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ABSTRACT OF THE DISSERTATION 
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by 
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Professor Yongkang Xue, Chair 

 

 

The objective of this research is to gain a better understanding of the biophysical processes, 

vegetation dynamics, and climate interactions on global and regional scales.  Sahel is the major 

focus region for this research. Our methodology is based on the analysis of observations, as well 

as simulations by the National Centers for Environmental Prediction (NCEP) Atmospheric 

General Circulation Model (AGCM) coupled with the Simplified Simple Biosphere model 

version 2 (SSiB2) and an offline version of the SSiB4 coupled with a Dynamic Global 

Vegetation Model (DGVM) Top-down Representation of Interactive Foliage and Flora Including 

Dynamics (TRIFFID).  
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We first examine the impact of vegetation biophysical processes (VBP) on climate from a long 

temporal scale point of view, specifically, the climate variability on inter-annual and inter-

decadal time scales in the past six decades by using the NCEP AGCM coupled with two different 

land surface parameterizations: SSiB2 and the two-layer soil model. At the inter-annual time 

scale, the simulation with VBP decreases the root mean squared error by about 65%. Moreover, 

on inter-decadal time scale, VBP corrects the wet or dry biases over West Africa, South Africa, 

Amazon, and East Asia, through changing surface energy balances and the partitioning of 

surface latent and sensible heat fluxes, as well as changing atmospheric circulation and moisture 

flux convergence. 

In the second part, we systematically investigate the climate impact of large-scale land use land 

cover change (LULCC), and identify the mechanisms that control the response of climate to 

LULCC, by using the most recent LULCC data in an “idealized but realistic” way for the past six 

decades. LULCC leads to an increase in albedo and decrease in evaporation. The albedo effect 

(cooling) and evaporation effect (warming) compete with each other, resulting in warmer surface 

temperatures at tropics, and cooler surface temperatures at middle latitude. Over global land, the 

LULCC amplifies surface warming (0.11K over global land and 0.43K over degraded area 

respectively). LULCC cause a precipitation reduction globally (-0.15mm/day over global land 

and -0.35mm/day over degraded areas), with strongest signals over monsoon regions, resulting 

from evaporation reduction and less convergence from monsoon convergence zones.   

Finally, I systematically investigate how climate variability and anomalies in West Africa affect 

the regional terrestrial ecosystem, including spatial distribution and temporal variations of plant 

functional types’ (PFT) and other vegetation characteristics, though biophysical and 
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photosynthesis processes at different scales. The offline SSiB4/TRIFFID model is used in this 

study. The results show that the simulated PFT’s spatial distribution and total leaf area index 

(LAI) correspond well to climate variability and are consistent with satellite derived vegetation 

conditions.  The simulated inter-decadal variability in vegetation conditions is consistent with the 

Sahel drought in the 1970s and the 1980s and partial recovery in the 1990s and the 2000s.  The 

vegetation characteristics simulated by SSiB4/TRIFFID responds primarily to air temperature, 

soil moisture and radiative fluxes. 
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Chapter 1 

1 Introduction 

1.1 Brief history of land surface modeling development  

The land surface is a crucial component of the earth environment.  Our understanding on the land 

surface’s role in weather and climate variability has generally depended on the development of 

land surface models [Dirmeyer et al., 2012]. Three generations of models have taken us from the 

early land surface parameterizations (LSPs) to the sophisticated models we have today [Sellers et 

al., 1997]. The first generation of land surface schemes, developed in the late 1960s and 1970s, 

was based on simple aerodynamic bulk transfer formulas and often uniform prescriptions of 

surface parameters (albedo, aerodynamic roughness, and soil moisture availability) over the 

continents [Manabe, 1969]. 

 In the late 1970s and early 1980s, the second generation of models explicitly recognized the 

effects of vegetation on the calculation of the surface energy balance.  Deardorff [1977] 

developed the soil vegetation atmosphere transfer (SVAT) scheme which specified a layer of 

vegetation as a big leaf. Dickinson [1984] developed an early version of the Biosphere-

atmosphere transfer scheme (BATS); Sellers et al [Sellers and Dorman, 1987; Sellers et al., 

1986] developed the Simple Biosphere model (SiB) to calculate the transfer of energy, mass, and 

momentum between the atmosphere and the vegetated surface of the earth. Xue and Sellers 

[1991] kept the essence of the biophysical concepts used in SiB, found a linear relationship 

between Richardson number and aerodynamic resistance, simplified the two-layer canopy into 
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one, developed the Simplified Simple Biosphere model (SSiB). SiB and SSiB used physically 

based formulas to calculate turbulent transfer and reflectance properties of the vegetated land 

surface as functions of leaf area index (LAI), canopy morphology, and vegetation element and 

soil optical properties:  

Hc =
2 Tc −Ta( )

rb
ρCp  

(1-1) 

λEc = e* Tc( )− ea( )
ρcp
γ

Wc

rb
+
1−Wc

rb + rc

"

#
$

%

&
' 

(1-2) 

where Hc is the sensible heat flux, λEc is latent heat flux, Tc  is canopy temperature, Ta is canopy 

air temperature, rb is the aerodynamic resistance between the canopy and the canopy air space, ρ

and Cp are the air density and specific heat, e* Tc( ) is the saturated vapor pressure at temperature 

Tc , ea  is the canopy air space vapor pressure, γ is psychrometric constant, Wc  is canopy water 

fraction,  and rc is stomatal resistance.	  It has been found that the big-leaf type of model, such as 

SiB, tends to produce a higher photosynthesis rate and greater evapotranspiration [Hari and 

Makela, 2003].  

Since the 1980s, plant physiologists and ecologists have provided new insights into the 

biochemical mechanisms governing photosynthesis and how these are tied to stomatal functions. 

After the development of Ball’s model [Ball, 1988], people connect traditional flux transport and 

carbon assimilation through stomatal conductance [Collatz et al., 1991; Farquhar et al., 1980]:  

gs =m
pAnes
Cse

*(Tc )
+bF  

(1-3) 
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An =min(Wc ,We ,Ws )− Rd  (1-4) 

where gs is the stomatal resistance, m is a constant set to 9 for C3, and 4 for C4; P is the air 

pressure; An  is the net CO2 assimilation of the canopy; es  is water vapor pressure on the leaf’s 

surface; Cs is the CO2 concentration on the leaf’s surface; b is a constant set to 0.01 for C3, and 

0.04 for C4; F is the Leaf Area Index (LAI); Wc ,We ,Ws are the rubisco-limited, electron 

transportation limited, and product sink limited rates respectively of CO2 assimilation;  Rd is the 

dark respiration rate. The third generation models use modern theories relating photosynthesis 

and plant water relations to provide a consistent description of energy exchange, 

evapotranspiration, and carbon exchange by plants. Prentice et al. [1992] developed an 

interactive vegetation model, which is an equilibrium (static) model. The static vegetation model 

cannot simulate the time course of vegetation changes during a period of rapid climate change; 

this is a limitation of all static models when applied to situations where the rate of change in the 

environment exceeds the rate of vegetational response [Prentice et al., 1992].  

From the second generation LSPs to the most recent ones, although eddy diffusion concepts have 

being used in LSPs to describe all transfers, vegetation representation has become more and 

more complex and well established. In the early LSPs, the overall structure of vegetation 

canopies is characterized by their typical height and LAI; fractions of different surfaces and their 

spatial scales of a given large-scale surface that is vegetated versus that which is not describe 

heterogeneities. In the most recent generation of LSPs, the overall structure of vegetation 

canopies is characterized by their carbon storage, vegetation height, fractional coverage, LAI, 

leaf angle distribution, rooting depth, and other properties.   
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In order to fully understand the role of climate-vegetation feedbacks at different timescales, we 

need to treat the land-cover as an interactive element, by incorporating dynamic global 

vegetation models (DGVMs) within climate models, which have incorporated treatments of 

nutrient dynamics and biogeography, so that vegetation systems can change in response to 

climate shifts. The main application of the DGVM is to capture and simulate the transient 

changes in vegetation cover and carbon fluxes and to supply Atmospheric General Circulation 

Models (AGCMs) with a representation of vegetation dynamics. The earliest DGVMs were 

based on “bottom-up/gap” forest models, which explicitly model the growth, competition and 

death of individual plants [Friend et al., 1997; Scheiter and Higgins, 2009]. The individual-

based nature of the model allows us to simulate growth, establishment, reproduction and 

mortality of individual plants as a function of the plant’s physiological state and environmental 

conditions. However, they are computationally expensive for large-scale applications. Also, 

AGCM climates are not likely to be sensitive to the details of the species or age composition of 

the land-cover.  

The top-down DGVM approach is used to directly simulate the relevant vegetation and land-

surface characteristics, such as vegetated fraction and LAI. These DGVMs define vegetation as 

different but similar plant function types (PFT) according to their physiological response to 

climate conditions, to describe the processes of vegetation competition, growth, mortality, 

respiration, disturbance and other ecosystem dynamics in different ways. In the following 

chapters DGVM will be referred as the “top-down method”. DGVMs are mostly evaluated for 

their simulations of global net primary productivity (NPP), carbon assimilation, and vegetation 

distribution [Bonan and Levis 2006; Lu and Ji 2006; Sitch et al. 2003], or on terrestrial carbon 

cycles and carbon climate coupling. The DGVMs show divergence in global carbon balance, 
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their response to regional changes in climate and increases in atmospheric CO2 content [Cramer 

et al., 2001; McGuire et al., 2001; Schaphoff et al., 2006; Sitch et al., 2008].   

Recently, attempts have been made to quantify climate-vegetation feedback by incorporating 

DGVMs within climate models. Many DGVMs coupled with GCM have been reported, 

including the Integrated Biosphere Simulator (IBIS) [Foley et al., 1996; Kucharik et al., 2006; 

Kucharik et al., 2000]; the Lund-Potsdam-Je Dynamic Global Vegetation Model (LPJ) [Sitch et 

al., 2008; Sitch et al., 2003]; Sheffield-DGVM (SHE) [Woodward and Lomas, 2004]; the 

Community Land Model-Dynamic Global Vegetation Model (CLM–DGVM) [Bonan and Levis, 

2006; Bonan et al., 2003; Lawrence et al., 2011; Levis, 2010];  HyLand (HYL) model, which is 

based on the Hybrid DGVM [Friend et al., 1997; Friend and White, 2000]; the ORganizing 

Carbon and Hydrology in Dynamic EcosystEms (ORCHIDEE; [Krinner et al., 2005]; the 

spatially explicit individual-based dynamic global vegetation model (SEIB-DGVM) [Sato et al., 

2007]; the Canadian Terrestrial Ecosystem Model (CTEM) [ Arora, 2002; Arora and Boer, 2005; 

Arora and Boer, 2006]; Top-down Representation of Interactive Foliage and Flora Including 

Dynamics (TRIFFID) [Cox et al., 2000; Cox et al, 2001; Hughes et al., 2006] and many others. 

1.2 Climate-vegetation biophysical processes coupling  

Since 1980s, LSPs have been coupled into AGCMs to estimate the exchanges of energy, heat, 

and momentum between the land surface and the atmosphere [Sellers et al., 1997; Sellers et al., 

1986]. Our understanding of the land surface’s role in weather and climate variability has 

generally depended on the development of land surface models because of the scarcity of large 

scale observations and the complexity of process parameterizations, and have been greatly 
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improved in recent decades [Dirmeyer et al., 2012; Koster et al., 2002; Koster et al., 2006; 

Koster et al., 2004b; Wei and Dirmeyer, 2010; Wei et al., 2010; Xue et al., 2010b].   

Using 12 different AGCM coupled with different LSPs, the Global Land Atmosphere Coupling 

Experiment (GLACE) provided an estimate of land-atmosphere coupling strength, the fraction of 

the precipitation variance explained by variations in soil moisture alone globally and identified 

the central great plains of North America, the Sahel, equatorial Africa, and India as the hot spots 

[Koster et al., 2004a; Koster et al., 2006]. In terms of short time scale, (e.g. intra-seasonal 

variability), some studies have identified the impact of soil moisture on evapotranspiration and 

the impact of evapotranspiration on precipitation as two key factors for land atmosphere 

coupling [Dirmeyer et al., 2010; Guo et al., 2006; Wei and Dirmeyer, 2010].   There are a few 

studies on ecosystem dynamics by using GCM coupled with DVGMs over regional areas over 

decadal time scales [Wang et al. 2004]. Zeng and Neelin (2000) developed a very simple DGVM 

coupled with a Quasi-equilibrium Tropical Circulation Model, which showed that the inclusion 

of the interaction between vegetation, soil moisture, and ocean components best reproduced 

observed climate in terms of inter-annual precipitation variability over the Sahel.  

However, in most of these studies, no observational data was used to evaluate the results and 

there are few studies of long term investigation on land-atmosphere coupling. So far, the 

investigation of the impact of land processes on weather and climate has been carried out in 

highly idealized frameworks. The global and temporal characteristics of climate-vegetation 

biophysical processes (VBP) coupling remain poorly understood [Xue et al., 2010b].   
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1.3 Impact of land use land cover change on climate 

Humans modify the Earth’s terrestrial surface at continental scale by removing natural vegetation 

for crops or grazing.  These changes influence the greatest environmental concerns of modern 

society, including, climate change, biodiversity loss, and the pollution of water, soils and air. The 

climate responds to land use land cover change (LULCC) through biogeophysical and 

biogeochemical processes [Pongratz et al., 2010; Xue and Shukla, 1996], as well as ecological 

processes.  

A wide range of AGCMs, regional climate models, and observational studies have focused on 

LULCC’s biogeophysical impacts on climate.  Although, the role of LULCC in the climate 

variability was the first subject of the land/atmosphere interaction study in history [Charney et al. 

1977], it still remains controversial in terms of the degree and extent of desertification as well as 

its impact [Charney et al., 1977; de Noblet-Ducoudre et al., 2012; Werth and Avissar, 2005].  

For instance, the Intergovernmental Panel on Climate Change (IPCC) 4th assessment reports the 

dominant global impact of human land cover change since 1750 overall as a radiative cooling of 

around 0.2±0.2w/m2, but states this has a low to medium level of scientific understanding 

[Forster et al., 2007]. A model intercomparison study using seven climate models coupled with 

different LSPs have reported results at regional and global scales [Boisier et al., 2012; de Noblet-

Ducoudre et al., 2012; Pitman et al., 2009].  The imposed LULCC led to statistically significant 

decreases in the northern hemisphere summer latent heat flux in three models, and increases in 

three models. Five models simulated statistically significant cooling in summer in near-surface 

temperature over LULCC regions and one simulated warming. There was little significant 

change in precipitation.  
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These modeling studies show large discrepancy on the role of LULCC in regional and global 

climate.   Boisier et al. [2012] explained these differences by two major 'features' varying from 

one model to another: the specified land-cover distribution and the simulated sensitivity to 

LULCC.   It is necessary for realistic specifications of LULCC in objectively assessing the 

anthropogenic impact on the global climate with observational data used as constrains.  

1.4 Sahel climate variability   

The Sahel is the major region of this research. It ranges from the Sahara desert in the north to 

savannas and humid tropical climate zones to the south, from the Atlantic Ocean to its west and 

Lake Chad to the east [Xue et al., 2010a; Xue et al., 2012]. There is a steep gradient in climate, 

soils, vegetation, fauna, land use and human utilization with strong correlation among them 

[Lebel et al., 2009]. The Sahel climate is dominated by the West African monsoon (WAM) 

system with a mean annual rainfall from 150 to 2500 mm per year. The WAM system provides 

an ideal framework for considering scale interactions in a monsoon system. Dramatic change 

over Sahel from wet conditions in the 1950s to drier conditions in the 1970s and the 1980s and 

then to partial recovery since the 1990s, represents one of the strongest inter-decadal signals on 

Earth in the twentieth century [Redelsperger et al., 2006]. 

There have been numerous studies on Sahel climate variability and external forcings since 1970s 

[Charney et al., 1977; Koster et al., 2004; Xue et al, 1997; Xue et al., 2004; Xue et al., 2012]. 

Recently, there are a few reports on ecosystem dynamics by using DGVMs over West Africa at 

decadal time scales [Wang et al. 2004]. Zeng and Neelin [Zeng, 2003; Zeng and Neelin, 2000] 

developed a very simple DGVM coupled with a Quasi-equilibrium Tropical Circulation Model, 
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showed that inclusion of the interaction between vegetation, soil moisture, and ocean 

components best reproduced observed climate in terms of inter-annual precipitation variability 

over the Sahel.  

However, the systematic testing of this type of models at seasonal, inter-annual, and decadal 

scales using ground and satellite measurements over Sahel region has not been reported so far.  It 

is necessary to validate the DGVM-simulation using observational data to understand the 

uncertainty involved in DGVM application, to understand how to apply DGVMs for Sahel 

climate studies at different time scales, and to understand the two-way feedback mechanisms.  

1.5 Format of this dissertation    

To summarize，, the land surface modeling development has taken us from very preliminary 

parameterizations based on simple aerodynamic bulk transfer formulas and often uniform 

prescriptions of surface parameters, to sophisticated land surface models with DGVMs which 

directly simulate the relevant vegetation and land-surface characteristics to capture and simulate 

the transient changes in vegetation conditions and carbon fluxes. Our understanding of land 

surface’s role in weather and climate variability has been greatly improved in recent decades.  

However, the global VBP-climate coupling is still poorly understood; the role of LULCC in 

climate variability still remains controversial in terms of the degree and extent of desertification 

as well as its impact; the two-way feedback between climate and vegetation dynamics, especially 

over Sahel needs to be better understood. Therefore, this dissertation aims to evaluate the relative 

roles of land surface forcings in climate variability and anomalies with an emphasis on the 

following aspects: 
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1) To conduct numerical experiments to evaluate the climate-VBP coupling over global land at 

climatology mean, inter-annual and inter-decadal time scales by using AGCM coupled with 

different LSPs (Chapter 2). 

2) To investigate the climate impact of large-scale LULCC, and identify processes that control 

the interaction between land surface processes and climate over global land, especially over 

monsoon regions by using the most recent LULCC data in AGCM (Chapter 3). 

3) To apply field and satellite observations and other proxy data for evaluation and validation of 

the off-line SSiB4/TRIFFID’s ability and uncertainty in realistically simulating ecosystem 

dynamics over West Africa (Chapter 4).  

The conclusion and discussion, and future direction are addressed in Chapter 5 
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Chapter 2 

2 A new perspective into climate-vegetation biophysical processes 

coupling 

Abstract 

Xue et al., [2010b] provided a preliminary seasonal assessment of climate-vegetation biophysical 

process (VBP) coupling on water cycle over global land. In this study, an Atmospheric General 

Circulation Model (AGCM) coupled with two different land surface parameterizations (LSPs), 

including Simplified Simple Biosphere model version 2 (SSiB2) and a two-layer soil model, is 

used to examine the VBP impact on climate at a climatological mean state, and at inter-annual 

and inter-decadal time scales.  

For the climatology mean state, the simulation with VBP produces more realistic monthly mean 

precipitation over the global land. The improvements are mainly manifested in the monsoon 

lands; VBP reduces absolute bias by 0.40mm/day (29%), and root mean squared errors (RMSE) 

by 0.31mm/day (15%) over global land. On inter-annual time scales, VBP simulation improves 

the correlation coefficient from 0.6 to 0.62 and decreases the RMSE by about 65%. Moreover, 

on inter-decadal time scales, VBP corrects the bias over West Africa, South Africa, Amazon, and 

East Asia, through changing surface energy balances and the partitioning of surface latent and 

sensible heat fluxes, as well as changing atmospheric circulation and moisture flux convergence. 
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This study suggests that proper vegetation conditions representation is necessary to attain the 

climate variability in long temporal simulation.  

2.1 Introduction  

The land surface is a crucial component of the earth’s environment.  Modeling land atmosphere 

interaction has been conducted since the first generation of land surface scheme, developed in 

the late 1960s and 1970s, the models were based on simple aerodynamic bulk transfer formulas 

and often uniform prescriptions of surface parameters (albedo, aerodynamic roughness, and soil 

moisture availability) over the continents [Manabe, 1969].   

