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Abstract

A suite of simulations that combine reference (355ppmv), doubled and tripled CO2 

concentrations alternatively without and with land-cover changes in four similar-sized 

study regions, the Yukon, Ob, St. Lawrence and Colorado basin and adjacent land, are 

performed with the fully coupled Community Climate System Model to investigate the 

impact on global and regional water cycles and the interaction o f these regional water 

cycles with the global water cycle.

The relative changes in water-cycle quantities caused by increased CO2 enhance 

with latitude and CO2 concentrations. Regional and global water cycles interactions are 

more pronounced in a warmer climate, but regional precipitation and evapotranspiration 

is affected differently in high-latitudes (Yukon, Ob) than mid-latitudes (Colorado, St. 

Lawrence).

Land-cover changes can have comparable impacts on regional water cycles than 

increased CO2 concentrations do. Land-cover changes substantially alter the high- 

latitude water cycles through enhanced snow-albedo feedback and mid-latitude water 

cycles through vegetation activity in the warm season. The land-cover changes in 

different regions interact with each other through heat and moisture advections and 

secondary effects. This interaction enhances with increasing CO2 concentrations.

Interactions between land-cover changes and increasing CO2 concentrations 

enhance with increasing CO2 due to the high sensitivity of regional water cycles to 

temperature changes.
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Chapter 1 Introduction

Throughout history, water availability has been an important factor limiting the 

development of human society (Aber and Mellilo 1991, Dingman 1994a, Trenberth and 

Guillemeot 1996, Molders 1998, Taikan and Shinjiro 2006). Water will remain a key 

issue in the future, especially under the pressure o f increasing population and, therefore, 

a likely enhancement of human-induced impacts (Falkenmark 1997, Vorosmarty et al. 

2000, Malmqvist and Rundle 2002).

To estimate future water availability, water-cycle-related quantities (precipitation, 

evapotranspiration [=sum of evaporation, sublimation, and transpiration], runoff, etc.) 

and complex water-cycle processes at various scales must be better understood (Fig. 

1.1). Previous studies have documented the disturbance of water cycles by global 

changes (Rind et al. 1995, Polyakov et al. 2002, Pielke et al. 2005, Trenberth and Shea 

2006). According to the 3rd and 4th assesments of the Intergovernmental Panel on 

Climate Change (Houghton et al. 2001, IPCC 2007), precipitation has increased 

significantly by 6 to 8% in the last century on land areas between over 30°N; pan 

evaporation (observational free-water evaporation obtained by exposing a cylindrical 

pan filled with water to atmosphere, Dingman 1994b) has decreased over the United 

States, Australia, New Zealand, India, Thailand, and China due to decreased solar 

radiation and enhanced cloud cover (Peterson et al. 1995, Chattopadhyay and Hulme 

1997, Liu et al. 2004, Roderick and Farquhar 2005, Tebakari et al. 2005). Drying 

trends, as indicated by the Palmer Drought Severity Index (PDSI), have grown since the 

mid-1950s over many areas in Eurasia, northern Africa and Alaska (Barlow et al. 2002,

1
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Dai et al. 2004). These findings suggest intensified water cycles with more severe 

extremes in these areas (Lim and Simmonds 2002, Haylock and Goodess 2004, 

Alexander et al. 2005, Wang et al. 2006). Note that, in this thesis, the water cycles 

which have increased residence time (precipitable water over precipitation) are defined 

as “slowed down”. However, a “slowed down” water cycle can still have increased 

precipitation and evapotranspiration, which will be addressed as “intensified” water 

cycles.

Many General Circulation Models (GCMs) suggest increased global precipitation 

and evapotranspiration in the future (Houghton et al. 2001, IPCC 2007), but water cycle 

responses to global changes vary spatially and temporally. For instance, most GCM 

simulations are consistent in showing greater changes of precipitation and 

evapotranspiration at high latitudes than at mid- or low latitudes in response to 

increasing CO2 (Douville et al. 2002, Kiehl et al. 2006, Kattsov et al. 2007). IPCC 

model ensembles indicate decreased subtropical precipitation and decreased mid

latitude summer precipitation (IPCC 2007). The 2007 IPCC report also points out the 

potential for future changes in water cycle extremes, including increasing probability 

and intensity o f both drought and flooding. These projections present great challenges 

for water management.

Two main forcing factors greatly change water-cycle properties: (1) increasing 

concentrations o f greenhouse gases such as carbon dioxide (CO2), and (2) natural (e.g., 

wildfires) and/or human-induced (e.g., urbanization, deforestation) land-cover changes.

2
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A topic o f intense interest and debate for the scientific, public, and governmental 

communities in recent years is the question o f whether anthropogenic greenhouse-gas 

(e.g., CO2, CH4, N2O) emissions are causing an increase in near-surface temperatures. 

Because greenhouse gases absorb and re-emit long-wave radiation, if  CO2 concentration 

increases, the absorption/re-emission process and, in consequence, atmospheric 

temperature will increase. Due to the exponential increase o f saturation water-vapor 

pressure with temperature, increased evaporation and moisture flux is to be expected in 

a warmer climate. However, various feedbacks complicate the response of this water- 

cycle-relevant process to increased CO2.

Increased evaporation leads to more water vapor in the atmosphere. Because water 

vapor is the major greenhouse gas, more water vapor enhances the altered radiative 

forcing. However, more water vapor does not necessarily lead to higher relative 

humidity and cloud formation. In the regions where the enhanced atmospheric demand 

can be satisfied with the increased evaporation (e.g., over oceans), increased 

atmospheric water vapor may lead to increased cloud formation; increased cloudiness 

might trigger either positive or negative feedbacks, because cloud types may be altered, 

and the radiative properties of clouds differ depending on cloud type. An increase in 

cloudiness, cloud vertical extension and/or cloud altitude may in turn reduce 

evaporation. Another example o f the complexity of water-cycle-relevant processes is 

snow (ice) - albedo feedback. This feedback often dominates the feedback process and 

leads to further warming in areas with snow (ice) cover (Washington and Meehl 1989, 

Rind et al. 1995, Bhatt et al. 2007).

3
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Besides increasing greenhouse gases, land-cover changes can also affect water 

cycles by altering surface albedo and emissivity, the partitioning of surface energy 

fluxes, roughness length, boundary layer structure, water uptake by roots, leaf area 

index, and the capacity o f vegetation to intercept precipitation, which is a function of 

vegetation type and density. Observational and modeling evidence show strong impacts 

o f deforestation, settlement, increased agricultural use of land, and desertification 

(resulting from over-watering, over-grazing, and exceeding the carrying capacity o f the 

land) on precipitation, evapotranspiration, cloud and precipitation formation, runoff, 

and soil moisture (Shukla and Mintz 1990, Cotton and Pielke 1995, Copeland et al. 

1996, Allan et al. 1997, Molders 2000, Govindasamy et al. 2001, Molders and Olson 

2004, Molders and Kramm 2007). Moreover, land-cover changes may also modify CO2 

concentrations through varying CO2 sequestration by different vegetation types. 

However, this impact o f land-cover changes on CO2 concentration is beyond the scope 

o f this research and will not be addressed in this thesis.

It is very likely that land-cover changes and increasing CO2 concentrations will 

occur concurrently in the future. The extent of future changes in land-cover and CO2 

and the potential for these impacts to interact is unknown; therefore there is great 

uncertainty inherent in any attempt to predict water cycle responses to a combination of 

these two forcing factors, and few studies have examined the combined effect. 

Stohlgren et al. (1998) and Bounoua et al. (2002) both found that conversion of tree or 

grass to vegetation land in the mid-latitudes compensated for warming caused by 

greenhouse gases and led to increased precipitation. Lamptey et al. (2005) analyzed the

4
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relative influence o f land-cover changes and CO2 increase on climate change from 1700 

to 2100 for the entire globe. They concluded that compared to the influence of 

increasing CO2, land-cover changes explained up to 70% of winter and summer rainfall 

changes for areas where land-cover changes occur. They also found significant 

precipitation changes at the 95% confidence level or higher in areas downwind o f the 

perturbed sites as a consequence of land-cover changes.

Whether the impacts of concurrent land-cover changes enhance or diminish depends 

upon various preconditions such as the large-scale forcing, the hydrologic and thermal 

characteristics o f the regional water cycle, and the type and size of land-cover changes 

(Molders 1999a, b, c, 2000). Therefore to reduce the current uncertainty in climate 

assessment, it is an urgent need that we assess the uncertainty inherent in predicting 

impacts on different water cycles, and understand the interactions between water cycles 

on different scales.

Few studies have analyzed combined effect o f increasing CO2 and land-cover 

changes, and most o f these studies focused on a particular regional water cycle or the 

global water cycle. Therefore, spatial variations of such combined effects have not 

explored. Moreover, the comparison of the impacts of different forcing factors on 

regional water cycles is seldom addressed in previous studies. Based on the previous 

studies as well as social and scientific needs, my thesis severs as the first step to fully 

understand the two forcing factors on different water cycles

5
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The research hypothesis of my thesis is that the impacts o f  land-cover changes on 

water cycles differ with seasons and region as well as with CO2 condition. To test this 

hypothesis, six specific questions are to be answered (Molders 2002):

1. To what extent and at what temporal and spatial scales do the water-cycle- 

related quantities change in response to changes in land-cover and CO2 

concentrations?

2. Do different regions respond in the same way to land-cover changes under 

reference and increased CO2 conditions?

3. What are the impacts o f land-cover changes on water cycles, and how much do 

these impacts affect adjacent areas?

4. How do the interactions between a regional water cycle and the global water 

cycle and the feedback mechanisms between land-cover changes and CO2 

increases depend on CO2 levels?

5. How large is the uncertainty in simulating future water cycle changes under 

altered land-cover when the future CO2 conditions are unknown?

6. Can land-cover changes damp or reinforce changes caused by increased CO2 or 

by land-cover changes elsewhere?

In this study, the fully coupled Community Climate System Model 2.0.1 

(CCSM2.0.1) is run for 40 years with a spatial resolution of 2.8°x2.8°. All the model 

components are spun-up in their stand-alone mode before the coupled simulations start. 

Six simulations with combinations of original land-cover, altered land-cover, reference 

CO2 concentration (355ppmv), doubled CO2 concentration, and tripled CO2

6
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concentration are performed to investigate the changes in the global water cycle and in 

four similar-sized study regions (Fig. 1.1). Furthermore, for each o f the four study 

regions a sensitivity study is performed to examine the effect of land-cover changes 

under reference CO2 concentration (Table 1.1). These simulations serve to elaborate 

interactions between responses to land-cover changes that occur in different regions. To 

compare to climatology data (available for 30 years), the last 30 years model 

simulations are analyzed.

Chapter 2 describes the physics packages used in CCSM2.0.1 with special focus on 

features relevant for the water cycle. To estimate the confidence level o f the results, an 

evaluation of model performance for water-cycle-relevant quantities using climatology 

and reanalysis data is given in the appendix A. In chapter 3, results from the control and 

the doubled-C02 simulations with original land-cover are presented to provide the 

answer for question 1. In chapter 4, similarity analysis is applied to the results from the 

simulations with reference C 0 2 concentration without and with land-cover changes to 

detect the radius of impact of the land-cover changes on water-cycle-relevant quantities 

and to examine the interaction between land-cover changes occurring in different 

regions. This chapter answers question 3. An ANalysis O f Variance (ANOVA) is 

performed to quantify the impacts of different forcings in chapter 5 (land-cover changes, 

CO2 doubling, and both concurrently) and 6 (land-cover changes, CO2 tripling, and both 

concurrently). Also in chapter 6, the results from the simulations with reference, 

doubled, and tripled CO2 concentration without and with land-cover changes are 

compared to each other. The ANOVA helps to answer questions 2, 4, 5, and 6. The

7
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overall conclusions are presented in Chapter 7. The contributions to the chapters 

given in Appendix B.
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Table 1.1 CCSM simulations and their abbreviations.
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lx C 0 2 

(355 ppmv)

2xC 02 

(710 ppmv)

3xC 02 

(1065 ppmv)

Reference land-cover CTR DBL TPL

Land-cover changes all four study regions LUC LUCDBL LUCTPL

Land-cover changes in Yukon only L U C Y U

Land-cover changes in Ob only L U C O B

Land-cover changes in St. Lawrence only L U C S T

Land-cover changes in Colorado only L U C C O
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Fig. 1.1 The detailed pictures o f where the land-cover changes are altered.

(a) Yukon (b) Ob (c) St. Lawrence and (d) Colorado regions. The inner box in each 

figure depicts where the land-cover changes are performed.
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(b)

Fig 1.1 continued

<b)
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(c)

Fig. 1.1 continued
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Fig. 1.1 continued
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Chapter 2 Model description

2.1 Brief introduction

The Community Climate System Model (CCSM, Boville and Gent 1998, Boville et 

al. 2001, Kiehl and Gent 2004) is a state-of-art climate system model jointly developed 

by the National Center o f Atmospheric Research (NCAR) and the research community. 

The first version o f the CCSM family, formally released in 1996, was called Climate 

System Model (CSM1.0). It supported only a single resolution combination o f different 

model components, i.e., the T42 resolution in the horizontal with 18 layers in the 

vertical for the atmosphere and land components, and 2.4° of longitude with varying 

resolution o f latitude for the ocean component. The CSM1.0 was optimized to run on 

NCAR computers. Between 1996 and 2001 two additional CSM versions were released, 

CSM1.2 (Boville and Gent 1998) and CSM 1.4 (Boville et al. 2001); both were 

improved with respect to the model resolution and machine portability. In 2002, the 

CSM was updated to CCSM with improved parameterization schemes, added 

resolutions and configurations, and validated control simulations (Kiehl and Gent 2004). 

This 2002 CCSM version can be run on IBM SPII and SGI Origin 2000 platforms.

The CCSM consists o f four model components (Fig. 2.1), namely, the Climate 

Atmosphere Model (CAM, Collins et al. 2003), the Common Land Model (CLM, Dai et 

al. 2003), the Parallel Ocean Program (POP, Smith et al. 1992), and the Community Sea 

Ice Model (CSIM, Briegleb et al. 2004). During a fully-coupled CCSM run, the four 

model components integrate independently and exchange information through the 

coupler (cpl) without flux correction (Fig. 2.1). Each model component can be either
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included or excluded from the coupled CCSM run by switching on its “active” or “data” 

modes, providing a variety o f combinations to suit different research requirements. If 

the “data mode” is turned on for a component, climatological data will serve as input for 

the coupler during a simulation. No feedback from the coupler will be received by this 

component. CCSM also provides various resolutions (e.g., T42, T31) for simulating 

climate. The finer resolutions are often used to simulate near past/future climate, while 

the coarser ones serve for paleoclimate studies.

In version 2 o f CCSM (CCSM2), the CAM2 (Collins et al. 2003) and CLM2 (Dai et 

al. 2003) support two different resolutions: T42 spectral truncation with 2.8° latitude by 

longitude, and T31 spectral truncation with 3.5° latitude by longitude. Both resolutions 

(T42 and T31) o f CAM2 employ 26 layers in the vertical direction. In CCSM2, two 

resolutions are available for the POP and CSIM: gxlv3 and gx3v5. The former offers 1° 

latitudinal resolution and longitudinal resolution o f approximately 3° near the equator 

decreasing towards the poles; the latter offers 3.6° latitudinal resolution with 

longitudinal resolution of 0.9° near the equator decreasing towards the poles.

The following will primarily focus on the features o f CCSM that are relevant for 

water-cycle investigations. For further details see Smith et al. (1992), Dai et al. (2001, 

2003), Collins et al. (2003) and Briegleb et al. (2004).

21
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2.2 Community Atmosphere Model version 2

The CAM2 is the fifth generation of the NCAR atmospheric general circulation 

model (GCM; Collins et al. 2003). The major changes from previous versions 

implemented in CAM2 include the following:

• A more realistic parameterization scheme of cloud condensation and 

evaporation forcing by large-scale processes (Zhang et al. 2003)

• A more flexible parameterization scheme o f cloud overlap to allow a more 

realistic treatment o f cloud-radiative interaction than in the previous versions 

(Dai et al. 2003)

• An updated parameterization scheme for long-wave absorptivity and emissivity 

of water vapor that reduces the errors of radiative cooling at the surface and the 

top o f the atmosphere existing in the previous version (Dai et al. 2003)

• Inclusion in the convective scheme of a parameterization scheme for 

evaporation (Sundquist 1978) to adjust atmospheric moisture content which was 

too dry in earlier versions

• A new formulation for vertical diffusion o f dry static energy (Dai et al. 2003)

These changes will be discussed in more detail in a later section where the

parameterization schemes are described.

