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Abstract

 

 

This present thesis investigates the role of vegetation over East Asian summer monsoon (EASM). 

The relationship with the vegetation and monsoon is under active research but these previous studies 

do not have the consistent processes in climate and monsoon when the vegetation increases. To better 

understand the intensity change of EASM, the more precise study of the vegetation effects on EASM is 

needed.  

In this thesis, the effects of vegetation change on EASM is investigated through observations data 

and model experiments. In observation, the highest 5 years and lowest 5 years are separated from the 

East Asian (EA) region averaged LAI which is detrended 29 years. When the vegetation increases over 

EA region, the precipitation increases significantly over northern Asian regions and Korea. On the 

contrary, the precipitation decreases over Southern Japan and Eastern sea of China. The increase of 

vegetation derives the increases of evapotranspiration, decreases of surface temperature, weakening the 

monsoon circulation, and the anomalous anti-cyclone pattern over Southern China and cyclone pattern 

over Korea by sinking the westerly upper-level jet. 

To demonstrate the mechanism of vegetation change and monsoon change in observations, the model 

sensitivity experiments are conducted. In the present condition, the increased vegetation shows dipole 

pattern of the precipitation change like observation and it is more remarkable in more increased 

vegetation experiment. Vegetation change in EA region has a linear relationship with the intensity 

change of EASM. 
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I. Introduction 

Vegetation refers to a variety of plants that cover the surface ground. The types of vegetation are 

classified the forests, woodlands, shrub, crops, and so on. Growth of vegetation is affected by the 

climate and has an impact on the climate. The traditional perspective on vegetation is that the climate 

alters the surface vegetation processes unilaterally (Ryan 1991; Melillo et al. 1993; Price and Waser 

1998; Coakley et al. 1999; Dale et al. 2001). Those previous studies showed that the climate change 

works the external force for vegetation. Climate change influences on the vegetation characteristics 

such as growth, intensity, length of growth period, and plant type. In the existing biological view, plant 

productivity and species respond to the change of temperature and precipitation, but they do not alter 

climate. However, as Global Climate Models (GCMs) have developed and required the surface 

boundary condition to implement a more sophisticated Earth system, the study about the interaction 

between atmosphere and terrestrial vegetation has been considered importantly (Raich and Schlesinger 

1992; Knorr and Schulz 2001; Brovkin.V 2002; Foley et al. 2003; Kaufmann et al. 2003). Vegetation 

exchanges the energy and moisture between atmosphere and land by modifying the surface albedo that 

alters the incoming and reflected solar radiation, the emission of longwave radiation from land, 

evapotranspiration, surface heat flux, roughness length, Bowen ratio, soil moisture, carbon fluxes, and 

other related variables (McPherson 2007). Those processes influence on the temperature range, 

planetary boundary layer, the amount of precipitation, surface heating pattern, and atmospheric 

circulation.  

Effect of Vegetation on the climate is a key process for managing the Earth climate system because 

it can either enhance or diminish the global warming. However, the positive or negative sign and the 

strength of the vegetation-climate effect depend on a huge regional characteristic. Bonan (2008) 

mentioned that the regionality of vegetation-climate effect is different at low, middle, and high latitudes 

respectively. Tropical forests, which are distributed mainly across Africa and Asia at low latitudes, 

maintain a high rate of the evapotranspiration. Rising of Surface temperature due to the low surface 

albedo is canceled out by the strong evapotranspiration cooling. Also, tropical forests store the large 

amount of carbon concentration up to 25% in the terrestrial biosphere. Because of the 

evapotranspiration cooling effect and the huge carbon storage, tropical forests are contributed to 

diminish the global warming when the vegetation increases at low latitudes. On the contrary to this, the 

boreal forests, which are mostly distributed at high latitudes, have a lower rate of evapotranspiration 

due to lower temperature at high latitudes than low latitudes. Under the global warming, the snow and 

ice over continents and oceans are reduced and boreal forests extend northward gradually. When the 

boreal forests expand over northward, the surface temperature at the high latitude region increases 

because the boreal forests have a lower surface albedo than the snow and ice and the increase in the 
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incoming solar radiation. Boreal forests can store the more carbon than tropical and temperate forests, 

however because the summer period is short, the carbon decomposition rate of boreal forests is slower 

and carbon storage rate is lower. Thus, the increase in boreal forests at high latitudes enhances the global 

warming by the albedo warming effect rather than the increase of carbon storage and evapotranspiration 

cooling effect. Unlike those two forest regions where evapotranspiration or albedo effect are dominant, 

temperate forests, which are distributed across Eastern United States, Europe, and East Asia at middle 

latitudes, have a moderate evapotranspiration and albedo effect. Many previous studies showed the 

same results about the impacts of deforestation at low and high latitudes. Deforestation induces the 

surface cooling effect in high latitudes due to the albedo feedback (Govindasamy et al. 2001; Lee et al. 

2011; Rogers et al. 2013) and the warming effect in low latitudes due to the evapotranspiration feedback 

(Costa and Foley 2000; Gibbard et al. 2005; Longobardi et al. 2012). However, the vegetation-climate 

effect in middle latitudes is highly unclear because the evapotranspiration cooling effect and the albedo 

warming effect are mixed.     

Land surface change influences on the local responses such as evapotranspiration and surface albedo 

and the remote responses such as moisture flux and large-scale atmospheric circulation. Local and 

remote responses driven by vegetation change are not consistent among the previous studies in tropical 

forests regions (Dickinson and Henderson-Sellers 1988; Pitman et al. 1993; Polcher and Laval 1994; 

Sud et al. 1996; Hahmann and Dickinson 1997; Roy 2009; Costa and Pires 2010). Hahmann and 

Dickinson (1997) mentioned that Amazonian deforestation leads to the decrease in precipitation due to 

the reduction of evapotranspiration and the increase in surface albedo. For the same reason, Costa and 

Pires (2010) found that the tropical deforestation decreases the precipitation and prolongs the length of 

dry season. On the other hand, some studies showed that the tropical deforestation leads to the increase 

in summer precipitation. Sud et al. (1996) found that Amazonia deforestation experiments using climate 

model simulate an increased moisture convergence by decreasing roughness and making strong wind 

intensity. Roy et al. (2009) indicated that the increase of surface temperature and the moisture 

convergence is in response to Amazonia deforestation. Also, there are many disagreements in prior 

studies about vegetation-climate responses over deforestation and afforestation in temperate forests 

regions (Gates and Liess 2001; Heck et al. 2001; Sanchez et al. 2007; Bonan 2008; Pitman et al. 2009; 