Our understanding of the land surface’s role in weather and climate variability generally 

followed the development of land surface models because of the scarcity of large scale 

observations and the complexity of process parameterizations, and has been greatly improved in 

recent decades [Dirmeyer et al., 2012; Koster et al., 2002; Koster et al., 2006; Koster et al., 

2004b; Wei and Dirmeyer, 2010; Wei et al., 2010; Xue et al., 2010b]. Using different 

Atmospheric General Circulation Models (AGCM) coupled with different land surface 

parameterizations (LSPs), the Global Land Atmosphere Coupling Experiment (GLACE) 

provided an estimate of land-atmosphere coupling strength, the fraction of the precipitation 

variance explained by variations in soil moisture alone globally, and identified the central great 

plains of North America, the Sahel, equatorial Africa, and India as the hot spots [Koster et al., 

2004a; Koster et al., 2006]. In terms of short time scale, (e.g. intra-seasonal variability), some 

studies have identified the impact of soil moisture on evapotranspiration and the impact of 
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evapotranspiration on precipitation as two key factors for land atmosphere coupling [Dirmeyer et 

al., 2010; Guo et al., 2006; Wei and Dirmeyer, 2010].    

However, in most of these studies, no observational data was used to evaluate the results and 

there are few studies of long term examination on land-atmosphere coupling. So far, the 

investigation of land processes effects has been carried out in highly idealized frameworks. The 

global and temporal characteristics of climate-vegetation biophysical processes (VBP) coupling 

remain poorly understood [ Xue et al., 2010b]. Here in this study, climate-VBP coupling is used 

to specify those land surface processes relevant to climate interactions associated with 

vegetation, since the term land-atmosphere coupling has been loosely applied to many individual 

components in the terrestrial surface, such as albedo and soil moisture.  Using observational 

precipitation data in two AGCMs coupled with different LSPs, Xue et al. (2010b) provided a 

preliminary seasonal assessment of VBP effects on water cycle over global land, and identified 

the monsoon regions as the VBP impact regions. He also identified that the impacts were large 

during monsoon seasons other than winter. This work is referred as Xue2010 in this study.  

Here we use an AGCM coupled with the two different LSPs, with and without VBP specified, 

validated with observational data, to investigate the long-term temporal impact on both 

hydrological cycle and energy balances. By comparing the water cycles and energy balances 

simulated by different LSPs, we estimate the respective impacts of VBP on climate in both a 

climate mean state and temporal variability. This study is a continuation of the work Xue2010, of 

which the limitation is that it only uses the climatology Sea Surface Temperatures (SST) and sea 

ice to drive the model repeatedly for 5 years, and it does not provide an inter-annual and inter-

decadal impact of VBP on climate.  
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2.2 Methodology 

The National Centers for Environmental Prediction (NCEP) global forecast system referred as 

NCEP AGCM in this study [Kalnay et al., 1990; Kanamitsu et al., 1991] coupled with two 

different LSPs are used in this study, including the two-layer soil model, and the Simplified 

Simple Biosphere Model (SSiB2, [Xue et al., 1991; Xue et al., 1996; Zhan et al., 2003]. This 

AGCM is a forecasting model also used for climate studies. We use a version with spectral 

triangular 62 truncation (T62) and 28 vertical levels.  The corresponding Gaussian grid is 192 by 

94, roughly equivalent to 2° of latitude and longitude. The NCEP AGCM includes the Moorthi 

and Suarez [1992] convection scheme, the Chou [1992] and Chou and Suarez [1994] radiation 

scheme, and the Hong and Pan [1996] nonlocal planetary boundary layer scheme. The model 

update can be found in http://www.nco.ncep.noaa.gov/pmb/changes/.  

The two LSPs used in this study represent different land surface processes. The two-layer soil 

model in AGCM is used in the original NCEP AGCM. The ground hydrology cycle is simulated 

by the soil model; no explicit biophysical processes are included. The distributions of monthly 

mean vegetation albedo and surface roughness length are prescribed based on the Dorman and 

Sellers [1989] dataset, which has monthly mean values similar to those used in SSiB. Soil 

temperature and soil volumetric water content are computed in two layers at depths 0.1m and 

1.0m with an implicit time integration scheme [Pan and Mahrt, 1987]. The lowest atmospheric 

model layer is the surface layer, where the Monin–Obukhov similarity profile relationship is 

applied to obtain the surface stress, sensible and latent heat fluxes [Miyakoda and Sirutis 1986]. 

A bulk aerodynamic formula is used to calculate the fluxes once the turbulent exchange 

coefficients have been obtained [Xue et al., 2006].  
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SSiB2 is a biophysical land surface model, which treats the vegetation explicitly by 

incorporating the VBPs with the exchanges of energy and water between the land and 

atmosphere [Sellers et al., 1986; Xue et al., 2006]. A two-stream method with diurnal variations 

is used to calculate the surface albedo and net radiation fluxes. NCEP AGCM/SSiB2 applies a 

global vegetation classification map [Xue et al., 2004] including 13 types (Table 2-1) to specify a 

global monthly mean vegetation conditions. A parameter set for each of the vegetation type, 

including roughness length, leaf area index (LAI), displacement height, greenness, vegetation 

fractional coverage, and many other vegetation conditions, is used based on a variety of sources 

[Dorman and Sellers, 1989]. Instead of using one aerodynamic resistance from land surface to 

reference height to describe the flux and momentum exchange between land surface and 

atmosphere as the two-layer soil model, SSiB2 applies 3 aerodynamic resistances in the land 

atmosphere exchange processes, including aerodynamic resistance from canopy air space to 

atmosphere at reference height, aerodynamic resistance from canopy surface to the canopy air 

space and aerodynamic resistance from the land surface to canopy air space [Sellers et al., 1986; 

Xue et al., 1991; Zhan et al., 2003]. The stomatal resistance is calculated by using Collatz’s 

photosynthesis-stomatal conductance model [Collatz et al., 1991; Collatz et al., 1992; Zhan et al., 

2003]. SSiB has been implemented for a number of land atmosphere interaction studies [Kang et 

al., 2007; Li et al., 2007; Xue et al., 2004]. NCEP-AGCM/SSiB2 has been implemented to assess 

the land processes’ impact on climate [Koster et al., 2004a; Xue et al., 2004;Xue et al., 2006; Xue 

et al., 2010a; Xue et al., 2010b]. 

The boundary conditions, including prescribed daily varying SST and sea ice extent, are from 

NCEP Reanalysis 1 [Kalnay et al., 1996], http://nomad1.ncep.noaa.gov/pub/reanalysis-

1/6hr/grb2d/. The surface initial conditions used in this study are downloaded from 
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http://nomad1.ncep.noaa.gov/pub/reanalysis-1/6hr/sfcanl; and the initial conditions at each 

atmosphere level are from http://nomad1.ncep.noaa.gov/pub/reanalysis-1/6hr/sigma.  

To assess the VBP impact on the climatology mean state, inter-annual and inter-decadal time 

scales, the model simulation starts from January 1948, and integrates 63 years to 2010. Two 

experiments are conducted using observational atmospheric CO2 concentrations. In the control 

experiment (SOIL), a two-layer soil model is used, and in the VBP experiment, the SSiB2 model 

with a new vegetation map is used. Each experiment consists of four members with different 

initial conditions at January 1948, and the differences between VBP and SOIL ensemble means 

are used to assess the impacts of VBP.  

The vegetation interacts with climate through changing stomatal conductance, LAI, vegetation 

cover fraction, vegetation height, albedo and other vegetation and soil properties. The VBP-

SOIL differences are an approximation of the response to direct forcing from VBP as any 

feedbacks associated with changes in ocean temperatures or sea-ice-cover are dampened. 

To validate the model’s performance and assess the VBP impact, several observational datasets 

are used in this study.  Monthly mean precipitation observations lasting from 1979 to 2010 from 

the Climate Prediction Center Merged Analysis of Precipitation (CAMP) [Xie and Arkin, 1997] 

are used in this study;  Another data set on land, Global Telecommunications System (GTS) [Xie 

and Janowiak, 2011] monthly mean precipitation lasting from 1948 to 2010, is also used in this 

study. Monthly mean surface temperatures from the Climatic Research Unit (CRU) [CRU, 2008] 

lasting from 1948 to 2010 is used to validate the temperature at land surface.  

2.3 Results  



	   	   	  

	   	   	   	   	   	  17	  

We compare the differences between VBP and SOIL experiments in terms of both hydrological 

cycle and energy balance. In this study, we will discuss the VBP impact over land surface. The 

climate sensitivity over different sub domains and categories defined in Table 2-2 by Xue 2010 

is highlighted to better understand the impact and the mechanisms. The VBP impact on 

climatology mean state and involved energy balance as well as hydrological cycle is discussed in 

Section 2.3.1. The impact of VBP on inter-annual and inter-decadal variability is discussed in 

Section 2.3.2.  

2.3.1 VBP impacts on climatology mean state 

Compared with GTS observations averaged from 1950 to 2010 (Figure 2-1, Figure 2-2), SOIL 

simulation shows strong wet bias over global land.  VBP reduces the mean value by 0.77 

mm/day (65%), absolute bias by 0.40mm/day (29%), and Root Mean Squared Errors (RMSE) by 

0.31mm/day (15%) over global land (Table 2-3). Compared with the CMAP precipitation 

averaged from 1980 to 2010 (Figure 2-3, Figure 2-4), VBP simulation shows consistent 

improvements (Table 2-4).  Table 2-3 and Table 2-4 confirm findings from Xue 2010 that the 

VBP has significant impacts on the water cycle over global land. 

∆Abs-bias and ∆σ are negative for each sub domain except for North American monsoon land 

and the Tibet plateau, indicating that considering VBP in the AGCM reduces the absolute bias 

and RMSE. Considering that SOIL means are wetter than the observation over most of the sub 

domains, negative ∆mean numbers indicate that VBPs correct for the wet bias. Over the North 

American monsoon land, VBP shows a positive ∆σ. This may be due to crops but the crop model 

in SSiB2 is not well established. Over the Tibet plateau, the positive ∆σ may be due to poor 
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observations over that region. These results indicate that AGCM/SSiB2 has difficulties in 

capturing the VBP effects in some seasons and regions.   

The simulated differences in precipitation are a result of changes in the surface energy and water 

balances. Land surface processes modulate the surface water cycle and energy balances, which 

affects land-atmosphere interactions and the atmospheric circulations [Xue et al., 2010b]. The 

energy and water budget differences between VBP and SOIL simulation are summarized over 

the Global Land (Table 2-5).  These differences are consistent with changes in precipitation and 

are the product of VBP at the surface and feedbacks from precipitation. VBP simulation consists 

of stomatal resistance and three areadynamic resistances, while SOIL only has one; higher 

surface resistance in the VBP simulation contributes to lower evaporation. In the VBP simulation, 

a lower evaporation rate leads to higher surface temperature and less cloud cover; these 

conditions contribute to higher upward longwave radiation and lower downward longwave 

radiation, respectively. The lower amount of cloud allows more short wave radiation in VBP 

simulation, although the VBP generates higher albedo over Monsoon Land, Mid-latitude, and 

lower albedo over High-latitude Land. For the total energy balance at the land surface, the cloud 

effect dominates the surface albedo change and leads to reduced net radiation fluxes in VBP 

simulation.  

Over the global land, the major simulation difference between the VBP and SOIL climatology 

mean state is that the VBP produces less evaporation and less surface heating, especially during 

summer, which modifies the heating gradient between the ocean and continent and in turn. This 

influences pressure gradients, wind flow though geostrophic balance in East Asia and ventilation 

in South America, which brings less moisture into the land. Evaporation and moisture flux 
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convergence play important roles for monsoon evolution in East Asia, the Sahel, and South 

America [Xue et al., 2006;  Xue et al., 2004].  

2.3.2 VBP impact on inter-annual variability 

In the past six decades, the global mean precipitation has evolved with inter-annual and inter-

decadal variability. It started with a wet decade in 1950s to a substantial increase in global aridity 

from the 1970s, onwards, and a recovery in precipitation after 2004 (Figure 2-5a).   

 The significant fluctuation of global precipitation at inter-annual and inter-decadal time scale is 

caused by large-scale atmospheric circulation patterns, which are affected by external forcings. 

Global warming trend, SST, land surface processes, and aerosol have been suggested as major 

factors [Boone et al., 2009; Dai, 2011; Xue et al., 2012]. Recent warming has increased 

atmospheric moisture demands and likely has altered atmospheric circulation patterns, both 

contributing to the drying [ Dai, 2011].  On an inter-annual and inter-decadal timescale, the 

precipitation anomalies are likely triggered by anomalous tropical SST with La Nina-like SST 

anomalies leading to drought in North America, and El-Nino-like SST causing drought in East 

Asia [ Dai, 2011]. Over the Sahel, precipitation anomalies were originally shown to be 

associated with warmer SST in the South Atlantic Ocean and the Gulf of Guinea [Hastenrath et 

al., 2010; Lamb, 1978].  The Sahel drought has also been attributed to concomitant SST warming 

of the Indian Ocean [Giannini et al., 2003; Zeng, 2003].   

Local land surface processes such as reduced evaporation and humidity associated with dry soils 

and high temperatures often enhance the atmospheric anomalies [ Wang et al., 2004; Zeng, 2003]. 
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The VBP impact on the inter-annual variability of climate is discussed in this section; and the 

inter-decadal variability of climate is discussed Section 2.3.2.  

Table 2-6 shows the RMSE of simulated annual mean surface temperature compared with CRU 

observation from 1950 to 2010, and the RMSE of simulated annual precipitation compared with 

GTS observation. The temporal variability of surface temperature is characterized by a warming 

trend since 1948, and periodic fluctuations. Figure 2-6 shows the time serial evolution of annual 

mean surface temperature anomalies from CRU observation, simulated by SOIL and VBP over 

global land and regional areas from 1950 to 2010, which is based on the average over all of the 

grid points over global land.  

Compared with CRU observed surface temperatures, annual mean surface temperatures of SOIL 

experiments catch the inter-annual variability over the global land with a correlation coefficient 

value of 0.75 and RMSE value of 0.73. VBP improves the correlation coefficient to 0.79 and 

decreases the RMSE by about 43%, indicating that VBP is an important factor in climate surface 

temperature prediction.   

The RMSE of VBP simulated surface temperature decreases over each monsoon region. For 

example, the RMSE decreases by 80% over West Africa, 65% over Central East Africa, and 64% 

over Amazon, indicating that VBP is important over these regions. The temperature variability is 

poorly captured by SOIL experiment over Mid-latitude land, such as the Western and Eastern 

United States, or Southern Europe, where VBP simulation improves the correlation coefficients. 

For example, it improves the correlation coefficient from 0.11 to 0.44 over the Western United 

States. VBP simulated temperatures show increased RMSE over High-latitude and some Mid-

latitude regions, suggesting that vegetation processes needed to be improved over these regions.   
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Compared with GTS observation from 1950 to 2010, annual mean surface precipitation from 

SOIL experiments catches the inter-annual over the global land with a correlation coefficient 

value of 0.60 and RMSE value of 1.18 (Figure 2-5b). VBP improves the correlation coefficient 

to 0.62 and decreases the RMSE by about 65% (Figure 2-5b).  The RMSE improvement spreads 

over the global land, and every single sub domain or category defined by Table 2-2, with the 

maximum improvement over Amazon by about 63%.  

Table 2-7 presents the correlation between the annual mean surface precipitation and climate 

variables over global land for both SOIL and VBP experiments from 1948 to 2010. In the SOIL 

experiment, the precipitation is highly correlated with Moisture Flux Convergence (MFC), 

evaporation and net longwave radiation, but negatively correlated with sensible heat fluxes and 

net shortwave radiation. Compared with SOIL experiment, VBP increases the correlation with 

MFC and decreases the correlation with evaporation, which indicates that precipitation 

variability is more controlled by the MFC in VBP simulation.  

2.3.3 VBP impact on inter-decadal variability 

Dry periods lasting for years to decades spread over the global land due to drying over Africa, 

East and South Asia, and eastern Australia. The precipitation difference between 1985-1994 (dry 

decade) and 1950s (wet decade) shows a worldwide anomaly (Figure 2-7), resulting from a 

worldwide evaporation difference (Figure 2-8) and MFC difference (Figure 2-9).  

Over North Africa, GTS observation shows a dipole (positive anomaly to the south and negative 

anomaly to the north) in summer.  SOIL simulation produces a stronger dipole with a wet bias 

over Central East Africa and a dry bias to the south. VBP experiment produces a strong dry bias 
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over Central Africa, and less of a wet bias over Central East Africa, and less dry bias to the south 

due to reduced evaporation and MFC bias.  

GTS observations show a dipole (positive anomaly to the east and negative anomaly to the west 

over South America in south hemisphere’s summer. SOIL simulation produces a different dipole 

(positive bias to the south and negative bias to the north), while VBP simulation reduces wet bias 

in Central Amazon. Both SOIL and VBP simulation produce a wet bias from MFC at the west 

coast, which may be due to the course resolution of GCM, which has some difficulty to 

representing the mountainous area.  

Over Central and South Africa, GTS observations show a dipole (positive anomaly to the north 

and negative anomaly to the south) in the summer.  Both SOIL and VBP experiments do not 

catch the dipole structure, which may be due to course resolution of GCM. SOIL and VBP 

experiments produce a similar evaporation reduction during dry decade; the VBP produces a 

drier precipitation than observed due to less MFC brought into the region.  

SOIL simulations produce a stronger dipole with a wet bias over Central East Africa and a dry 

bias to the south than is observed by GTS observation. VBP experiments produce a strong dry 

bias over Central Africa, but less of a wet bias over Central East Africa and less of a dry bias to 

the south due to less evaporation and MFC bias.  

Over East and South Asia, GTS observations show a large scale drought; Both SOIL and VBP 

experiments catch the drought signal, and produce a dry bias over India due to less MFC into the 

inland. SOIL experiments produce a wet bias over South Asia, while VBP experiments produce a 
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weaker wet bias. Over North America, SOIL experiment produces a strong wet bias due to heavy 

evaporation; VBP corrects for the wet bias by producing less evaporation.    

The decadal differences of surface latent heat fluxes (Figure 2-10) and sensible heat fluxes 

(Figure 2-11) are examined to understand the energy balances involved. The most substantial 

differences found are the partitioning between latent and sensible heat fluxes. Over West Africa 

and East Asia, the VBP simulations produce lower latent heat flux and higher sensible heat flux, 

which accompanies a higher surface temperature. A stronger sensible heat flux gradient between 

continent and ocean in the VBP simulation helps generate an enhanced ventilation effect, which 

lowers the moist energy, modifying the MFC [Xue et al., 2006; Xue et al., 2004].  

2.4 Conclusion and discussion 

In this study, the NCEP-AGCM coupled with SSiB2 and a two-layer soil model are used to 

examine the VBP impact on climate at a climatology mean state, inter-annual and inter-decadal 

time scales.  

At the climatology mean state, VBP simulation produces a more realistic monthly mean 

precipitation over the global land. The improvements are mainly manifested over monsoon lands; 

VBP reduces the mean value by 0.77 mm/day (65%), absolute bias by 0.40mm/day (29%), and 

RMSE by 0.31mm/day (15%) over global land. On the inter-annual time scales, VBP improves 

correlation coefficient from 0.6 to 0.62 and decreases the RMSE by about 65%. On inter-decadal 

time scales, VBP corrects the wet bias and dry bias over West Africa, South Africa, Amazon, 

and East Asia, by changing the circulation and moisture flux convergence.  
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The failure of missing the anomaly structure at inter-annual and inter-decadal time scales, 

especially over Monsoon land, may be due to the course resolution used in this AGCM, since the 

T62 resolution, around 2° at tropics, is not enough to simulate the structure in detail.  Studies 

show that regional models are capable of producing proper dynamic downscaling with the proper 

domain size, lateral boundary conditions, and grid spacing [Xue et al., 2007]. A regional model 

to assess the regional details of land surface may be needed.  