22
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The CAM2 consists o f two parts: the dynamical core and the parameterizations of 

physical processes. The dynamical core provides prognostic fields (temperature, 

vorticity, divergence, specific humidity, and surface pressure) that can be calculated by 

Eulerian, semi-Lagrangian, or finite-volume methods with either three-time-level 

notation (for the Eulerian core) or two-time-level notation (for the semi-Lagrangian and 

finite-volume cores). In this thesis the Eulerian core is used. The parameterization of 

physical processes, which employs the forward or backward finite differences method, 

produces updated fields due to moisture (precipitation), radiation, boundary layer, and 

turbulent mixing processes. For the versions that use the spectral transformation method, 

such as in T42 (used in this thesis), the dynamical core and the parameterization of 

physical processes are coupled by operator splitting; i.e., for a particular variable A, the 

prognostic equations and the parameterizations are both applied to the past state A"’1 at 

time step n-1 to give the value An+1 for time step n+1.

The T42 resolution of CAM2 has 64 x 128 grid cells in the zonal and meridional 

directions, respectively, and, as already mentioned, 26 layers in the vertical. It uses a 

hybrid coordinate system with a terrain-following sigma coordinate at the surface that 

merges into a pressure surface at about 100 hPa. The top of the model layer is located at 

2.92 hPa.
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The CAM2 encompasses the momentum, temperature, moisture, and continuity 

equations. The momentum equation is expressed in terms o f vorticity and divergence 

(Collins et al. 2003). The temperature and moisture equations share similar terms for 

divergence, vertical advection, and sources and sinks. The source and sink terms of the 

temperature equation are the diabatic and adiabatic heating and friction (at the surface 

only). The source and sink terms of the moisture equation are the evaporation of liquid 

water/sublimation of ice and the condensation/deposition of water vapor, respectively. 

The source and sink terms in the prognostic equations are obtained from diagnostic 

equations that are used to parameterize the respective processes.

All the equations mentioned above and the upper boundary conditions are integrated 

in time using a semi-implicit leapfrog scheme. In this scheme, the nonlinear terms are 

explicitly solved with centered differences and the linear terms are treated implicitly by 

averaging the values from the previous and the next time steps. In the vertical, the 

prognostic variables are solved using a finite difference approach. In the horizontal, the 

prognostic variables are solved as spectral coefficients and then transformed to the 

points o f the grid. Thus, if  the balance of the prognostic variables is not o f interest to the 

users, the spectral aspects need not be considered with respect to model input and 

output data. Note that the time-step in the model is adjusted to guarantee that the 

Courant-Friedrichs-Levy (CFL) criterion is fulfilled, ensuring numerical stability 

(Collins et al. 2005).

24
2.2.2 Prognostic equations
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The parameterization package for the moist processes consists of three parts: the 

deep convection scheme (Zhang and McFarlane 1995a), the shallow convection scheme 

(Hack 1994), and the bulk microphysics parameterization scheme (Rasch and 

Kristjansson 1998, Zhang et al. 2003).

2.2.3.1 Deep convection

Deep convection is treated by a penetrative scheme using a plume-ensemble-type 

approach (Arakawa and Schubert 1974). Interaction between local convection and 

large-scale dynamics is considered through pressure-field perturbations caused by 

cloud-momentum transport (Zhang and McFarlane 1995a, Collins et al. 2003). In the 

deep convective scheme, the temperature and moisture tendencies o f the cloud layer are 

expressed in terms of dry static energy, specific humidity, cloud-mass flux, and large- 

scale condensation and evaporation rates. The cloud-mass flux considers updraft and 

downdraft. The updraft is treated as a collection o f entraining plumes, each with a 

characteristic entrainment rate. This rate can be determined iteratively at each height 

level when the lower boundary condition (moist static energy at the cloud base) is 

known (Collins et al. 2003). The updraft detrains mass into the environment in a thin 

layer at the top of the plume. The detrained air is assumed to have the same thermal 

properties as the environment. Therefore, assuming that all plumes have the same 

cloud-base mass flux, the vertical distribution of cloud updraft and the budget equations 

for moist/dry static energy, mixing ratio, and cloud liquid water can be represented by

25
2.2.3 Moist processes
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the entraining rate, cloud-base mass flux, the cloud-base height, and the maximum 

detraining rate. Whenever precipitation forms in the updraft ensemble, downdrafts are 

established. They start at the bottom of the updraft detrainment layer and adopt a 

vertical distribution shape similar to that of the updraft. The parameterization is closed 

by relating the cloud-base mass flux to the Convective Available Potential Energy 

(CAPE), assuming that CAPE is consumed by convection at an exponential rate 

(Collins et al. 2003).

Compared to other moist convective adjustment schemes, such as the convective 

schemes used in the second generation of the Canada Climate Centre GCM or the 

NCAR community climate model (CCM), this penetrative convective scheme improves 

the simulated temperature and moisture profile of the troposphere by warming and 

moistening the upper troposphere. It also reduces the vertical wind shear in the 

troposphere and greatly improves the tropical and mid-latitudinal simulated climate for 

the northern hemisphere (Zhang and McFarlane 1995b).

Another important advantage of this scheme is that convection-generated pressure 

perturbation and related momentum transport are considered (Zhang and McFarlane 

1995b). This feature creates a bridge between large-scale transport o f heat and moisture 

and local convection, facilitating the study of relationships between water cycles at 

different spatial scales.

Several studies (Boer et al. 1992, Washington and Meehl 1993, Zhang and 

McFarlane 1995b) have shown that the inclusion of a penetrative convective scheme in 

GCMs results in two opposite effects with respect to the global mean near-surface air
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temperature; heat loss by evaporation from the surface is reduced, and cirrus cloud 

formation and, therefore, radiative cooling at the top of the atmosphere is increased. In a 

doubled carbon dioxide (CO2) climate, for instance, these two effects largely offset each 

other. This behavior leads to a small modification of the surface warming as compared 

to the response simulated by other models (Boer et al. 1992, Washington and Meehl 

1993, Zhang and McFarlane 1995b).

2.2.3.2 Shallow convection

The shallow convective scheme deals with weak convection that is unable to 

penetrate through the conditionally unstable lower atmosphere (Zhang and McFarlane 

1995a, Zhang et al. 1998). This scheme treats convection in a three-layer bulk model, 

i.e., it assumes that when a non-entraining parcel enters layer k+ 1  and ascends due to 

the adiabatically unstable condition, precipitation occurs in layer k and detrainment 

occurs in layer k-1 (Hack 1994, Collins et al. 2003). This procedure begins with a first 

guess o f a “detrainment parameter”. This first guess is modified by three constraints that 

the detrainment parameter must satisfy:

• The convective mass flux is always positive.

• No supersaturation exists in layer k-1. This constraint exists to ensure that the 

convection scheme does not introduce extra liquid water into the environment 

(Hack 1994).

• No increase o f moist static energy in the vertical if the vertical gradient o f the 

moist static energy is negative.
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By using the modified detrainment parameter, the equations of convective mass flux, 

dry static energy, and total water (represented in terms of resolvable-scale dry static 

energy/total water, vertical eddy transports, and convective-scale liquid water sink) can 

be solved for each layer. Therefore, a vertical profile of the thermodynamic structure is 

obtained. The convective precipitation rate is given by integrating liquid water content 

from the bottom to the top o f the model.

Compared to the previous convective scheme used in CCM (Hack et al. 1989) and 

the conventional moist adiabatic adjustment procedure introduced by Williamson et al. 

(1987), the CCSM shallow convective scheme improves the simulated thermodynamic 

stability structure and thermodynamical profiles according to in situ observations (Hack 

1994). Furthermore, the improved simulation of water content serves as an advanced 

feature to catch the change in the long-wave radiation budget under conditions of 

doubled C 0 2 (Hack 1994).

The shallow convective scheme contributes appreciably to total convective heating. 

For the subtropical trade-wind regime where shallow convection is frequent, the 

shallow convective scheme will become extremely important if  the change in the 

radiation budget caused by shallow convection is to be captured (Zhang et al. 1998).

2.2.3.3 Parameterization scheme of non-convective cloud processes

The “non-convective” moisture processes are represented by a bulk-microphysical 

parameterization scheme that considers conversion from condensate to precipitating

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



particles, and evaporation of condensate to water vapor in accordance with Rasch and 

Kristjansson (1998) and Zhang et al. (2003).

The parameterization scheme calculates condensation o f cloud water in two 

different ways, both categorized by relative humidity (Sundquist 1978, Rasch and 

Kristjansson 1998). If the relative humidity equals 100%, the condensation rate will be 

obtained from a combination of the moisture and heat advection and cloud water 

tendencies using empirical efficiency coefficients. This treatment represents large-scale 

stratiform clouds. If the relative humidity is less than 100%, but greater than a threshold 

value (taken as 75%), the condensation rate will be determined by moisture and heat 

advection, importation of cloud water, evaporation of rain or snow, and condensation 

due to increase of cloud fraction from non-water sources (Collins et al. 2003). This 

procedure is used to represent sub-grid-scale non-convective clouds.

Conversion of cloud water to precipitating water is parameterized in accordance 

with Sundqvist (1978) and Collins et al. (2003). The mixing ratio of condensate is 

partitioned into water and ice mixing ratios using a linear function o f temperature. 

These two ratios are then used to parameterize five paths of conversion (Collins et al. 

2003):

• The conversion of liquid water to rain water (Chen and Cotton 1987)

• The collection of cloud water by rain water from above (Tripoli and Cotton 

1980)

• The auto-conversion of ice to snow (Kessler 1969, Lin et al. 1983, Sundquist 

1978)
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• The collection o f ice by snow (Lin et al. 1983)

• The collection o f cloud water and rain water by snow (Lin et al. 1983)

Comparison of satellite data to in situ observations showed that this scheme is able

to represent cloud processes more self-consistently by directly linking condensation rate 

to cloud fraction (Rasch and Kristjansson 1998, Collins et al. 2003). Compared to the 

standard diagnostic cloud parameterization scheme used in the older CCM versions, the 

prognostic scheme of CAM2 corrects the polar regions’ cold bias by improving the 

simulated radiative budget (Rasch and Kristjansson 1998).

2.2.4 Radiation processes

The radiation scheme distinguishes between direct and diffusive radiation. The 

insolation at the top of the atmosphere is given as a function o f the solar constant, the 

zenith angle, and the distance between the earth and the sun (Collins et al. 2003). The 

CCSM radiation scheme considers 19 spectral intervals within the total solar spectrum 

(three for CO2, seven for water vapor, seven for ozone, one in visible and one in near- 

infrared; Collins et al. 2003). The radiation fluxes are calculated at each interface o f the 

vertical layer, and the heating rate is determined by the differences between these fluxes. 

The surface albedo is specified according to the surface type (e.g., sea ice surface, land 

surface, ocean surface).

Compared to CCM, two new types o f aerosols are included in the CAM2, namely 

soil dust and carbonaceous particles. The inclusion of these aerosols results in increased 

shortwave heating due to absorption of energy in the visible wavelength range (Collins
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et al. 2003). A prescribed climatological data set (obtained from the National Center for 

Environmental Protection, NCEP) describing the aerosol distribution is used in CAM2, 

allowing flexibility to simulate the atmosphere with arbitrary aerosol combinations.

The formula originally developed by Ramanathan (1976) and modified by Kiehl and 

Briegleb (1991) is applied in the long-wave radiation parameterization scheme. In this 

approach, absorption and emission by a given gas is calculated using the center wave- 

number o f the absorption band. The major band used to evaluate the absorption o f CO2 

is centered at a wave number o f 667 cm'1 (15pm band). Two minor bands for CO2 

absorption are centered at 961 cm’1 and 1064 cm '1, respectively (Kiehl and Briegleb 

1991). For water vapor, a “line-by-line” radiative transfer model (Edwards 1992, 

Collins et al. 2002) is used to calculate the absorption and emission o f water (H2O).

Compared to CCM, the long-wave radiation parameterization in CAM2 notably 

reduces the error o f simulated long-wave radiation (Collins et al. 2002). The bias of the 

downward long-wave radiation in the Arctic area diminishes in CAM2. These 

improvements helped to achieve an improved simulation of adiabatic heating and deep 

convection (Collins et al. 2002). H2O is an important greenhouse gas. Therefore, the 

new treatment o f H2O absorption increases the greenhouse effect in the tropics and 

subtropics which leads to a drier atmosphere compared to the CCM (Collins et al. 2002).

The CAM2 treatment of vertical cloud overlap mentioned before also improves the 

performance o f the radiation scheme, compared to previous versions. The new 

treatment assumes that clouds in adjacent layers have maximum overlap and clouds in 

layers that are separated by cloud-free layers randomly overlap. This more realistic
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assumption reduces the error of troposphere adiabatic heating to less than 0.0IK day'1 

(Dai et al. 2003). O f course the cloud overlap treatment is the same for both longwave 

and shortwave radiation, and hence is consistent for all cloud radiative effects. Thus, 

this updated treatment also improves the simulation o f moisture processes as compared 

to the CSM (Collins 2001).

2.2.5 Turbulence

The turbulence parameterization scheme in CAM2 includes parameterizations of the 

diffusive processes taking place in the atmospheric boundary layer (ABL) and the free 

atmosphere. The procedure is as follows. In a first step, a turbulent flux is calculated 

for all atmospheric layers, assuming that the ABL is neutrally or stably stratified. A 

flux-gradient relationship is used and the turbulent diffusivity depends on the magnitude 

o f “vertical” shear, | d \ u /d z  | , the square o f mixing length, and the stability function o f

gradient Richardson number R,. The mixing length is assumed to be 30 m. The gradient 

Richardson number is a non-dimensional quantity that characterizes the relative 

importance of thermally-induced turbulence to mechanically-generated turbulence via 

“vertical” shear, and distinguishes stable (Rj > 0), neutral (Ri = 0), and unstable (Rj < 0) 

stratifications. The stability function is described by different formulae according to the 

value of Rj (Collins et al. 2003). In a second step, the ABL height is determined in 

accordance with Vogelezang and Holtslag (1996). In this scheme, the ABL height is 

calculated assuming the critical Richardson number is 0.3. Within the ABL, the 

turbulent fluxes calculated in the first step are replaced by the new values calculated by
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the ABL scheme (Holtslag and Boville 1993). In this ABL scheme, the turbulent flux is 

updated by adding a non-local transport term to the diffusion equation. This non-local 

transport term is not negligible when convection exists in the ABL and the eddy sizes 

are large (Dai et al. 2001). In such a case, the non-local transport term and the 

diffusivity are parameterized using a turbulent velocity scale, von Karman constant, and 

boundary layer height. The Monin-Obukhov similarity laws are applied to determine the 

turbulent velocity scale; this process will be discussed in more detail in section 3.4.

2.3 Community Land Model version 2

A group of scientists (Dai et al. 2001, 2003; Bonan et al. 2002a) has been 

developing the CLM2 since the mid-1990s. CLM2 combines features from three land- 

surface models, the Land Surface Model version 2 (LSM2; Oleson and Bonan 2000), 

the Biosphere-Atmosphere Transfer Scheme (BATS; Dickinson et al. 1993), and the 

CLM (Zeng et al. 1998, 2002, Dai et al. 2003). The majority o f the parameterizations 

stem from the CLM (Zeng et al. 2002). CLM2 uses the same surface dataset as is used 

in the LSM2 (Oleson and Bonan 2000). The CLM2 contains 10 soil layers that increase 

in thickness with increasing depth (0.0175 m for the upper-most layer and 1.1369 m for 

the deepest layer). CLM2 also considers up to five snow layers, depending on snow 

depth. The prognostic variables are canopy temperature, water intercepted by canopy, 

soil or snow temperature, water and ice mass in the soil or snow layer, and snow layer 

thickness (Dai et al 2001).
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Bonan et al. (2002b) coupled the CLM2 to the NCAR CCM and used observational 

data from the National Snow and Ice Data Center (Fekete et al. 2000, Willmott and 

Matsuura 2000) to compare CLM2-CCM results to results obtained from the original 

CCM coupled to LSM2. The comparison showed that performance o f the coupled 

CLM2-CCM was improved over the performance of LSM2-CCM for near-surface air 

temperature in the boreal summer. The cold bias of near-surface air temperature in 

LSM2 is reduced in CLM2 because CLM2 allows higher sensible heat flux from the 

surface. The multilayer CLM2 snow pack allows simulation of snow-cover extent and 

snow depth that is improved compared to simulation by LSM2. The annual cycle of 

runoff in Arctic regions is captured much better in CLM2 than in LSM2 (Bonan 2002b).

CLM2 uses a mosaic-type approach (Avissar and Pielke 1989) to consider subgrid- 

scale surface heterogeneity. Every grid cell is divided into four land-cover types (glacier, 

wetland, lake, and vegetated land). Each land-cover type can occupy a fraction o f a grid 

cell. The vegetated land is further divided into as many as four patches. Each patch 

contains one plant functional type (PFT). Bare soil is also included as one “PFT” 

(Bonan et al. 2002b). All prognostic variables are computed for the different land-cover 

types at each time step. The area-weighted average surface flux is provided to the 

atmosphere as the surface forcing (Zeng et al. 2002).