Anav et al. 2010; Longobardi et al. 2016). Gates and Liess (2001) found that the deforestation in the 

Mediterranean regions makes the surface temperature drop due to increase in surface albedo, and the 

summer rainfall reduce due to decrease in evapotranspiration. On the contrary, Heck et al. (2001) 

showed that the afforestation at middle latitudes leads to the increase in precipitation and decrease in 

surface temperature during spring season. Also, they mentioned that the precipitation decreases and 

temperature increases during summer season induced by the soil moisture and reduction of 

evapotranspiration due to the larger evapotranspiration rate in spring season. Anav et al. (2010) 
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examined the impacts of afforestation and deforestation over the Euro-Mediterranean regions. They 

simulated the sensitivity experiments that changed the vegetation covers of the present-day using the 

regional climate model. Results of simulations showed no significant changes in surface temperature 

and precipitation during summer. However, they found that the number of hot days during summer 

decreases in deforestation simulations and increases in afforestation simulations due to the change of 

albedo and sensible heat flux. Longobardi et al. (2016) examined that the effects of reduced forest area 

fraction from 5% to 100% in low, middle, and high latitudes using the global climate model. All 

deforestation simulations diminish the global warming at high latitudes, as opposed to enhancing the 

global warming at low latitudes despite the decrease in surface temperature over low latitude deforested 

areas locally because the cooling effect derives from albedo change. The change of surface temperature 

at middle latitudes is smaller than other latitude regions. Also, the cooling and warming effect are mixed 

due to the increased surface albedo and released the CO2 from soil to atmosphere. As many studies were 

mentioned, the researches of climate responses to the vegetation change have discrepancies whether 

precipitation, temperature, and other climate conditions will intensify or weaken when vegetation 

increase or decrease.  

Monsoon system is an essential component in maintaining the hydrological cycle in the globe driven 

by complicated interactions among atmosphere, ocean, and land. Monsoon was traditionally defined as 

the reversal of the surface wind accompanied by corresponding the changes in precipitation contrast 

between hot/wet summer and cold/dry winter (Ramage 1971; Webster 1987), but now is used to 

describe the seasonal variation of atmospheric circulation and precipitation driven by the thermal 

contrast between land and surrounding ocean (Li and Yanai 1996; Rodwell and Hoskins 2001; Zhu et 

al. 2007). The Intergovernmental Panel on Climate Change (IPCC) assessment report 5 (AR5; Stocker 

et al. (2013)) reported that the global summer monsoon precipitation will increase, but the monsoon 

circulation will be weakened in the 21st century. Intensity of summer precipitation will increase over 

all monsoon regions induced by the increased atmospheric moisture due to global warming. Increased 

moisture compensates for the reduction of monsoon precipitation due to the weaken monsoon 

circulation. The report, however, mentioned that the intensity of for the East Asian summer monsoon 

(EASM) such as monsoon circulation and precipitation will increase. Sun and Ding (2010) showed that 

the monsoon circulation will be stronger in East Asian region by future climate. This is induced by the 

intensification of the anticyclone over the Western Pacific and the south-westerly wind will enhance 

over China region. Wang et al. (2014) found that the intensity of EASM circulation will grow strong 

unlike other monsoon regions due to enhanced the thermal contrast between the land and the ocean 

under RCP 4.5 warming scenario using climate models that are participated in the phase five of the 

Coupled Model Intercomparison Project (CMIP5).  

There are many studies about the changes of the EASM due to atmospheric circulation changes, 
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however there are few studies on how vegetation can change the monsoon circulation. The interaction 

between monsoon and atmosphere, or ocean on monsoon change has been studied a lot, but the 

interaction between monsoon and vegetation is still under study. Not only the studies on how the change 

of vegetation affects the climate, but many studies on how vegetation changes affect monsoon system 

are also actively investigated. Some studies represented the vegetation effect on EASM using 

observation data and climate model simulation (Notaro et al. 2011; Zhang et al. 2011; Jeong et al. 2014). 

Zhang et al. (2011) found that the increase of vegetation during May on the Southeastern Tibetan Plateau 

(TP) affects the monsoon precipitation over East Asian region through observation data. Growing 

vegetation on the Southeastern TP increases the surface temperature over TP and leads to the strengthen 

of ascending motion over East Asian region. It derives the increase in the summer rainfall over the 

Southeastern TP and East Asian region and the decrease in the rainfall over the Western North Pacific 

summer monsoon (WNPSM) region. Notaro et al. (2011) showed that the reduced vegetation cover in 

China triggers the increase in surface temperature induced by the decrease in evapotranspiration. 

Although the surface albedo has increased, it has an insignificant effect. In response to the increased 

surface temperature, the monsoon season shifts earlier (spring precipitation increases and summer 

precipitation decreases). Jeong et al. (2014) investigated the effects of double cropping over North 

China plain (NCP) during the summer season. The problem of double cropping is that the NCP region 

is derelict during after the wheat harvest is finished and before the corn is planted, like the desert. During 

this period, the surface temperature rises because there is no way to cool in the blazing sunshine. They 

found that surface air temperature is 0.4℃ higher over double cropping regions during inter-cropping 

season (June-July) using observation data. They simulated the two experiments using Weather Research 

and Forecasting (WRF) model to study the effect of two different crop cycles which are single cropping 

and double cropping; the control (CTR) run is 100% single cropping and the experiment (EXP) run is 

100% double cropping in the NCP. The maximum surface temperature of EXP is higher than CTR 

because of reduced evapotranspiration during inter-cropping season. This anomalous surface heating 

triggers the change of large-scale circulations. In EXP simulation, precipitation decreases over NCP 

regions because evapotranspiration decreases during the inter-cropping period caused the lack of soil 

moisture. These two effects which are the increase in temperature and the decrease in moisture derive 

the decreased precipitation in NCP region. Those studies suggest that vegetation plays the significant 

role in the monsoon precipitation and circulation over EASM region. They have quantitatively studied 

the changes in monsoon circulation and precipitation due to the vegetation changes, however, there are 

the insufficient interpretations of the dynamical and the physical mechanisms, particularly whether 

vegetation change causes either changes in local hydrological cycle or atmospheric circulation 

dominantly. 