In this VBP simulation, vegetation types and conditions are fixed during the period of model 

integration. A critical feedback process, i.e., responses of vegetation conditions to environmental 

changes, is missing. Considering the importance of land/atmosphere feedback processes in the 

monsoon land climate, this missing process could be a critical caveat in a climate feedback study.  

Attempts have been made to quantify the missing climate-vegetation feedback by incorporating 

dynamic vegetation models within climate models in a physically consistent way [Bonan and 

Levis, 2006; Dickinson et al., 1998; Foley et al., 1996; Lu et al., 2001; Sitch et al., 2003].  An 

offline biophysical model coupled with a dynamic global vegetation model (SSiB4) is validated 

over West Africa in Chapter 4. NCEP-AGCM coupled with SSiB4 provides preliminary results 

(Chapter 5), and will be used to assess the dynamic climate-VBP coupling.  

Another reason may rely on a missing land use and land cover change (LULCC) projection in the 

simulation.  There is a large uncertainty regarding to LULCC-induced climate forcing and the 

climate response.  The climate responds to LULCC through biogeophysical and biogeochemical 

processes [Pongratz et al., 2010; Xue and Shukla, 1996], as well as ecological processes. 

LULCC affects regional climate through biophysical processes, including impacts on surface 

albedo and surface net radiation, the partitioning of available energy between sensible and latent 
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heat fluxes, the boundary layer temperature, moisture profile and depth, and the partitioning of 

rainfall between evaporation and runoff [Pitman, 2003; Pitman et al., 2009]. The climate impact 

of large-scale LULCC is investigated and the mechanisms of the impact are identified in Chapter 

3.  
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Figure 2-1 Observed and simulated DJF precipitation (mm/day) averaged from 1950 to 2009.  (a) 

GTS mean; (b) SOIL mean; (c) SOIL minus GTS mean; (d) VBP minus GTS mean. 
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Figure 2-2 observed and simulated JJA precipitation (mm/day) averaged from 1950 to 2009.  (a) 

GTS mean; (b) SOIL mean; (c) SOIL minus GTS mean; (d) VBP minus GTS mean.  
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Figure 2-3 Observed and simulated DJF precipitation (mm/day) averaged from 1980 to 2009.  (a) 

CMAP mean; (b) SOIL mean; (c) SOIL minus CMAP mean; (d) VBP minus CMAP mean. 
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Figure 2-4 Observed and simulated JJA precipitation (mm/day) averaged from 1980 to 2009.  (a) 

CMAP mean; (b) SOIL mean; (c) SOIL minus CMAP mean; (d) VBP minus CMAP mean. 

  



	   	   	  

	   	   	   	   	   	  30	  

 

 
Figure 2-5 Observed and simulated annual mean precipitation (mm/day) over global land.  

(a)GTS; (b) SOIL; (c) VBP. 
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Figure 2-6 Observed and simulated annual mean surface temperature (K) over global land.  

(a)CRU; (b) SOIL; (c) VBP. 
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(a) GTS observation. Left pannel DJF; right panel, JJA 

  
(b) SOIL, same as (a) 

  
(c) VBP, same as (a) 

Figure 2-7 Precipitation decadal difference, 1985-1994 minus 1950-1959 (mm/day).   
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(a) SOIL. Left pannel DJF; right panel, JJA 

  
(b) VBP. Same as (a) 

Figure 2-8 Evaporation decadal difference, 1985-1994 minus 1950-1959 (mm/day). 
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(a) SOIL. Left pannel DJF; right panel, JJA 

 

  
(b) VBP. Same as (a) 

Figure 2-9 MFC decadal difference, 1985-1994 minus 1950-1959 (mm/day)  
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(a) SOIL. Left pannel DJF; right panel, JJA 

  
(b) VBP. Same as (a) 

Figure 2-10 Latent heat decadal difference, 1985-1994 minus 1950-1959 (W/m2). 
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(a) SOIL. Left pannel DJF; right panel, JJA 

  
(b) VBP. Same as (a) 

Figure 2-11 Sensible heat decadal difference, 1985-1994 minus 1950-1959 (W/m2). 
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Table 2-1 Vegetation Types in AGCM/SSIB2 

PFT Description 
1        tropical rainforest 
2 broadleaf deciduous trees 
3 broadleaf and needleaf trees 
4 needle leaf evergreen trees 
5 needle leaf deciduous trees 
6 broadleaf trees with ground cover 
7 groundcover only 
8 broadleaf shrubs with ground cover 
9 broadleaf shrubs with bare soil 
10 dwarf trees with ground cover 
11 bare soil 
12 crops  
13 ice 
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Table 2-2 Sub Domain coordinates in the study 

Category Name Longitude (°) Latitude (°) 
Monsoon land West Africa 20W-15E 8N-20N 

East Asia 105E-122E  20N-42N 
South Asia 60E-92E 10N-20N 
Amazon 75W-55W 12S-5N 
Eastern Australia 135E-155E 40S-10S 
Central and East Africa 10E-45E 10S-5N 
Southeast Asia 92E-110E 5S-20N 
North American monsoon 115W-103W 20N-33N 

Mid-latitude land Tibet Plateau 80E-105E 28N-37N 
Southern Africa 10E-50E  35S-10S 
South American savanna 65W-40W 28S-12S 
Northeast Asia 122E-150E 30N-50N 
Eastern United States 100W-65W 30N-45N 
Southern Europe 10W-60E 35N-55N 
Western United States 120W-100W 30N-45N 

High-latitude land Canada Boreal 125W-60W 50N-65N 
Siberia 60E-190 55N-75N 

Global land Global land 180W-180E 60S-70N 
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Table 2-3 Climatology mean (1950-2010) precipitation compared with GTS observation 

Domain GTS 
mean 

SOIL 
mean 

∆ mean Abs bias ∆ Abs 
bias 

σ ∆ σ 

West Africa 1.52 2.14 -0.93 0.75 -0.31 0.98 -0.46 
East Asia 2.67 4.39 -0.54 1.72 -0.52 1.88 -0.29 
South Asia 2.99 5.64 -1.19 2.71 -0.91 3.01 -1.01 
Amazon 6.35 9.07 -1.81 3.62 -0.86 4.47 -0.74 
Eastern Australia 1.57 2.41 -1.12 0.87 -0.37 1.03 -0.26 
Central East Africa 3.6 5.4 -1.34 1.92 -0.93 2.27 -0.96 
Southeast Asia 5.35 8 -0.8 3.04 -0.68 3.71 -0.91 
North American 
monsoon 1.12 2.02 -0.11 0.97 -0.03 1.56 0.2 
Tibet Plateau 1.34 3.51 -0.15 2.22 0.04 2.56 0.51 
Southern Africa 2.19 3.45 -2.2 1.56 -0.48 1.8 -0.55 
South America 
Savanna 3.7 5.24 -2.12 1.82 -0.49 2.27 -0.74 
Northeast Asia 2.1 3.4 -0.66 1.33 -0.63 1.44 -0.63 
Eastern United 
States 2.77 3.48 -0.81 0.84 -0.1 1.05 -0.18 
Southern Europe 1.57 2.37 -0.6 0.9 -0.48 1.11 -0.55 
Western United 
States 0.91 1.74 -0.64 0.9 -0.55 1.06 -0.63 
Canada Boreal 1.34 2.67 -0.72 1.34 -0.71 1.44 -0.64 
Siberia 1.06 2.11 -0.49 1.05 -0.48 1.1 -0.48 
Global Land 2.13 3.3 -0.77 1.39 -0.4 2.01 -0.31 
Monsoon Land 3.15 4.88 -0.98 1.95 -0.58 2.36 -0.55 
Mid-latitude Land 2.08 3.31 -1.03 1.37 -0.38 1.61 -0.4 
High-latitude Land 1.2 2.39 -0.6 1.19 -0.6 1.27 -0.56 
 

Note: GTS mean: GTS observed mean precipitation; SOIL mean: SOIL simulation mean 
precipitation; ∆ mean: VBP mean minus SOIL mean; Abs bias: Absolute bias of SOIL 
simulation compared with GTS observation; ∆ Abs bias: Abs bias of VBP experiment minus 
Abs bias of SOIL experiment; σ: root mean squared errors of SOIL experiment compared 
with GTS observation; ∆ σ: σ of VBP experiment minus σ of SOIL experiment.  
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Table 2-4 Climatology mean (1980-2010) precipitation compared with CMAP observation 

Domain CAMP 
mean 

SOIL 
mean 

∆ mean Abs bias ∆ Abs 
bias 

σ ∆ σ 

West Africa 1.59 1.86 -0.82 0.43 0.15 0.63 0.07 
East Asia 2.7 4.38 -0.54 1.68 -0.53 1.85 -0.36 
South Asia 3.04 5.42 -1.25 2.39 -1.2 2.61 -1.24 
Amazon 6.02 9.09 -2.01 3.72 -1.29 4.43 -1.03 
Eastern Australia 1.52 2.47 -1.07 0.95 -0.53 1.09 -0.49 
Central East Africa 3.61 5.26 -1.48 1.81 -0.88 2.13 -0.96 
Southeast Asia 5.4 8.33 -0.74 3.55 -0.83 4.3 -0.99 
North American 
monsoon 1.01 1.94 -0.07 0.98 -0.03 1.45 0.27 
Tibet Plateau 1.6 3.38 -0.17 1.93 0.15 2.33 0.56 
Southern Africa 2.01 3.38 -2.18 1.61 -0.65 1.92 -0.8 
South America 
Savanna 3.61 5.11 -2.01 1.86 -0.64 2.26 -0.79 
Northeast Asia 2.08 3.45 -0.71 1.39 -0.69 1.48 -0.69 
Eastern United 
States 2.73 3.57 -0.86 0.91 -0.19 1.12 -0.27 
Southern Europe 1.5 2.38 -0.63 0.93 -0.52 1.12 -0.61 
Western United 
States 0.83 1.77 -0.66 0.97 -0.6 1.14 -0.66 
Canada Boreal 1.39 2.69 -0.71 1.3 -0.7 1.4 -0.64 
Siberia 1.08 2.11 -0.49 1.03 -0.48 1.09 -0.48 
Global Land 2.06 3.25 -0.78 1.37 -0.42 2.01 -0.32 
Monsoon Land 3.11 4.84 -1 1.94 -0.64 2.31 -0.59 
Mid-latitude Land 2.05 3.29 -1.03 1.37 -0.45 1.62 -0.47 
High-latitude Land 1.24 2.4 -0.6 1.16 -0.59 1.24 -0.56 

Note: Same as Table 2-3 but compared with CAMP observed mean precipitation; σ: root mean 
squared errors of SOIL experiment compared with CMAP observation 
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Table 2-5 Climate field values (VBP – SOIL) over global land 

 

 

 

 

 

 

Note: µ: mean value of the SOIL run; ∆: the mean value difference between VBP and SOIL; σ: 
root mean squared error of VBP compared with SOIL run; the differences of mean value 
between VBP and SOIL pass a significance of at least 95% confidence. 

 
 
  

Variable name  units µ ∆ σ 
Surf. Temperature K 286.34 1.02 1.03 
Precipitation mm/day 3.3 -0.77 0.78 
Albedo  % 23.27 3.92 3.92 
Net Surf. Radiation  w/m2 93.38 -18.4 18.41 
Ground Heat w/m2 -1.54 2.83 2.83 
Latent Heat w/m2 66.55 -24.13 24.14 
Sensible Heat w/m2 23.04 8.22 8.25 
Evaporation  mm/day 2.57 -0.93 0.93 
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Table 2-6 Comparisons of annual mean surface precipitation from1950 to 2010 between CRU 
surface temperatures (K) and GTS data and simulations over different regions (mm/day) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note:  σ: root mean squared error of SOIL experiment; ∆σ: the root mean squared error 
difference between VBP and SOIL.  

  

 CRU surface temp GTS rainfall 
Domain σ ∆ σ σ ∆ σ 
West Africa 3.4 -2.74 0.75 -0.32 
East Asia 1.04 -0.42 1.76 -0.53 
South Asia 2.26 -0.43 2.77 -1.03 
Amazon 1.75 -0.31 2.73 -1.74 
Eastern Australia 0.71 0.31 0.92 -0.45 
Central East Africa 2.03 -0.37 1.83 -1.2 
Southeast Asia 2.1 -0.84 2.75 -0.76 
North American 
monsoon 0.92 -0.48 0.96 -0.09 
Tibet Plateau 2.41 -0.35 2.22 -0.18 
Southern Africa 1.08 -0.72 1.28 -0.32 
South America 
Savanna 1.68 -0.4 1.61 -0.91 
Northeast Asia 0.73 0.62 1.33 -0.65 
Eastern United 
States 0.7 1.27 0.75 -0.46 
Southern Europe 0.84 1.3 0.81 -0.58 
Western United 
States 0.97 1.21 0.85 -0.61 
Canada Boreal 1.12 1.82 1.34 -0.71 
Siberia 1.03 1.38 1.05 -0.49 
Global Land 0.73 -0.32 1.18 -0.77 
Monsoon Land 1.61 -0.84 1.74 -0.97 
Mid-latitude Land 0.77 -0.14 1.24 -1.01 
High-latitude Land 0.94 1.69 1.2 -0.6 
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Table 2-7 Correlation of annual mean surface precipitation with energy components from1950 to 

2010 

 

Note: R:  correlation coefficient between the annual mean surface precipitation and climate 
variables; P-value: statistical significance for the correlation, values of 0.05 or less indicate 
significance of at least 95% confidence. 

 

 

 

 

  

Variable name  SOIL VBP 
 R P-value R P-value 
Net longwave 0.35 0.01 0.34 0.01 
Net shortwave  -0.71 <0.01 -0.52 <0.01 
Latent Heat 0.84 <0.01 0.75 <0.01 
Sensible Heat -0.73 <0.01 -0.87 <0.01 
Evaporation  0.84 <0.01 0.75 <0.01 
MFC 0.95 <0.01 0.98 <0.01 
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Chapter 3 

3 Global land use and land cover change has amplified surface 

warming and drought in the past half century 

Abstract 

Sensitivity studies on the biogeophysical impact of land use land cover change (LULCC) on 

climate variability show large discrepancy. [IPCC, 2007; Pitman et al. 2009; Lawrence et al. 

2010]. Applying the most recent land use and land cover change (LULCC) data in an 

atmospheric general circulation model (AGCM) in an “idealized but realistic” way, the climate 

impact of large-scale LULCC is investigated and the mechanisms of the impact are identified.   

LULCC in the AGCM simulation warms land surface at the tropics, and cools land surface at 

middle and high latitudes. LULCC leads to increase of albedo and decrease of evaporation. The 

albedo effect (cooling) and evaporation effect (warming) compete with each other, resulting in a 

warmer surface at tropics, and a cooler surface at middle latitude. Overall, it amplifies the 

surface warming averaged from 1980 to 2009 (0.11K over global land and 0.43K over degraded 

areas), and produces a cooling effect above 800hPa. The warming effect is strong over monsoon 

areas in the summer season.  For instance, the summer warming is 2.39K, 1.15K, and 1.23K over 

degraded areas in South America, West Africa, and East Asia, respectively. 

LULCC also causes a precipitation reduction globally (0.15mm/day over global land and 

0.35mm/day over degraded area averaged from 1980 to 2009, also with the strongest signals over 
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monsoon regions, resulting from evaporation reduction and changes in convergence from 

monsoon convergence zones.  The precipitation reduction is strongest in East Asia’s summer 

(1.84mm/day) due to the large-scale degradation. This study suggests that LULCC contributes 

the drought and amplifies the surface warming in the past half century.  

3.1 Introduction  

Humans modify the Earth’s terrestrial surface on a continental scale by removing natural 

vegetation for crops or grazing.  Although humans have been modifying land for food, resources, 

and other activities for thousands of years, the current rates, extents and intensities of land use 

and land cover change (LULCC) are far greater than ever in history, driving unprecedented 

changes in ecosystems and environmental processes at local, regional and global scales 

[Mahmood et al., 2010]. These changes encompass the greatest environmental concerns of 

modern society, including, for instance, climate change, biodiversity loss, and the pollution of 

water, soils and air. However, the influence of LULCC on large-scale climate is difficult to 

establish directly through observations.  Proper evaluation of the manifestation and impact of 

LULCC and understanding its mechanisms using models are essential for further monitoring and 

mediating the negative consequences of LULCC while sustaining the production of essential 

resources.  

There is a large amount of uncertainty regarding to LULCC-induced climate forcing and the 

climate response.  The climate responds to LULCC through biogeophysical and biogeochemical 

processes [Pongratz et al., 2010; Xue and Shukla, 1996], as well as ecological processes. 
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For instance, LULCC affects the emission and deposition of carbon, nitrogen and other 

chemically active species that may have a global-scale impact on climate and ecosystem 

functioning inducing potentially relevant feedback mechanisms. Emissions from LULCC are the 

second-large anthropogenic source of CO2 [Le Quere et al., 2009]. Carbon dioxide emissions due 

to LULCC during the 1990s are estimated as 0.5 to 2.7 GtC yr–1, contributing 6% to 39% of the 

CO2 growth rate [Brovkin et al., 2004; Sabine et al., 2004]. An estimate showed that LULUC 

resulted in net emissions of 134 GtC between 1850 and 1990 [Houghton, 2003]. For the period 

from 1990-2005, net LULCC CO2 emissions were 1.5±0.7GtC yr-1, and were dominated by 

tropical deforestation [Le Quere et al., 2009]. In carbon cycle simulations by Brovkin et al. 

[2004], land use change emissions constituted 12 to 35 ppm of the total CO2 rise from 1850 to 

2000. Careful examination of climatic data also reveals an ecological influence, such as the 

effect of leaf emergence on spring-time evapotranspiration [Bonan, 2008; 2011].  In this study, 

we mainly focus on the biogeophysical processes. 

LULCC biogeophysical processes effects on global and regional climate include impacts on 

surface albedo and surface net radiation, the partitioning of available energy between sensible 

and latent heat fluxes, the boundary layer temperature, moisture profile and depth, and the 

partitioning of rainfall between evaporation and runoff [Pitman, 2003; Pitman et al., 2009].   

A wide range of atmospheric general circulation models (AGCMs), regional climate models, and 

observational studies have focused on LULCC’s biogeophysical impacts on climate.  Although 

the role of LULCC in the climate variability was the first subject of the land/atmosphere 

interaction study in history [Charney et al. 1977], it still remains controversial in terms of the 

degree and extent of desertification as well as its impact [de Noblet-Ducoudre et al., 2012; Werth 
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and Avissar, 2005].  For instance, the Intergovernmental Panel on Climate Change (IPCC) 4th 

assessment reported radiative cooling of around 0.2±0.2 w/m2 as the dominant global impact of 

human land cover change since 1750 overall globally, but states that this has a low to medium 

level of scientific understanding [IPCC, 2007]. An inter-comparison study using seven climate 

models coupled with different land surface schemes have reported results at regional and global 

scales [Boisier et al., 2012; de Noblet-Ducoudre et al., 2012; Pitman et al., 2009].  Pitman et al. 

[ 2009] states that the imposed LULCC leads to statistically significant decreases in the northern 

hemisphere summer latent heat flux in three models, and increases in three models. Five models 

simulate statistically significant cooling in summer in near-surface temperatures over LULCC 

regions and one model simulates warming. There are few significant changes in precipitation. By 

specifying LULCC with the difference between the potential vegetation parameters and the 

current day land surface parameters in the community climate system model (CCSM), Lawrence 

et al. [2010; 2012] finds that land cover change in the CCSM results in widespread regional 

warming of the near surface atmosphere, but with limited global impact on near surface 

temperatures [Lawrence and Chase 2010; Lawrence et al. 2012]. The experiments also find 

changes in precipitation, with drier conditions regionally, but with a limited impact on average 

global precipitation. 