Vegetation, inland water, and wetland data are derived from the global 1-km 

International Geosphere-Biosphere Programme (IGBP) dataset. The soil color data are 

the same as those used in BATS T42 (Dickinson et al. 1993). Silt and clay data stem 

from LSM2 (Bonan et al. 2002b).
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2.3.1 Water balance

The equation describing water balance at canopy surface considers precipitation, 

direct through-fall (as a function of vegetation fraction and leaf area index), water 

dripping from wet foliage and evaporation at the surface of wet foliage (treated like 

potential evaporation). The soil and snow water-balance equations are explicitly written 

for each layer, for liquid water and ice separately. Evaporation of water from bare soil 

and snow surfaces is parameterized by a resistance approach that considers air density, 

aerodynamic resistance, and the difference of specific humidity between the soil/snow 

surface and near-surface air (Dai et al. 2001).

A TOPographically based rainfall runoff MODEL (TOPMODEL)-like approach 

(Beven and Kirkby 1979) is implemented in the CLM2 to calculate the surface runoff 

and baseflow for both saturated and unsaturated areas (Niu et al. 2005). In this approach, 

the saturated hydraulic conductivity is assumed to decrease exponentially with depth. 

The fraction o f the area that is saturated is represented by the water table depth; the 

unsaturated area is a function of soil moisture (Dai et al. 2001). The runoff from 

unsaturated areas is calculated using the BATS method (Dickinson et al. 1993). If soil 

liquid water in a layer exceeds the porosity, the excess water will be considered as 

runoff.

Darcy’s law is used to calculate the water flow within the soil. The local change of 

soil liquid water is balanced by the vertical water flow, transpiration, and phase 

transition terms (Dai et al. 2003). Soil hydraulic conductivity and matrix potential are 

treated in accordance with Philip and de Vries (1957), de Vries (1958), and Clapp and
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Homberger (1978). For frozen ground the matrix potential is determined in accord with 

Fuchs et al. (1978). The equations for soil liquid water and soil ice are coupled through 

freezing and melting phase transitions. Note that errors due to neglecting the 

temperature-moisture cross effects (Ludwing-Soret effect and Dufour effect) are small 

under most soil conditions (Molders and Walsh 2004).

A simple explicit scheme is used to calculate the snow ice and water (Dai et al.

2003). At the surface snow layer, solid and liquid forms of precipitation are the sources 

and sublimation and evaporation are the sinks for snow water. In the layers below the 

snow surface, water flows at the interface of two layers and the phase transitions are 

considered. If the porosity of the snow layer is smaller than 0.05, water flow within that 

layer will be set to zero (Dai et al. 2001). The water flow at the bottom of the snow pack 

is considered either as infiltration into the soil or as runoff, depending on the degree of 

soil saturation (Dai et al 2003).

2.3.2 Energy balance

The energy balance and water balance are closely related. Latent heat flux (latent 

heat of vaporization/sublimation times evapotranspiration) is the bridge that links the 

radiation and water budgets. The surface net radiation affects runoff through melting 

and freezing, and affects moist processes in the atmosphere through sensible and latent 

heat fluxes. Within the soil and snow layers, temperature changes can alter the liquid 

and solid water content through phase transitions; the phase transitions feed back to 

temperature by latent heat release/consumption. Thus, to fully understand the water
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cycle, the energy balance is needed. Three assumptions are made in the energy balance 

equations in CLM2 (Dai et al. 2001):

• Within the canopy, heat conductance is zero

• Within soil and snow layers, vaporization and sensible heat fluxes are zero

• Heat transfer by convection in soil and snow layers is zero

Therefore, the net radiation at the canopy surface is balanced by the sensible and 

latent heat fluxes. This relationship can be used to solve the canopy temperature 

iteratively using the Newton-Raphson method. The moist resistances and the canopy 

surface conductance are applied to obtain the partial differentials o f net radiation and 

sensible and latent fluxes to canopy temperature (Dai et al. 2001). Note that this 

approach neglects the dependence of canopy energy balance on the soil surface and the 

water balance. More complex models that consider a coupled energy and water balance 

have recently been developed (Kramm et al. 1996, Molders et al. 2003a, b), and can be 

employed when computer resources are plentiful.

The soil and snow temperatures can be evaluated by the heat flux (written as 

thermal conductivity times the vertical profile of temperature), volumetric heat capacity, 

and latent heat of phase transition. In every soil and snow layer, the heat equation is 

solved numerically using a Crank-Nicholson scheme (Dai et al 2003). The Crank- 

Nicholson scheme is applied to the entire snow and soil column, i.e., the discontinuity at 

the soil-snow interface is ignored. Note that, as shown by Narapusetty and Molders 

(2006), the Crank-Nicholson scheme may lead to a delay in peak soil temperature
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compared with both observations and the result of a Galerkin weak finite element 

scheme. This may affect evapotranspiration.

2.3.3 Albedo

Different snow and soil surface albedos are assigned for visible and near-infrared 

solar radiation. For snow, albedo is a function o f solar zenith angle and snow age. For 

soil, albedo depends on soil color and dryness (Dai et al. 2001). Vegetation albedo is 

adopted from LSM using PFT-dependent leaf optical properties that are modified by 

intercepted snow (Bonan et al. 2002b).

2.3.4 Turbulent fluxes

The turbulent fluxes of momentum, sensible heat, and water vapor in the 

atmospheric surface layer (ASL) are calculated on the basis o f the Monin-Obukhov 

similarity laws. The use of these laws leads to a modification of the logarithmic profiles 

o f mean horizontal wind speed, mean potential temperature, and mean specific humidity 

by a diabatic contribution that is given by the integral stability functions. These integral 

stability functions depend on a stability parameter that is given as the ratio between the 

height above ground and the Obukhov stability length (Panofsky and Dutton 1984). The 

upper level is close to the top of the ASL; the lowest level is located in the immediate 

vicinity o f the canopy top, or close to the surface if over bare soil, ice, or water.
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Since the lower two-thirds of the canopy has only a slight effect on the horizontal 

wind profile above the canopy, the zero-plane displacement is introduced so that the 

height o f quantities above ground is reduced by this zero-plane displacement.

In addition to the features mentioned above, roughness lengths for momentum and 

scalar quantities (e.g., sensible heat, water vapor, etc.) are introduced in the model. The 

roughness length for momentum is characterized by the aerodynamic roughness length 

term, which serves as the lower boundary condition; that is, at the height given by the 

aerodynamic roughness length the mean horizontal wind speed extrapolates to zero. The 

roughness lengths for scalar quantities serve to extrapolate the profile values o f mean 

temperature and mean specific humidity to the respective surface values (sometimes 

called the skin values). Note that in CLM2, the aerodynamic roughness length depends 

upon the canopy height, the vegetation density, and the leaf area index (LAI) (Dai et al. 

2001).

In CLM2, the Obukhov stability length is calculated using the square o f the friction 

velocity, the virtual potential temperature, the von Karman constant, the acceleration 

due to gravity, and the temperature scale. For unstable stratification the Obukhov 

number is equal to the gradient Richardson number. For neutral stratification the 

Obukhov length tends to infinity so that the Obukhov number becomes zero, and in this 

case all integral stability functions become zero too. Obukhov stability lengths and, 

hence, Obukhov numbers larger than zero characterize stable stratification. Under such 

stability conditions, the Obukhov number is not equal to the gradient Richardson 

number.
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In CCSM2, Monin-Obukhov similarity laws are also applied to calculate the fluxes 

o f momentum sensible heat and water vapor over sea-ice and ocean water (Collins et al. 

2003).

2.4 Community Sea Ice Model version 4

The major improvements in the CSIM4 compared to the previous version are:

• An elastic term added to the stress tensor equation in the original viscous/plastic 

rheology (Hunke and Dukowicz 1997)

• Implementation o f an energy-conserving thermodynamics model (Bitz and 

Lipscomb 1999)

• Implementation of a five-category sea ice thickness distribution (Thorndike et al. 

1975) to improve the heat exchange at the ocean-atmosphere interface

• Displacement of the North Pole to Greenland and use o f the same grid as in the 

ocean component of CCSM (Briegleb et al. 2004)

• Implementation of an improved parallel code (Hunke and Dukowicz 1997)

• Inclusion o f a sea-ice-only framework for offline simulation (Briegleb et al.

2004)

2.4.1 Sea ice thickness distribution

Ice thickness affects the ice-surface temperature and turbulent and radiative fluxes 

from the ice surface to the atmosphere (Thorndike et al. 1975). Thus, sea-ice thickness
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is an important determinant o f sea-ice properties and also o f water cycles. Changes in 

the sea-ice distribution function are related to vertical thermodynamic processes, lateral 

ice melt/formation, horizontal advection, and rafting and ridging processes (Briegleb et 

al. 2004). The distribution function is solved for five ice categories. The model assumes 

that the ice thickness can vary in each category; therefore ice fraction and ice volume 

are both prognostic variables and can be solved numerically. The total ice fraction is 

given by integrating over all categories (Briegleb et al. 2004). Including the ice 

thickness distribution enables a better representation of the boundary conditions for the 

atmosphere over the Arctic Ocean.

2.4.2 Albedo and surface fluxes

Albedo is distinguished between non-melting and melting snow/ice as well as 

between direct and diffusive radiation in both visible and near-infrared spectral bands. 

The averaged albedo is calculated by taking into account the fractional coverage of 

snow and ice (Collins et al. 2003). The albedo is used to calculate reflected shortwave 

and upwelling long-wave radiation at the sea-ice surface. As mentioned above, Monin- 

Obukhov similarity theory is applied to obtain the sensible and latent heat flux (Collins 

et al. 2003).

2.5 Parallel Ocean Program

The POP model (Smith et al. 1992) is the ocean component of CCSM. The major 

improvements from the previous version include:
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• Application of a sub-grid scale eddy-mixing parameterization for calculating 

horizontal tracer diffusion (Gent and McWilliams 1990)

• Representation o f vertical mixing in accordance with Large et al. (1994) to 

better simulate boundary layer physics

• Use o f a more accurate equation o f state from Feistel and Hagen (1995)

• Displacement o f the North Pole onto Greenland to avoid filtering o f the solution 

for the Arctic Ocean which guarantees an open Northwest passage and permits 

simulating the halocline circulation (Holland 2003)

• Use of a finer grid resolution (less than one degree) than was used in the 

previous version which contributes to more accurate representation of the Arctic 

halocline and surface salinity (Holland 2003)

Heat and moisture fluxes from the ocean surface have profound effects on the 

atmospheric water and radiation budget; thus, they directly or indirectly affect water 

cycle quantities. The fluxes are calculated using a bulk formulation in which air density 

o f the lowest atmospheric layer, the transfer coefficient, and the differences between 

velocity/potential temperature/specific humidity between the ocean surface and the 

lowest atmospheric layer are used (Collins et al. 2003). Note that the motion o f the 

ocean surface is ignored; thus the difference in the velocity o f the ocean surface and the 

atmosphere is the wind velocity at the lowest level of the model’s atmosphere. Again, 

the transfer coefficients are calculated by applying Monin-Obukhov theory (Collins et 

al. 2003).
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Fig. 2.1 Schematic view of CCSM2.0.1 structure.
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Chapter 3 Impact of doubled CO2 on the interaction between the global and 

regional water cycles in four study regions*

Abstract

Results from a suite o f 30-year simulations (after spin-up) of the fully coupled 

Community Climate System Model version 2.0.1 are analyzed to examine the impact of 

doubling CO2 on interactions between the global water cycle and the regional water 

cycles o f four similar-size, but hydrologically and thermally different study regions (the 

Yukon, Ob, St. Lawrence, and Colorado river basins and their adjacent land). A 

heuristic evaluation based on published climatological data shows that the model 

generally produces acceptable results for the control 1 x CO 2 concentration, except for 

mountainous regions where it performs like other modem climate models.

After doubling CO2, the Northern Hemisphere receives significantly (95% 

confidence level) more moisture from the Southern Hemisphere during the boreal 

summer than under 1 x C 0 2 conditions, and the phase of the annual cycle o f net 

moisture transport to areas north of 60°N shifts to a month later than in the reference 

simulation. Precipitation and evapotranspiration in the doubled CO2 simulation increase 

for the Yukon, Ob, and St. Lawrence, but decrease, on average, for the Colorado region 

compared to the reference simulation.

* Li, Z., US. Bhatt and N. Molders, 2007. Impact o f doubled CO2 on the interaction 

between the global and regional water cycles in four study regions. Climate Dynamics 

(in press)
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For all regions, interaction between global and regional water cycles increases under 

doubled CO2, because the amount of moisture entering and leaving the regions 

increases in the warmer climate. The degree of change in this interaction depends on 

region and season, and is related to slight shifts in the position/strength o f semi

permanent highs and lows for the Yukon, Ob, and St. Lawrence; in the Colorado region, 

higher temperatures associated with doubling CO2 and the anticyclone located over the 

region increase the persistence o f dry conditions.

3.1 Introduction

In recent years, discussions of global warming and occurrence of intense local 

floods and droughts have heightened public awareness of the potential relationship 

between increased CO2 concentrations and altered regional water cycles. Recent studies 

reported a 20th century global average surface-temperature increase of about 0.6 K, or 

0.07 K decade-1 (Peterson and Vose 1997, Folland et al. 2001); since 1976, that 

average has increased to about 0.15 K decade-1 (Houghton et al. 2001). The 

temperature increase is attributed to substantially increased CO2 concentration, from 

about 280 ppm in 1800 to 355 ppm in 1990, in response to the industrial revolution and 

increasing world population (Houghton et al. 2001, Wang et al. 2004). General 

Circulation Models (GCMs) predict that temperature changes associated with global 

warming may be greatest at high latitudes (Giorgi et al. 2001). The high latitudes are a 

particularly sensitive global water cycle component due to feedbacks such as decreased
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albedo from reduced snow cover, or to the impact of increased melt-water on Arctic 

freshwater fluxes and, hence, thermohaline circulation (Broecker 1997). Thus, the high 

latitude hydrological cycle is extremely sensitive to global warming.

During the last century, global precipitation increased by 2% (Jones and Hulme 

1996, Hulme et al. 1998), while mid- and high-latitude precipitation increased about 7

12% (Houghton et al. 2001). For increasing CO2 conditions further precipitation 

changes have to be expected; the United Kingdom Meteorological Office High 

Resolution 11-level GCM and the Australian Commonwealth Scientific and Industrial 

Research Organization 9-level GCM, both produced an increase (decrease) in the 

number o f wet days at high-latitudes (mid-latitudes) for a doubled C 0 2 scenario 

(Hennessey et al. 1997).

Due to complex interactions between energy and water cycles, increasing C 0 2 

concentrations and temperatures affect water cycling at different temporal and spatial 

scales. Therefore, it is important to examine water cycles and their interactions at 

different scales. “Global water cycle” refers to a closed system of water circulation 

encompassing evaporation from oceans, large-scale atmospheric transport, precipitation 

over land and water, and runoff back to the oceans. “Regional water cycle” refers to 

large-scale atmospheric transport of water substances and runoff into and out o f a sub- 

global domain, plus precipitation and evapotranspiration (sum of evaporation, 

transpiration, and sublimation) within the domain. A fraction o f the precipitation may 

stem from previous precipitation within the domain; a fraction o f the evapotranspiration 

may contribute to moisture export (Eltahir and Bras 1996). Interactions between the
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global water cycle and a regional water cycle consist of water substances flowing into 

and out of the region. Thus, we define “interaction between global and regional water 

cycles” as moisture flux over a region’s lateral boundaries. This inflow and outflow 

determines the degree to which factors external to a region control that region’s water 

cycle, i.e. the global water cycle’s influence on the regional water cycle.

In this study, we examine the impact o f the doubled-CC>2 greenhouse scenario to 

elucidate interactions o f the global water cycle with regional water cycles in four 

similarly-sized, but hydro-thermally different regions. To this end, we run the 

Community Climate System Model (CCSM) version 2.0.1 (Blackmon et al. 2001, Kiehl 

and Gent 2004) assuming 1 x C 0 2 and 2 x C 0 2 concentrations, and analyze model 

output for 30 years after spin-up. We explore the mechanisms driving the regional water 

cycles, highlight their interactions with the global water cycle, identify global and 

regional changes in the water cycles and their interactions, and elaborate causal 

mechanisms. Furthermore, we investigate whether the mechanisms, interactions, and 

changes in response to doubling CO2 are region-specific.

3.2 Experimental design

3.2.1 Model description

The CCSM modeling suite (Blackmon et al. 2001, Kiehl and Gent 2004) consists of 

the Climate Atmosphere Model (CAM) version 2, the Common Land Model (CLM) 

version 2, the Parallel Ocean Program (POP), the Community Sea Ice Model version
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4.0.1 (CSIM), and the flux coupler version 5.0.1. The flux coupler consistently 

exchanges data between model components without using flux corrections.