Since the previous studies do not have the consistent processes for the role of vegetation in climate 
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and monsoon, the more precise study of the vegetation effects affecting EASM is needed. In this thesis, 

there are two objectives. First, the role of vegetation over East Asian region will be analyzed through 

observation and model experiments. The impact of vegetation-climate effect on global scale is well 

known as negative feedback, but the study of regional impact on water cycle is limited and varies among 

previous studies. Second, the mechanisms for how vegetation affects EASM will be investigated. Fig 

1.1 represents the summary of the possible mechanisms to change the climate, especially as presented 

in the prior studies how to increase or decrease precipitation when vegetation increases. As the 

vegetation increases, there are conflicting processes in the remote and local responses. In the remote 

responses of vegetation, there is a mechanism to increase or decrease the moist convergence. When the 

vegetation increases, the increase in surface roughness length leads to the decrease in wind speed and 

the increase of evapotranspiration reduces the surface temperature. These processes cause the decrease 

in low-level moisture convergence and finally reduction of precipitation. In reverse, when the vegetation 

increases, the surface temperature increases due to the increase in surface albedo and it triggers the 

enhanced moisture convergence and precipitation. In the local responses, the increased vegetation leads 

to the increase of evapotranspiration due to the increase in roughness length and decrease in surface 

albedo. Increase in atmospheric water vapor promotes the local hydrological cycle and increases 

precipitation. Local and remote effects of vegetation lead to the increase or decrease of precipitation 

respectively.  

In this thesis, the vegetation changes will be investigated how effect on the intensity of EASM. We 

will analyze the role of vegetation on the water cycle over EA region through observational data and 

model sensitivity experiments whether vegetation effect is positive or negative. Next, it will be 

investigated the mechanism of changes in vegetation under present climate condition give to EASM 

and the linear relationship between the increased vegetation and the intensity of EASM (Fig 1.2). In the 

next, the study area, model and experiment setup used this study are described. Section 3 discusses the 

result of the model simulations, and followed Section 4 presents the discussion and conclusions. 
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Fig. 1.1. Schematic diagram of increase vegetation effect about remote and local responses 

 

 

 

 

 

 

 
 

Fig. 1.2. Diagram of linear relationship between vegetation and monsoon variability 

 

 

 

 

 

 
 



７ 

 

II.  Data and Model Experiments 

2.1 Observational and reanalysis data 

The monthly Leaf Area Index (LAI) observation data provided by Advanced Very High-Resolution 

Radiometer (AVHRR) data from National Oceanic and Atmospheric Administration (NOAA) polar 

orbiting satellites is used from 1982 to 2010 at 0.5° latitude × 0.5° longitude horizontal resolution. 

AVHRR LAI is based on the monthly maximum value of AVHRR spectral reflectance to reduce the 

effects of the aerosol or water vapor (Myneni et al, 1997). Besides the AVHRR LAI product, there is 

another LAI product provided by Moderate Resolution Imaging Spectroradiometer (MODIS) since 

2000. Compared between the AVHRR and MODIS-derived LAI during the overlapped period of two 

data, the result of comparison represents that LAI products from AVHRR and MODIS measured 

different sensors have an almost consistency within ±0.6 differences over 99.0% vegetated grid (Liu et 

al, 2012). AVHRR LAI data were used in this thesis because the AVHRR LAI products contain longer 

period than MODIS.  

The Global Precipitation Climatology Project (GPCP) version 2.2 combined monthly precipitation 

data is obtained from NOAA from 1982 to 2010 at 2.5° latitude × 2.5° longitude horizontal resolution. 

This is the combination data from the rain gauge stations, satellites, and the sounding observations. Yin 

et al (2004) analyzed the difference of precipitation pattern between GPCP and CMAP (Climate 

Prediction Center (CPC) Merged Analysis of Precipitation) data. They mentioned that the correlation 

between GPCP and CMAP is very high over land region, but the correlation between the global mean 

precipitation GPCP and CMAP over ocean is low. GPCP is better than the CMAP for oceanic 

precipitation. 

Modern-Era Retrospective Analysis for Research and Application (MERRA) data provided by 

National Aeronautics and Space Administration (NASA) is used to represent other variables such as 

surface temperature, wind, evapotranspiration, albedo, and so on from 1982 to 2010. MERRA is 

reanalysis data from the satellites using the Goddard Earth Observing System Data Assimilation System 

version 5 (GEOS-5). MERRA products are performed at 0.66° latitude × 0.5° longitude horizontal 

resolution and 72 vertical levels from the ground to 0.01 hPa.  

To ignore the impact of ocean variability in the model experiments, the climatology of sea surface 

temperature (SST) is used to fix the current SST condition provided by NOAA Optimum Interpolation 

(OI) Sea Surface Temperature version 2 data from 1985 to 2014 at 1.0° latitude × 1.0° longitude 

horizontal resolution. NOAA OI SST v2 monthly data is calculated by a linear interpolation of the 

weekly Optimum Interpolation (OI) version 2 daily data averaged over a month.  
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2.2 Study Area 

In this thesis, to investigate the effect of vegetation change on summer monsoon intensity, EASM 

influenced on the subtropics climate is focused (Fig 2.1). EASM regions are included in Eastern China, 

Korea, Japan, and surrounding area such as Pacific Ocean. To define the study area in East Asian 

monsoon region, firstly, AVHRR LAI data from 1982 to 2010 during summer season (June-July-August; 

JJA) is calculated by the average over East Asian region. Vegetation in Eastern China and East Coast 

of Primorsky Krai has a high average value and vegetation in Mongolia is small during summer season 

(Fig. 2.2). To diagnose the dominant spatial patterns in vegetation variation, Empirical Orthogonal 

Function (EOF) analysis is applied over EASM regions using detrended AVHRR LAI from 1982 to 

2010 during summer (Fig 2.3). The dominant pattern of LAI variability is similar to the LAI summer 

mean in Fig 2.1. The second EOF mode shows the dipole pattern between Eastern China/Korea and at 

northern latitudes above 45 degrees latitude. To minimize the mixing of the positive and negative pattern 

in the second EOF mode and consider the EASM regions, the study domain is decided over 22.5° N-

50° N, 105° E-135° E. The correlation coefficient between the precipitation intensity over this study 

domain and the low-level circulation intensity (20° N–40° N, 120° E-140° E using northward wind) 

used in Wang et al (2013) is 0.47 that is statistically significant above 99% confidence level (t-test). 

This domain is fully representative the EASM region.  

 

 

Fig. 2.1. Study domain in this thesis 
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Fig. 2.2. The average of LAI (m2 m-2) over East Asia during summer from 1982 to 2010  

 

 
 

Fig. 2.3. The two leading eigenvectors (left panels) and the principal components (right panels)  

from EOF of the detrended summer LAI from 1982 to 2010 
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2.3 Model Experiments 

2.3.1 CESM Description 

To investigate the role of vegetation change in East Asian (EA) region to affect the intensity of EASM, 

the sensitivity experiments are simulated by the Community Earth System Model version (CESM) 1.0.4. 