At regional scales, studies over West Africa [Clark et al., 2001; Xue et al., 2004] have shown 

that land degradation over the Sahel could produce the observed Sahel summer drought pattern, 

i.e., a dry Sahel and more precipitation to the south. Two other AGCM studies with different 

specifications of LULCC show that LULCC could only explain about 10% [Yoshioka et al., 2007] 

or 5% of the Sahel drought [Taylor et al., 2002]. Xue et al. [2004] also note that degradation 

warms the surface by 1.1K over South Sahel and 0.4K over north Sahel in the summer. Over 
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South America, A conversion of grass to agriculture leads to cooler and wetter near-surface 

atmospheric conditions, and conversion of wooded grasslands or forest to agriculture leads to 

warmer temperatures [Beltran-Przekurat et al., 2012].  The degradation in Australia is paralleled 

by increases in mean surface temperatures, decreases in mean rainfall and persistence of long-

lasting and severe droughts, especially in eastern Australia [Deo, 2012].  Furthermore, Strengers 

et al. [2010] assess the feedbacks between land-use change and natural vegetation dynamics and 

climate during the 20th century; they note that anthropogenic land-use change has a stronger 

effect on climate than the natural vegetation's response to climate change (e.g. boreal greening). 

Afforestation is another tool for climate change mitigation (e.g., [ Xue and Shukla, 1996]). 

Swann et al. [2012] converted C3 grasses and agriculture between 30 °N and 60 °N to broad-leaf 

deciduous trees, and found out that large-scale afforestation in northern mid-latitudes warms the 

Northern Hemisphere and alters global circulation patterns.  

These modeling studies all show the role of LULCC in regional and global climate but with quite 

large discrepancies.   Boisier et al. [2012] explained these differences by two major 'features' 

varying from one model to another, the specified land-cover distribution and the simulated 

sensitivity to LULCC.   It is necessary for realistic specifications of LULCC for objectively 

assessing the anthropogenic impact on the global climate with observational data used as 

constraints.  

Identification of LULCC requires use of high resolution satellite products.  Due to an absence of 

high quality data, the impact of LULCC over the Sahel has been overlooked in some LULCC 

modeling studies [Pitman et al., 2009].  Recently compiled historical land-use data [Hurtt et al., 
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2006] provides a good opportunity to study LULCC effects on global and regional climate 

variability beyond the artificial specification of LULCC.  

In this study, by employing realistic LULCC data into an AGCM, we investigate the impact of 

large-scale LULCC, and identify processes that control the interaction between land surface 

processes and climate, and evaluate the sensitivity of the seasonal and decadal variability of the 

global climate to LULCC.   

3.2 Methodology   

We intend to provide basic understanding of biogeophysical impacts of LULCC on the global 

water balance and energy balance at land surface and to evaluate the sensitivity of the seasonal 

and decadal variability of the global climate to LULCC.   

A fully coupled climate-biophysical model is applied for this project.  The coupled models 

consist of the NCEP global forecast system [Kalnay et al., 1990; Kanamitsu et al., 1991], 

referred as NCEP-AGCM in this study, and the Simplified Simple Biosphere Model (SSiB2) 

[Xue et al., 1991; Xue et al., 1996; Zhan et al., 2003]. We use a version of spectral triangular 62 

truncation (T62) and 28 vertical levels.  The corresponding Gaussian grid is 192 by 94, roughly 

equivalent to 2° in latitude and longitude.  See more details about the model description and 

physical scheme packages in Section 2.2. 

The model simulations start from January 1948 and integrate 63 years to 2010, and each 

experiment has 4 members. The boundary conditions and initial conditions, including sea surface 

temperature (SST) and sea ice extent using data from NCEP reanalysis 1 same as in Section 2.2. 
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Two experiments (LULC and CTL) with or without LULCC are conducted in this study. The 

ensemble mean is analyzed in this project. ∆Φ is the difference in climate variable Φ simulated 

by the experiments with LULCC and Control with original vegetation maps (LULC-CTL). The 

LULCC interacts with climate by changing stomatal conductance, leaf area index (LAI), 

vegetation cover fraction, vegetation height, albedo and other vegetation and soil properties. The 

LULC-CTL differences are an approximation of the response to direct forcing from LULCC as 

any feedbacks associated with changes in ocean temperatures or sea-ice-cover dampened. 

To incorporate LULCC data into coupled models, our strategy is to apply observational data-

based forcing, i.e., "idealized but realistic" forcing.  Our LULCC is based on a recent 63-year 

period, using a combination of crop and pasture fraction changes from Hurrt et al. [2006, 2011]. 

The combined crop and pasture area change differences from 1950 to 2010 (Figure 3-1) are 

derived from the LULCC dataset produced by Hurtt et al., [2006, 2011].  There have been 

significant increases in pasture and croplands globally except for over the southern United States 

and Western Europe where there is clear decrease in the amount of land devoted to crops or 

pastures.  Distinguishing between pasture and crops is difficult, since in reality farmers let their 

animals graze on croplands after the harvest.  Therefore, we add the two to obtain an estimate of 

the total and cover change. Since we only consider degradation’s impact on global change, the 

land improvement in Europe and the United States is not the subject of this study. 

Once the crop and pasture fraction exceeds 0.75 or it increases 0.25 compared to value in 1948, 

the area is degraded based on the original AGCM/SSiB2 vegetation map repeated in the CTL 

experiment. We degrade trees to low vegetation or grasses, while we degrade low vegetation to 
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bare soil. Degradation results in a reduction in surface roughness and LAI, and an increase of 

albedo.  

The Plant Function Types (PFTs) is shown in Table 2-1. We have changed classes 1-8 to 9 (trees 

with to broadleaf shrubs with bare soil, and 9 to 11 (broadleaf shrubs and bare soil to grassland). 

The basic idea is to transform trees to shrubs, shrubs to grass, and grass to bare soil. By 

degrading PFT types, a set of surface parameters including LAI, transmittance, greenness, 

fractional coverage, vegetation height, displacement height, roughness length, soil parameters 

and all other parameters associated with vegetation are changed to show the degradation effects. 

We update vegetation maps yearly. Figure 3-1 shows the fractional coverage difference of 

pasture and crop change compared to value in 1948 in each region over the world, Figure 3-2 

shows the degraded points in vegetation map in each region. As the amount of agriculture 

increased in each region, the degraded points increase accordingly. Australia experienced a 

significant amount of degradation from 1960 to 1980; the degraded points show the degradation 

and recovery in Figure 3-2. The final vegetation map in 2010 is in Figure 3-1b. Here 25% of the 

global land surface is degraded; the spatial distribution of the reduced LAI in DJF and JJA 

averaged from 1980 to 2009 is shown in Figure 3-1a and Figure 3-1b.    

This particular conversion, from trees to low vegetation, and from low vegetation to bare ground, 

is used to simulate the applied LULCC data in the AGCM study. The degradation is realistic and 

intended to represent a predicted scenario. The experiment design gives us an opportunity to 

identify the climate impacts of LULCC, and the mechanisms controlling the interaction between 

climate and LULCC, particularly changes in surface energy balances, hydrological cycles and 

atmospheric circulation. 
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3.3 Results  

We compare the difference between LULC and CTL experiments found in both the hydrological 

cycle and energy balance. In this study, we will discuss the LULCC impact over land surfaces. 

The climate sensitivity over monsoon regions (such as East Asia, West Africa, and South 

America, which domain are defined in Table 3-1) is highlighted to better understand the impact 

and mechanisms. Surface temperature change and involved energy balance is discussed in 

Section 3.3.1; precipitation change and involved hydrological cycle is discussed in Section 3.3.2; 

the dynamic circulation change is discussed in Section 3.3.3.  

3.3.1 Temperature and surface energy balance  

Table 3-2 shows the statistics of the simulated annual mean surface temperature compared with 

CRU observation from 1950 to 2010. Compared with the Climatic Research Unit (CRU) [CRU, 

2008] observation, annual mean surface temperatures of CTL experiments capture the inter-

annual variability for the global land, and some monsoon regions, such as West Africa and South 

America.  The LULCC simulation improves the correlation coefficients over global land and 

several sub monsoon domains (Table 3-2), especially the increase in the correlation coefficient 

from 0.38 to 0.45 over East Asia, where the CTL has the weakest correlation and strongest 

degradation. Imposing the LULCC increases the root mean squared errors (RMSE) globally by 

about 20%; however, it decreases RMSE dramatically (41%) over South America.  This 

improvement suggests that LULCC is an important factor in climate prediction and our LULCC 

specification may be reasonable.   
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 Figure 3-3 shows the time serial evolution of the annual mean surface temperature anomalies 

simulated by CTL and LULC and the difference between LULC and CTL over global land and 

regional areas from 1950 to 2010, which is based on the average over all of the grid points in 

each domain as defined in Table 3-1. The magnitude of the annual surface temperature 

difference over global land increases with the increase in degradation. The increasing trend is 

stronger in each region’s summer, and the strongest trend is in South America’s summer.  

Results from last 30 years (1980-2009) are averaged to show the spatial distribution of LULCC 

impact. Figure 3-4 presents the impact of LULCC on surface temperature; Figure 3-5 presents 

the impact on albedo, net radiation fluxes at surface, net radiation flux at the top of atmosphere, 

sensible heat flux, and latent heat flux at the surface. The results in these figures are summarized 

in Table 3-3 for the annual mean over global land and Tables 3-4, Table 3-5, Table 3-6 for 

summer and winter seasons over East Asia, West Africa, and South America, respectively. Note 

that the negative values for latent heat fluxes and/or sensible heat fluxes represent a reduction of 

latent and sensible heat flow into the atmosphere. 

The expansion of LULCC leads to an annual mean surface temperature warming (∆T) of 0.11K 

over global land and 0.43 K over degraded area resulting from an increase of ground heat flux 

increase of 0.12W/m2 (Figure 3-5 and Table 3-3), which suggests that over global land the 

warming is dominant.  Although there are different signs for the temperature changes, the spatial 

pattern of warming is widespread over the global land with strongest signals over degraded area 

(Figure 3-4). The annual warming signal is substantial, with a 1.48K 0.94K, and 0.21K warming 

for South America West Africa, and East Asia, respectively. The greatest temperature change 

occurs in summers instead of winters over all the regions with only a small winter warming of 
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small magnitude or even a cooling effect and a strong summer warming resulting from an 

evaporation effect dominating an albedo effect.   

Over degraded areas in East Asia (Table 3-4), LULCC causes a winter cooling of 0.76K and a 

strong summer warming of 1.23K. In winter, a substantial albedo increase of 5.7% leads to a net 

surface radiation flux decrease of 10.96W/m2, of which 50% was explained by latent heat flux. 

In summer, a similar increase 6.28% of albedo leads to a net surface radiation flux decrease of 

27.06W/m2.  However, a decrease in the vegetation causes a larger decrease in the latent heat 

flux, 31.12W/m2, which outweighs the albedo cooling effect, leading to increase in ground heat 

flux (0.33W/m2) and warmer surface temperature.   

Over degraded area in West Africa (Table 3-5), LULCC causes a weak winter warming of 0.20K 

and a strong summer warming of 1.15K, resulting from a decrease in the net surface radiation 

caused by albedo increase and a larger magnitude of decrease in latent heat flux and, leading to 

an increase in the ground heat flux, 0.26W/m2 in summer. 

Over degraded area in South America (Table 3-6), which is close to tropics, LULCC shows a 

weak winter warming of 0.31K, similar to West Africa, and a strong summer warming of 2.39K.   

The same warming patterns are also found in the spring and fall. The increase in albedo causes a 

net radiation flux decrease of 38.53W/m2 in summer.  Both latent heat flux and sensible heat flux 

are reduced.   Although the ground heat flux does not change much in the summer, the strong 

warming effect in summer results from a dramatic ground heat fluxes increase of 0.93W/m2 in 

spring season. The heat stored in the thick soil of Amazon during the spring season is slowly 

released during the summer season.   
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Figure 3-6 shows the vertical structure of annual mean temperatures over global land from low to 

high latitudes. The annual temperature differences (Figure 3-6b) at low level show significant 

warming effects over low latitude with a value of 0.15K, and significant cooling effects over 

middle latitude with a value of 0.1K (Figure 3-6b). The surface warming effect is reduced with 

increasing elevation. There is a cooling above the middle troposphere, with the maximum 

cooling anomalies, about 0.2K, occurring at 500hPa. Over the entire column of atmosphere, the 

albedo effect outweighs the evaporation effect and leads to a cooling effect.  

The mechanisms involved are summarized in Figure 3-7. The expansion of LULCC reduces LAI, 

surface roughness and greenness, resulting in two direct impacts on surface energy balance. First, 

albedo over degraded areas increases with degradation throughout the whole year with similar 

magnitude for each season (Figure 3-5a Tables 3-3~3-6), leading to more short wave radiation 

back into space and a decrease in net radiation fluxes absorbed by the land surface, which 

potentially leads to a cooling effect on the surface and in the atmosphere. Figure 3-5a shows that 

there is small difference in the albedo during winter and summer at high latitudes, indicating that 

the snow effect is secondary and vegetation change is the dominant factor in determining the 

albedo change in this experiment. The albedo effect has similar magnitude at low and high 

latitudes throughout the whole year. Meanwhile, decreased roughness length after land 

degradation decreases the efficiency of momentum transport and then latent heat transport from 

the surface to the atmosphere, resulting in more heat stored at the surface, which potentially has a 

warming effect on surface. The evaporation effect has the largest magnitude in summer at low 

latitudes. The albedo effect, which leads to cooler temperature, and evaporation effect, which 

leads to warmer surface temperature, compete with each other and result surface warming at low 
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latitudes, where evaporation effect outweighs albedo effect, and cooling at high latitudes, where 

albedo effects outweighs evaporation effect.  

3.3.2 Precipitation and water budget  

LULCC leads to a reduction in water released into atmosphere from the surface through a 

reduction in transpiration and canopy evaporation, and changes in magnitude and pattern of 

moisture flux convergence, resulting in precipitation changes.  Over degraded area, the 

precipitation is substantially reduced.  The changes in water budget and precipitation are 

discussed in this section, and the change in the spatial pattern of the atmospheric circulation is 

discussed in Section 3.3.3.   

Figure 3-8 shows the temporal evolution of surface precipitation anomalies simulated by CTL 

and LULC, and LULC-CTL over global land and regional areas from 1950 to 2010. The 

magnitude of annual surface precipitation difference increases with degradation increases over 

global land; the reduction in magnitude is stronger in each region’s summer than in other seasons, 

and the strongest reduction is in South America’s summer.  

The precipitation reduction is widespread over the global land with the strongest signals over 

degraded areas in monsoon regions.  There is also small increase outside of the large-scale 

degradation areas. The most notable changes in precipitation over land are in monsoon regions 

over East Asia, West Africa and South America. Figure 3-9 shows JJA and DJF differences in 

total precipitation, deep convection precipitation, evaporation, and moisture flux convergence 

averaged from 1980 to 2009. LULCC causes precipitation reduction over the global land with 

the largest contribution from large-scale precipitation reduction.  
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The expansion of LULCC leads to an annual mean surface precipitation reduction by 

0.15mm/day over global land and by 0.35mm/day over degraded area resulting from a decrease 

of evaporation by 0.44mm/day.  The evaporation reduction outweighs the moisture flux 

convergence change over global land.  The annual dry signal is strongest over South America, by 

1.06mm/day followed by 0.84mm/day over East Asia. The precipitation shows the strongest 

reduction during the summer monsoon season. 

We further analyze the hydrological cycle over each domain during the summer season. Over the 

degraded area of East Asia (Table 3-4), LULCC causes evaporation reduction of 1.2mm/day and 

moisture flux convergence reduction by 0.64mm/day, leading to a total precipitation reduction of 

1.84mm/day. Both evaporation and moisture flux convergence changes contribute to 

precipitation reduction with a larger contribution from evaporation. Over degraded area of West 

Africa (Table 3-5), LULCC causes an evaporation reduction by 0.62mm/day and moisture flux 

convergence reduction by 0.09mm/day, leading to a total precipitation reduction of 0.71mm/day. 

The 87% of the precipitation reduction is contributed from evaporation. Over degraded area of 

South America (Table 3-6), LULCC causes precipitation reduction by 1.67mm/day with a 78% 

contribution from evaporation reduction (1.31 mm/day).  

The water budget shows that the evaporation reduction from less vegetation has a strong impact 

on total precipitation globally and regionally.  

3.3.3 Dynamic mechanisms    

Over global land, because of the dramatic reduction from evaporation and moisture flux 

convergence, especially in summer, less moisture is transported into the atmosphere through the 
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boundary layer, resulting in less deep convective heating above 800hPa. The maximum reduction 

occurs at 500hPa over the tropics and subtropics (Figure 3-10a), and the convective heating rate 

difference explains more than 80% of the total diabetic heating rate difference; At the same time, 

surface warming due to ground heat flux leads to more long wave radiative heating near the 

surface (Figure 3-10b). These positive long wave radiative heating differences at the surface 

together with negative deep convective heating differences above 800hPa result in a specific 

vertical structure of total diabetic heating differences with a shallow surface warming and deep 

above cooling rates (Figure 3-10c). Deep cooling above 800hPa leads to a large scale of sinking 

motion over middle latitudes and dampening of uplifting over tropical area (Figure 3-10d), which 

leads to a higher surface pressure. Although LULC produces more unstable temperature vertical 

structures (Figure 3-6), the lack of uplifting and water supplies results in a precipitation 

reduction (Figure 3-11, Figure 3-12). Once rainfall is affected, additional feedbacks apply. 

Reduced evaporation producing a positive feedback which exhibits different temporal scales 

associated with different “memory time scales” of the processes evolved [ Xue, 1997].  

The Asian monsoon covers India, China, Korea, Japan and Indochina, as well as parts of 

surrounding countries [Xue et al., 2004]. In the summer, the low-level southwest airflow brings 

moisture to Asia, which has a low surface pressure and a counterclockwise turning circulation is 

formed. The strong convergence zone at 700hPa to the south of the Yangzi River is consistent 

with the observed precipitation and creates two divergence centers at its south and north side 

(Figure 3-11a, 3-11c). In our LULC experiment, higher surface pressure (Figure 3-11b) than 

those simulated in our CTL experiment over East Asia inland leads to a weaker land ocean 

gradient, which leads to a weaker low-level southwest airflow, and a weaker convergence center 

to the south of the Yangzi River (Figure 3-11d), and compensating weakening of the two 
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divergence centers to its south and north side. This divergence spatial structure leads to a strong 

precipitation reduction over the weaker convergence center and a positive rainfall difference at 

coastal regions.  

Over West Africa in summer, the southeasterly airflow from the Indian Ocean driven by the 

Indian Ocean high pressure becomes southwesterly after crossing the equator in Central Africa, 

and forms the convergence zone over the Sahel, which is relevant to the summer monsoon in the 

region (Figure 3-11a, 3-11c) [Xue et al. 2004]. In our LULC experiment, lower surface pressure 

over the Sahel than in CTL experiment leads to a stronger low-level southwest wind (Figure 3-

10b), however, the lack of evaporation outweighs this impact of pressure gradient change, which 

together causes a precipitation reduction over the convergence center. 

The South America Monsoon System (SAMS) develops during the southern spring when the 

region of intense convection in the northwestern part of South America shifts rapidly to the 

southern Amazon Basin and Brazilian Highlands [Ma, 2009]. The low-level northeast airflow 

transports moisture westward from the tropical Atlantic to the Amazon basin and then turns 

southeastward toward the extra-tropics of South America into the Chaco Low, and forms the 

South American convergence zone [Ma, 2009]. The South American convergence zone is an 

outstanding component of SAMS, extending southeastward from the continent over the Atlantic 

Ocean.  Similar to East Asia, higher surface pressure produced by LULC experiment leads to a 

weaker northeast airflow into the convergence zone and less convergence (Figure 3-11b, Figure 

3-11d). Due to course resolution and ill represented topography, LULC produces an artificial 

rainfall increase over the west coast mountain regions.  
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The most notable changes in precipitation over land are in the monsoon regions over South 

America, followed by East Asia and West Africa. We do not find a very strong signal caused by 

LULCC over North America monsoon system or the Austral Monsoon.  