The CAM is an improved version of the Atmosphere General Circulation Model: 

Community Climate Model version 3 (AGCM: CCM3). It uses hybrid vertical 

coordinates with a terrain-following a  -coordinate starting at the surface that smoothly 

transitions into pressure coordinates around 100 hPa. The major differences between 

CAM and CCM3 are the formulations for cloud condensed water, cloud fraction and 

overlap, and long-wave absorptivity and emissivity of water vapor (Kiehl and Gent 

2004). Deep convection is simulated by a plume-ensemble approach; convective 

available potential energy (CAPE) is removed from a grid-column at an exponential rate 

based on Zhang and McFarlane (1995). Interaction between local convection and large- 

scale dynamics is considered through pressure field perturbations caused by cloud 

momentum transport (Zhang et al. 1998). Shallow convection is addressed following 

Hack (1994) and Zhang et al. (1998). At the resolvable scale, “non-convective” 

precipitation is calculated by parameterizing both macroscale processes that describe 

water-vapor condensation and associated temperature change, and microscale processes 

controlling condensate evaporation and condensate conversion to precipitation. Cloud 

microphysical processes are considered in accord with Rasch and Kristjansson (1998). 

Grid-cell mean “non-convective” precipitation is obtained by integrating from the 

bottom to the top o f the model (Rasch and Kristjansson 1998, Zhang et al. 2003).

The CLM (Dai et al. 2003) is a successor of the National Center for Atmospheric 

Research Climate System Model’s land surface model (Bonan 1998). Major
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improvements include considering land-cover spatial heterogeneity by explicitly 

dividing every grid cell into four land-cover types (glacier, lake, wetland, vegetation). 

Vegetation is further divided into dominant and secondary plant functional type. The 

CLM considers ten layers for soil temperature, soil water, and ice content, and up to 

five snow layers, depending on snow depth.

The Los Alamos National Laboratory’s POP (Smith et al. 1992) is used to simulate 

ocean processes. Major advantages of this model for our study include a North Pole 

displaced from the Arctic Ocean to Greenland (no filtering of the ocean solution is 

needed for the Arctic) and the fine resolution (<1°) that leaves the Bering Strait and 

Northwest passage open to permit simulation o f the Arctic halocline (Holland 2003).

The CSIM (Briegleb et al. 2004, Holland et al. 2006) includes a sub-grid scale ice 

thickness distribution parameterization. This parameterization considers five ice 

categories; each category occupies a fractional area within a grid cell. Compared to 

other sea-ice models without such a sea-ice thickness scheme, CSIM can represent a 

more extensive and thicker ice cover, and therefore better simulates the thermodynamic 

processes over the Arctic Ocean. This feature allows the simulation o f more realistic 

ice-albedo feedback when CO2 concentration doubles.

3.2.2 Simulations and study regions

CCSM is run in fully-coupled mode with 26 vertical layers at a spectral truncation 

o f T42, corresponding to a horizontal spatial resolution o f « 2 .8  x 2.8°
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latitude/longitude. Simulations assuming CO2 concentrations of 355 ppm (control, CTR) 

and 710 ppm (experiment, DBL) are performed for 40 years.

Each model component is equilibrated in offline mode. Both simulations start from 

the same equilibrated initial and astrophysical conditions for 01-01-1990. Since 

doubling CO2 slightly disturbs the equilibrium of the conditions in the various 

compartments, the first 10 years are discarded as spin-up time to permit a new 

equilibrium to be achieved (Fig. 3.1).

We analyze the 30 years after the 10-year spin-up with special focus on four similar- 

size (w 3.27 -106km2) study regions, the Yukon, Ob, St. Lawrence, and Colorado river 

basins and adjacent land (Fig. 3.2a), chosen for their contrasting hydrologic and thermal 

regimes. Although the Yukon and Ob both span the Arctic and the Subarctic, the Yukon 

is mainly characterized by cold permafrost in complex terrain, surrounded by oceans to 

the north, west, and south; the Ob is dominated by warm permafrost in relatively flat 

terrain with ocean to the north. The St. Lawrence has a humid climate and moderate 

terrain; the Great Lakes lie to the north and the Atlantic Ocean to the east. The Colorado 

has mainly a semi-arid climate and mountainous terrain, bordered by the Pacific Ocean 

on the west, and the Gulf of Mexico to the south.

3.2.3 Analysis

Results are analyzed with respect to changes in the 30-year annual, seasonal, and 

monthly averages o f water-cycle-relevant fluxes (precipitation, evapotranspiration,
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runoff, and moisture fluxes through the lateral study-region boundaries), soil moisture, 

and residence time (ratio o f average precipitable water to average precipitation).

Global and regional water-cycle interactions in response to doubling CO2 are 

evaluated using moisture (water vapor and liquid and solid atmospheric water) transport 

through lateral boundaries. When examining global water-cycle changes we focus 

particularly on meridional exchange between the hemispheres and the area north and 

south of the circle described by a line drawn around 60°N latitude.

A Student’s t-test and F-test are performed to assess changes in mean values and 

temporal and spatial variations, respectively. The term “significant” will only be applied 

if  changes are statistically significant at the 95% or higher confidence level.

We also evaluate whether the impact o f doubling CO2 varies between study regions. 

Note that higher-latitude plots display slightly more spatial detail than lower-latitude 

plots since grid cell number increases with latitude and study regions are o f 

approximately equal area. For confidence in our results we heuristically evaluate model 

climatology, and briefly review the main findings of evaluations performed by others.
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3.3.1 Global climatology

When compared to observed January and July climatologies (Peixoto and Oort 

1992), CTR captures near-surface air temperature patterns well except over Greenland 

and eastern Siberia in January, where the temperature is overestimated by about 8 K. In 

all study regions, near-surface air temperatures are simulated acceptably within ±3 K 

except for Colorado in July. There, near-surface air temperature is overestimated by 

about 6 K because terrain elevation is less than 2000 m lower in the model than the 

highest peaks in nature.

Simulated global annual precipitation (land only, Antarctica and Greenland 

excluded) is 2.4 mm day'1 compared to 2.3 mm day-1 from the Global Precipitation 

Climatology Center (GPCC) precipitation climatology. Simulated precipitation is 

0.4 mm d a y 1 higher and hardly (« 0.03 mm day”1) lower than GPCC climatology in 

boreal winter and summer, respectively. The spatial correlation between the CTR and 

GPCC DJF (JJA) precipitation climatology (Fig. 3.2a, b) is 0.840 (0.699), i.e. in the 

same accepted performance range as other GCMs. For example, according to Program 

for Climate Model Diagnosis and Intercomparison (PCMDI) reports (Meehl et al. 2000, 

Covey et al. 2003) which compared precipitation predicted by 18 coupled GCMs to 

observational data, differences between simulated and observed global annual 

precipitation range between -0 .1  t o +0.4 mm day”1 , and the pattern correlation 

between simulated and observed precipitation ranges between 0.7 and 0.9. Biases found 

in CCSM (precipitation overestimation, southward-shifted South Pacific convergence
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zone, excessive northern mid-latitude precipitation) are common in coupled GCMs 

(Johns et al. 1997, Meehl et al. 2000, Covey et al. 2003, Furevik et al. 2003).

Evapotranspiration is governed by atmospheric (wind speed, water vapor deficit, 

temperature) and bio-geophysical conditions (vegetation type and fraction, soil type, 

water availability in the root space) (Milly 1991) and by how much water or snow is 

intercepted and stored by vegetation. The global distribution and magnitude of 

simulated evapotranspiration agrees well with published climatology derived from 

observations (Baumgartner and Reichel 1975, Oliver and Fairbridge 1987).

CTR predicts the largest annual runoff for the Indonesian Islands, Amazon, Congo 

and Yangtze basins, the St. Lawrence region, and southeast Alaska, in good agreement 

with published runoff climatologies (Gregory and Walling 1973).

Permafrost soils are typically close to saturation (Hinkel et al. 2003). CTR predicts 

total soil volumetric water content (soil liquid water plus ice) close to saturation for 

permafrost areas (PanArctic, Greenland, Antarctica) in fall, spring, and winter. As 

expected, CTR also predicts high soil moisture in the Tropics and during late fall for 

storm-track regions.

3.3.2 Climatology of the study regions

For the Yukon, simulated precipitation ranges from less than 300 mm yr_l in the 

north to 1400 mm yr_1 in the southern coastal and mountainous terrain (Fig. 3.3a). 

Except for details related to differences between model and real-world terrain height, 

the simulated spatial precipitation distribution agrees well with GPCC climatology. The
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annual cycle o f monthly average precipitation is acceptably captured, but monthly 

precipitation is systematically overestimated with larger differences in seasons with 

high likelihood of solid and convective precipitation (Fig. 3.4b). In the Arctic, catch 

deficits due to trace events or windy conditions can yield underestimates o f >50% 

between measured and true precipitation (Forland and Hanssen-Bauer 2000). For 

example, annual average precipitation at Barrow, AK is 110.6 mm yr -1 ; trace 

precipitation occurs on 45-50% of annual precipitation days (Yang et al. 1998). This 

means that total annual observed precipitation amount may be larger than the 

110.6 mm yr“' reported. The Yukon’s coarse network and complex terrain also 

contribute to systematic differences. Taking these factors into account, the simulated 

precipitation is plausible.

For the Ob, annual precipitation gradually decreases towards the south in both 

simulated and GPCC climatology (Fig. 3.3b). CTR slightly overestimates 

(<10 mm mon-1) precipitation in all months except August and September (Fig. 3.4c). 

Terrain variation is moderate (standard deviation of terrain height is ±200 m); 

discrepancies mainly result from catch deficits and the coarse network.

For the St. Lawrence, CTR accurately predicts monthly precipitation in the first six 

and last two months of the year, but it greatly underestimates precipitation 

(< 38  m m m on"1) for July to October (Fig. 3.4d). This underestimation may relate to 

premature deep convection predicted by the convective scheme combined with CCSM’s 

representation of the Great Lakes. During these months the warm Great Lakes provide 

favorable conditions for deep convection. CLM represents the Great Lakes as a subgrid
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cell surface type (see Dai et al. 2003); the actual lake position and shoreline within the 

grid-cell are not considered.

On annual average, CTR acceptably captures annual precipitation gradient from the 

west to the Atlantic Ocean (Fig. 3.3c). In the southwest St. Lawrence region, differences 

between actual and model land-sea distribution cause discrepancies in annual mean 

coastal precipitation.

In Colorado, the coarse observational network and substantial differences between 

modeled (<2000 m) and real-world (<4000 m) terrain elevation lead to large differences 

between simulated and observed climatology (Fig. 3.3d). Nevertheless, the main feature 

o f low precipitation in the west gradually increasing to the east is evident. CCSM, 

however, fails to reproduce the annual cycle of observed precipitation (Fig. 3.4e). The 

difficulty o f precipitation prediction over complex terrain is a well-known common 

problem of coupled GCMs (Johns et al. 1997, Flato et al. 2000, Coquard et al. 2004) 

and even mesoscale models (Colle et al. 2000, Narapusetty and Molders 2005, Zhong et 

al. 2005). Comparison of simulated (15 coupled GCMs) to observed precipitation 

(Coquard et al. 2004) for the western United States, for instance, revealed that all 

models overpredict winter precipitation by as much as 2 mm day ' 1, or even more. 

Particularly in mountainous areas, considerable discrepancies between simulated and 

observed summer precipitation are also found, with the averaged model bias 

«1.5 mm day"1 . The CCSM and GPCC climatologies differ by 0.6 mm day' 1 and 

-0 .2  mm day"1 for boreal summer and winter, respectively. Thus, CCSM performance 

in this particular area is better than the average performance of the major GCMs.

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Compared to evapotranspiration climatologies (Baumgartner and Reichel 1975, 

Oliver and Fairbridge 1987), CTR acceptably reproduces the north-south gradient of 

Yukon evapotranspiration (Fig. 3.5a), overestimates annual central Ob 

evapotranspiration (Fig. 3.5b), and successfully captures the St. Lawrence gradient in 

annual water supply to the atmosphere (Fig. 3.5c). For the Yukon, Ob, and St. Lawrence, 

evapotranspiration is greatest in July (Fig. 3.6b, c, d); in Colorado, maximum 

evapotranspiration occurs in May/June (Fig. 3.6e). The annual monthly averaged 

evapotranspiration cycle has a wider range for the St. Lawrence and Ob than for the 

Yukon and Colorado regions. Compared to various climatologies (Croley et al. 1998, 

Su et al. 2006) and to European re-analysis 40 (ERA-40) data (Uppala et al. 2005), the 

pattern o f the annual evapotranspiration cycle is captured acceptably in all study regions. 

Maximum evapotranspiration is overestimated by less than 1 mm day-1 at high- 

latitudes, and underestimated by less than 1.5 mm day-1 in mid-latitude study regions.

Both observed and modeled runoff is closely correlated (R>0.604) with spring 

snowmelt for the Yukon, Ob, and St. Lawrence; for the Colorado, precipitation-driven 

runoff is maximum in winter and minimum in late summer (Fig. 3.7e). Minimum runoff 

is of similar magnitude for all regions, but occurs in winter for Yukon and Ob and in 

summer for St. Lawrence and Colorado. For the Yukon, St. Lawrence, and Colorado, 

CCSM captures annual runoff cycles acceptably compared to the clim atology from 

Bonan et al. (2002). Maximum Ob runoff is predicted a month too early, compared to 

climatology.
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Annual average volumetric water content and soil-moisture fraction (ratio o f actual 

volumetric water content to porosity) integrated over the entire soil column are greatest 

in the Ob region, followed by the Yukon, St. Lawrence, and Colorado region (Table 

3.1). This means Colorado has much drier soils than do the other three regions. Over the 

annual cycle, monthly averaged volumetric water content integrated over the entire soil 

column varies least in the Yukon, followed by the Colorado, Ob and St. Lawrence 

region (Table 3.1).

3.3.3 Discussion

The reasons for discrepancies between simulated and GPCC precipitation 

climatology (Figs. 3.2c, 3.3, 3.4) are manifold. First, interpolation from point 

measurements to the GPCC gridded (2.5° x 2.5°) precipitation values introduces errors 

in areas o f sparse data, in complex terrain, and by including redundant information from 

near-by sites (Dingman 1994). Grid resolution significantly affects precipitation bias 

(Frei and Schar 1998, Colle et al. 2000, Zhong et al. 2005), and the GPCC data must be 

interpolated to the 2.8° x 2.8° CCSM grid. Second, average terrain height within a

model grid-cell represents elevation; the highest simulated mountains are flatter than the 

highest natural peaks. Consequently, when moist air flows over a mountain barrier, 

saturation and precipitation formation occur later and farther downwind in the model 

than in nature; i.e. in the model, water vapor is supplied to the atmosphere by 

evapotranspiration and large-scale lifting rather than by forced lifting at the mountain 

barrier (Narapusetty and Molders 2005). In addition, mountain precipitation sites do not
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represent large areas accurately (Frei and Schar 1998, Colle et al. 2000), so 

discrepancies between simulated and observed precipitation occur (Fig. 3.3a, d). Third, 

since cloud and precipitation formation are subgrid-scale processes for any GCM, they 

must be parameterized. CCSM, on average, overestimates cloud-cover by 10 to 20% 

over land in northern mid- and high-latitudes in DJF compared to observed cloud 

climatology. CCSM predicts summertime rain too frequently at reduced intensity; 

because the predicted onset of daytime moist convection is about 4 hours too early and 

the peak is too smooth (Dai and Trenberth 2004). Premature deep convection yields a 

ratio o f convective to non-convective precipitation that is too high. Nevertheless, 

CCSM provides realistic patterns for precipitation >1 mm day-1 (Dai and Trenberth 

2004). Fourth, it is well known that the coarse observational network is likely to miss 

thunderstorm events; underestimating observed precipitation causes lower predictive 

skill in summer. Fifth, splashing, catch deficits, occult precipitation, evaporation of 

collected precipitation, and trace precipitation (<0.1 mm day-1) may result in values 

that are too low (Fig. 3.3a, b). For solid precipitation, for instance, catch deficiencies in 

snow measurements may be as large as 30% (Larson and Peck 1974, Yang and Woo 

1999). Finally, differences between the actual coastline and that in the model may cause 

discrepancies between simulated and observed precipitation (Fig. 3.3a, c), because 

given the same temperature, the water supply over water and land can differ greatly 

since evapotranspiration is bio-geophysically controlled.

Based on heuristic evaluations, CCSM produces reliable results for monthly- and 

annually-averaged water-cycle-relevant quantities on the global scale, and overall
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describes water-cycle-relevant processes well. CCSM captures regional-scale amount 

and spatial pattern o f annually-averaged values with sufficient accuracy. The main 

shortcoming (precipitation prediction over complex terrain) is common to most state-of- 

the-art coupled GCMs and mesoscale models (Johns et al. 1997, Colle et al. 2000, Flato 

et al. 2000, Coquard et al. 2004, Narapusetty and Molders 2005, Zhong et al. 2005). In 

high altitude terrain, results may be more uncertain than in other regions, but the data 

represent current state-of-the-art modeling. However, because our interest here is to 

investigate water-cycle changes from CTR to DBL (i.e. differences), we assume that 

both simulations have similar deficiencies in mountainous terrain. Thus, one can 

conclude that CCSM is a suitable tool for examining the impact of doubling CO2 on 

global and regional water cycle interactions.