CESM 1.0.4 is the fully coupled global climate model for simulating Earth system interacting among 

atmosphere, ocean, terrestrial surface, and carbon cycle. CESM is provided by the National Center for 

Atmospheric Research (NCAR) and composed of the five separate climate models such as atmosphere, 

ocean, sea-ice, land, and land-ice.  

The atmosphere model adopted in CESM 1.0.4 is Community Atmospheric Model version 4 (CAM4). 

When compared between the prior versions of CAM and CAM4, the moist physical scheme is changed 

to the deep convection parameterization of Zhang and McFarlane (1995) and the calculation of cloud 

fraction and cloud water is modified in CAM4. Also, the conservation of the moist entropy and mixing 

methods are changed by Raymond and Blyth (1986, 1992). These modifications make CAM4 more 

flexible than CAM3 in simulating precipitation (Neale et al, 2010).  

The land model is Community Land Model version 4 (CLM4) included the biogeochemical processes. 

CLM4 is able to simulate the exchange of carbon dioxide among terrestrial biosphere, ocean and 

atmosphere. It includes the dynamic global vegetation model (DGVM) with carbon-nitrogen (C-N) 

cycle, but DVGM is turned off in this thesis to investigate the effect of changes in vegetation on climatic 

conditions in a fixed vegetation type. 

CESM 1.0.4 also includes the sea-ice model (Community Ice CodE, and CICE4), ocean model 

(Parallel Ocean Program, and POP2), and land ice model (Climmer-Community Ice Sheet Model, and 

Climmer-CISM), but their description is not shown in this paper. In this thesis, SST and sea ices is 

prescribed by the climatology value. More information about these models is found on the user’s manual 

(Hunke et al, 2010; Vertenstein et al, 2011). The CAM4 horizontal resolution of experiments is 1.9° 

latitude × 2.5° longitude resolution and 26 vertical layers. The horizontal resolution of CLM4 is same 

as CAM4. 

CESM is one of the major climate models that are participated in the fifth phase of the Coupled Model 

Intercomparison Project (CMIP5) experiments specified in the IPCC Fifth report. Many researchers 

simulated the East Asian summer monsoon using CESM (Zhang et al, 2012; Islam et al, 2013). Zhang 

et al (2012) found that CAM4 simulates reasonably the precipitation change from southern China to 

northern China during summer. Islam et al (2013) showed that the simulation of EASM is better than 

South Asian summer monsoon in CAM4, although CAM4 overestimates the monsoon precipitation in 

comparison to the observation. Also, they mentioned that CAM4 simulates the monsoon circulation at 

850 hPa realistically. Based on previous studies, CESM is reasonable for EASM analysis.  
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2.3.2 Experiments design 

Three experiments are simulated to address the several questions: (1) investigating the impact of 

vegetation change in EA region, (2) evaluating the dominant effect between local (evapotranspiration 

and albedo) and remote responses (moisture convergence and circulation change) when vegetation 

changes and (3) investigating the linear relationship between vegetation impact and the intensity change 

of EASM. 

Table 2.1 shows the design of experiments under present condition. To ignore the increasing CO2 

concentration due to human activities, the pre-industrial CO2 level (273 ppm) is determined as the CO2 

concentration in the sensitivity experiments. Also, SST is prescribed for 30-year climatological mean 

value using NOAA OI SST v2 from 1985 to 2014 to focus on interactions between the vegetation and 

EASM except for the ocean impact. Firstly, the present climate experiment (Pre) is simulated for the 

present condition with constant CO2 concentration about 273 ppm. Vegetation distribution and plant 

type is given under present condition. Second, the increased vegetation experiment (Pre_1.5) is 

simulated the control vegetation multiplied by 1.5 over study domain which is EA region including 

Eastern China, Korea, and southern Japan, not changed the plant functional type. The difference 

between the two present simulations, Pre_1.5 minus Pre, is regarded to represent the effect of the 

increased vegetation over EA region under present climate condition. Third, the increased more the 

surface vegetation experiment (Pre_2.0) is simulated the control vegetation multiplied by 2.0 in same 

region. The difference between the two present simulations, Pre_2.0 minus Pre, is considered to explain 

whether the increased vegetation has linear relationship with intensity change of EASM or not. 

 Because the future vegetation in the multi model ensemble mean of 14 models of Coupled Climate–

Carbon Cycle Model Intercomparison Project (C4MIP) (such as BCC-CSM1.1, BCC-CSM1.1(M), 

BNU-ESM, CanESM2, CESM1-BGC, GFDL-ESM2G, GFDL-ESM2M, HadGEM2-ES, INMCM4, 

IPSL-CM5A-LR, MIROC-ESM, MPI-ESM-LR, MRI-ESM1, NorESM1-ME) is 1.3 times and the most 

variable model changes 1.5 times at EA region under RCP 8.5 scenario on the 21st century, the amount 

of vegetation increase is determined to be 1.5 times and 2.0 times the control condition to exaggerate 

the increased vegetation impact. All experiments were run for 40 years and first 10 years are discarded. 

The average of the last 30 years is used for the analysis.  

 

Table. 2.1. Name of experiments and experiment design discussed in this thesis 
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III.  Results 

3.1 Validation of EASM on Pre-experiment 

The summer monsoon flows in East Asian region are composed of the several components such as the 

Australian subtropical high, the southwesterly cross-equatorial jet, the EASM trough, the Western 

Pacific subtropical high, and the westerly upper-level jet which is return flow of low-level monsoon 

flow. These monsoon flows transport the moisture from the Indian Ocean and Western Pacific Ocean to 

East Asian region during summer season. To investigate the vegetation impact on EASM intensity and 

variability using the climate model, the EASM characteristic such as the monsoon circulation and rain 

band showing in the observation should be reproduced in the model simulation. In the upcoming 

analysis, the climate variables such as wind flow and precipitation are compared with the observation 

data. 

 

3.1.1 Horizontal circulation patterns 

Figure 3.1 plots the JJA mean of wind vector at 850 hPa, geopotential height at 200 hPa, and wind 

vector and wind speed at 200 hPa using MERRA reanalysis data from 1982 to 2010 and CESM control 

simulation (Pre-experiment). At 850 hPa level, the monsoon troughs are observed in the Bay of Bengal 

and South China Sea (SCS) in both observation and model simulation, although in the model simulation, 

the tropical monsoon trough in Bay of Bengal is weaker and the monsoon trough passing through East 

China region is stronger than observation. The pattern of southwesterly flow passing through SCS and 

East China corresponds between the observation and the model. In the model simulation, the subtropical 

high over the Western Pacific extends more westward and northward than observation. This explains 

why the southwesterly flow passing through China and Korea is simulated stronger in model. Because 

the southwesterly flow is stronger and blows to more high latitudes in model simulation, the monsoon 

precipitation reaches to high latitude rather than observations.  