3.4 Conclusion and discussion   

Instead of specifying the LULCC by comparing potential vegetation biomes and current 

vegetation biome maps as many scholars did [Boisier et al., 2012; de Noblet-Ducoudre et al., 

2012; Lawrence and Chase, 2010; Pitman et al. 2009], we applied the most recent LULCC data 

in the NCEP-AGCM in an “idealized but realistic” way to investigate the impact of large-scale 

LULCC and to identify the mechanisms that control the interaction between LULCC and climate 

in the past six decades. Starting from vegetation biome conditions in 1948, we degrade the 

vegetation biome map progressively according to pasture and agriculture changes in the LULCC 

data. 

LULCC warms the land surface at tropics, and cools the land surface at middle and high latitudes. 

Overall, it amplifies the surface warming, but cools air above 800hPa. In a global context, the 

surface warming effect from this experiment (0.11K over global land and0.43K over degraded 

area) is modest, but the warming effect is strong over regional areas in the summer season, such 

as 2.39K over degraded area in South America, suggesting that LULCC could have amplified the 

ongoing surface warming and could have an impact to warm the surface in the future with more 

population and agriculture over tropical and subtropical regions. 

LULCC causes precipitation reduction globally, with the strongest signals over monsoon regions, 

resulting from evaporation reduction and less convergence from monsoon convergence zones.  



	   	   	  

	   	   	   	   	   	  61	  

The precipitation reduction is strongest in East Asia’s summer (-1.84mm/day) due to the large-

scale degradation.  The expansion of LULCC leads to an annual mean surface precipitation 

reduction of 0.15mm/day over global land and -0.35mm/day over degraded area resulting from a 

decrease of evaporation of -0.44mm/day, indicating that over global degraded areas evaporation 

reduction outweighs moisture flux convergence change resulting from dynamic circulation 

change averaged over the area.  

Due to the course resolution of this experiment, it is hard to identify the spatial pattern of 

temperature and rainfall, or the vertical structure of heating rates at coastal regions or mountain 

regions in detail. Since the experiment uses specified vegetation biome maps, the feedbacks 

between the LULCC and climate are missing. Therefore, dynamic vegetation modeling with real 

LULCC is encouraged to investigate these feedbacks.   
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(a) Difference of crop and pasture fractions 
(%) between 2000-2009 and 1940-1949 
(Hurtt et al., 2006).    Selected areas 
enclosed by the bold lines are discussed in 
Figure 3-2. 

(b) Degraded areas in 2010 (Hurtt et al., 2006) 

  
(c) DJF SSiB LAI difference between 2010 

and 1980 
(d) JJA SSiB LAI difference between 2010 and 

1980  
Figure 3-1 LULCC from data and specified in the model 
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(a) LULC fraction change  relevant to  

1948 for each area based on Hurtt’s 
data 

(b) Changes in degraded number of grid 
points in each  area 

Figure 3-2 Degradation over regions specified in Figure 1a from 1950 to 2010 
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Figure 3-3 Inter-annual and inter-decadal variability of  (a) the CTL annual mean land surface 
temperature anomaly  (b) the LULC annual mean land surface temperature anomaly  (c) the 

annual mean land surface temperature difference between LULC and CTL; (d),(e) and (f), the 
summer (JJA or DJF) surface temperature difference (LULC-CTL) over East Asia, West Africa 

and South America, respectively.    
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Figure 3-4 Surface temperature difference (K) for DJF (left) and JJA (right).   Light blue lines in 

Figure show statistic significant at 90% level. 
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(a)Same as Figure 3-4 for Albedo difference (%) 

  
(b) Same as (a) for net surface radiation (W/m2) 

  
(c) Same as (a) but for latent heat (W/m2)  

  
(d) Same as (a) but for sensible heat (W/m2) 

Figure 3-5 Climate variables difference (LULC-CTL) averaged from 1980 to 2009 
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Figure 3-6 Annual mean zonal temperatures (K, left panel) and differences between LULC and 
CTL (0.1 °K, right panel) averaged from 1980 to 2009 
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Figure 3-7 Schematic diagram of mechanisms involved for surface temperature difference 
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Figure 3-8 Inter-annual and inter-decadal variability of (a) the CTL annual mean land 

precipitation anomaly  (b) the LULC annual mean land surface precipitation anomaly  (c) the 
annual mean land surface precipitation difference between LULC and CTL; (d),(e) and (f), the 
summer (JJA or DJF) precipitation difference (LULC-CTL) over East Asia, West Africa and 

South America, respectively.     
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(a) DJF (left panel) and JJA (right) Precipitation anomaly  (mm/day) 

  
(b) Same as (a) but for convective precipitation 

  
(c) Same as (a) but for evaporation  

  
(d) Same as (a) but for moisture flux convergence and wind at 850hPa 

Figure 3-9 Total precipitation reduction and involved deep convection precipitation, evaporation, 
moisture flux convergence difference (LULC-CTL) averaged from 1980 to 2009 (mm/day) 
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(a) Deep convective heating rate (K/day, left) and difference (0.1K/day, right) 

  
(b) Long wave radiative heating rate (K/day, left) and difference (0.1K/day, right) 

  
(c) Total heating rate (K/day, left) and difference (0.1K/day, right) 

  
(d) dp/dt vertical motion (10-4 hPa/s, left) and difference (10-5 hPa/s, right) 

Figure 3-10 Annual zonal heating rates and vertical motions and their differences (LULC-CTL) 
averaged from 1980 to 2009 
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(a) Sea level pressure (hPa) and surface wind at 1000hPa (m/s) in DJF (left) and JJA (right) 

  
(b) Difference of surface pressure (hPa)  and wind at 1000hPa (m/s) in DJF (left) and JJA (right) 

  
(c) Divergence (10-6 /s) and wind field (m/s) at 700hPa  in DJF (left) and JJA (right) 

  
(d) Difference of divergence (10-7 /s) and wind (m/s) at 700hPa  in DJF (left) and JJA (right) 
Figure 3-11 Difference (LULC-CTL) of low level pressure and wind from 1980 to 2009 in 

DJF(left) and JJA(right)  
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Figure 3-12 Schematic diagram of mechanisms involved for surface precipitation difference 
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Table 3-1 Sub Domain coordinates in the study 

Name Longitude (°) Latitude(°) 
Global land 180W-180E 60S-70N 
East Asia 100E-125E 20N-42N 
West Africa 20W-15E 8N-18N 
South America 70W-30W 30S—5S 

 

  



	   	   	  

	   	   	   	   	   	  75	  

Table 3-2 Comparisons of annual mean surface temperature (K) from1949 to 2010 between CRU 
data and simulations over different regions 

Month Domain R ∆ R P-value σ ∆ σ 
Annual  Global land 0.79 0.023 <0.05 0.41 0.08 

East Asia 0.38 0.07 <0.05 0.62 0.03 
West Africa 0.57 0.05 <0.05 0.59 -0.02 
South America 0.68 0.08 <0.05 1.09 -0.45 

Note:  R:  correlation coefficient between CRU and the control run; ∆ R: the correlation 
coefficient difference between LULC and CTL; P-value: statistical significance for 
correlation (R); σ: root mean squared error control run; ∆σ: the root mean squared error 
difference between LULC and CTL. 
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Table 3-3 Annual mean surface variables and their difference between LULC and CTL averaged 
from1949 to 2010 over global land 

Month Variable name  Units µ ∆ σ P-value 
Annual  Surf. Temperature K 289.62 0.43(0.11) 0.45 <0.05 

Precipitation mm/day 2.31 -0.36(-0.15) 0.36 <0.05 
Albedo  % 28.36 4.43 4.44 <0.05 
Net Surf. Radiation  w/m2 81.2 -15 15.03 <0.05 
Ground Heat w/m2 0.47 0.12 0.15 <0.05 
Latent Heat w/m2 41.64 -11.49 11.53 <0.05 
Sensible Heat w/m2 39.09 -3.63 3.67 <0.05 
Evaporation  mm/day 1.61 -0.44 0.44 <0.05 
Leaf Area Index m2/m2 1.86 -1.36 1.36 <0.05 

Note: µ: mean value of the control run; ∆: the mean value difference between LULC and CTL; σ: 
root mean squared error compared with control run; P-value: statistical significance for the 
difference of mean value between LULC and CTL, values of 0.05 or less indicate 
significance of at least 95% confidence. 
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Table 3-4 Climate field values (LULC-CTL) over East Asia 

Month Variable name  Units µ ∆ σ P 
DJF Surf. Temperature K 270.56 -0.76 0.88 <0.05 

Precipitation mm/day 0.89 -0.16 0.22 <0.05 
Albedo  % 29.4 5.66 5.7 <0.05 
Net Surf. Radiation  w/m2 29.26 -10.96 11 <0.05 
Ground Heat w/m2 -0.79 0.21 0.79 0.33 
Latent Heat w/m2 23.92 -5.74 5.8 <0.05 
Sensible Heat w/m2 6.13 -5.43 5.52 <0.05 
Evaporation  mm/day 0.92 -0.22 0.22 <0.05 
Leaf Area Index m2/m2 1.95 -1.29 1.29 <0.05 

JJA Surf. Temperature K 294.18 1.23 1.26 <0.05 
Precipitation mm/day 9.09 -1.84 1.99 <0.05 
Albedo  % 24.77 6.28 6.28 <0.05 
Net Surf. Radiation  w/m2 144.39 -27.05 27.09 <0.05 
Ground Heat w/m2 1.63 0.33 0.44 <0.05 
Latent Heat w/m2 96.12 -31.12 31.19 <0.05 
Sensible Heat w/m2 46.65 3.73 4.01 <0.05 
Evaporation  mm/day 3.71 -1.2 1.2 <0.05 
Leaf Area Index m2/m2 2.64 -2.4 2.4 <0.05 

Note: Values are reported as µ, ∆, σ and P same as table 3. Values are shown from climate model 
runs averaged over JJA (June, July, August), and DJF (December, January, February).   
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Table 3-5 Climate field values (LULC-CTL) over West Africa 

Month Variable name  Units µ ∆ σ P 
DJF Surf. Temperature K 296.08 0.2 0.78 0.5 

Precipitation mm/day 0 0 0.01 0.88 
Albedo  % 28.93 2.5 2.5 <0.05 
Net Surf. Radiation  w/m2 59.03 -8.71 8.87 <0.05 
Ground Heat w/m2 0.25 -0.12 0.93 0.58 
Latent Heat w/m2 13.91 -1.44 3.04 0.06 
Sensible Heat w/m2 44.86 -7.15 7.5 <0.05 
Evaporation  mm/day 0.54 -0.06 0.12 0.06 
Leaf Area Index m2/m2 1.47 -0.89 0.9 <0.05 

JJA Surf. Temperature K 302.13 1.15 1.26 <0.05 
Precipitation mm/day 3.44 -0.71 0.95 0.01 
Albedo  % 27.5 3.73 3.75 <0.05 
Net Surf. Radiation  w/m2 117.71 -13.55 13.65 <0.05 
Ground Heat w/m2 -3.06 0.26 0.57 0.1 
Latent Heat w/m2 54.74 -16.07 17.06 <0.05 
Sensible Heat w/m2 66.03 2.26 4.86 0.1 
Evaporation  mm/day 2.11 -0.62 0.66 <0.05 
Leaf Area Index m2/m2 0.98 -0.76 0.77 <0.05 

Note: Same as Table 3-4.  
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Table 3-6 Climate field values (LULC-CTL) over South America 

Month Variable name Units µ ∆ σ P 
DJF Surf. Temperature K 297.76 2.39 2.4 <0.05 

Precipitation mm/day 6.84 -1.67 1.74 <0.05 
Albedo  % 20.68 9.45 9.45 <0.05 
Net Surf. Radiation  w/m2 155.9 -38.53 38.55 <0.05 
Ground Heat w/m2 -0.74 -0.08 0.39 0.32 
Latent Heat w/m2 96.13 -33.82 33.95 <0.05 
Sensible Heat w/m2 60.51 -4.63 5.09 <0.05 
Evaporation  mm/day 3.71 -1.3 1.31 <0.05 
Leaf Area Index m2/m2 3.38 -2.97 2.98 <0.05 

JJA Surf. Temperature K 292.62 0.31 0.45 <0.05 
Precipitation mm/day 0.94 -0.25 0.28 <0.05 
Albedo  % 21.26 9.26 9.26 <0.05 
Net Surf. Radiation  w/m2 87.85 -27.77 27.8 <0.05 
Ground Heat w/m2 0.7 -0.21 0.36 <0.05 
Latent Heat w/m2 46.86 -18.15 18.35 <0.05 
Sensible Heat w/m2 40.29 -9.41 9.6 <0.05 
Evaporation  mm/day 1.81 -0.7 0.71 <0.05 
Leaf Area Index m2/m2 3.64 -2.67 2.67 <0.05 

Note: Same as table 3-4.  
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Chapter 4 

4  Modeling Ecosystem and its variability over West Africa 

Abstract 

 The West Africa ecosystem region has suffered from the severest and longest drought in the 

world since the late 1960s.   By using an offline Simplified Simple Biosphere Version 4/Top-

down Representation of Interactive Foliage and Flora Including Dynamics Model 

(SSiB4/TRIFFID), this study systematically investigates how climate variability and anomalies 

in West Africa affect the regional terrestrial ecosystem, including spatial distribution and 

temporal variations of plant functional types (PFT) and other vegetation characteristics, though 

biophysical and photosynthesis processes at different scales. 

The results show that the simulated PFT’s spatial distribution and total leaf area index (LAI) 

correspond well to climate variability and are consistent with satellite derived vegetation 

conditions.  The simulated inter-decadal variability in vegetation conditions is consistent with the 

Sahel drought in the 1970s and the 1980s and partial recovery in the 1990s and the 2000s.  The 

vegetation characteristics simulated by SSiB4/TRIFFID responds primarily to air temperature, 

soil moisture, and solar short wave radiation.  Correlation analysis between vegetation and soil 

processes and precipitation reveals that the memory effects recorded by soil and then released 

into vegetation is only 2-3 month.  
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4.1 Introduction 

West Africa expands from the Sahara desert in the north to the savannas and humid tropical 

climate zones to the south, from the Atlantic Ocean to its west and Lake Chad to the east [Xue et 

al., 2010a; Xue et al., 2012]. The elevation of the vast majority of this land is less than 0.6 

kilometers above sea level, though isolated points of higher elevation exist in several countries 

along the southern shore of the region. There is a steep gradient in climate, soils, vegetation, 

fauna, land use and human utilization with strong correlation among them (Figure 4-1) [Lebel et 

al., 2009]. 

The West Africa climate is dominated by the West African monsoon (WAM) system with a 

mean annual rainfall of between 150 and 2500 mm per year.  The WAM develops during the 

northern spring and summer. The WAM seasonal characteristics of monsoon rainfall (i.e., onset, 

duration, and termination of the rainy season), seasonal rainfall amount, and intra-seasonal 

rainfall distribution during the rainy season show high inter-annual and inter-decadal variability 

[Janicot et al., 1996; Le Barbe et al., 2002]. Annual rainfall in the Sahel has persistently 

remained below the climatological average since the late sixties, with devastating droughts 

during the late 1960s to the early 1980s [Nicholson, 2005; Nicholson et al., 2000]. Starting from 

the late 1980s, observations show that there has been a recovery in rainfall relative to the very 

dry period. Meanwhile, a strong increase in the seasonal normalized difference vegetation index 

(NDVI) was observed over large areas in the Sahel during the period from 1982-1999. The 

increase is interpreted as a vegetation recovery from the drought periods of the 1980s [Eklundh 

and Olsson, 2003]. 
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The WAM system provides an ideal framework for considering atmosphere and land surface 

interactions in a monsoon system. Most of early studies are sensitivity studies, with one or two 

surface parameters, such as surface albedo and soil moisture, under consideration. Using 12 

Atmospheric General Circulation Models (AGCM), Koster et al. quantified the land atmosphere 

coupling strength globally and revealed that the Sahel, along with a few other regions, had the 

greatest soil moisture/climate coupling strength [Boone et al., 2009; Koster et al., 2004a; Xue et 

al., 2012]. With the development of more sophisticated biophysical models, the effects of 

vegetation biophysical processes (VBP) on Sahel climate at different time scales have also been 

explored in a few numerical studies. With specified vegetation in AGCMs, Xue et al. [2010b] 

identify West Africa as a region with the strongest VBP/climate interaction in the world. In the 

past decade, The African Monsoon Multidisciplinary Analysis (AMMA) has organized 

comprehensive activities in data collection and modeling to further increase our understanding of 

the relevant processes, in order to improve prediction of the WAM. The AMMA Land Surface 

Model (LSM) Intercomparison Project (ALMIP) addressed the modeling of land surface 

components, using a mix of numerical weather prediction and satellite-based forcing data, 

showed moderate inter-model variability, and were able to reasonably capture both the amplitude 

and the phase of the observed changes [Boone et al., 2009; Boone et al., 2010]. 

Recently, attempts have been made to quantify climate-vegetation feedback by incorporating 

dynamic global vegetation models (DGVMs) within climate models [Bonan and Levis, 2006; 

Cramer et al., 2001; Dickinson et al., 1998; Foley et al., 2000; Foley et al., 1996; Lu et al., 2001; 

Quillet et al., 2010; Sitch et al., 2008; Wang et al., 2004]. DGVMs use time series of climate 

data and, given constraints of latitude, topography, and soil characteristics, to simulate vegetation   

and its association with climate, and biogeochemical and hydrological processes.  Many DGVMs 
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coupled with AGCM have been reported, including the Integrated Biosphere Simulator (IBIS) 

[Foley et al., 1996; Kucharik et al., 2006; Kucharik et al., 2000]; the Lund-Potsdam-Je Dynamic 

Global Vegetation Model (LPJ) [Sitch et al., 2008; Sitch et al., 2003]; Sheffield-DGVM (SHE) 

[Woodward and Lomas, 2004]; the Community Land Model-Dynamic Global Vegetation Model 

(CLM–DGVM) [Bonan and Levis, 2006; Bonan et al., 2003; Lawrence et al., 2011; Levis, 2010];  

HyLand (HYL) model, which is based on the Hybrid DGVM [Friend et al., 1997; Friend and 

White, 2000]; the ORganizing Carbon and Hydrology in Dynamic EcosystEms (ORCHIDEE; 

[Krinner et al., 2005]; the spatially explicit individual-based dynamic global vegetation model 

(SEIB-DGVM) [Sato et al., 2007]; the Canadian Terrestrial Ecosystem Model (CTEM) [ Arora, 

2002; Arora and Boer, 2005; Arora and Boer, 2006]; Top-down Representation of Interactive 

Foliage and Flora Including Dynamics (TRIFFID) [Cox et al., 2000; Cox et al, 2001; Hughes et 

al., 2006] and many others.  

These DGVMs define vegetation as different plant function types (PFT) according to their 

physiological response to climate conditions, to describe the processes of vegetation competition, 

growth, mortality, respiration, disturbance and other ecosystem dynamics in different ways. 

DGVMs are mostly evaluated for their simulations of global net primary productivity (NPP), 

carbon assimilation, and vegetation distribution [Bonan and Levis 2006; Lu and Ji, 2006; Sitch et 

al. 2003], or on terrestrial carbon cycles and carbon climate coupling. The DGVMs show a 

divergence in global NPP, their response to regional changes in climate and increases in 

atmospheric CO2 content [Cramer et al., 2001; McGuire et al., 2001; Schaphoff et al., 2006; 

Sitch et al., 2008]. Sometimes, model-simulated precipitation, surface temperature, or tree ring 

data was used to indirectly evaluate DGVM performance [Notaro et al., 2007; Wang and Eltahir, 

2000]. There are a few reports on ecosystem dynamics by using DGVMs over West Africa over 
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decadal time scale [Wang et al. 2004]. Zeng and Neelin [Zeng, 2003; Zeng and Neelin, 2000] 

developed a very simple DGVM coupled with a Quasi-equilibrium Tropical Circulation Model, 

and showed that inclusion of the interaction between vegetation, soil moisture, and ocean 

components best reproduced observed climate in terms of inter-annual precipitation variability 

over the Sahel.  