3.4 Global water cycle changes

CCSM’s climate sensitivity of 2.2 K in response to doubled CO2 (Kiehl and Gent 

2004) falls within the 1-3 K climate-sensitivity range reported for other modem GCMs 

(Cubasch et al. 2001, AchutaRao et al. 2004). In response to doubling CO2, air 

temperatures increase almost everywhere except around 60° S . Furthermore, globally- 

averaged near-surface air temperatures increase 1.2 and 1.8 K in boreal summer and 

winter, respectively. These changes in response to doubling CO2 agree with results from 

other GCMs (Mahfouf et al. 1994, Cubasch et al. 2001, AchutaRao et al. 2004). The 

greatest change occurs in high-latitude winter; the Arctic Ocean north o f Europe shows
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the maximum increase o f > 8K . In general, temperature increases more at high- than 

mid-latitudes because o f ice/snow-albedo feedback (Fig. 3.8).

In DBL, annual evapotranspiration increases significantly north of 60°N except for 

most o f Greenland. In the other regions, water supply to the atmosphere increases 

significantly in the Canada Basin of the Arctic Ocean, the US Southwest, and US East 

Coast in boreal winter and in most areas north of 50°N in boreal summer. Globally- 

averaged evapotranspiration increases significantly in all months in DBL (Fig. 3.6a). 

Winter upper soil volumetric water content decreases (about 0.026 m3 ir f3) over most 

o f North America and Europe.

In DBL, annual-averaged residence time increases (1) globally, (2) in the 

Northern Hemisphere, (3) north of 60°N, and (4) for all four study regions (Fig. 3.9, 

Table 3.2). In DBL, annual-averaged residence time increases <1 day for most mid- and 

high-latitude regions; significant residence-time increases coincide with significant 

precipitation decreases for arid areas around 30°N and 30°S compared to CTR.

Global precipitation increases 2.4% ( « 0.8 mm day-1 for land area, excluding 

Greenland and Antarctica) in DBL compared to CTR. This increase is similar to 

increases shown by other model simulations (Meehl et al. 2000, Covey et al. 2003), 

especially when the wide range of precipitation variability is taken into account. 

Precipitation changes significantly in response to doubling CO2 at high latitudes and 

along the semi-permanent pressure-cell edges (Fig. 3.2c).

Doubling CO2 significantly changes runoff in high latitudes and semi-arid areas. 

Annual runoff appreciably increases, for instance, in the Mackenzie and Lena, while it
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decreases, for instance, in the Ob and Colorado river basins. Globally-averaged runoff 

increases slightly in most months, but significantly decreases in July (Fig. 3.7a), 

because the 1.3 mm mon”1 increase in globally-averaged evapotranspiration is greater 

than the 0.7 mm mon -1 increase in precipitation.

3.5 Interaction changes

Generally, moisture transport between hemispheres significantly increases year- 

round in response to doubled CO2 (Fig. 3.10a), but in summer the increase of northward 

moisture transport exceeds the increase of southward transport. Net exchange of 

moisture between hemispheres significantly increases in boreal summer. These changes 

are important for interactions between any regional water cycle and the global water 

cycle.

In CTR and DBL, average monthly net moisture transport into the Arctic is 

minimum in May/June, when evapotranspiration is maximum. Thus, interaction 

between global and Arctic water cycles is weakest in May/June.

In response to doubled CO2, the air is warmer and can hold more moisture before 

reaching saturation. Thus, compared to CTR, northward and southward moisture 

transport over the 60°N-latitude circle increases year-round in DBL, but net moisture 

transport changes only marginally (Fig 10b).

In general, strong moisture flux through a region indicates great large-scale 

influence on the regional water cycle; weak moisture flux permits regional processes 

and/or conditions to influence or control the regional water cycle. In CTR the Yukon
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region shows the weakest interaction with the global water cycle. Annual inflow and 

outflow nearly balance (Fig. 3.11a) amounting to approximately 1.62 -104 kgm “2 mon -1 

on annual average (Table 3.3). The Ob region has higher inflow than outflow through 

the year (Fig. 3.11b); annual moisture flux is 2 -103 kgm f2 mon-' higher in the Ob 

region than in the Yukon. Among our study regions, moisture flux is highest in the St. 

Lawrence region (3.58-104 kgnT 2 mon-1); outflow exceeds inflow for most months 

(Fig. 3.11c), i.e. moisture from evapotranspiration within this region is exported. In the 

Colorado region, the surface divergence causes greater outflow than inflow from late 

fall to early summer (Fig. 3.1 Id).

In both climate scenarios, the Yukon, Ob, and St. Lawrence regions are more 

influenced by the global water cycle in summer than winter; the opposite is true for the 

Colorado region (Fig. 3.11). Air in the Yukon, Ob, St. Lawrence, and Colorado regions 

is appreciably moister (4 .3gk g -1, 5.8gkg~', 6.5gkg~’ , 2.6gkg_1 respectively in CTR;

4.6 g kg-1, 6.0g kg-1, 7.0g kg-1, 2.7 g kg -1 in DBL) in summer than in winter. Average 

winds are also stronger in winter than summer for all study regions in both climate 

scenarios. In Colorado, however, the difference between summer and winter winds is 

greater than for other regions; moisture advection is higher in winter than summer. 

These results explain the observed difference between the Colorado region and the other 

regions in regional interactions with the global water cycle.
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In CTR, the Yukon region is governed by high pressure south of the region in 

summer, and low pressure (Aleutian Low) in winter. Accordingly, in the southern 

Yukon, the prevailing near-surface wind direction changes from southeast (summer) to 

southwest (winter), and Pacific air penetrates further north into central Alaska in 

summer than winter (Fig. 3.12a).

In response to doubled CO2, near-surface air temperatures are ~5 K (2 K) higher in 

winter (summer) than under reference conditions. This greater winter temperature 

increase is commonly observed in high-latitude study regions, because o f snow-albedo 

feedbacks and later snow onset in DBL than CTR. Enhanced near-surface DBL air 

temperatures yield higher saturation vapor pressures and higher air moisture content 

than in CTR.

Doubling CO2 causes a weakened winter Aleutian Low (4 hPa increase in the center) 

compared to CTR (Fig. 3.12b). In both scenarios in May, the Aleutian Low is centered 

near the Bering Strait; increased wind speed results in higher outflow than inflow at the 

western regional boundary. In August, the slightly northward-shifted center o f the high 

pressure system over the Bering Sea enhances near-surface wind speed and moisture 

flux into the region from the Gulf of Alaska by < 5 • 103 kg m ' 2 mon-1.

In DBL, higher temperature and reduced Arctic Ocean and Bering Sea sea-ice cover 

enhance late fall/early winter water-vapor supply to the atmosphere. Increased 

temperature and water supply to the atmosphere over the Aleutians significantly 

increases moisture flux into the region in February and through the region in November
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(Fig. 3.11a); water supply to the atmosphere is increased because the area o f ice- 

covered waters adjacent to the region is reduced.

Due to warmer DBL temperatures, evapotranspiration increases significantly in 

most months (Fig. 3.6b). Earlier snowmelt permits earlier transpiration onset in DBL 

than in CTR. Early summer evapotranspiration spatial variability increases significantly 

(based on the F-test; 3 .2m m m oE ') due to increases in precipitation and its variability. 

In DBL, delayed snow-cover establishment and decreased sea-ice cover over the Arctic 

Ocean and Chukchi Sea largely contribute to increased early fall evapotranspiration.

Monthly precipitation increases significantly for more than half of the months (Fig. 

3.4b). Increased DBL summer precipitation is due to increased moist convection. 

Summer air temperature increases more over land (2.2 K) than over ocean (1.5 K) along 

the Gulf o f Alaska, so increases in upward motion and convection in DBL are stronger 

over land than ocean. In August/September, in both DBL and CTR, the major source of 

precipitation is no longer convection, but advection from low-pressure Bering Sea 

weather systems. The low pressure centered over the Bering Sea deepens in response to 

doubling CO2; coastal winds decrease by 0.7 m s"1 and less Gulf of Alaska moisture is 

transported into the region (Fig. 3.12c, d). Consequently, less September precipitation 

falls in DBL than in CTR due to reduced interaction of global and regional water cycles.

During spring, the ground is still frozen. Thus, in both scenarios, snowmelt 

contributes mainly to runoff rather than to soil moisture. In DBL, spring runoff peaks 

occur in May as in CTR, but starts earlier and diminishes more quickly as summer 

approaches (Fig. 3.7b). The runoff change results from decreased domain-averaged
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snowfall (2.3 mm mon~’) and snow depth due to warmer conditions; precipitation falls 

as rain rather than snow more often in DBL than in CTR.

The February-to-April upper-soil frozen fraction is smaller in DBL than in CTR 

because of slightly increased soil temperatures. In the upper soil layer, total volumetric 

water content (liquid plus ice) is lower in DBL than CTR from May to January, but 

higher from February to April (Fig. 3.13b); the increase occurs because precipitation 

more frequently occurs as rain, and snowmelt contributes to runoff with a slightly 

reduced fraction in DBL than CTR. Increased DBL evapotranspiration reduces soil 

volumetric water content from May onwards compared to CTR, despite precipitation 

increases during all months in DBL.

In summary, doubling CO2 slightly enhances Yukon regional interactions with the 

global water cycle (net exchange increases by 14.8%; Table 3.3) leading to more 

regional precipitation that is not balanced by increased evapotranspiration; i.e., the 

Yukon loses influence over its own regional water cycle, while upwind regions gain 

influence.

3.5.2 Ob

In CTR, interactions between regional and global water cycles differ between 

summer and winter. From April to August, the wind relaxes, and blows from the west or 

the north; from September to March southwesterly winds prevail. Thus, from April to 

August the Ob region receives little or no moisture advection from the Mediterranean
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Sea and/or Atlantic Ocean; local convection contributes more to precipitation than in 

other months (Fig. 3.14).

In DBL, November and December near-surface temperatures increase about 4 K; 

simultaneously, the Icelandic low deepens. Southwesterly winds and water-vapor 

transport from the Atlantic Ocean and Mediterranean Sea into Siberia is enhanced in 

DBL compared to CTR, and interactions of regional and global water cycles increase 

significantly during winter in DBL compared to CTR (Fig. 3.14b). In November and 

December, increased incoming and outgoing moisture flux reaches a maximum of 

* 5 -103 kgm “2 mon~'. Increased inflow slightly exceeds increased outflow (Fig. 3.11b) 

because November-December precipitation significantly increases in DBL, compared to 

CTR (Fig. 3.4c). The significant July outflow increase suggests enhanced surface 

divergence and moisture export from the Ob region to adjacent areas.

June precipitation increases significantly due to enhanced local convection triggered 

by higher surface temperatures and evapotranspiration in DBL than CTR (Figs. 3.5b, 

3.8b). In the other months (except September-October), monthly-averaged precipitation 

is slightly higher in DBL than in CTR (Fig. 3.4c).

Evapotranspiration increases significantly in all months in DBL (Fig. 3.6c), partly 

because DBL’s warmer atmospheric conditions impose higher atmospheric demands, 

and partly because precipitation increases. Maximum increased annual 

evapotranspiration occurs in the Ob region center, where annual CTR 

evapotranspiration was already the highest. The spatial evapotranspiration standard 

deviation increases in most months; the changes reach significance in December-March.
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This higher spatial standard deviation and the DBL spatial pattern change are related to 

greater temperature and precipitation increases in the center than elsewhere in the Ob 

region, indicating again that altered evapotranspiration triggers precipitation variability.

Generally, winter soils are close to saturation in both CTR and DBL. Consequently, 

snowmelt mainly contributes to runoff rather than to increased soil moisture. In DBL 

the runoff peak is slightly reduced, but runoff volume is slightly higher in winter and 

early spring than in CTR (Fig. 3.7c). Altered runoff evolution results from slightly 

increased winter and early spring snowmelt rate. Under warmer DBL conditions 

temperatures above freezing occur more frequently than in CTR, so less snow remains 

for the melting season.

Upper soil moisture decreases in DBL compared to CTR year-round, with 

significant decreases in April, May, October, and November (Fig. 3.13c). These 

decreases are mainly due to enhanced evapotranspiration in summer, responding to the 

higher DBL temperatures. Increased summer evapotranspiration exceeds increased 

precipitation.

In summary, in response to doubled CO2 the Ob region, like the Yukon, experiences 

enhanced global water cycle interaction with «14.8% net water exchange increase. 

Moisture exports increase more strongly than imports; Ob impact on downwind regions 

is increased. Evapotranspiration and precipitation increases are similar.
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Similar to the Ob, the interaction between global and St. Lawrence regional water 

cycles strongly differs between summer and winter. Under CTR, in winter this region is 

governed by a trough over the Great Lakes associated with a southwesterly flow; 

advected Great Lakes moisture is the major source o f precipitation (Fig. 3.15a, b). In 

summer, the region is cut off from this moisture source because the high pressure 

system over the subtropical North Atlantic Ocean moves northwestward. Winds are 

reduced compared to winter; local moist convection is the primary contributor to 

precipitation (Fig. 3.15c, d).

In CTR, slightly more atmospheric moisture leaves than enters the region from 

September-May (Fig. 3.11c), leading to annual average moisture export.

In DBL, moisture flux through this region increases significantly in all months 

except March and November (Fig. 3.11c). St. Lawrence regional moisture flux increase 

is twice the increase in the other study regions; however, relative amounts are similar 

(Table 3.3). DBL inflow increases are slightly higher than outflow increases, suggesting 

increased global water cycle influence on this region. Nevertheless, the annual export 

and import cycles remain similar.

In DBL, precipitation increases in most months. April exhibits the largest change 

(Fig. 3.4d); changes are significant for April and December. Furthermore, the spatial 

precipitation variability greatly increases in summer and early winter. These changes 

can be explained as follows. A strengthened winter Icelandic Low and consequent 

deeper trough over the Great Lakes results in more precipitation from large-scale
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moisture advection in DBL than CTR (Fig. 3.15b). In DBL, increased summer 

evapotranspiration, especially increased evaporation over water surfaces (Great Lakes, 

Atlantic Ocean), leads to enhanced moist convection and hence increased precipitation 

compared to CTR.

Spatial patterns of high and low evapotranspiration differ marginally between CTR 

and DBL. Nevertheless, domain-averaged evapotranspiration is significantly higher 

year-round (Fig. 3.6d) due to increased precipitation and higher temperature (+1.8 K 

annually) in DBL than in CTR.

In CTR and DBL, precipitation is greatest in summer. Nevertheless, summer runoff 

is low, because an appreciable amount of precipitation goes into evapotranspiratation 

(Figs. 3.4d, 3.6d). In CTR runoff is increased by snowmelt, peaking in March. This 

peak shifts to April in DBL because the greatest precipitation increase occurs in April 

(Fig. 3.4d). Compared to CTR, the DBL runoff peak is reduced because (1) snowmelt 

onset is earlier under warmer DBL conditions and (2) precipitation occurs less 

frequently as snow in DBL than in CTR. Winter runoff increases < 4  mm mon -1 (Fig. 

3.7d) because (1) more winter precipitation falls as rain in DBL, and (2) total (rain plus 

snow) winter precipitation increases (Fig. 3.4d).

Increased evapotranspiration (Fig. 3.6d) leads to year-round decreased DBL total 

soil moisture; the winter and spring decrease is greatest. Soil moisture significantly 

decreases for most months from late fall to late spring (Fig. 3.13d); consequently, less 

regionally-stored water is available in DBL than in CTR. Note that upper soil 

volumetric water content also decreases on global average (Fig. 3.13a).
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In summary, precipitation increases slightly more than evapotranspiration, and 

annually-averaged inflow increase exceeds outflow increase; under doubled CO2 the 

global water cycle increases its influence on the St. Lawrence regional water cycle and 

the St. Lawrence loses influence over its downwind regions.

3.5.4 Colorado

In both CTR and DBL, the high pressure-system location changes slightly from 

summer to winter; interactions between regional and global water cycles differ slightly 

between winter and summer. Central Colorado-region wind-field divergence produces 

easterly (westerly) winds in the southern (northern) part o f the domain. Therefore, 

regional outflow exceeds inflow from October to June (Fig. 3.1 Id). In summer, 

convergence occurs in the region’s northeast. Moisture inflow is higher than outflow in 

July, August, and September (Fig. 3.1 Id), suggesting net regional moisture gain due to 

large-scale advection in both climate scenarios at this time of year.