At 200 hPa level, the South Asian High (SAH) is shown in both observation and model simulation 

over South Asian. SAH, which is located on the south of 30 °N, is one of the most prominent features 

affecting the summer climate of Asian region. The center of SAH in model is stronger and extends to 

northward and eastward shift than the observation. When the SAH is strong, the high pressure at upper 

troposphere enhances and influences on western Pacific subtropical high (WPSH). The eastward shifted 

SAH makes WPSH extend to westward because the sinking motion of SAH has impact on the strength 

and location of WPSH. For this reason, the control experiment of CESM simulates WPSH more strongly 

than observation. The northern side of SAH derives the westerly upper-level jet. In boreal summer, 

unlike other seasons, the center of the westerly jet is located over China (40 °N, 90 °E) and the maximum 
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wind velocity is the weakest among the four seasons (about 25~30 m s-1). In the model, the strength of 

upper-level jet is weaker and the center of jet is located toward the west and north side than observation. 

Also, the intensify of jet weakens as jet moves eastward. The return flow at 200 hPa from subtropical 

latitude to equator is well reproduced compared with the observation. Although turning point is located 

over the southern Sea of Japan in observation, the turning point in model simulation is located over 

eastern Sea of China because the westerly jet is weaker than observation. In the CESM control 

experiment, the strength of monsoon circulations which are related to EASM is weaker than observation 

but the pattern of circulations reproduces well in the model. Because both the low-level circulation and 

upper-level return flow are shown in the model, CESM reproduces the EASM well.  

 
 

Fig. 3.1. JJA 850 hPa wind (m s-1, upper panel), the 200 hPa geopotential height (m, middle panel), 

the 200 hPa wind (vector, m s-1, bottom panel) and wind speed (shaded, m s-1, bottom panel) from 

1982 to 2010. The left side is result of MERRA data and the right side is result of CESM control 

simulation 
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3.1.2 Precipitation and water flux 

The summer monsoon precipitation is one of the essential components in maintaining the hydrological 

cycle in global climate. Summer monsoon rainfall accounts for the most of annual precipitation in many 

areas and affects many people who live in monsoon regions. Summer monsoon precipitation in East 

Asian region has an enormous influence on the agricultural production. Especially, the lack of 

precipitation in from May to September leads to drought damage in most farmland in East Asian region. 

If the climate model reproduces well the pattern and intensity of monsoon precipitation that appear in 

the observation, the model simulation helps predict the change in monsoon precipitation. 

Upper panel in Fig 3.2 shows the JJA mean precipitation for GPCP observation data and CESM Pre-

experiment. Compared with observation, the precipitation is overestimated over the western Indian 

region and Eurasian from southern Tibetan to the northern Eurasian in the model simulation. On the 

contrary, the precipitation is underestimated over South Asian region, East Asian region including 

southern China, Korea, and Japan, and surrounding ocean. Because in the model, the southerly wind 

flow from the tropical monsoon trough and Western Pacific high is stronger than observation (Fig 3.1), 

the moisture is transported to more inland and higher latitudes. It derives the increased precipitation 

over land region in model experiment. The EASM rain band stretching from eastern China to Japan is 

weakly simulated in model. According to Meehl et al (2011), the Atmospheric Model Intercomparison 

Project (AMIP) simulation that is uncoupled ocean with CAM4 reproduces the Asian monsoon rainfall 

too much, and the ocean coupling with CCSM4 simulates the monsoon rainfall well. Because the control 

simulation in this thesis is uncoupled the ocean, the rain band is weaker than observation over China, 

Korea, and Japan. Even though the model simulates the intensity of EASM weakly, the phenomenon of 

EASM exists in the model. Comparing the sensitivity experiments, these systematic errors are left out 

and the sensitive is left behind, thereby the influence of vegetation change on EASM can be fully 

considered by CESM. 

Bottom panel in Fig 3.2 shows the JJA mean Integrated Water Vapor Transport (IVT) below 850 hPa 

using MERRA and the model control experiment. IVT measures the integrated water vapor being 

advocated horizontally in the atmosphere. The IVT calculation is performed using the method of 

Trenberth (1991). Compared with observation, the southerly monsoon flow over China and the 

northerly wind driven by Western Pacific subtropical high is stronger in model. Because in the model 

control experiment, the winds blow more inland regions than the observation, the water vapor transport 

is also seen more inland. The southerly over China and the anticyclonic flow over Western Pacific has 

a larger contribution to the moisture transport over East Asian region in the model. 
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Fig. 3.2. JJA mean precipitation (mm day-1, upper panel) and integrated water vapor transport  

(kg m-1 s-1, bottom panel). Vectors indicate the IVT vector and the shading indicates the IVT 

convergence in bottom panel. GPCP data for precipitation and MERRA reanalysis data for wind and 

specific humidity is used 
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3.1.3 Land variables 

Leaf area index (LAI) represents the amount of vegetation. LAI is a dimensionless value that 

characterizes the plant canopy areas. It is measured the total one-sided upper vegetation leaf area per 

unit ground surface area. When looked down from the top, the LAI value is calculated by the ratio 

which the plant leaves cover the ground area. The more leaves in one branch, the more it can cover the 

ground. LAI value has the typically range from 0 for bare ground to 6 for a dense forest. LAI is the 

quantitative measurement of vegetation area. 

Upper panel in Fig 3.3 shows the comparison the JJA mean LAI between AVHRR observation and 

CESM control experiment. In observation, the amount of vegetation is abundant in China, Korea and 

Japan, and Primorsky Krai region. On the contrary to this, vegetation is less in Mongolia than other 

regions. Compared between LAI of observation and model over EA region, this spatial pattern of LAI 

during summer in model is similar with the observation, although the amount of vegetation in model is 

less than the observation. It is enough to investigate the effect on vegetation growth in East Asian region.  

Since the model control experiment is carried out at lower CO2 concentrations than the observations 

(273 ppm in model experiment), the pattern is retained although there is a difference in the amount of 

vegetation. 

Middle panel in Fig 3.3 shows the ratio of surface Albedo for observation and model during JJA season.  

Although the model experiment has a low resolution, the pattern of Albedo in model is similar with the 

observation. Albedos of vegetation are estimated at 0.2 for grassland and savana, 0.25 for shrub, and 

0.15 for forest. In China that is crop land, the surface albedo is up to 0.08 shown observation and model 

experiment.  