However, the systematic testing of these type of models at seasonal, inter-annual, and decadal 

scales using ground and satellite measurements has not been reported so far.  It is necessary to 

validate the DGVM-simulation using observational data to understand the uncertainty involved 

in DGVM application, to understand how to apply DGVMs for Sahel climate studies at different 

scales, and to understand the two-way feedback mechanisms. 

The purpose of this study is to validate an ecosystem model coupled with a land surface model 

and DGVM that can be used to study the vegetation feedback on climate in West Africa. We use 

the offline Simplified Simple Biosphere model version 4/Top-down Representation of Interactive 

Foliage and Flora Including Dynamics Model (SSiB4/TRIFFID) to investigate ecosystem 

dynamics over West Africa. The model specification is briefly described in Section 4.2.1.  The 

data used and study regions are reported in Section 4.2.2 and 4.2.3. The model’s ability to 

reproduce the regional spatial patterns of vegetation distribution observed by satellite sensors is 

investigated in Section 4.3.1, and its ability to catch the temporal variability of vegetation 

conditions inter-annual and inter-decadal scales is validated with observations in Section 4.3.2.  

Finally, the relationship between vegetation dynamics and climate conditions are studied in 

Section 4.3.3, and the soil’s memory effects on vegetation are inspected in Section 4.3.4. 
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4.2 Model specification, data and study region 

4.2.1 Model specification 

SSiB4/TRIFFID is based on the balance of energy cycle, water cycle, and carbon cycle at the 

terrestrial surface (Figure 4-2), and has been tested for several sites with different climate and 

land cover conditions [Xue et al., 2006]. The model coupling is attached in Appendix A, and 

validation will be presented in a separate report [Xue et al., 2013]. 

TRIFFID [Cox et al., 2001] is a DGVM; SSiB is a biophysical model and includes a 

photosynthesis-stomatal conductance submodel [Zhan et al., 2003].  SSiB provides estimates of 

carbon flux and other surface conditions, such as soil moisture, canopy temperature, to TRIFFID. 

In SSiB, a parameterization scheme is developed to update the surface albedo, surface roughness 

length, zero displacement height, and surface aero dynamic resistances based on the new 

vegetation state simulated by TRIFFID, such that all important biophysical properties of the land 

surface change consistently to ensure a full feedback to the atmosphere. Energy fluxes, the 

hydrological cycle, and carbon assimilation, all core processes in SSiB4 occur on 30 min time 

steps. TRIFFID allocates the average CO2 assimilation of vegetation, calculated in SSiB over a 

10-day integration period for its calculation. Leaf phenology (bud-burst and leaf drop) is updated 

in SSiB-4 on an intermediate timescale of one day.  

4.2.2 Data for this study 

It is necessary to validate the DGVM-simulation using observational data to understand the 

uncertainty involved in a DGVM application on different time scales. Three types of data sets are 
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introduced in this study.  A 61-year (1948-2008), 1-degree, three hours dataset of meteorological 

forcing data [Sheffield et al., 2006] is used to drive SSiB4/TRIFFID (Figure 4-1), including air 

temperature and specific humidity at a 2m reference height, wind velocity at a 10m reference 

height, downward short wave radiation, long wave radiation, surface pressure, and precipitation 

at the surface. The dataset is constructed by combining a suite of global observation-based 

datasets with the National Centers for Environmental Prediction–National Center for 

Atmospheric Research (NCEP–NCAR) reanalysis. The climate features of this data set in the 

study area will be discussed in Section 4.2.3.  

Several Leaf Area Index (LAI) data sets from remote sensing are used for model validations. The 

Global Inventory Modeling and Mapping Studies (GIMMS) data set has a global LAI measure 

covering a 31-year period (1982-2002).  Because this data set does not cover the 2000s, we 

combine this data set with the Moderate Resolution Imaging Spectroradiometer (MODIS) 

MOD15a2 LAI from 2002.  In addition, the Fourier-Adjusted, Sensor and Solar zenith angle 

corrected, Interpolated, Reconstructed (FASIR) adjusted LAI data set, which covers 1982-1998, 

is used for comparison to show the uncertainty in satellite products. Both GIMMS and FASIR 

data sets are derived from the Advanced Very High Resolution Radiometer (AVHRR) 

measurement but with different algorithms.  They are generally consistent but with large 

discrepancies in many aspects and will be discussed later.   GIMMS3g data [Zhu et al. 2013] is 

also used in this study. 

Simulated vegetation fractions are compared with 5 land cover maps derived from remote 

sensing as shown in Table 4-1, including ECOCLIMAP II products [Tchuente et al., 2010], the 

UCLA AGCM/SSiB vegetation map [Hansen et al., 2000], Global Land Cover 2000 (GLC2000) 
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[Bartholome and Belward, 2005; Mayaux et al., 2004], European Space Agency (ESA) global 

cover map, (GLOBCOVER) [Defourny et al., 2006],  and MODIS  1-km land cover (MOD12Q1) 

version 4 using University of Maryland scheme[ Friedl et al., 2002a; Zhao and Running, 2010].   

In order to compare the land surface types with different products, the classifications in all 

vegetation maps are converted into the UCLA AGCM/SSiB vegetation biomes, which include 13 

types. Type14, 15, 16 are preserved from MODIS UMD and GLC. Table 4-2 and Table 4-3 show 

the converting method respectively.  

The operational MODIS Land Cover algorithm made use of the last 12 months of Nadir BRDF 

Adjusted surface Reflectance data (NBAR - MOD43B4), Enhanced Vegetation Index data (EVI 

- MOD13A2), Land Surface Temperature data (MOD11A2), BRDF information (MOD43B1), 

and surface texture information (MODAGTEX), in conjunction with a global set of training, to 

provide global classifications of the land surface [ Friedl et al., 2002a; Friedl et al., 2002b]. 

MOD12Q1.004 used data from 2000 to 2004 (Table 4-1). The corresponding conversion is 

shown in Table 4-2, Permanent wetlands is preserved into UCLA map as type 14, Urban and 

built-up is preserved into UCLA map as type 15.  

The GLC2000 project [Bartholome and Belward, 2005] used daily data with 1-km ground 

resolution by the SPOT-4 VEGETATION during November 1999 to December 2000.  Other 

data sources such as digital elevation models, radar, and Defense Meteorological Satellite 

Program (DMSP) data were also used. In Africa, the map of vegetation cover has been produced 

based upon the spectral response and the temporal profile of the vegetation cover; A total of 27 

land cover categories were documented [Mayaux et al., 2004], and was classified into 22 types 
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into a global frame. It was synthesized into the UCLA 13 types as shown in Table 4-1 and Table 

4-3. No data place is preserved into UCLA as type 16. 

The GLOBCOVER product (Table 4-1) based on the 2005 data led by the ESA is at a 300m 

resolution, which is three times higher than any previous satellite map [Bicheron et al., 2006]. 

The input multispectral data was recorded by the Medium Resolution Imaging Spectrometer 

(MERIS) instrument aboard ENVISAT. GLOBCOVER also used land cover classification 

system information to identify 33 land cover classes over the Africa and this classification 

scheme assured its compatibility with GLC2000 [Tchuente et al., 2010] . 

The ECOCLIMAP II (Table 4-1) provided new ecosystem classification with 37 distinct types, 

but only covers West Africa.  This map was produced by the compilation of existing land cover 

maps including ECOCLIMAP-I, MODIS, and GLC2000 on the basis of MODIS LAI 

discriminator [Tchuente et al., 2010].   

4.2.3 Study Regions 

African ecosystems represent the spatially extensive and complex zones including forest, 

savanna and desert. The proportions of broadleaf trees, shrubs, grassland and bare cover are 

largely determined by large- and small-scale gradients of precipitation and its induced soil 

moisture, and the complexly related factors of edaphic conditions, wildfire, grazing, and human 

land cover modification[Rian et al., 2009]. West Africa is divided into 4 sub-regions in this study, 

including the Tropical Rainforest, the Coastal Region, the Savanna Land and the Sahel (Figure 4-

1a) according to elevation and geography (Figure 4-1a), mean annual climatology (Figure 1b-h) 

and existing PFTs (Figure 4-6).  
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Figures 4-1 show West African climatology [Sheffield et al. 2006].  The Tropical Rainforest 

region (10°E~30°E, 5°S~5°N) is characterized by the inter-tropical convergence zone and 

evergreen tropical forest, receives the highest amount of rainfall in the study area (the mean 

annual precipitation > 1500mm), as well as a high humidity (mean annual specific humidity > 

16g/kg), but relatively low solar radiation (the mean annual downward short wave radiation < 

220w/m2) because of much cloud from deep convection. The evergreen forest has little seasonal 

cycle. 

The Coastal Region (13°W~30°E, 5°N~9°N) is characterized by WAM system and human 

civilization; the dominant vegetation types are crop and deciduous broad leaf trees. It receives 

high amount of rainfall precipitation (the mean annual precipitation > 1200mm), as well as a 

high humidity (mean annual specific humidity > 16g/kg), and a relatively low solar radiation (the 

mean annual down ward short wave radiation flux < 240w/m2). 

The Sahel (15°W~30°E, 9°N~17°N) is characterized by WAM subtropical climate; ground cover 

varies from savanna to grasslands to barely vegetated ground cover. There is a steep gradient in 

climate and vegetation from humid tropical climate zones to very dry dessert or barely vegetated 

area. Annual precipitation varies from 1200mm-10mm, as well as the humidity from 16-6g/kg; 

the dominant vegetation cover varies from deciduous broadleaf trees to broad leaf shrubs.  The 

portion of grasses increases with increasing in latitude. Sahel is the main study area in this study; 

vegetation there highly depends on the variability of WAM.  

The Savanna (5°W~20°E, 9°N~15°N) is subtropical climate and dry temperate climate zone. 

Annual precipitation decreases from 1500mm to 100mm from south to north, as well as the 

humidity from 8-16g/kg.  The dominant vegetation cover varies from shrubs to grasslands. 



	   	   	  

	   	   	   	   	   	  90	  

4.2.4 Experimental design and initial conditions 

The SSiB4/TRIFFID model is configured for a 1°x1° spatial grid over West Africa. Because 

dynamic vegetation models need a long time to spin up, we first conduct the model simulation 

for 100 years using the same 1-year meteorological forcings to reach equilibrium for the initial 

conditions.  Studies have shown that spin-up forcing and initial conditions of the PFT spatial 

distribution in equilibrium runs have considerable impact on the PFTs’ fraction coverage.  For 

instance, Li et al. [2011] use the CLM-DGVM and find that in the tropical rainforest climate 

region and the wet temperate climate region, the impact of the spin-up forcing and initial 

conditions on the fraction coverage is negligible. In the tropical monsoon climate region, which 

is usually a transition region, the dry temperate climate region, the highland climate region and 

the boreal forest climate region, the impact of the spin-up forcing and initial conditions on the 

fraction coverage is considerable [ Li et al., 2011].  We find that our model has similar 

phenomena. 

In this study, we present the results using the current vegetation spatial distribution as initial 

conditions and the 1948 forcing data repeatedly for 100 times for the equilibrium run.  The 

evolutions of PFTs fractions coverage during the 100-year equilibrium run are shown in Figure 

4-3, indicating in all sub-regions the equilibrium conditions are reached reasonably well. The 

broad leaf trees (PFT1) dominates in the Tropical Rainforest region, with co-existence of C4 

Plant (PFT4) and shrubs (PFT5) competing with each other. PFT4 plants dominates in the 

Savanna land and the Sahel.  In the Coastal region, C4 plants initially dominates but gradually 

loses the fraction coverage to PFT5.  
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After reaching equilibrium, the forcing data from 1948-2008 are used to drive dynamic modeling 

simulation.   Simulated spatial distribution of PFTs and the total LAI, defined as the amount of 

leaf area in a vegetation canopy per unit land area, Gross Primary Production (GPP) are validated 

with existing vegetation maps, LAI and GPP derived from satellite products, respectively in 

Section 4.3.1. Since both GPP and LAI are key structural characteristics of vegetation and land 

cover carbon storage, and LAI is a key parameter for global and regional models of 

land/atmosphere exchange of carbon dioxides, water vapor, and other materials, it also plays an 

integral role in determining the energy balance at land surface [Scurlock and Asner, 2001], we 

focus on analysis of LAI to validate this SSiB4/TRIFFID model in Section 4.3.2, Section 4.3.3 

and Section 4.3.4. 

4.3. Results analysis 

4.3.1 Vegetation climatology 

The evolution of PFT fractions forced by the meteorological forcing from 1948 to 2008 

[Sheffield et al., 2006] in each subdomain is shown Figure 4-4. The competition starts from the 

equilibrium condition as discussed in Section 4.2.4. The fraction coverage of PFTs in most 

subdomains has no substantial changes from the equilibrium conditions except the Coastal 

Region. The dominance of PFT1 in the Tropical Rainforest sub-region and PFT4 in the Savanna 

Land and Sahel, are similar to the equilibrium run. In the Coastal Region, the 40% of fraction 

coverage for PFT5 is similar to equilibrium value, while PFT4 slowly loses its fraction coverage 

to PFT1, which gradually encroaches into the coast region, reaching 20% in 2008. PFT4 
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encroaches into the Savanna Land and the Sahel region with a value of 3%, showing the 

potential to move north into Sahel.  

SSiB4/TRIFFID simulated spatial distribution of vegetation conditions are validated with 

satellite observations.  Vegetation fractions (Figure 4-5) are compared with 5 remote sensing-

derived land cover map data sets (Table 4-1 and Figure 4-6).   The simulated LAI (Figure 4-7) 

are validated with GIMMS, FASOR and MODIS products.  

The remote sensing-derived vegetation maps agree with each other in general patterns but differ 

substantially in detail.  In all 5 vegetation maps (Figure 4-6), evergreen broad leaf trees dominate 

over tropical region and subtropical region; the Savanna Land is occupied by a combination of 

deciduous trees, shrubs and grassland. The five vegetation maps, however, disagree with each 

other over many aspects. For example, in the Sahel region, The UCLA map shows a south north 

gradient from savanna to shrubs, while MODIS, GLC2000, GLOBCOVER (not shown) and 

ECOCLIMAP II (not shown) show a south north gradient from savanna to grass land. In addition, 

the UCLA land map does not include wetland or urban, MODIS, GLC2000, GLOBCOVER and 

ECOCLIMAP II all include an urban class.  

Spatial distribution of fraction coverage for different PFTs from the SSiB4/TRIFFID simulation 

is consistent with existing vegetation maps over the Tropical Rainforest region, the Coastal 

region and the Savanna land. Broad leaf trees stay in tropical rainforest region and encroach into 

savanna land; C3, C4 and shrubs coexist and shrubs dominate in the Savanna land. PFT5 and 

PFT4 dominate over the Coastal region, with small portion of broadleaf encroaching in. 

However, the spatial distribution is more consistent with MODIS, GLC2000, GLOBCOVER and 

ECOCLIMAP II but not with the UCLA map, which shows shrubs lie along the southern 
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boundary of the Sahara desert.  In the satellite derived maps, over Sahel PFT4 first gradually 

increases with latitude and becomes dominant over the Sahel region, then diminishes and the 

grassland lies over the southern boundary of the Sahara desert.  The transition zone between 

Sahel and Sahara desert shows a south north gradient from savanna to grass land (Figure 4-5A 

and Figure 4-5B). SSiB4 does not simulate any type of human disturbance or land management. 

SSiB4/TRIFFID simulated seasonal mean LAI averaged from 1989 to 1998 are compared with 

the FASIR (1989-1998), GIMMS (1989-2002), and MODIS (2002-2010) products (Figure 4-7). 

Three satellite data products are generally consistent but differ substantially over West Africa. 

All products have a similar zonal structure with a north south gradient. But the values of each 

product are different. For instance, the GIMMS LAI is larger than MODIS and FASIR by about 

0.5 over the Coastal, the Savanna Land and the Sahel regions.  Meanwhile, the GIMMS LAI and 

the MODIS LAI are smaller than FASIR by about 0.4 over the Tropical Rainforest region. 

Among these three dataset, MODIS has smallest spatial variability except in winter; FASOR has 

the largest variability in spring and fall; and GIMMS has the largest variability in winter and 

summer (Table 4-4).  

 Over the Tropical Rainforest region, the simulated annual LAI has a mean value of 6 region 

which is higher than the GIMMS LAI by 1, and the MODIS LAI and the ECOCLIMAP II LAI 

[Tchuente et al., 2010]  0.8 and historical ground measurement 1.2 [Scurlock and Asner, 2001];  

Moreover, the simulated LAI shows no seasonality but the remote sensed LAI has. In summer, 

the value of simulated LAI agrees well with the FASIR LAI over the Tropical Rainforest.  Over 

the Coastal region, the simulated annual LAI is larger than FASOR and MODIS, and is close to 

GIMMS. Over the Sahel, the simulated annual LAI agrees well with GIMMS, which is larger 
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than FASIR and MODIS by 0.5. The discrepancy due to larger values than observation over the 

Coastal and the Sahel regions is much larger in winter than in summer.  Simulated LAI spatial 

variability is generally in a reasonable range compared with satellite products, with a steep 

gradient from north desert to south tropical rainforest. Simulated LAI shows larger spatial 

variability in each season than FASOR, GIMMS, and MODIS (Table 4-4). 

GPP averaged from 2000 to 2008 from SSiB4/TRIFFID simulation is comparable to the MODIS 

products (Figure 4-8). As LAI spatial distribution, MODIS GPP products show a similar gradient 

from Sahara desert to Tropical rainforest with an east west zonal structure. These general 

patterns are well caught by SSiB4/TRIFFID simulation. GPP from simulation is 200gc/m2/yr 

smaller than MODIS over the Tropical Rainforest, but 200-500gc/m2/yr larger over the Coastal 

region and the Sahel.  

Although both GIMMS and FASIR started with nearly identical composited AVHRR data sets, 

each data set has been processed with different algorithms to reduce remote sensing system 

detector errors, radiometric errors, and illumination effects. It is hard to determine which of these 

three LAI datasets is consistently superior to the other [Kang et al., 2007], and the discrepancies 

are due to many reasons. For example, the derivation of LAI from satellite observations can be 

severely perturbed by a persistent contamination of cloud coverage on the measured reflectance 

over the tropics.  In addition, observation is strongly influenced by aerosol scattering, which is 

more complicated because cloud contamination prevents the detection of aerosol contamination 

and the increase of aerosols during the dry season is highly disturbed by the biomass burning 

activities over the Sahel and Congo basin [Tchuente et al. 2010]. By and large, the discrepancy 

over tropics might be largely due to cloud contamination. Moreover, the absence of fire 
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parameterization in SSiB4/TRIFFID may also explain why simulation has a much larger 

discrepancy in winter than in summer over the Sahel. In addition, crops are not included in 

SSiB4/TRIFFID but occupy a good amount of area in the Savanna and the Coastal region. 

4.3.2 Inter-annual and inter-decadal variability 

Table 4-5 illustrates inter-annual correlations between SSiB4/TRIFFID LAI and satellite-derived 

LAI. The remote sensing-derived inter annual variability is poorly caught by the SSiB4/TRIFFID 

over the Tropical Rainforest. Over the Coastal region, where the anthropogenic land use is severe, 

the correlation coefficients with the GIMMS and the MODIS are low, slightly above 0.3. Over 

the Sahel region, SSiB4/TRIFFID simulated LAI agrees well with GIMMS and MODIS LAI 

with a correlation of 0.78 with GIMMS and 0.70 with MODIS, respectively, for the inter-annual 

variability.   

Following the dramatic change of precipitation from wet conditions during the 1950s to much 

drier conditions during the 1970s and the 1980s, and then partial recovery over the Sahel, 

simulated runoff and soil moisture exhibit a very similar variation (Figure 4-9b). The mean and 

standard deviation of precipitation in the Sahel is 1.8 mm/day and 0.25 mm/day, respectively.  