In DBL, both moisture inflow and outflow increase significantly in all months 

except October (Fig. 3.1 Id). This increased summer interaction between global and 

Colorado regional water cycles is caused by increased near-surface wind (< 0 .2 m s1) 

and increased air water-vapor content compared to CTR; during winter, increased 

interaction is due to increased moisture content.

From January to March and September to October, this region is governed by anti- 

cyclonic wind and downward motion on both sides of the Rocky Mountains in CTR and
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DBL. In DBL air temperatures are more than 2 K higher than in CTR, as is the 

saturation vapor pressure. Consequently, under the dry conditions and often anti- 

cyclonic circulation, high saturation deficits and consequently less precipitation occur 

more frequently in DBL than in CTR (Fig. 3.4e) as regional evapotranspiration (Fig. 

3.6e) fulfills the atmospheric demands less frequently.

Overall, in DBL, monthly precipitation decreases compared to CTR, except in May 

and December. In May, precipitation increases southwest and northeast o f this region. 

Enhanced coastal wind (< 0.49m s'1) transports warmer (<2.8K ) and moister 

(< 0.6 g k g '1) Pacific air into the Colorado region. As this flow encounters the Rocky 

Mountains, the orographically-forced lifting of this relatively moister air mass leads to 

more upwind-side precipitation in DBL than in CTR. Note that here some uncertainty 

may be involved as the mountains are much “flatter” in CCSM than their highest peaks 

in nature. Simultaneously, the southerly flow advects more Gulf-of-Mexico moisture 

into the region in DBL than in CTR. This warm, moisture-rich flow and cold air 

advected from the high plains results in enhanced low-level moisture convergence and 

more precipitation in the region’s northeast corner in DBL than in CTR, leading to 

> 0.9 g kg ' 1 moister air. Thus, interactions between the global water cycle (enhanced 

Pacific Ocean and Gulf-of-Mexico moist warm air advection) and the regional water 

cycle (drainage o f cold air from the High Plains) modify the May precipitation pattern. 

Increased December precipitation is due to advection of moister air, < 0.8 g k g '1, into 

the southern part o f this region near the Gulf o f California in DBL than in CTR. Again, 

the altered global water cycle affects the regional water cycle.
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Soil moisture is low throughout the year, with an August minimum and a winter 

maximum (about 50% of saturation) (Fig. 3.13e). This annual cycle remains the same in 

DBL, but with slightly lower values. Despite potential evaporation increases in DBL, 

evapotranspiration marginally decreases <10% from April to September (Fig. 3.6e), 

because soil moisture limits evaporation even more in DBL than in CTR. In winter, 

despite drier soil in DBL than CTR, the soil is still wet enough to permit significantly 

increased evapotranspiration in response to higher (2 K) near-surface air temperatures 

(Fig. 3.6e).

Due to increased snow sublimation and decreased precipitation, annual accumulated 

runoff decreases in DBL (Table 3.4). In the annual cycle precipitation is slightly higher 

in DBL in May and December, so DBL runoff exceeds CTR runoff in these months 

(Figs. 3.4e, 3.7e).

In summary, under doubled-C02 conditions the global water cycle exerts increased 

influence over the Colorado regional water cycle.

3.6 Conclusions

Simulations with the fully coupled CCSM version 2.0.1 are performed with C 0 2 

concentrations o f 355 ppm (control; CTR) and 710 ppm (experiment; DBL) to examine 

the impact o f doubling C 0 2 on global water cycle interactions with regional water 

cycles o f four similarly-sized, but hydrologically and thermally different study regions 

(Yukon, Ob, St. Lawrence, Colorado). A heuristic evaluation based on various
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published climatological data showed that, despite difficulties in accurately modeling 

annual high-altitude precipitation cycles and distribution, CCSM with 355 ppm CO2 

concentration generally produces acceptable results with respect to water-cycle-relevant 

quantities on monthly- and annually-averaged time scales and on global and regional 

spatial scales. Therefore, we conclude that CCSM describes water-cycle-relevant 

processes well, and is a suitable tool for examining the impact o f doubling CO2 on 

interactions between global and regional water cycles.

For all study regions, the annually-averaged global water cycle interacts more 

strongly with the regional water cycle in DBL than in CTR (Table 3.3) for the following 

reasons: Increased temperatures mean increased saturated water-vapor pressure in DBL 

compared to CTR; warm air takes up more water vapor before saturation occurs and 

cloud and precipitation formation begins. Residence-time calculations show slowed 

regional water cycles under doubled CO2, and indicate water vapor may be transported 

further from water sources. Thus in DBL, in principle, a region’s potential radius of 

influence increases, but the region is also influenced by areas farther upwind than in 

CTR. The greatest increase (3.5 days) of residence time is found in the Colorado region 

where residence time is already the highest among the four study regions. In conclusion, 

increased residence time for the four regions indicates that their regional water cycles 

are more strongly influenced by outside regions in DBL than in CTR.

Annually-averaged inflow increase exceeds outflow increase in the St. Lawrence 

region in DBL; the opposite is true for the other study regions. This indicates potential 

changes in how regional water cycles interact with the global water cycle in a warmer
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climate. For regions with approximately equal moisture import and export under CTR, 

such as the Yukon, doubling CO2 establishes more balanced water inflow and outflow. 

For the Ob region, evapotranspiration and precipitation increases are nearly identical in 

response to doubled CO2. In DBL, evapotranspiration increases much less than 

precipitation in St. Lawrence, strongly diminishing the moisture export role of this 

region; St. Lawrence loses influence over the water cycles of its downwind regions. 

These findings suggest that the degree and character of doubled CO2 impact on global 

and regional water cycle interactions is regionally dependent.

Global and regional water cycle interactions are enhanced significantly in more 

months in mid-latitude than high-latitude study regions (cf. Fig. 3.11). Primarily, for a 

given temperature increase, saturation water-vapor pressure increases more for a higher 

than lower reference temperature. Thus, despite larger temperature increases at high- 

latitudes than at mid-latitudes, the high-latitude saturated vapor-pressure increase is less 

and therefore atmospheric water demand increases much more at mid-latitudes than at 

high-latitudes.

Moisture flux increases affect regional water-cycle components differently for the 

four study regions because ( 1 ) the position and strength o f semi-permanent pressure 

systems over or adjacent to the regions differ, as do (2) their regional changes in 

response to doubling CO2. For regions where precipitation depends greatly on large- 

scale advection (Yukon, Ob), increased moisture inflow leads to increased precipitation 

in DBL compared to CTR. For regions where local convection is an important 

determinant o f summer precipitation (St. Lawrence, Colorado), summer precipitation
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changes are mainly controlled by regional evapotranspiration changes. Consequently, 

doubled CO2 may produce wetter conditions for the humid St. Lawrence region, but 

may exacerbate water shortages in the semi-arid Colorado region. Generally speaking, 

doubling CO2 increases global water cycle influence on regional water cycles; impacts 

on regional water-cycle components (evapotranspiration, precipitation) are greater at 

high-latitudes than at mid-latitudes and greater in winter than in summer.
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Table 3.1 Annual averages, minima and maxima of volumetric water content.

Values are integrated over entire soil column and soil moisture fraction (ratio o f actual 

volumetric water content to porosity) integrated over entire soil column. The 

parentheses denote the month of occurrence.
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Volumetric 

water content

Soil moisture 

fraction Minimum Maximum

Yukon 0.294 68% 0.268 (Jul) 0.310 (May)

Ob 0.380 86% 0.350 (Aug) 0.402 (Mar)

St. Lawrence 0.269 63% 0.237 (Aug) 0.300 (Feb)

Colorado 0.177 41% 0.152 (Aug) 0.201 (Jan)
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Table 3.2 Annual residence-time averages.

Control (CTR) and doubled CO2 simulation (DBL), and percentage change (A=(DBL- 

CTR).100/CTR); significant changes are bold.
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CTR

(days)

DBL

(days)

A

(%)

Yukon 5.4 5.9 9.2

Ob 7.0 7.6 8.9

St. Lawrence 6.2 6.6 6.4

Colorado 9.2 10.7 16.3

North of 60°N 6.3 6.9 9.5

Northern

Hemisphere 8.0 8.6 7.5

Global 7.4 7.9 6.7
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Table 3.3 Annual average of total water fluxes through the study regions.

Control (CTR) and doubled-CC>2 (DBL) simulation, and percentage change (A=(DBL- 

CTR).100/CTR); significant changes are bolded.
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CTR DBL A

(%)

Yukon 16249 18374 14.8

Ob 18221 20579 14.8

St. Lawrence 35796 40723 14

Colorado 23938 26763 12

North of 60°N 3305 3770 10.3

Northern Hemisphere 9852 10671 7.9
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Table 3.4 Annual averages o f accumulated water cycle quantities.

Precipitation, evapotranspiration, and runoff, and percentage changes (A=(DBL-CTR).100/CTR) for the control (CTR) and 

doubled CO2 (DBL) simulation; significant changes are bolded. Values in parentheses are for land-mass areas only, for 

comparison with the GPCC precipitation climatology.

Precipitation Evapotranspiration Runoff

CTR DBL A GPCC CTR DBL A CTR DBL A

(mm) (mm) (%) (mm) (mm) (mm) (%) (mm) (mm) (%)

Yukon 563 (561) 620 (618) 10 .1  (10 .2 ) (364) 175 202 15.4 224 231 3.1

Ob 542 (542) 578 (578) 6.6 (6.6) (474) 379 409 7.9 124 12 2 - 1.6

St. Lawrence 863 (797) 914 (847) 5.9 (6.3) (959) 742 778 4.7 147 145 -1.4

Colorado 503 (503) 496 (496) -1.4 (-1.4) (404) 413 415 0.4 70 63 -10

60°N 401 (389) 441 (430) 10.0 (10.5) (307) 185 207 11.3 103 103 0

Northern

Hemisphere

801 (660) 831 (695) 3.7 (5.3) (661) 739 761 3.0 132 135 2.3

Global 840 (861) 861 (888) 2.5 (3.1) (810) 773 789 2.1 131 134 2.3
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Fig. 3.1 Annual average near-surface air temperature (SAT) anomalies. 

Simulated SAT difference (DBL-CTR) is used to determine spin-up time.
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Fig. 3.2 Different precipitation patterns.

(a) GPCC precipitation climatology (1971-2000, land only) with the four study regions 

identified by boxes (from left: Yukon, Colorado, St. Lawrence, and Ob). No long-term 

precipitation observations are available over the oceans, Greenland, or Antarctica. Note 

that the four regions are of similar area-size, but appear different on the displayed map 

due to the projection, (b) 30-year averaged annual precipitation (after spin-up) as 

obtained with CTR (land only), (c) Anomalies (DBL-CTR) of 30-year averaged annual 

precipitation; contour intervals are 60 mm yr'1: zero line is bolded, and positive and 

negative contours are shown in solid and dashed lines, respectively. Shaded areas 

indicate significant (95% confidence level or higher) changes.
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Fig. 3.2 continued
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Fig. 3.2. continued
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Fig. 3.3 GPCC precipitation climatology and simulated precipitation.

GPCC precipitation climatology (long dashes) and 30-year averaged annual precipitation obtained with CTR (solid line) or 

DBL-CTR (gray shades) for the (a) Yukon, (b) Ob, (c) St. Lawrence, and (d) Colorado regions. Note that gray shades use 

different spacing for Colorado than for the other regions to better illustrate the anomalies.
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Fig. 3.4 Comparison of monthly-averaged precipitation.

CTR (thick solid), DBL (thick dashed), and GPCC (thin dashed) climatology for (a) 

continental areas over the globe, and for the land part o f the (b) Yukon, (c) Ob, (d) St. 

Lawrence, and (e) Colorado regions. Months with significant (95% confidence level or 

higher) increases are circled. Note that no precipitation observations are available over 

oceans, and y-axes differ for different region.
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Fig. 3.5 30-year-averaged evapotranspiration.

CTR (in contour lines) for (a) Yukon, (b) Ob, (c) St. Lawrence, and (d) Colorado. The anomalies (DBL-CTR) are shown by 

the shaded field. Note that gray shades use different spacing for Colorado than for the other regions to better illustrate the 

anomalies.
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Fig. 3.6 Monthly-averaged evapotranspiration.

CTR (solid) and DBL (dashed) for (a) global average, and (b) Yukon, (c) Ob, (d) St. 

Lawrence, and (e) Colorado regions. Note that y-axes differ.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



103

(a) Global average

Month 
(b) Yukon (c) Ob

Month 
(d) St. Lawrence

Month 
(e) Colorado

Month Month

Fig. 3.7 Monthly-averaged runoff.

CTR (solid) and DBL (dashed) for (a) global average, and (b) Yukon, (c) Ob, (d) St. 

Lawrence, and (e) Colorado regions. Note that y-axes differ.
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K  (*) Y ukon K Cb) Ob ®c

Fig. 3.8 30-year averaged near-surface air temperature (°C; after spin-up).

CTR (in contour lines) for (a) Yukon, (d) Ob, (c) St. Lawrence, and (d) Colorado. The anomalies (DBL-CTR; K) are shown by 

the shaded field. Note that gray shades use different spacing for Colorado and St. Lawrence than the other regions to better 

illustrate the anomaly.
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Fig. 3.9 Monthly-averaged residence time.

CTR (solid) and DBL (dashed)for (a) global average, (b) Yukon, (c) Ob, (d) St. 

Lawrence, and (e) Colorado. Note that y-axes differ.
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— Northward DBL 
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Fig. 3.10 Comparison of monthly-averaged fluxes.

Northward (thin solid for CTR; thin dashed for DBL) and southward (thin dotted for 

CTR; thin dash-dotted for DBL) moisture (water vapor plus liquid and solid 

atmospheric water substances) fluxes and net (northward minus southward) flux (thick 

solid for CTR; thick dashed for DBL) over the (a) equator, and (b) 60°N-latitude circle. 

Circles, squares, and stars indicate significant (95% confidence level or higher) 

differences between DBL and CTR.
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Fig. 3.11 Comparison of monthly-averaged moisture fluxes for the regions.

(a) the Yukon, (b) the Ob, (c) the St. Lawrence, and (d) the Colorado regions. Inflow 

and outflow in CTR are shown as thin solid and thin dashed lines, respectively; 

anomalies (DBL-CTR) of inflow and outflow are shown as thick solid and thick dashed 

lines, respectively. Significant (95% confidence level or higher) changes are indicated 

as circles and squares.
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Fig. 3.12 Sea level pressure over the Yukon region.

Obtained in DJF for (a) CTR, (b) anomalies (DBL-CTR), and in September for (c) CTR, and (d) anomalies (DBL-CTR). The 

Yukon region is shown in the box. In part (b) and (d) shaded regions represent differences in wind-speed magnitude at 850hPa; 

in part (a) and (c), arrows give wind direction at 850hPa.
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Fig. 3.13 Monthly-average upper soil volumetric water content.

Obtained from CTR (solid) and DBL (dashed) for (a) global, and (b) Yukon, (c) Ob, (d) 

St. Lawrence, and (e) Colorado regions. Note that y-axes differ. Circles indicate 

significant changes.
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Fig. 3.14 Sea-level pressure and anomalies over the Ob region.

Obtained in DJF for (a) CTR, (b) anomalies (DBL-CTR), and in JJA for (c) CTR, and (d) anomalies (DBL-CTR). The Ob 

region is shown in the box. In part (b) and (d) shaded regions represent differences in wind-speed magnitude at 850hPa; in 

part (a) and (c), arrows give wind direction at 850hPa.
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Fig. 3.15 Sea-level pressure and anomalies over the St. Lawrecen and Colorado region.

Obtained in DJF for (a) CTR, (b) anomalies (DBL-CTR), and in JJA for (c) CTR, and (d) anomalies (DBL-CTR). The 

Colorado and St. Lawrence regions are shown in the left and right boxes, respectively. In part (b) and (d) shaded regions 

represent differences in wind-speed magnitude at 850hPa; in part (a) and (c), arrows give wind direction at 850hPa.



Chapter 4 Radius of impacts of land-cover changes on regional evapotranspiration 

and precipitation* 

Abstract

A suite o f 40-year simulations are performed with the fully coupled Community 

Climate System Model version 2.0.1 alternatively without and with land-cover changes 

in the center of one or four similarly-sized (» 3.27 -106km2) regions (Yukon, Ob, St. 

Lawrence, Colorado basins, and their adjacent lands). Similarity coefficients are 

calculated to evaluate the land-cover change impacts on evapotranspiration within the 

region and its far-range influences. The land-cover changes influence these quantities 

the strongest in the Ob region year-round due to enhanced snow-albedo feedback and 

reduced transpiration. Changes in precipitation correlate strongly with those in 

evapotranspiration during summer when the local control on precipitation formation is 

high. The altered evapotranspiration and precipitation in response to the modified 

landscapes yield secondary changes in these quantities in their downwind regions. The 

so modified heat and moisture advection causes changes far away from the land-cover 

changes for which the impacts of land-cover changes on evapotranspiration and 

precipitation may interact when landscapes are altered in all four regions. These 

interactions affect the magnitude o f the impact of local land-cover changes on regional
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* Li, Z. and N. Molders, 2007. Radius of impacts o f land-cover changes on regional 

evapotranspiration and precipitation. In preparation
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averages rather than alter the spatial pattern or extension o f these impacts. The 

interactions diminish (enhances) the impacts of land-cover changes in the Yukon and 

Colorado regions (Ob and St. Lawrence regions).