Bottom panel in Fig 3.3 shows the JJA mean evapotranspiration for observation and model. Compared 

the observation, the evapotranspiration in control experiment is overestimated over Mongolia region 

and underestimated over Southern China, Korea and Japan. Model simulates wetter condition over 

Mongolia and drier condition over other regions than observation. Evapotranspiration is a function of 

vegetation. When the vegetation increases (decreases), the evapotranspiration increases (decreases).  

Because the model experiment simulates the less amount of vegetation than observations, it simulates 

also the less evapotranspiration than observations. However, the reaction to the Mongolia region differs 

from other regions that the evapotranspiration in Mongolia is simulated more than observation. It is 

considered the systematic error of the model. Fig 3.3 indicates that the characteristic and spatial pattern 

of plant functional type is reproduced well in the control simulation of model although the amount of 

vegetation is underestimated.  
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Fig. 3.3. JJA mean LAI (m2 m-2, upper panel), surface albedo (unitless value, middle panel), and 

evapotranspiration (mm day-1, bottom panel). AVHRR data for LAI and MERRA reanalysis data for 

surface albedo and evapotranspiration 
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3.2 Observed vegetation effect 

In this section, the role of vegetation over EA region for the variation of EASM will be investigated 

during summer season using observation data from 1982 to 2010. Prior to identifying climate changes 

that are derived by changes in vegetation as an experiment, it is first to identify what changes in 

vegetation induce the climate change in the observations. After confirming that the effect of vegetation 

changes in East Asian region affecting variation of EASM is significant through observational data, the 

hypotheses are established and simulated through model experiments using CESM.  

Figure 3.4 shows the time variation of detrended JJA LAI averaged over study domain. The time 

variation of vegetation in EA region is large. In the time variation graph, the blue dots mean the 5 highest 

years and the red dots mean the 5 lowest years. The 5 highest years (1988, 1990, 1991, 1995, 2010) and 

the 5 lowest years (1982, 1993, 2000, 20003, 2007) are chosen respectively. To investigate the 

vegetation effect in observation, the difference between highest and lowest years is analyzed for climate 

variation.  

Figure 3.5 shows the composite differences of LAI, evapotranspiration, and surface temperature during 

JJA mean between the 5 highest and the 5 lowest years of LAI in EA region. The changes of variables 

are statistically significant in 90 percent confidence level that indicated dot areas in figure. When 

comparing highest and lowest years, vegetation increases in all areas except in some areas of southern 

China and Mongolia region (Figure 3.5.a). This vegetation change is up to ±15% in mean value. The 

difference in evapotranspiration also has the same pattern as the LAI difference (Figure 3.5.b). 

Evapotranspiration decreases in the areas where the vegetation decreases and increases in the areas 

where the vegetation increases. This evapotranspiration change is up to ±20% in mean value. It is 

confirmed that the precipitation increases significantly in the region where the evapotranspiration is 

significantly increases. The change of surface temperature is shown in Figure 3.5.c. Surface temperature 

increases in northern China and Japan and decreases in northern Asian regions. Because the increase or 

decrease regions in surface temperature seem to coincide with the increase or decrease regions of the 

precipitation, the temperature is considered a reaction to the precipitation. 

Figure 3.6 shows the change of precipitation and low-level circulation of EASM during JJA and time 

variations between detrended LAI and precipitation averaged in red and blue box region. When the 

vegetation increases over EA region, the precipitation increases significantly over Korea and northern 

Asian region and decreases over southern Japan and eastern sea of China. This precipitation change is 

up to ±20% in mean value. The anomalous anti-cyclone pattern is located over the eastern sea of China, 

causing the southwesterly wind to become stronger inland in China. Precipitation in this region 

decreases due to the anomalous anti-cyclone. The stronger southwesterly wind increases the 

precipitation at northern latitudes above 40 degrees latitude. The anomalous cyclone pattern is located 

over the southeastern Sea of Japan, causing the precipitation increase. Temperature change shows the 
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similar in precipitation change. Temperature decreases are noticeable in areas with the increase of 

precipitation. The correlation coefficient between the study domain averaged LAI and change of 

precipitation is 0.37 (37.5 °N -52.5 °N, 110 °E-140 °E, red box region) and -0.52 (22.5 °N -37.5 °N, 

110 °E -140 °E, blue box region). When vegetation increases over East Asian region, the precipitation 

increases over above 40 °N and decreases over China, south of Korea, and south of Japan. As the 

vegetation increases, the monsoon trough from Bay of Bengal weakens and anomalous anti-cyclones 

forms in the eastern seas of China, reducing precipitation. 

Figure 3.7 shows the mean of JJA zonal wind at 200 hPa during highest years and lowest years, and 

difference between highest and lowest years. In highest and lowest years, the center of westerly upper-

level jet is located at 40° N with 30 m s-1. In the highest years, the westerly jet is weaker over northern 

China and stronger over Japan than the lowest years. Difference between highest and lowest years 

shows the intensity change of jet. In highest years, the westerly jet weakens through the northern China, 

south of Korea, and Japan, and enhances over southern China and above 40 °N. The spatial pattern of 

jet intensity variations is similar with the spatial pattern of precipitation changes. 

Previous studies mentioned that the East Asian subtropical westerly jet (EASWJ) is closely related to 

the precipitation over East Asia (Ha et al, 2005; Nagashima et al, 2013; Zheng-Bin et al, 2014). Ha et 

al (2005) mentioned that the strengthening jet is associated with the anomalous cyclonic circulation 

over western Korea. It develops the downstream over this region and enhances the monsoon rain band 

in Korea. Zheng-Bin et al (2014) found that the anomalous southward shift of EASMJ derives the 

increased precipitation over the Yangtze-Huaihe River Valley (YHRV), and the anomalous northward 

shift of EASMJ derives the reduced precipitation over the YHRV. The weakened lower circulation and 

jet changes cause the precipitation change in northern Asia to increase and at low latitude to decrease. 

Since observations are limited to identify the vegetation-climate mechanisms, we will conduct model 

experiments. 