The mean and standard deviation of runoff is 0.76mm/day and 0.16mm/day, respectively, and 

the mean and standard deviation of the soil water content is 0.22m and 0.02m, respectively.  

Comparing soil moisture variability among three soil layers, the deeper the soil is, the larger the 

variation of soil moisture exists. 

During the 1980s, the precipitation was 28% drier than the mean state in 1950s. Simulated runoff 

and soil water content show 41% and 16% less, respectively.   SSiB4/TRIFFID simulated LAI 
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also show a responsive decreasing and recovery trend, from high LAI in the 1950s to lower LAI 

in the 1970s and the 1980s with a decrease of 16%, and then partial recovery from the 1990s, 

which is confirmed by satellite observation (Figure 4-9a and b).  The correlation between 

simulation and FASIR is 0.78, and between simulation and GIMMS and MODIS is 0.85. This 

inter-annual and decadal variability agree well with other literature, which shows the observed 

precipitation and corresponding vegetation trend [ Dai et al., 2004; Eklundh and Olsson, 2003].   

The spatial distributions of decadal differences of precipitation, GIMMS LAI, and simulated LAI 

between 1995-2002 (recovery period), and 1982-1986 (drought period), are quite consistent 

(Figure 4-10).  The mean recovery of precipitation in summer is 1 mm/day (Figure 4-10a), while 

the GIMMS LAI shows corresponding increase of 0.3 over the Sahel (Figure 4-10b), mostly over 

the northern Sahel.  Over the southern Savanna land (around 6°N), the model generates strong 

increase but GIMMS only shows moderate increase. This discrepancy may lie in the absence of 

fire disturbance and deforestation in the SSiB4/TRIFFID simulation [Fisher, 2010; Goudie, 2006; 

Hurtt et al., 2006; Lambin et al., 2003]. Bond et al. [2005] also argued that vast areas of humid 

C4 grasslands and savannas, especially in South America and Africa, have the climate potential 

to form forests.  Figure 4-11 shows the burned fraction from Global Fire Data (GFED) data 

based on MODIS observation over West Africa.  These fires are deliberately set to manage land. 

Farmers often use fire to return nutrients to the soil and to clear the ground of unwanted plants. 

The agricultural burning season usually runs from middle to late January over West Africa, after 

the year’s primary crops are harvested, through April or May, when the next growing season 

begins. But the SSiB4/TRIFFID does not simulate any type of disturbance but natural 

distribution at this stage [Cox et al., 2001; Xue et al. 2013].  
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4.3.3 Relationship between vegetation dynamics and climate & biophysical variables 

CO2, water, light, temperature, nutrients, disturbance, light use efficiency, and water use 

efficiency all interact to control vegetation growth; in which, CO2 concentration, water, and 

light/radiation act as primary limiting factors on vegetation productivity; and the nutrient 

limitation, disturbance, water use efficiency and light use efficiency are listed as the secondary 

factors [Fisher et al., 2012]. The first order limiting factors, except CO2, are investigated in this 

section. We first used satellite derived LAI and NCEP reanalysis data to address the correlation 

and limiting factors, and then SSiB4/TRIFFID LAI and NCEP reanalysis meteorology data to 

validate the model’s ability to reproduce these features. Since we mainly examine the monthly to 

inter-annual variability, only 10 years data (1993-2002) without the seasonal cycle are used in 

this section.  Only the results with 90% significant are presented here. The cross correlations 

between LAI and climate variables at each grid point over West Africa during this time period 

are calculated here.  Because one month lag correlation (LAI lagging climate variables) is larger 

than the simultaneous correlation due to the land memory effect, which will be discussed in 

detail in next Section 4.3.4, we present correlation results from one month lag correlation here. 

Figure 4-12 shows the one-month lag correlation between climate variables and GIMMS LAI. 

The satellite derived LAI is found positively correlated with precipitation (Figure 4-12a) and air 

humidity (not shown) in West Africa, indicating that vegetation is water-limited over West 

Africa. The changing monsoon dynamics produced different rainfall regimes and associated soil 

water processes, which regulate the growth of vegetation. These results are consistent with 

Nemani et al. [2003] based on satellite observations, although in their study the relationship 

between climate factors and ecosystem plant growth was investigated by adopting the concept of 
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the ratio of precipitation to potential evapotranspiration to indicate water-limiting conditions for 

plant growth. They found the vegetation growth is controlled by water vapor pressure deficit in 

Northern and Southern Africa. 

Meanwhile, the satellite derived LAI is found negatively correlated with air temperature and 

short wave down radiation fluxes over West Africa, indicating that the very high air temperatures 

suppress vegetation growth over West Africa. This result is consistent with Prince et al [2010], in 

which mean daily temperature shows negative correlation with AVHRR NDVI in the Sudanian 

zone to the south. In our study, except a few areas, there is barely any correlation in Coastal 

region and Tropical Rainforest region. However, Nemani et al. [2003] found the vegetation 

growth is controlled by radiation in Central Africa, i.e., the positive effect of incident solar 

radiation is evident over radiation-limited regions of equatorial tropics.  Meanwhile, they also 

showed that air temperature barely controlled plant growth over West Africa.  The difference 

between Namani et al. [2003] and our results in the radiation effect, it may be due to the 

inaccuracy of satellite data due to cloud contamination; Meanwhile, Nemani did not include 

maximum temperature limits to scale the temperature-limiting factor, and missed the heat stress 

over West Africa, which may cause different results about air temperature vegetation growth 

relation.  

We have estimated the correlation between simulated vegetation LAI and controlling factors to 

validate the model’s ability to reproduce the observed relationship between vegetation and 

climate variables and to understand the mechanisms.  The simulated correlation is shown in 

Figure 4-13.  Our results show that precipitation controls vegetation growth in the model though 

soil moisture (Figure 4-13a) and the soil moisture controlling factor (Figure 4-13c) which 
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controls stomatal conductance based on the adjust factor, 2 1( ) 1 exp( ( ln( )))f c cψ ψ= − − − − , 

where 2c  depends on the vegetation type and is a slope factor.  1c  is the  wilting point, ψ is soil 

water potential.  The stomata completely close at the wilting point in the model. A large 2c  

means that the ( )f ψ changes from 0 to 1 very fast when soil water content varies from wilting 

point to the soil water, at which the stomata starts to close [ Xue et al., 1991]. ( )f ψ  also controls 

the leaf phenology though leaf mortality rates, 0

0 ( ) ( )
lm

f T f w
γ

γ
γ
⎧

= ⎨
⎩

where

( ) 1 _ 2(1 ( ))f w dgl dm f ψ= + − , where 0γ  is minimal leaf mortality rate, ( )f T  is a linear 

function of temperature, _ 2dgl dm  is the positive slope factor. Vegetation leaf mortality rate is 

negatively related to ( )f ψ , vegetation has small mortality rates with enough soil water and big 

mortality rates with soil water stress.  The simulated areas with strong soil moisture control 

(Figure 4-13a, c) are generally consistent with the ones based on satellite derived LAI (Figure 4-

12a).  

 High heat tension in West Africa limits vegetation growth by controlling the deep ground 

temperature and canopy temperature (Figure 4-13 b and d). Modeling study on heat stress in 

West Africa has been done by many studies. For example, Roudier [2011] evaluated the impacts 

of future changes in crop yields due to climate change in West Africa, a median yield loss of 11% 

was projected due to higher temperature and enhanced water stress, with a larger impact in 

Northern West Africa, where warmer and drier projections prevailed. Although global warming 

might enhance primary productivity in temperate regions, the anticipated increase in the 

frequency of droughts and heat waves is expected to negatively affect the LAI and the terrestrial 

carbon cycle in West Africa.  However, the model shows a positive correlation in the tropical 
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areas, which does not appear in the satellite products (Figure 4-12b).  Further, the model does not 

produce the relationship between LAI and short wave down radiation.    

Linear correlation analysis presented in this study has limitations [Liu et al., 2006], since 

vegetation dependence on climate can be nonlinear; furthermore, the analysis method is based on 

single variable statistics, assuming the vegetation is forced by climate, in reality, the vegetation 

growth also responds to other many variables; we do not consider any atmospheric 

teleconnections transmitting significant climate impacts remotely.  

4.3.4 Land processes’ memory effects 

Some land processes, including vegetation, could have “recorded” anomalies in atmospheric 

circulation and precipitation and “released” their effects in the following season, highlighting a 

predictability at inter-seasonal scale in the land –atmosphere system. With strong atmospheric 

internal variability, the causality of vegetation-climate interaction is inferred from the lagged, 

rather than the simultaneous, vegetation–atmosphere covariance. A significant correlation with 

the leading of atmospheric variable tends to imply an atmospheric forcing on vegetation, while a 

significant correlation with vegetation lead may be inferred as a vegetation feedback to the 

atmosphere. This has been pointed out in the study of ocean– atmosphere interaction and 

vegetation – atmosphere interaction [Liu et al., 2006].   

From the results in Section 4.3.3 shows that soil moisture and temperature have significant 

influence on vegetation growth and the maximum coefficients exist with a one-month lag 

between vegetation and soil processes. To inspect the land process’s memory effects in Sahel, 

lag-lead correlations between vegetation and atmospheric variables and soil processes are 
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calculated for both satellite derived vegetation and modeling simulated vegetation conditions.  In 

the computation, trend and seasonal cycles are first eliminated for all the data; then correlation 

between vegetation conditions and atmospheric variables and land variable are examined. A 

normalized monthly mean satellite LAI time serial including GIMMS from 1998-2002 and 

MODIS from 2003 to 2010 in Sahel is correlated with NCEP precipitation, simulated soil 

moisture, ground temperature, and deep soil temperature (Figure 4-14a). The relationship 

between SSiB4/TRIFFID simulated LAI and NCEP precipitation, simulated soil moisture, 

ground temperature, and deep soil temperature are shown in Figure 4-14b.  

In Sahel, mean precipitation, soil moisture, and LAI reach the maximum and have the largest 

variability in August, September, and October, respectively. The upper panel (Figure 4-14a) 

shows precipitation and soil moisture have long-term effects on vegetation and vegetation also 

has a long feedback if only seasonal cycles and the linear trends since 1982 are eliminated. 

However, Frontier analysis indicates that there are strong LAI cycles in the data sets, including 

the 324 months cycle, 54 months cycle, and 2.5 months cycle, which seem to represent the 

decadal, inter-annual, and bi-monthly variabilities.  After eliminating the 324, 52 and 2.5 months 

cycles, the lag/lead relationship (middle panel of Figure 4-14a) diminish substantially.  This is 

consistent with the study of [Douville et al., 2007]. It seems the maximum memory after taking 

out the strong cycles is about 2-3 month.  On other hand, after applying the low-pass filter to the 

data set, it reproduces the long-term effect shown in the lower panel (lower panel of Figure 4-

14a).  These relation based on the satellite derived LAI is well reproduced by the 

SSIB4/TRIFFID simulated LAI (Figure 4-14b), although the significant cycles in the 

SSiB4/TRIFFID are not the exactly the same as satellite derived LAI.  They are 720 months, 144 

months, 8 months, and 5 months.  



	   	   	  

	   	   	   	   	   	  102	  

Furthermore, by specifying wet, dry, warm, or cold disturbances (Table 4-6) in the 

SSiB4/TRIFFID simulation in 1st March for soil moisture and deep soil temperature and March 

for precipitation, the memory effect of the land processes in West Africa is examined. 

Experiments W Wet and W Dry (See Table 4-6 for definition), which test the soil moisture 

memory effect, show largest LAI anomaly compared to control experiments in the same month 

when disturbances are added, respectively. Then the difference reduces in the following months, 

and eventually disappears after five months. Experiments P Wet, P Dry Warm, and Cool only 

show LAI significant difference in the first month, and then the differences disappear quickly in 

the following months.  By and large, Soil moisture has the biggest memory effect on vegetation 

growth (Figure 4-15).  

4.4 Conclusion and discussion  

A 61years simulation of vegetation conditions is validated with available data. The model’s 

ability to reproduce the regional patterns of vegetation distribution observed by satellite sensors 

is investigated. The variability of vegetation and its relationship with atmosphere variables are 

studied; soil’s memory effects on vegetation are inspected. 

The simulated spatial distributions of dominator PFTs are generally consistent with the satellite-

derived vegetation map.  Spatial distribution of simulated LAI agrees well with satellite products 

with discrepancy in tropics. Simulated LAI is larger than satellite products and has less 

seasonality over tropics. The simulated LAI over the Sahel region exhibits seasonal, inter-annual 

and decadal variability very well, consistent with the Sahel drought in the 1970s and the 1980s 

and partial recovery in the 1990s and the 2000s. Consistent with satellite vegetation, vegetation 



	   	   	  

	   	   	   	   	   	  103	  

simulated by SSiB4/TRIFFID responds primarily to 3 factors: air temperature, soil moisture, 

solar short wave radiation. Precipitation and soil moisture has a positive correlation with 

vegetation growth; however, air temperature and short wave radiation put heat stress on 

vegetation growth in Southern Africa and Sahel. Lag-lead correlation between vegetation and 

soil processes and precipitation reveals that the memory effects recorded by soil and then 

released into vegetation is only 2-3 month.  

The failure of this offline study to fully reproduce vegetation distribution and conditions over 

West Africa may be largely due to the absence of fire disturbance in SSiB4/TRIFFID. The WAM 

climate variability is linked to the fire occurrences over West Africa. Frequent fire occurrences 

induce large evaporation and albedo variability that contributes to the precipitation trends. A 

recently developed statistical fire module global fire model (Glob_firm) [Thonicke et al., 2001] 

will be coupled into SSiB4/TRIFFID to directly model fire occurrence and fire effects. 
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(a) West African elevation map (km). Regions 

for analyses are defined in the map. 
 (b). Annual mean surface pressure (hPa) 

  
(c) Annual mean precipitation (kg/m2/yr) (d) Air mean temperature (oC) 

 
(e) Annual mean Down ward long wave 

radiation (w/m2)  
(f) annual mean Downward short wave 

radiation (w/m2) 

Tropical Rainforest 

Coastal Region 

Savanna Land Sahel 
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(g) Annual mean Surface zonal wind (m/s)  (h) Annual mean Surface Specific humidity 

(g/kg) 
Figure 4-1 West African climatology  and topography 
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Figure 4-2 Major processes in SSiB4/TRIFFID 
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Figure 4-3 Competition of PFTs in the 100 years equilibrium run in different regions. (a) 

Tropical Rain Forest; (b) Coastal Regions; (c) Savanna Land, (d) Sahel; (e) Whole Domain. 
Region definitions are shown in Figure 4-1a 
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(e) 
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Figure 4-4 SSiB4/TRIFFID simulated PFT evolution from 1948-2008.   Domains are the same as 

Figure 4-3 

  

(c) 

(a) 

(e) 

(d) 

(b) 



	   	   	  

	   	   	   	   	   	  109	  

 
Figure 4-5A SSIB4/TRIFFID Simulated PFT Fraction distribution (1999-2008) a. Broadleaf 

trees; b. C3 grassland; c. C4 Plants; d. Shrubs 
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Figure 4-5B Simulated PFT Fraction distribution (1950-1959).  a. Broadleaf trees; b. C3 

grassland; c. C4 Plants; d. Shrubs.  



	   	   	  

	   	   	   	   	   	  111	  

  

  
(a) UCLA (b) MODIS UMD 

 

 

water 
Evergreen Broad leaf forest 
broadleaf deciduous trees 
Mixed forest  
Evergreen needle leaf trees 
 Needle leaf deciduous trees 
Savanna 
Grass land 
Broadleaf shrubs with ground 
Broadleaf shrubs with bare soil 
Dwarf trees with ground cover 
Bare  
Crops 
ice 
Wetlands 
Artificial surface 

(c) Global Land Cover 2000 database. 
European Commission, Joint Research 
Centre, 2003 

Figure 4-6 Land cover types in West Africa from UCLA, MODIS and GLC2000 database 
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Figure 4-7A, SSiB4/TRIFFID Simulated LAIs and satellite LAIs for DJF. Note: Simulation, 

FASOR and GIMMS were averaged from 1989-1998; MODIS is averaged from 2002 to 2010. 
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 Figure 4-7B SSiB4/TRIFFID Simulated LAIs and satellite LAIs for MAM.  
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Figure 4-7C SSiB4/TRIFFID Simulated LAIs and satellite LAIs for JJA 
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Figure 4-7D SSiB4/TRIFFID Simulated LAIs and satellite LAIs for SON. 
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Figure 4-7E SiB4/TRIFFID Simulated LAIs and satellite LAIs Annual Mean. 

 

 

  

FASIR 

MODIS SSiB4/TRIFFID 

GIMMS 



	   	   	  

	   	   	   	   	   	  117	  

  
(a) SSiB4/TRIFFID simulation (b) MODIS from University of Montana  

Figure 4-8 Simulated Annual mean GPP compared with MODIS GPP (gc/m2/yr)  
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(a) Variability of annual LAI. The upper 

panel is anomaly of FASIR LAI, the 
middle panel is a combination with 
GIMMS and MODIS LAI anomaly; The 
lower panel is SSiB4/TRIFFID simulated 
LAI anomaly   

(b) The upper panel is observed precipitation 
anomaly, the middle panel is simulated 
run off anomaly; the lower panel is 
simulated anomaly of soil moisture. 

Figure 4-9 Annual means of LAIs, precipitation, soil moisture. R is correlation confident, P is P-
value. 
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Figure 4-10 Mean difference between 1995-2002 and 1982-1986 (a) JJAS Precipitation.  

(b). Annual GIMMS LAI Anomalies; (c). Annual Simulated LAI Anomalies 

 

(a) 

(b) 

(c) 
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(a) DJF mean burned fraction (b) Annual mean burned fraction 

 
Figure 4-11 Fraction of burned area in West Africa 
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(a) 1 month lag correlation between  prcpitation 

and LAI 
(b) 1 month lag correlation between  air 

temperature and LAI 

 

 

 

Figure 4-12 Spatial distriution of Lag 
Temporal Correlations between climate 

variables  and GIMMS LAI in West Africa.  
Only the values are statistically significant at 

the 95% confidence are shown in figures. 