4.1 Introduction

Observations and model studies show that the substantial land-cover changes o f the 

last two centuries have affected global climate and regional climates in various ways 

(Ramankutty et al. 1999, Leemans et al. 2000, DeFries et al. 2004). Deforestation, for 

instance, may alter surface albedo and emisivity (Pielke and Avissar 1990, Betts 2000, 

Myhre and Myhre 2003). Moreover, deforestation can affect evapotranspiration (sum of 

evaporation, transpiration, and sublimation) by decreased canopy interception loss and 

transpiration due to reduced leaf area Zhang and Walsh 2006). Evaporation o f water 

intercepted by the canopy may exceed several times in magnitude the transpiration that 

would occur under the same environmental conditions (Dingman 1994). In response to 

deforestation, transpiration rates may also change because grass, crop or shrubs take 

soil-water from layers closer to the surface than trees (Baron et al. 1998, Chase et al. 

2000, Bounoua et al. 2002). The decreased aerodynamic roughness in response to 

deforestation can either increase evapotranspiration by increased wind ventilation or 

decrease evapotranspiration by reduced eddy flux, and the net effect differs regionally 

(Zhang et al. 1996). The partitioning of the (altered) net radiation between sensible and 

latent heat fluxes differs for (snow-covered) grass/crop and forest (Collins and Avissar 

1994, Pielke and Vidale 1995, Chase et al. 1996). The different partitioning can further
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modify the paths of cloud formation and precipitation (Nobre et al. 1991, Molders 2000, 

Zhao et al. 2001, Taylor et al. 2002, Maynard and Polcher 2003, Molders and Kramm, 

2007).

Numerous General Circulation Model (GCM), Regional Climate Model (RCM) and 

mesoscale model studies have investigated the impact of land-cover changes on global 

or regional climate as well as regional weather since the mid Eighties (Henderson- 

Sellers and Gomitz 1984, Dickinson and Henderson-Sellers 1988, Shukla and Mintz 

1990, Copeland et al. 1996, Zhang et al. 1996, Pielke et al. 1999, Molders 2000). Many 

GCM studies focused on tropical deforestation, especially in the Amazon and South 

Asia (Henderson-Sellers et al. 1993, Henderson-Sellers and Pitman 2002, Sud et al. 

1996, Chen et al. 2001, Avissar and Werth 2005). Several of tropical deforestation 

studies provide evidence for teleconnections and global-scale consequences (Zhang et al 

1996, Chase et al. 2000, Avissar and Werth 2005).

Numerical expe90riments carried out with regional or global models indicate that 

land-cover changes in extra-tropical regions affect not only the climate within the area 

experiencing land-cover changes, but also in areas adjacent to the altered landscape 

(Stohlgren et al. 1998, Chase et al. 1999, Molders 2000, Govindasamy et al. 2001; 

Bounoua et al. 2002, Molders and Kramm 2007). Regional-scale impact is found, for 

instance, for removing the boreal forest by wildfires; such change, for instance, would 

shift the polar front southward (Pielke and Vidale 1995). While young fire scars may 

cause relative drier regional conditions, they can enhance cloud and precipitation 

formation in their leeside region by a shift towards higher preference for glaciations of
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clouds; the increased graupel formation favors the likelihood o f charge separation and 

lightning (Molders and Kramm 2007). Thus, young wildfire scars may trigger new 

wildfires. Removal of boreal forest also has hydro-meteorological consequences year- 

round. Data from 1936-1999 for Central and West-Siberia, for instance, indicate that 

river discharge recovers quickly after wildfire disturbances (McClelland et al. 2004). In 

the cold season, in high-latitudes, urbanization by deforestation may strongly affect 

local evapotranspiration, clouds, and precipitation; a 20% urban growth o f Fairbanks, 

Alaska on precipitation in Interior Alaska leads to an increase o f downwind 

precipitation o f up to 0.6mm/48h (Molders and Olson 2004).

In response to the recent aforestation in the Northeast and deforestation in the 

Midwest o f the United States of America the diurnal temperature range changed in this 

region and climate cooled towards the West (Bonan 2001). The analysis o f the 

hydrological response to different historical land-cover changes in eastern Michigan 

showed that aforestation decreases runoff; while urbanization and increased agricultural 

use increase runoff (Allan et al. 1997).

Impacts o f land-cover changes from various short vegetation types to other short 

vegetation types have been investigated mainly for mid- and high latitudes. Replacing 

the tussock and tundra o f Imnavait Creek, Alaska by shrub, for instance, can increase 

snow depth by 20% (McFadden et al. 2001). Regional climate model simulations 

showed that conversion o f natural land to agriculturally used land in the Colorado 

Plains and adjacent areas yields 0.5 to 0.9 K lower (0.1 to 0.2 K higher) summer 

temperatures in the western (eastern) part of this region (Stohlgren et al. 1998). Latent
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heat fluxes increase at the expense of sensible heat fluxes over most o f the region 

during daytime; air temperatures decrease up to 1.0 K and wind relaxed up to 2 m/s 

(Chase et al. 1999).

Investigations of climate change impacts on regional hydrological cycles document 

the great importance o f identifying local land-cover change impacts on regional climate 

(Eagleson 1986). The results o f several studies suggest that land-cover changes have 

greater impact on regional than global climate (Bonan 1999, Hoffmann and Jackson 

2000, Govindasamy et al. 2001, Feddema et al. 2005, Li and Molders 2007).

In most studies mentioned above, the spatial extensions of areas that experience 

land-cover changes vary from 104 km2 to 107 km2. These studies focused on the 

regional (hydro-) climatic impacts of land-cover changes and/or on the fact that there 

are impacts outside the region of modified land-cover. Still open questions are (1) how 

far can the impacts o f regional land-cover changes reach in different regions and 

seasons, (2) do land-cover change impacts differ in different regions, (3) do the impacts 

o f land-cover changes occurring simultaneously in different regions interact with each 

other and (4) if  yes by which mechanisms. These questions are to be addressed in our 

study for four similar-sized o f about 3.27 -106 km 2 regions, namely the river basins of 

Yukon, Ob, St. Lawrence, and Colorado. These regions are chosen specifically for their 

different thermal and hydrological regimes. To this end we run the Community Climate 

System Model (CCSM) version 2.0.1 (Kiehl and Gent 2004) alternatively without and 

with land-cover changes in the center of one or all of the four regions. These 

simulations provide us with six datasets of same quantities, but obtained assuming
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different landscape conditions. Jackson et al.'s (1989) introduced similarity coefficients 

for comparing data fields that contain differing quantities or hold the same quantities, 

but were recorded at different times. Such similarity coefficients serve as a sensitive 

measurement than the traditional correlation coefficient for pattern comparisons 

(Ogunjemiyo et al. 1997), and it is more accurate than direct visual inspection that it is 

unbiased to extreme values or spatial scale ranges (Merriam and Sneath 1966). This 

procedure has been used successfully to investigate the impacts of land-cover on surface 

fluxes, cloud and precipitation formation by various authors (Friedrich 1999, Molders 

2000). Molders (2000), for example, used similarity coefficients to identify the changes 

in surface fluxes, cloud and precipitation particles in response to land-cover conversion 

that occurred in southeast Germany between 1930s and 1980s. The results showed that 

the dissimilarities for simple (only one type of land-cover changed) and concurrent 

(several types o f land-cover changed) land-cover changes differ for the various 

quantities; changes in albedo and roughness length caused by altered land-cover are 

decisive for the changes in the atmospheric quantities in response to the modified 

landscape. We apply this method to the evapotranspiration and precipitation fields that 

are simulated for the reference landscape and the various modified landscapes to 

evaluate the spatial and temporal variations of the impacts o f land-cover changes on 

evapotranspiration and precipitation and to detect the radius of influence and 

interactions o f land-cover change impacts. We investigate the six datasets to identify the 

mechanisms o f these interactions.
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4.2 Model description and experimental design

4.2.1 Model description and known performance

The CCSM package consists of the Climate Atmosphere Model (CAM) version 2, 

the Common Land Model (CLM) version 2, the Parallel Ocean Program (POP), the 

Community Sea Ice Model (CSIM) version 4.0.1, and the flux coupler (cpl) version 

5.0.1; the coupler exchanges data between the four model components (Kiehl and Gent 

2004).

The CAM is an improved version of the Atmosphere General Circulation Model: 

Community Climate Model (CCM3). The major differences between CAM and CCM3 

are improved parameterizations to calculate (1) cloud condensed water, cloud fraction 

and overlap, and (2) long-wave absorptivity and emissivity o f water vapor that allow for 

more realistic simulation o f processes and ensure consistency with other CCSM model 

components (Kiehl and Gent 2004). The parameterization of cloud processes consists of 

three parts: the deep convection scheme (Zhang and McFarlane 1995), the shallow 

convection scheme (Hack 1994, Collins et al. 2003), and the bulk microphysics 

parameterization scheme (Rasch and Kristjansson 1998, Zhang et al. 2003). The deep 

convection scheme uses a penetrative plume-ensemble-type approach (Arakawa and 

Schubert 1974). Local convection and large-scale dynamics interact through pressure- 

field perturbations caused by cloud-momentum transport (Zhang and McFarlane 1995, 

Collins et al. 2003). The bulk-microphysical parameterization scheme considers 

conversion from condensate to precipitating particles, and vaporization of condensate to 

water vapor. The CAM radiation scheme, among other things, considers 19 spectral
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intervals within the solar spectrum (three for CO2, seven for water vapor, seven for 

ozone, one each in the visible and near-infrared), aerosols including soil dust and 

carbonaceous particles, and cloud overlap (Collins et al. 2003).

The CLM (Zeng et al. 1998, Bonan et al. 2002, Dai et al. 2003) calculates soil 

temperature, soil volumetric and ice content each on ten soil layers o f increasing 

thickness (0.0175 m for the upper-most layer and 1.1369 m for the deepest layer) and 

snow temperature and water content in up to five snow layers. A mosaic-type approach 

(Avissar and Pielke 1989) is applied to consider subgrid-scale surface heterogeneity of 

land. Herein, every grid-cell falls into four land-cover types (glacier, wetland, lake and 

vegetated land) where vegetated land is further divided into up to four patches 

containing one plant-function type (PFT) each (Bonan et al. 2002). All prognostic 

variables are computed for the different land-cover types. The surface data used stem 

form Oleson and Bonan (2000). The coupling of the surface forcing to the atmosphere 

is realized by area-weighted averaging of surface fluxes (Avissar and Pielke 1989, Zeng 

et al. 1998).

The POP (Smith et al. 1992) is based on the Los Alamos National Laboratory’s 

POP 1.4.3. It has a new surface-pressure formulation of barotropic mode, an implicit 

free-surface boundary condition, improved latitudinal scaling o f horizontal diffusion 

coefficients and pressure-averaging. Fluxes at the ocean surface are calculated using a 

bulk-formulation. The motion o f ocean surface is ignored (Collins et al. 2003).

The CSIM (Briegleb et al. 2004, Holland et al. 2006) consists o f an elastic-viscous- 

plastic dynamics scheme, a parameterization for ice-thickness distribution, energy-
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conserving thermodynamics, and a slab-ocean mixed-layer model. The sea-ice thickness 

distribution scheme considers five ice categories and relates the change o f ice fraction 

and ice volume to different thermodynamic processes within each category (Briegleb et 

al. 2004).

The overall performance of CCSM to represent current climate falls well in the 

range of most coupled GCM models (Meehl et al. 2000, Covey et al. 2003, Kiehl and 

Gent 2004, Li et al. 2007). CCSM captures well the global pattern o f annual and 

seasonal averaged precipitation with spatial correlation of 0.840 for winter and 0.699 

for summer when compared to climatology data provided by the Global Precipitation 

Climatology Center (GPCC); CCSM simulated evapotranspiration well agrees with 

Oliver and Fairbridge’s (1987) climatology data (cf. Li et al. 2007). CCSM captures 

well the spatial patterns of annual average precipitation for all study regions as well as 

the annual cycle of precipitation for the Yukon, Ob and St. Lawrence region; for the 

Colorado region, it captures the spatial pattern and annual total precipitation, but not the 

annual cycle o f precipitation (cf. Li et al. 2007). As pointed out by these authors, 

discrepancies between the terrain elevation in the model and nature, too early onset of 

simulated convection and the fact that in mountainous terrain observed precipitation is 

not very representative for large areas and often biased to lower elevation, are reasons 

for these discrepancies. Since precipitation simulation over high elevated terrain is a 

common problem shared by many GCMs (Johns et al. 1997, Flato et al. 2000, Coquard 

et al. 2004) and mesoscale models (Colle et al. 2000, Narapusetty and Molders 2005, 

Zhong et al. 2005) Li et al. (2007) concluded that CCSM has to be considered state-of-
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the-art o f current modeling. Since the difficulties mentioned above are independent o f 

land-cover, the shortcomings can be considered the same in all our simulations. Since 

our interest is to investigate differences, namely the impacts of land-cover changes on 

evapotranspiration and precipitation and their long-distance impacts, and to identify 

mechanisms we may conclude that CCSM is a useful tool for our purposes.

4.2.2 Study regions

To investigate regional differences in the sensitivity to land-cover changes we 

choose four similar-sized (A 3.27-106 km2) regions (Fig. 4.1) that differ with respect to 

their hydrological and thermal conditions, namely the river basins o f Yukon (58.6- 

75.4°N, 122.3-164.5°W), Ob (50.2-67.0°N, 60.5-91.4°E), St. Lawrence (36.3-53.0°N, 

70.3-91.4°W) and Colorado (27.9-44.7°N, 99.8-119.5°W) and their adjacent land. The 

Yukon (Ob) region is characterized by cold (warm) permafrost and complex 

(comparatively flat) terrain. The St. Lawrence region and the Colorado region are both 

experiencing increasing water demands due to increasing population. However, the St. 

Lawrence is a humid mid-latitude region with moderate terrain while the Colorado is a 

semi-arid mountainous region with already water-demand pressure. All four study 

regions have experienced land-cover changes of substantial regional impact (cf. Pielke 

and Vidale 1995, Allan et al. 1997, Copeland et al. 1996, Bonan 2001, McFadden et al. 

2001, Westerling et al. 2003, McClelland et al. 2004, Molders and Kramm 2007).
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CCSM is run in a fully coupled mode with 2.8°x2.8° resolution (T42) in the 

horizontal and 26 layers in the vertical direction. All simulations are started with the 

spun-up components and the astrophysical conditions for 01-01-1990. Since inserting 

the land-cover changes slightly disturbs the equilibrium in the various compartments, 

the first 10 years of all simulations are discarded as spin-up time to permit the model to 

achieve a new equilibrium. Note that the land-cover change impacts hardly affect the 

ocean condition.

To investigate propagation o f the impacts of the land-cover changes on 

evapotranspiration and precipitation, simulations with default land-cover (control run; 

CTR) and with land-cover changes in the four study regions (experiment; LUC) are 

performed. Four additional simulations are carried out wherein land-cover changes 

occur in only one of these regions. These simulations are denoted with respect to the 

region o f land-cover changes LUC YU (Yukon), LUC OB (Ob), LUC ST (St. 

Lawrence) and LUC CO (Colorado). Results from these simulations are compared to 

that of CTR and LUC to examine the interactions of impacts o f land-cover changes 

occurring in these regions and to identify the mechanism of interaction.

Land-cover changes are realized by altering the PFT in the inner core o f each study 

region. In the inner core of the Yukon and Ob region, the percentage fraction of 

coniferous forest is reduced by 7.6% and 7.0% at the benefit of grassland, the typical 

fire succession landscape (DNR 2000). Subsidization policies aim to increase 

agricultural use in Alaska and Siberia. Therefore, we increase the crops coverage by
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2.1% and 5.5% at the cost of grassland in the inner core of the Yukon and Ob region. In 

the inner core o f the St. Lawrence region, deforestation is considered by converting 

deciduous forest to grass (15.5%) or crops (6.8%); land abandonment (Bonan 2001) by 

changing 16.1% of cropland to either grass (6.8%) or forest (9.3%). In the inner 

Colorado region, 4.5% of the grass is converted to cropland which is assumed to occur 

to maintain food production under water limitations (Bork, pers. com. 2000). To 

consider the increasing frequency of wildfires in this region (Westerling et al. 2003) we 

convert 1.8% of forest to grass. The recent droughts led to decreases in cattle-herd size. 

Since shrub establishes in non-grazed areas 14.5% of the grassland is changed to shrubs.