 

 

 

 

 

 

 

 

 

 



２０ 

 

 

Fig. 3.4. Time variation of detrended JJA LAI averaged over study domain from 1982 to 2010 using 

AVHRR data. In graph, blue dots indicate the 5 highest years (1988, 1990, 1991, 1995, 2010) and red 

dots indicate the 5 lowest years (1982, 1993, 2000, 2003, 2007) 

 

 
 

Fig. 3.5. Composite difference during JJA between the 5 highest and 5 lowest years of detrended JJA 

LAI averaged over EA domain: (a) LAI (m2 m-2), (b) evapotranspiration (mm day-1), and (c) surface 

temperature (℃). The values in the dot areas are significant at the 90% confidence level 
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Fig. 3.6. Composite difference of precipitation (mm day-1) and 850 hPa wind (m s-1) during JJA 

between the 5 highest and 5 lowest years of detrended JJA LAI over EA domain (upper panel) and the 

time variations between detrended LAI and precipitation from 1982 to 2010 (bottom panel). LAI is 

averaged over EA domain and precipitation is averaged over red and blue box regions 
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Fig. 3.7. JJA mean zonal wind at 200 hPa (m s-1) of the 5 highest year mean and 5 lowest years mean 

(upper panel), and the difference between highest and lowest years (bottom panel) 
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3.3 Vegetation impacts on EASM on CESM experiments 

In this section, we examine the effects of vegetation change on EASM through CESM model sensitivity 

experiments. We investigate how the monsoon change is affected by increased surface vegetation in EA 

region. Firstly, we consider how climate change is affected by vegetation multiplied 1.5 times in control 

condition. The difference between Pre_1.5 and Pre-experiment confirms how the increase in vegetation 

impacts on the intensity of EASM in the current climate. The mechanism by which increased vegetation 

in the observations affects the monsoon will be investigated in Pre_1.5. Second, the vegetation effect 

is investigated when the vegetation increases 2.0 times in control condition. The difference between 

Pre_2.0 and Pre-experiment shows that the mechanism of Pre_1.5 are still significant or has a different 

mechanism. If Pre_1.5 and Pre_2.0 have the same mechanism for the effect of increased surface 

vegetation and the response of Pre_2.0 to intensity of EASM is stronger than Pre_1.5, the increased 

surface vegetation has a linear relationship with the intensity of EASM. We confirm the mechanism of 

increased surface vegetation and the intensity change of EASM which are investigated limitingly in the 

observation through the model experiments analysis and inquire that the dipole patterns of the 

precipitation change that appear in the observation is reproduced in the model experiments. 

 

3.3.1 Effect of 1.5 times increased vegetation on present condition  

First, we compare the simulation differences between Pre_1.5 and Pre-experiment to investigate the 

vegetation effect on the present condition. Figure 3.8 shows the change in climate variables when 

vegetation is increased by 150% in the EA region. The shaded area in the result figures is the statistically 

significant area at the 95% confidence level. Vegetation changes are increased by 1.5 times compared 

to vegetation of control experiment. Vegetation change increases more in China and Primorsky's east 

coast where the control vegetation is abundant, and increases little in Mongolia where the control 

vegetation is little (Figure 3.8a). When the vegetation is increased by 1.5 times, the surface roughness 

length increases as the vegetation increases (Figure 3.8b). The roughness length of the EA area is 0.3 m 

at an average of 0.2 m and increases up to 12% with increasing vegetation. Since surface roughness 

length is a function of vegetation quantity, the roughness length increases further in areas where 

vegetation is greatly increased. As the surface roughness length increases, the turbulence momentum 

increases and the transport momentum, heat, and moisture occurs more efficiently between the 

atmosphere and the land. Increased turbulence momentum leads to an increase in evapotranspiration. 

Evapotranspiration increases in all regions above the experimental area, especially in southern China, 

where vegetation has changed significantly (Figure 3.8c). As the evapotranspiration increases, the 

amount of moisture in the atmosphere increases and the humidity in the lower layer increases. The 

albedo change is different between high latitude and low latitude (Figure 3.8d). Albedo decreases at 
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high latitudes and increases at low latitudes, including southern China, with increasing vegetation 

(Figure 3.8e). However, this change is not significant because it is a variation of about ± 0.6% (± 0.006). 

As vegetation changes, albedo also changes significantly, but change is small, so the changes in albedo 

do not affect climate significantly. The 2m temperature decreases with the whole area in the changed 

vegetation (Figure 3.8f). As the vegetation increases, the surface roughness increases, the 

evapotranspiration increases, and the surface temperature decreases. 

The change of the precipitation and the moisture budget in red and blue box regions are shown in 

Figure 3.9. As the vegetation increases, the evapotranspiration cooling effect causes the land 

temperature to decrease and the land-sea thermal contrast to decrease. It weakens the southwestern 

monsoon flow from the Bay of Bengal. The monsoon winds are weakened by land-sea thermal contrast 

and do not reach deep inland, reaching lower latitudes than normal. The anti-cyclone circulation 

anomalies are located in the southern China and the East Sea of China, with decreasing precipitation, 

cyclone circulation anomalies located in northern Asia and Korea, and increasing precipitation (Fig. 

3.9a). In the model, the dipole pattern of abnormal precipitation is similar to the observation analysis, 

although the location is lower than the observed change. The changes in water balance in the red and 

blue box areas show that the enhanced convergence induced by the wind change is dominant in 

precipitation change (Figure 3.9b). In the red box area (southern China and the eastern sea of China, 

18.5 °N -28.5 °N, 105 °E -140 °E), precipitation increases while vegetation and evapotranspiration 

increases. Atmospheric moisture convergence is also reduced in this area, particularly in moisture 

convergence due to the wind changes. In the blue box area (northern China and Korea, 32.5 °N-42.5 °N, 

105 °E-140 °E), precipitation, evapotranspiration and moisture concentration increase. Changes in 

atmospheric moisture convergence due to wind changes are dominant in the moisture convergence of 

this region. As the vegetation increases under current conditions, the atmospheric circulation change 

due to the soil cooling effect (dynamic effect) has more influence than the atmospheric moisture change 

(thermodynamic effect) due to the increase of evaporation. 

The change in the upper level westerly wind effects on the monsoon intensity as well as the lower 

level circulation on EASM. Figure 3.10 shows the change in the westerly jet at 200 hPa level. As the 

temperature in EA region decreases due to the increased evapotranspiration, it leads to a reduced surface 

temperature gradient between the low and high latitudes. When the temperature gradient weakens, the 

west jet move to southward in northern China and south of Korea. The convergence variation at the low 

level and the divergence variation at the upper layer coincide with each other, and the precipitation 

increases in this region. 