 

(c) 1 month lag correlation between  downward 
short wave radiation flux and LAI 
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(a) One month Lag correlation between 

soil moisture of the rooting zone and 
simulated LAI 

(b) One month Lag correlation between deep soil 
temperature and simulated LAI 

  
(c) One month lag correlation 

betweenthe factor that account for 
the effect of soil moisture and 
simulated LAI  

(d) One month Lag correlation between canopy 
air space  temperature and simulated LAI 

  

Figure 4-13 Spatial distriution of Lag Temporal Correlations between controlling factors and 
simulated LAI in West Africa 
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(a) Observation (b) simulation 

   
Figure 4-14 lag/lead correlations between vegetation and atmospheric and soil variables 
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Figure 4-15 LAI in West Africa, with different initial temperature, soil moisture conditions on 

May 1st. 
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Table 4-1 Characteristics of different land cover products 

Product 
names 

UCLA 
GCM/SSiB GLC2000 GLBCOVER MODIS  ECOCLIMA

P II 

Developer 
Hansen et al., 
2000; Xue et 
al., 2004 

Batyholome et 
al.,, 2005 

Defourny et 
al.,, 2006 

Friedl et al.,, 
2002a;b 

Tchuente et 
al.,, 2010 

Sensor AVHRR VGT-1 ENVISAT/ME
RIS MODIS 

Based on 
GCL2000, 
GLBCOVER 
and MODIS 

Time of data 
collection 

04/01/1992-
03/31/1993 

01/11/1999-
31/12/2000 

01/12/2004-
31/06/2006 2000-2004 - 

Spatial 
resolution 5Km 1Km 300m 1Km 1Km 

Area coverage global global global global West Africa 
Classification 
types 13 22 22 17 37 

Internet Link www1 www2 www3 www4 - 

www1: group product, contact in person 

www2: http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php 

www3:  http://www.esa.int/esaEO/SEMXB7TTGOF_index_1.html 

www4:https://lpdaac.usgs.gov/products/modis_products_table/land_cover/ 
yearly_l3_global_1km2/mod12q1     
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Table 4-2 Conversion from MODIS UMD to UCLA vegetation map 

UCLA MODIS MODIS class names 
0 0 Water 
3 1 Evergreen Needleleaf forest 
1 2 Evergreen Broadleaf forest 
5 3 Deciduous Needleleaf forest 
2 4 Deciduous Broadleaf forest 
3 5 Mixed forest 
8 6 Closed shrublands 
9 7 Open shrublands 
6 8 Woody savannas 
6 9 Savannas 
7 10 Grasslands 
14 11 Permanent wetlands 
12 12 Croplands 
15 13 Urban and built-up 
12 14 Cropland/Natural vegetation mosaic 
13 15 Snow and ice 
11 16 Barren or sparsely vegetated 
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Table 4-3 Conversion from GLC to UCLA vegetation map 

UCLA  GLC GLC class names UCLA  GLC GLC class names 
1 1 Tree Cover, broadleaved, 

evergreen 
7 13 Herbaceous Cover, closed 

open 
2 2 Tree Cover, broadleaved, 

deciduous, closed 
9 14 Sparse herbaceous or sparse 

shrub cover 
2 3 Tree Cover, broadleaved, 

deciduous, open 
14 15 Regularly flooded shrub 

and/or herbaceous cover 
4 4 Tree Cover, needle-leaved, 

evergreen 
15 16 Cultivated and managed 

areas 
5 5 Tree Cover, needle-leaved, 

deciduous 
12 17 Mosaic: Cropland / Tree 

Cover / Other natural vege 
3 6 Tree Cover, mixed leaf type 8 18 Mosaic: Cropland / Shrub 

and/or grass cover 
14 7 Tree Cover, regularly flooded, 

fresh water 
11 19 Bare Areas 

14 8 Tree Cover, regularly flooded, 
saline water 

0 20 Water Bodies 

3 9 Mosaic: Tree Cover / Other 
natural vegetation 

13 21 Snow and Ice 

10 10 Tree Cover, burnt 15 22 Artificial surfaces and 
associated areas 

8 11 Shrub Cover, closed-open, 
evergreen 

16 23 No data 

8 12 Shrub Cover, closed-open, 
deciduous 
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Table 4-4 Standard deviation of LAI spatial variability over West Africa 

 DJF MAM JJA SON ANN 
FASOR 1.38 2.15 1.61 2.05 1.71 
GIMMS 1.89 2.06 1.77 1.79 1.80 
GIMMS3g 1.52 1.74 1.36 1.46 1.48 
MODIS 1.77 1.89 1.50 1.62 1.65 
SIMU 2.30 2.33 2.23 2.20 2.23 
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Table 4-5 Correlation coefficients between simulated and satellite LAIs 

 (a) (b) (c) (d) (e) 
GIMMS -0.06 0.30 0.78 0.80 0.46 
MODIS 0.12 0.33 0.70 0.69 0.47 

Note: (a) Tropical rain forest; (b) Coastal regions; (c) Savanna land, (d) Sahel; (e) whole domain. 
Regions definitions are shown in Figure 4-1a  

(a) (a) 
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Table 4-6 Experiments to assess the memory effects for SSiB4 model 

Name Disturbance 
date 

Disturbance 

Control None None 
P Wet May  Control precipitation (1+0.5) 
P Dry May Control precipitation (1-0.5) 
Warm May 1st Control deep soil temperature +5 
Cool May 1st Control deep soil temperature -5 
W Wet May 1st Set soil moisture as 0.5 
W Dry May 1st Set soil moisture as 0.2 for all PFTs 

except 0.1 for PFT5 
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Chapter 5 

5 Conclusion and discussion  

In this dissertation, we evaluate the relative roles of land surface forcings in climate variability 

and anomaly by focusing on three parts.   

First, we have examined the climate-VBP coupling in the past six decades on climate at 

climatological mean state, inter-annual and inter-decadal time scale climate virilities by using 

NCEP-AGCM coupled with two different LSPs. On the inter-annual time scale, VBP improves 

correlation coefficient from 0.6 to 0.62 and decreases the RMSE by about 65%. On inter-decadal 

time scale, VBP corrects the wet biases over West Africa, South Africa, Amazon and East Asia, 

by changing evaporation, the atmospheric circulation and moisture flux convergence.  Adding 

VBP in the NCEP-AGCM generally improves climate simulation at different time scales. 

However, since vegetation biome maps are repeated annually from 1948 to 2010, modification of 

the land surface due to human activities is missing.  

In the second part of this dissertation, we use the most recent LULCC data in conjunction with 

the NCEP-AGCM in an “idealized but realistic” way to investigate the climate impact of large-

scale LULCC, and to identify the mechanisms that control the interaction between ecosystems 

and climate.  Instead of specifying the LULCC by comparing potential vegetation biomes and 

current vegetation biome maps as many scholars have done previously [Boisier et al., 2012; de 

Noblet-Ducoudre et al., 2012; Lawrence and Chase, 2010; Pitman et al. 2009], we degrade the 

vegetation biome map progressively according to pasture and agriculture in the LULCC data 
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from vegetation biome conditions in 1948. We find that LULCC amplifies surface warming 

(0.11K over global land and 0.43K over degraded area). LULCC causes precipitation reduction 

globally (-0.15mm/day over global land and -0.35mm/day over degraded area), with the 

strongest signals over monsoon regions, resulting from evaporation reduction and less 

convergence from monsoon convergence zones.   

However, in both VBP and LULC experiments, vegetation conditions are specified during the 

period of model integration, a critical feedback process, i.e., responses of vegetation conditions 

to environmental changes, is missing. Considering the importance of land/atmosphere feedback 

processes in the monsoon land climate, this missing process could be a critical caveat in a 

climate feedback study.   

In the last part of this dissertation, we validate an offline land surface model coupled with a 

dynamic vegetation model, SSiB4/TRIFFID over West Africa to investigate how climate 

variability and anomalies affect the regional terrestrial ecosystem, including spatial distribution 

and temporal variations of PFTs and other vegetation characteristics, through biophysical and 

photosynthesis processes at different time scales. The results show that the simulated PFT’s 

spatial distribution and total LAI correspond well to climate variability and are consistent with 

satellite derived vegetation conditions with larger values over Savanna region, especially during 

winter.  Also, broadleaf trees have the potential to overtake C4 plants and shrubs to expand from 

tropical rainforest to wet savanna region. The simulated inter-decadal variability in vegetation 

conditions is consistent with the observed Sahel drought in the 1970s and the 1980s, and with the 

partial recovery in the 1990s and the 2000s.   
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The NCEP-AGCM coupled with the SSiB4/TRIFFID is used to quantify the missing climate-

dynamic VBP coupling. By using SSiB4/TRIFFID in the NCEP-AGCM, vegetation conditions, 

including LAI, vegetation fractional coverage, greenness, vegetation height, roughness length, 

zero displacement height and other surface conditions are updated every 10 days according to 

atmospheric conditions. One experiment, using the same SST and sea ice boundary conditions 

same as the VBP and LULC experiments, starting from 1 January 1948 is conducted. 

Preliminary analysis only using one member simulation from SOIL and VBP experiments are 

compared with dynamic VBP simulation (Figure 5-1).  The SOIL simulation has a correlation of 

0.40 when compared with observations. The VBP simulation improves the correlation to 0.41, 

while adding dynamic VBP improves the correlation to 0.51.  A dynamic VBP simulation attains 

the precipitation recovery from 1990, which both SOIL and VBP simulations have difficulty 

with. The two-way feedback will be quantified in detail.  

We believe that the failure of the previous offline study to fully reproduce vegetation distribution 

and conditions over West Africa is largely due to the absence of fire disturbance in 

SSiB4/TRIFFID. The WAM climate variability is linked to the fire occurrences over West Africa. 

Frequent fire occurrences induce large evaporation and albedo variability that contributes to the 

precipitation trends. A recently developed statistical fire module global fire model (Glob_firm) 

[Thonicke et al., 2001] will be coupled into SSiB4/TRIFFID to directly model fire occurrence 

and fire effects. In Glob_firm, a relationship between the daily litter moisture status and the 

length of the fire season is derived from observed data to develop a function for calculating the 

probability of a fire occurrence. Human-induced fire regimes as well as other land use impacts 

are not considered at the present stage. In order to model both processes on a global scale, some 

simplifying assumptions are made by Glob_firm. First, fire occurrences are dependent only upon 
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fuel load and litter moisture (i.e. the amount of dry material available), which combines both the 

influence of climate and vegetation. Ignition is assumed to take place sooner or later, without 

specific consideration. Second, the length of the fire season and the PFT-dependent fire 

resistances are assumed to be the main driver of fire effects. Fuel load accumulated from 

SSiB4/TRIFFID and litter moisture will be used to decide the fire occurrence, and the daily litter 

moisture status will also be used to calculate the probability of fire occurrence: 

p(m) = e−π*(m/me )
2

                (5-1) 

where m is the litter moisture and me is the moisture of extinction. Then the length of the annual 

fire season is calculated by adding the probability of at least one fire in a day over the whole year: 

N = p(mn )
n=1

365

∑                       (5-2) 

Finally, fractional area burnt is calculated as follows: 

A(s) = s*e
( s−1
0.45*(s−1)3+2.83*(s−1)2+2.96*(s−1)+1.04

)

                      (5-3) 

where / 365s N= . The effects of vegetation in the fractional area burnt could be updated 

according to fire resistances of different PFTs. The fire module will be validated against 

observations of burned fraction from MODIS GFED data.  

Finally, CO2 is updated monthly according to observations in all our experiments, including 

offline SSiB4/TRIFFID validation over West Africa, AGCM with SOIL, VBP and dynamic VBP 

over global land, but the climate-carbon coupling process, i.e., responses of CO2 conditions to 
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vegetation and atmospheric changes, is missing.  Current GCMs coupled with ecosystem models 

project a wide range in global average surface temperatures in the future [Cramer et al., 2001; 

Friedlingstein et al., 2006; Friedlingstein and Prentice, 2010; McGuire et al., 2001].  This is in 

large part due to the range in how two-way feedbacks between biosphere and atmosphere are 

modeled. My long-term research interests are to try to constrain the future climate projections by 

improving representation of land biosphere processes in GCMs, and developing innovative 

retrieval algorithms to provide more accurate land processes observation to validate the models. 

Upon graduation from the PhD program, I would like to focus on the following two research 

areas: 

First, I will continue my research on interactions between terrestrial biosphere and atmosphere, 

and their effects on exchange of energy and water fluxes.  I would like to develop more accurate 

retrieval algorithms using different remote sensing datasets, and conduct observation campaigns 

and fieldwork to understand the water budget and energy cycle at land surface, and the 

interaction with climate.  

Second, I will extend my research to carbon cycle budget and climate-carbon cycle coupling, to 

study underlying processes for net uptake of carbon by terrestrial biosphere, my goal will 

especially aim to better understand regional and global carbon budget from both satellite 

observation and ecosystem numerical modeling approaches, the interaction between carbon cycle 

and climate variability, to quantify the key aspects of carbon feedback processes in GCMs, and 

constrain future climate projections.  
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Figure 5-1 Annual precipitation anomaly from observation and simulation over Sahel. 

Note: (a), GTS observation; (b) NCEP-AGCM SOIL simulation; (c) NCEP-AGCM VBP 
simulation; (d) NCEP-AGCM SSiB4, dynamic VBP simulation with two way feedback. 
Sahel is defined as: (-14.5~20.5E, 8.5~16.5N) . 
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A. SSiB4/TRIFFID model 

SSiB4/TRIFFID used in Chapter 4 is based on the balance of energy cycle, water cycle, and 

carbon cycle at terrestrial surface (Figure 4-2), and has been tested for several sites with different 

climate and land cover conditions. The SSiB4/TRIFFID has been tested for several sites with 

different climate and land cover conditions [ Xue et al., 2006].  

The model coupling process is briefly described in Section A.1, followed by improvements of 

physical processes in Section A.2 and A.3, with a detail description in a separate report [Xue et 

al., 2013].   

A.1 Coupling processes  

SSiB is a biophysical model and includes a photosynthesis-stomatal conductance submodel [Xue 

et al., 1991; Xue et al., 2013] (Figure 4-2).  TRIFFID [Cox et al., 2001] is a top-down dynamic 

vegetation model. The coupling diagram is shown in Figure A-1 and Figure A-2. 

SSiB provides estimates of fluxes of surface radiation, momentum, sensible heat, latent heat, and 

carbon, as well as runoff, soil moisture, and surface temperature [Xue et al., 1991; Xue et al., 

1996; Zhan et al., 2003].  Collatz et al.’s photosynthesis model [Collatz et al., 1991; Collatz et 

al., 1992; Sellers et al., 1992] has been implemented to SSiB2 [Zhan et al., 2003] to calculate 

vegetation NPP.  SSiB4 is based on SSiB2 but includes considerations of land heterogeneity by 

adopting TRIFFID.  Instead of having vegetation type at each grid point as SSiB2, SSiB4 is 

occupied by 6 fractional plant function types (PFTs) plus bare soil. The sixth vegetation type, 

tundra, has been added to TRIFFID, TRIFFID has 6 plant function types (Table A-1).  
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The TRIFFID [Cox et al., 2001] is a top-down DVM, in which the relevant land-surface 

characteristics of vegetation cover and structure are modeled directly, and has been coupled with 

the U.K. Hadley Center GCM for climate studies [Cox et al., 2000].  TRIFFID defines the state 

of the terrestrial biosphere in terms of the soil carbon and the structure and coverage of six plant 

PFTs within each model grid-box, including broadleaf tree, needleleaf tree, C3 grass, C4 plant, 

shrub, and tundra. The fraction coverage, LAI, and canopy height of each type are updated based 

on a carbon balance approach. The areal coverage, LAI, and canopy height of each type are 

updated based on a carbon balance approach, in which vegetation change is driven by carbon 

assimilation, allocation, and accumulation. The area covered by a plant type is updated (normally 

every 10 days) based on the net carbon available to it and on the competition with other plant 

types, which is modeled using a Lotka-Volterra approach. 

Carbon assimilation is derived from SSiB, which has already been adapted to include a direct 

dependence of photosynthesis on soil moisture, radiation, and other environmental factors.  The 

resulting rates of photosynthesis and plant respiration are thus dependent on soil moisture as well 

as atmospheric conditions and CO2 concentration. SSiB provides estimates of carbon flux, and 

other surface conditions, such as soil moisture, canopy temperature, to TRIFFID. In SSiB, a 

parameterization scheme is developed to update surface albedo, surface roughness length, zero 

displacement height, and surface aero dynamic resistances based on the new vegetation state 

simulated by TRIFFID, such that all important biophysical properties of the land surface change 

consistently to ensure a full feedback to the atmosphere. Energy fluxes, the hydrological cycle, 

and carbon assimilation, core processes in SSiB occur at a 30 min time step. TRIFFID allocates 

the average CO2 assimilation of vegetation, calculated in SSiB over a 10-day integration period 
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for its calculation. Leaf phenology (bud-burst and leaf drop) is updated in SSiB-4 on an 

intermediate timescale of one day.  

A.2 Dynamic properties  

Roughness length (Z0) is equivalent to the height at which the wind speed theoretically became 

zero if the turbulence layer extended completely to the ground. Vegetation modifies the 

turbulence and the log linear wind profile gained from the diffusion equation: 

1
*

0

( ) ln( )z du z k u
z

− −
=

        
(A-1) 

where k is von-karman constant, which is in the range of 0.3-0.42, usually 0.41. Zero-plane 

displacement (d) was defined as equivalent to the moment height of momentum absorption by 

the surface [Sellers et al. 1989; Thom, 1971].  It is the height above the ground at which zero 

wind speed is achieved as a result of flow obstacles such as trees or buildings. 

2
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2

2 1
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C u dz τ
ρ

=

+

∫

∫
     

      (A-2) 

where /B d l sC L C P= . lC is leaf drag coefficient, function of leaf inclination and dimension; dL  is 

Leaf area density;  sP  is Leaf shelter factor, function of leaf area density.  By changing Z0 and d, 

theoretically, the higher the vegetation is, the larger the roughness length and zero-plane 

displacement height are. To numerically solve Z0 and d and wind profile modified by vegetation, 

Sellers et al. iterated the equations (23)-(28) defined by [Sellers et al., 1989], and proved that the 
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estimate of Z0 and d were in qualitative agreement with those of Shaw and Perrira [Shaw and 

Pereira, 1982], which were obtained with a second-order closure model and depended on LAI 

and vegetation height.  For some AGCM climate studies, further simplifications are desirable to 

have greater computation efficiency, and more important, to consolidate the parametric 

representation. In the SSiB4/TRIFFID, Z0 and d only depend on LAI and canopy height, six 

exponential and linear equations specified for each PFT in SSiB.  Figure A-3 and Figure A-4 

compare roughness length and zero-plane displacement height between SiB simulations and 

calculations from SSiB. The green stars are based on SiB calculation, and solid lines are from 

SSiB. In SSiB, roughness length is only a function of canopy height z2, and LAI.  R2 of each 

regression equation is larger than 0.90 and pass 0.05 significant tests. 

A.3 Stomatal resistance and vegetation mortality controlling 

 The evapotranspiration from vegetation is an important process controlling the energy partition 

at the surface. The rate of transpiration is determined by the stomatal resistance which depends 

on the vegetation type and also a number of atmospheric and hydrologic variables affecting the 

supply of and demand for moisture.  The stomatal resistance of each vegetation type was 

obtained from empirical equations [Xue et al., 1991] depending on soil moisture and soil water 

potential ψ : 

2 1( ) 1 exp( ( ln( )))f c cψ ψ= − − − −  (A-3) 

where 2c  depends on the vegetation type and 1c  is the constant, which is obtained using the 

wilting point, the stomata completely close at the wilting point in the model; 2c  is the slope 
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factor. A large 2c  means that the ( )f ψ changes from 0 to 1 very fast when soil water content 

varies from wilting point to the soil water the point stomata start to close.  Where ln( )ψ− is a 

weighting average of three soil layers according to equation (A-4):  

1 1 2 2 3 3

1 2 3

ln( ) ln( ) ln( )ln( ) d d d
d d d

ψ ψ ψ
ψ

− × + − × + − ×
− =

+ +  

(A-4) 

where d1, d2, d3 are the depths of the first, second and third soil layers. Leaf mortality rates, are 

assumed to be a function of temperature adjust factor ( )f T , increasing from a minimum value of 

0γ , as the leaf temperature drops below a threshold value; and soil water wetness adjust factor

( )f w  which is a function of water potential adjustment factor (figure A-5), increasing from a 

minimum value of 0γ , as the soil wetness drops below a threshold value 

0

0 ( ) ( )
lm

f T f w
γ

γ
γ
⎧

= ⎨
⎩  

(A-5) 

where 

( ) 1 _ ( )f T dgl dt Toff T= + −  

( ) 1 _ 2(1 ( ))f w dgl dm f ψ= + −  

 

(A-6) 
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Figure A-1 Simple schematic dygram of SSiB4/TRIFFID coupling processes 
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Figure A-2 Schematic dygram of SSiB4/TRIFFID coupling processes (provided by Xue) 
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(a), broad leaf trees (b), C3/C4 plants (c), shrubs 

Figure A-3 Simulated roughness lengthes are only a function of LAI and canopy height in SSiB 
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(a) broad leaf trees (b) C3/C4 plants (c) shrubs 

Figure A-4 Simulated displacement heights are only a function of LAI and canopy height 
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  Figure A-5 soil water wetness adjust factor for litter fall for each PFT in SSiB4/TRIFFID 
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Table A-1 Plant Functional Types in SSiB4/TRIFFID 

Name representation 
PFT1 Broad leaf trees 
PFT2 Needle leaf trees 
PFT3 C3 plants 
PFT4 C4 plants 
PFT5 Shrubs 
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