116, D07304.

Berry, M. Ryan, K.J. Ranson, P.M. Crill, D.P. Lettenmaier, H.

Watanabe, T. (1994) Bulk parameterization for a vegetated

Margolis, J. Cihlar, J. Newcomer, D. Fitzjarrald, P.G. Jarvis,

surface and its application to a simulation of nocturnal

S. T. Gower, D. Halliwell, D. Williams, B. Goodison, D. E.
Wickland and F. E. Guertin (1997) BOREAS in 1997:

drainage flow. Bound.-Layer Meteorol., 70, 13-35.
Watanabe, T. and K. Shimoyama (2015) Atmosphere-land
interaction (in Japanese). In: Institute of Low Temperature

Experiment overview, scientific results, and future directions. J. Geophys. Res. Atmospheres, 102, 28731-28769.
Shinoda, T. and H. Uyeda (2002) Effective factors in the

Science, Hokkaido University (eds) Handbook of Low

development of deep convective clouds over the wet region

Wei, Z., K. Yoshimura, A. Okazaki, W. Kim, Z. Liu and M.
Yokoi (2015) Partitioning of evapotranspiration using high-

of Eastern China during the summer Monsoon season. J.
Meteorol. Soc. Jpn. Ser II, 80, 1395-1414.

Temperature Science, 239-258. Maruzen, Tokyo.

frequency water vapor isotopic measurement over a rice

Sikma, M., H.G. Ouwersloot, X. Pedruzo-Bagazgoitia, C.C. van
Heerwaarden and J. Vilà-Guerau de Arellano (2017)

paddy field: Partitioning of evapotranspiration. Water

Interactions between vegetation, atmospheric turbulence

Wei, Z., K. Yoshimura, L. Wang, D.G. Miralles, S. Jasechko and
X. Lee (2017) Revisiting the contribution of transpiration to

and clouds under a wide range of background wind
conditions. Agric. For. Meteorol., 255, 31-43.
Stull, R. B. (1988) An Introduction to Boundary Layer
Meteorology Springer, Netherlands.

Resour. Res., 51, 3716-3729.

global terrestrial evapotranspiration: Revisiting global ET
partitioning. Geophys. Res. Lett., 44, 2792-2801.
Yokohari, M., R.D. Brown, Y. Kato and S. Yamamoto (2001)

Suzuki, R., H. Ikawa, Y. Kim and K. Sugiura (2015) Supersite in

The cooling effect of paddy fields on summertime air

Boreal Forest of Alaska established by a Japan and USA

temperature in residential Tokyo, Japan. Landsc. Urban

collaboration study. AsiaFlux Newsl., 38, 14-18.
Tennekes, H. and A.G.M. Driedonks (1981) Basic entrainment

Plan., 53, 17-27.
Yoshida, R., T. Iizumi, M. Nishimori and M. Yokozawa (2012)

equations for the atmospheric boundary layer. Bound.

Impacts of land-use changes on surface warming rates and

-Layer Meteorol., 20, 515-531.

rice yield in Shikoku, western Japan. Geophys. Res. Lett.,

Tsuyuzaki, S., K. Kushida and Y. Kodama (2008) Recovery of

39, L22401.

Review on Vegetation-Atmosphere Interaction Research

Yoshimoto, M., M. Fukuoka, T. Hasegawa, M. Utsumi, Y.
Ishigooka and T. Kuwagata (2011) Integrated micrometeorology model for panicle and canopy temperature (IM2

15

PACT) for rice heat stress studies under climate change. J.
Agric. Meteorol., 67, 233-247.