 

 

 



２５ 

 

 

 

Fig. 3.8. Difference during JJA between Pre_1.5 and Pre-experiment: (a) LAI (m2 m-2), (b) 

roughness (m), (c) evapotranspiration (mm day-1), (d) 2m relative humidity (%), (e) surface albedo 

(%), and (f) surface temperature (℃). The values in indicated areas are significant at the 95% 

confidence level 
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Fig. 3.9. (a) Difference of precipitation (mm day-1) and 850 hPa wind (m s-1) during JJA between 

Pre_1.5 and Pre, and (b) change of water budget in red and blue box region. Bar graph shows the 

change of precipitation, evapotranspiration, convergence driven wind change, convergence driven 

moisture change, and residual term in turn 
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Fig. 3.10. JJA zonal wind at 200 hPa (m s-1) pattern of control experiment (contours) and 

difference of zonal wind between Pre_1.5 and Pre-experiment (shading)  

 

3.3.2 Effect of 2.0 times increased vegetation on present condition  

To investigate whether the increase of vegetation has a linear relationship with the intensity of EASM, 

the difference between Pre_2.0 and Pre-experiment is investigated. If the vegetation has the linear 

relationship with EASM, we predict the climate change and vegetation impact in future.  

The mean value in black letter and the difference of 6 climate variables averaged in EA land region 

indicated red and blue letter between Pre_1.5 minus Pre-experiment and Pre_2.0 minus Pre-experiment 

in Figure 3.11. When the vegetation increases more in Pre_2.0 simulation than Pre_1.5 simulation, the 

2m temperature decreases more in EA land region because the roughness length increases more and it 

leads to the enhanced evapotranspiration. The surface albedo increases as the increased vegetation in 

sensitivity experiments, however the surface albedo change is not significant to effect on climate change. 

In EA region, the effect of the evapotranspiration cooling effect is more dominant in EA region than the 

surface albedo warming effect. Enhanced evapotranspiration and atmospheric moisture is more in 

Pre_2.0 experiment. 

When the vegetation increases more in Pre_2.0 simulation, increased vegetation has a linear 

relationship with climate change. Figure 3.12 and Figure 3.13 show the difference of precipitation and 

westerly jet between Pre_2.0 and Pre-experiment. The precipitation change has the strengthened pattern 

in Pre_2.0 experiment which is the increased or decreased precipitation pattern indicated in Pre_1.5 
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experiment (Fig 3.12a). The increased or decreased precipitation band is longer and the change in 

northern China is significant in Pre_2.0 experiment, not appear in Pre_1.5 experiment. In the change of 

water budget in blue box regions, each terms of water budget is larger than the difference of Pre_1.5 

experiment (Fig 3.12b). Increased precipitation in blue box regions results from the increased 

evapotranspiration and convergence by the increased moisture and wind circulation, while the change 

of convergence driven wind change is dominant. Decreased precipitation in red box regions results from 

the decreased convergence by the reduced moisture and wind circulation. Although the 

evapotranspiration increases in this region, the monsoon circulation changes unlike normal monsoon 

condition due to evapotranspiration cooling effect.  

Also, the change of westerly jet is stronger and more pronounced. As the vegetation increases more 

in Pre_2.0 experiment, the cooling effect by the evapotranspiration is strengthened and the surface 

temperature is further decreased. It derives that the precipitation and the jet change become stronger 

In the Pre_2.0 experiment, the signal of climate change is more prominent in dipole pattern of 

precipitation and decreased surface temperature than Pre_1.5 experiment. When the vegetation 

increases more in EA region, the evapotranspiration cooling effect is stronger and it makes the surface 

temperature more drop. Monsoon circulation at lower level is more weaken in Pre_2.0 experiment. 

 

Fig. 3.11. Mean value and changes in 6 variables averaged in the EA land region. In parentheses, 

the changes of Pre_1.5 minus Pre-experiment and Pre_2.0 minus Pre-experiment are shown by 

percentage, except for surface albedo and 2m temperature 



２９ 

 

 

 

 

 

 

Fig. 3.12. Same as Fig 3.9., but difference between Pre_2.0 and Pre-experiment 
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Fig. 3.13. Same as Fig 3.10., but difference between Pre_2.0 and Pre-experiment 

 

IV. Summary 

The purpose of this thesis is to investigate the effect of vegetation on intensity of EASM. There are 

several previous studies on how vegetation affects climate and monsoon, but these studies do not have 

the consistent mechanisms for the role of vegetation. Because the processes for local and remote 

responses are not consistent among the prior studies when the vegetation increases, the more detailed 

study of the vegetation effects affecting EASM is needed.  

To evaluate the regional impact on water cycle on EA region, the influence of vegetation change on 

EASM is investigated through observations data and model experiments. In observation, the 5 years of 

highest and lowest years are separated from the EA region averaged LAI which is detrended 29 years. 

When the vegetation increases over EA region, the precipitation increases significantly over northern 

Asian regions and decreases over Southern Japan and Eastern sea of China. This precipitation variability 

is also related to the change in the westerly upper-level jet. As the vegetation increases, the upper-level 

jet is more southward shift than usual and induces anomalous low pressure over northern Asian regions 

and Korea. Both the precipitation and the change of the jet are highly correlated with the vegetation 

change, but it is difficult to verify the process in the observation.  

To verify the process of vegetation change and monsoon change, the model experiments are simulated 

using CESM 1.0.4. Although the CESM simulates EASM circulation and precipitation weakly, the 

phenomenon itself exists, thereby the CESM is used to validate the process through sensitivity 
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experiments Compared with Pre_1.5 and Pre, when the vegetation increases, the roughness length 

increases which leads to an increase in turbulence momentum flux and an increase in evapotranspiration. 

Increased evapotranspiration derives the decreased surface temperature and weakens the temperature 

gradient between the north and south latitude. It makes the westerly upper-level jet more southward 

shift. As the surface temperature decreases, the monsoon circulation in the lower level becomes weaker 

and as the jet move southward in the upper level. It derives the precipitation increases and decreases in 

a dipole form around 30° N.  

Compared with Pre_2.0 and Pre, the increasing effect of vegetation has a linear relationship with the 

intensity of EASM. Vegetation increases more, the increase in evaporation enhances and also 

strengthens cooling effect. Figure 4.1 shows the schematic diagram of EASM conceptual model when 

the normal condition (left) and increase of vegetation condition (right). In the normal condition, the 

surface temperature over land is higher than the surrounding ocean during summer. Thermal contrast 

derives the monsoon flow in EA region. However, when the vegetation increases in EA region, the 

cooling effect of evapotranspiration leads to the reduced temperature difference between land and ocean, 

and weakens the monsoon circulation in the lower layer. The reduced temperature weakens the 

temperature gradient and causes the upper jet to shift southward. 

 

 

 

Fig. 4.1. Schematic diagram showing the monsoon conceptual model in EA region when the 

normal condition (left panel) and increase of vegetation condition (right panel). The yellow line (blue, 

red, and green line) indicate the zonal wind flow at 200 hPa (wind flow at 850 hPa). The solid line 

indicates the mean value and dashed line indicates the anomaly value 
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