4.2.4 Analysis

The simulated quantities, X, j , at grid-point i,j on the distribution field is subtracted

from the 30-year monthly regional average, X , and normalized by the standard 

deviation o f the differences, S (Jackson et al. 1989)

123

Five different pairs of Z x- values are determined using the distribution fields of 

evapotranspiration and precipitation values X y obtained by CTR, LUC, LUC_YU,

L U C O B ,  L U C S T  and L U C C O .  The similarity between two transformed 

distributions (between CTR and LUC) is now determined based on the similarity in the 

sign of Zy -pairs as (Molders 2000)
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Here, P, N, and M denote the number of Zf ■ pairs with positive, negative and mixed

signs. Similarity coefficients range from zero (totally different patterns) to one (exactly 

the same pattern). Similarity coefficients can be determined for each months on a 

regional basis (regional similarity coefficients) and for each grid-cell (local similarity 

coefficients). Regional similarity coefficients serve to evaluate the time variance of 

similarity over the entire region. Local similarity coefficients serve to evaluate the 

spatial distribution of the impacts caused by land-cover changes and detect the 

propagation o f such impacts.

Similarity coefficients range from zero (no similarity) to 1 (absolute agreement). 

Thus, low similarity coefficients indicate regions where and times when the land-cover 

changes have strong impact on evapotranspiration and precipitation. The farther away 

from the area o f land-cover changes such lower similarity coefficients exist the farther- 

reaching is the influence of the land-cover changes.

In addition, to detect significant changes in the regionally averaged 

evapotranspiration and precipitation due to land-cover changes, we perform a Student t- 

test. A null hypothesis that of regional averages under the original and altered land- 

cover do not differ from each other is tested at the 95% or higher confidence level.
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4.3.1 Changes in regional averages

There is no significant impact of land-cover changes on globally averaged 

precipitation or evapotranspiration. However, regionally significant changes occur. 

Compared to CTR, in the cold season, regionally averaged evapotranspiration hardly 

changes in the Yukon and Ob regions in LUC YU and LUC OB, respectively (Fig. 

4.2a, b). In the Ob region during summer and in the St. Lawrence region during spring, 

regionally averaged precipitation decreases proportional with reduced 

evapotranspiration (Fig. 4.2c). In the Colorado region, where local evapotranspiration is 

an important moisture source for summer precipitation, regionally averaged changes of 

evapotranspiration and precipitation correlate strongly (r=0.811, Fig. 4.2d).

4.3.2 Regional and local similarity

4.3.2.1 Yukon

The impacts o f land-cover changes on evapotranspiration are greatest during May 

and September as indicted by both regional and local similarity coefficients (Figs. 4.3a, 

4.4). The reasons are as follows: Forest has a vegetative masking effect on snow albedo. 

Snow intercepted on the canopy will fall off if  its amount exceeds canopy storage 

capacity and/or in response to wind. In contrast, grassland and cropland will be totally 

snow-covered if snow depth exceeds a critical value. Consequently, albedo is more 

likely to be higher for the altered than original landscape (Fig. 4.5). Higher albedo 

increases the radiation reflected back to space resulting in a temperature decrease. Thus,
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deforestation results in snow-albedo feedback towards colder conditions. In fall, the 

slight temperature difference in response to the modified land-cover may also be 

decisive whether precipitation falls as snow or rain. This again may affect albedo. In 

spring, the slight temperature differences may be decisive for the time o f snowmelt 

onset. The lower temperature regime in response to the land-cover changes decreases 

evaporation from the ground in areas of altered land-cover in May and September in 

L U C Y U  compared to CTR. Note that both in CTR and L U C Y U,  large parts of the 

region are still or already snow-covered in these months. However, the downward 

shortwave radiation is 39% (58%) higher in May (September) than April (October). The 

higher May and September insolation yields near-surface air temperature around the 

freezing point, while April and October near-surface air temperatures only reach -10°C 

and -4°C, respectively. Consequently, the enhanced snow-albedo feedback is more 

pronounced in May and September than April and October.

In CTR, winter evapotranspiration is spatially homogeneous, i.e. evapotranspiration 

within each grid-cell is close to the regional average value. Thus, even small 

evapotranspiration changes induced by altered land-cover cause high dissimilarity 

between the evapotranspiration pattern of CTR and LUC YU (or CTR and LUC). In 

summer, evapotranspiration is spatially heterogeneous, i.e. evapotranspiration of 

neighbored grid-cells may strongly differ. The assumed land-cover changes increase 

evapotranspiration in areas where evapotranspiration is relatively high in CTR and only 

marginally affect the spatial pattern. Hence, despite that absolute regionally-averaged 

evapotranspiration changes are stronger during summer than during winter (Fig. 4.2a),
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regional similarity coefficients remain relatively higher during summer than during 

winter (Fig. 4.3a).

Regional similarity of precipitation show smaller seasonal variation than those of 

evapotranspiration with slightly lower values during summer than winter (Fig. 4.6a). 

The Yukon region precipitation is greatly influenced by large-scale advection. During 

summer, land-cover changes slightly increase pressure and decrease the moisture flux 

through the Yukon region (Fig. 4.7a). Therefore, precipitation from advection decreases. 

Moreover, in summer, the altered land-cover leads to less evapotranspiration and drier 

atmosphere which contribute to less precipitation from local convection in LUC YU as 

compared to CTR.

4.3.2.2 Ob

Regional similarity coefficients range from 0.69 in January to 0.89 in July (Fig. 

4.3b). Like for the Yukon region, the altered land-cover affects snow-cover extension 

and surface albedo. Thus, the land-cover changes have their greatest impact on 

evapotranspiration during winter and the transition seasons due to an enhanced snow- 

albedo feedback. However, being located at relatively lower latitudes, the Ob region 

experiences higher near-surface air temperature (2 K during winter for the control and 

both land-cover change scenarios) than the Yukon region. Thus, in the Ob region, the 

altered landscape has not only substantial impact on evapotranspiration during snow

melt and onset o f snow-cover, but also during all winter months. Consequently, the 

decreased winter evapotranspiration in response to the altered landscape explains the
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low regional similarity o f CTR and LUC evapotranspiration during the cold season 

found for Ob, but not for Yukon.

The local similarity coefficients for evapotranspiration are the lowest in May and 

September (Fig. 4.8). For these two months, the similarity coefficients indicate 

substantial evapotranspiration differences for the entire region and the northern Ob 

region. In these areas, similarity coefficients are less than 0.6, and display a zonal 

pattern in the downwind of the land-cover changes that is consistent with the wind 

pattern.

Note that the impact of altered land-cover on evapotranspiration propagates over the 

region’s boundary during warm season (from May to Sep, Fig. 4.8). The reason is 

related to the long residence time (defined as ratio of regional averaged precipitable 

water to precipitation) in CTR and L U C O B  and increased wind speed in L U C O B  

compared to CTR. The residence time amounts 9 days on average during these months 

in both CTR and LUC OB. This means that in general, moisture remains longer in the 

atmosphere before being removed by precipitation in warm than in cold season. In 

LUC OB, regionally averaged summer near-surface wind speed hardly changes as 

compared to CTR. Therefore, the signals o f the impact of land-cover changes on 

evapotranspiration can be transported farther away from where the land-cover changes 

occur. The modified evapotranspiration yields changes in cloudiness and/or 

precipitation in the downwind o f the altered landscape. Increases in cloudiness may 

reduce evapotranspiration; while increases in precipitation, for instance, may increase 

evapotranspiration. The increased evapotranspiration may enhance cloudiness; therefore
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later reducing evapotranspiration. These secondary effects can cause notable differences 

in evapotranspiration of similar or larger magnitude than the land-cover changes in the 

region itself.

From January to April the local similarity coefficients o f precipitation is high 

(therefore not shown). In most months, regional similarity coefficients o f precipitation 

are below 0.6 with September having the lowest (C=0.5; Fig. 4.6b). As compared to 

CTR, the enhanced high surface pressure (2 hPa) located southeast o f the Ob region 

calms winds in and moisture advection into the Ob region (Fig. 4.7b), which contributes 

to further cloud suppression and reduced precipitation in September in LUC OB (Fig. 

4.9).

4.3.2.3 St. Lawrence

Regional similarity coefficients for evapotranspiration are around unity from 

October to February, but decrease in the warm season to around 0.85 from March to 

September with the minimum in June for 0.81 (Fig. 4.3c). This fact indicates that the 

spatial pattern o f evapotranspiration hardly changes in response to the modified 

landscape. It also means that evapotranspiration is governed by large-scale 

meteorological rather than local-scale surface conditions during this time. The high 

regional similarity coefficients from October to February suggest only locally limited 

influence o f the modified land-cover on evapotranspiration. During the warm season 

vegetation plays an important role for evapotranspiration. In the northern part o f the 

region where broadleaf trees are converted to grass and/or crop, the decreased LAI and 

therefore reduced interception loss yield up to 1.75 mm/mon less evapotranspiration
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(Fig. 4.10). In the southern part where crop is converted to grass, LAI slightly decreases, 

but the higher transpiration (0.5 mm/mon) of grass than crop increases accumulated 

evapotranspiration in the warm season.

The local similarity coefficients for evapotranspiration are low also except for April 

and September. In these months, the region is partly snow-covered. The land-cover 

changes alter evapotranspiration by both enhancing the snow-albedo feedback and 

decreasing transpiration by the same mechanisms discussed for the Yukon and Ob 

regions. Low similarity extends eastwards of the altered land-cover to the Atlantic 

Ocean due to the predominately westerly wind (Fig. 4.11). This means 

evapotranspiration is affected by secondary effects in the downwind o f the altered land- 

cover similar to the Ob region. The mechanism is as follows: The land-cover changes 

modify the water vapor and heat supply to the atmosphere. Consequently, cloud and 

precipitation formation change. The modified air, cloud and precipitation particles are 

transported. Thus, humidity, temperature and precipitation change in the downwind of 

the land-cover changes. The altered precipitation distribution and amount again affects 

the exchange of water and heat at the surface, i.e. the distributions o f temperature and 

humidity. By the mechanisms changes can “propagate” far away from the region o f the 

land-cover changes.

Regional similarity coefficients for precipitation are greater in magnitude and have 

smaller seasonal variations than those for evapotranspiration (Figs. 4.3c, 4.6c). The 

regional similarity coefficients for precipitation are lowest in June. In this month, the 

increased evapotranspiration in the southern part o f the altered landscape reinforces the
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convective moisture flux in the lower atmosphere in LUC ST as compared to CTR (Fig. 

4.12a). Consequently, the land-cover changes have their greatest influence on spatial 

precipitation distribution in this month. This finding is consistent with the greatest 

change in regional similarity coefficient for evapotranspiration found for June (Fig. 

4.3c). Similar to evapotranspiration, the local similarity coefficients of precipitation are 

also the lowest in April and September (< 0.4) in the area o f land-cover changes.

4.3.2.4 Colorado

Regional similarity coefficients of evapotranspiration are the lowest in spring and 

fall due to changes in onset o f snow-melt and snowfall respectively (Fig. 4.3d). 

Consistent with the retreat of the high pressure system that extends from the south to the 

northeast o f the region, the lowest local similarity coefficients extend from the south to 

the northeast of Colorado from February to April. From September to November with 

the opposite location change of the high pressure system, the extension of the area with 

low local similarity coefficients (<0.7) decreases from occurring everywhere to just 

along the Gulf of California (Fig. 4.13)

Low regional similarity coefficient for precipitation in winter indicating the snow- 

albedo feedback enhances the impact of land-cover changes on precipitation after snow- 

onset (Fig. 4.6d). During summer, increased evapotranspiration enhanced the water- 

vapor supply from the surface in L U C C O  than in CTR. This increased 

evapotranspiration enhances the convection (Fig. 4.12b) in the northeastern Colorado 

region and yields to more precipitation in LUC CO than in CTR. Consequently,
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evapotranspiration further increases setting up a positive feedback mechanism between 

evapotranspiration and precipitation establishes in the lee-side o f the Rocky Mountains. 

The regional similarity coefficient keeps around 0.7 during summer.

Because evapotranspiration and precipitation are highly correlated (r=0.811) in the 

Colorado region from spring to fall, local similarity coefficients o f precipitation are 

similar to that of evapotranspiration.

4.3.3 Interactions between impacts resulting from land-cover changes in different 

regions

Comparison of LUC to CTR show regional averaged evapotranspiration changes 

marginally throughout the year in all four study regions (Fig. 4.14). Precipitation 

decreases in the Yukon and Ob regions, but increases in the St. Lawrence region in 

summer. The changes in Colorado’s precipitation is marginal in all months expect for 

June, when precipitation decreases by 5 mm/mon.

Comparison of LUC to LUC_YU (LUC to LUC_OB, LUC to LUC ST, LUC to 

LUC CO) shows that interactions between impacts of the various study regions’ land- 

cover changes (denoted “interactions” hereafter) modify the impacts caused by the local 

land-cover changes in that region. As already discussed, the impacts o f land-cover 

changes can be transported outside the regions by advection of atmospheric moisture 

and heat, and the secondary impacts of land-cover changes make it possible that 

precipitation and evapotranspiration are disturbed far away from where the land-cover 

changes occur (Fig. 4.15). Since these effects are carried by large-scale transport
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through the lateral boundaries of a region, it is understandable that the influences arising 

from the interactions are more likely to show over entire study region than for any 

particular area in the study region. This means the differences in evapotranspiration and 

precipitation between the corresponding regions in LUC and 

LUC_YU/LUC_OB/LUC_ST/LUC_CO are more obvious for the regional averaged 

quantities than at individual grid cells, i.e., regionally averaged evapotranspiration and 

precipitation as opposed to similarity coefficients are more pertinent for study of 

impacts o f interactions. As explained later, the interactions enhance or diminish the 

impacts of local land-cover changes differently in the four study regions (Table 4.1). 

The interactions show the most pronounced impacts for regional averaged annual 

evapotranspiration in the Ob region due to the considerably homogenous terrain height 

and strong large-scale advection (Li et al. 2007), which allows the influence o f the land- 

cover changes in the other regions to propagate over to the Ob region.

4.3.3.1 Yukon

When land-cover changes occur in all four regions concurrently, the interactions 

dampen the impact o f local land-cover changes on precipitation and evapotranspiration 

in the Yukon region. Comparison of LUC to LUC YU shows that land-cover changes 

occurring in the other regions lead to a westward shift of the Aleutian Low and increase 

in northward heat (4.5 K/mon) and moisture advection (1380 kg/m /mon) in September 

(Fig. 4.7a). Therefore September precipitation increases in LUC by 1.6 mm/mon as 

compared to LUC YU. During October the opposite is true and precipitation is 4.3
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mm/mon less in LUC than LUC YU. This means that the interaction yields a shift in 

the temporal behavior o f precipitation in the Yukon region.

4.3.3.2 Ob

In the Ob region, the as compared to L U C O B  enhanced (0.2) NAO index indicates 

stronger heat advection (5.4 K/mon) in LUC than LUC OB. The pressure in the center 

of the Siberian High is reduced in the southeast o f the region by 3 hPa in January. 

Therefore, precipitation enhances (5.5 mm/mon) in LUC compared to LUC OB. In 

September, decreased NAO index (-0.4) indicates reduced northward heat advection 

and lowers the near-surface temperature (-0.5 K) and evapotranspiration (1 mm/mon) in 

LUC as compared to LUC OB. This enhanced decrease in evapotranspiration 

contributes to the significant decreases in LUC precipitation when compared to 

LUC OB and CTR (Figs. 4.2b, 4.14b).

4.3.3.3 St. Lawrence

In the St. Lawrence region in June, wind blows southward at the northern boundary 

o f the region in CTR, LUC ST and LUC. The land-cover ehanges in the high-latitude 

regions (Yukon and Ob) reduce near-surface air temperature (-1 K) and enhance cold 

advection through the northern boundary of the St. Lawrence region (Fig. 4.16). The 

enhanced cold advection in LUC overwrites the temperature increase that is caused by 

the land-cover changes in the St. Lawrence region. Therefore, LUC evapotranspiration 

decreases in the northern part of St. Lawrence due to lower near-surface air temperature
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compared to L U C ST .  Similarly, less evapotranspiration is found in March in LUC 

than LUC ST.

4.3.3.4 Colorado

Comparison o f LUC to L U C C O  shows that the interactions of the various regions’ 

land-cover impacts decrease the regional averaged summer precipitation and 

evapotranspiration in Colorado (Figs. 4.2d, 4.14d). Similarly as discussed for the St. 

Lawrence region, the enhanced cold advection at the northern boundary in LUC than in 

LUC CO decreases the surface convergence in the Colorado region during summer 

(Fig. 4.12b). The reduced convection results in less precipitation and, hence, less 

evapotranspiration in LUC as compared to LUC CO.

4.4 Conclusions

Six fully coupled CCSM simulations with varied land-cover distribution are 

performed in this study. Regional and local similarity coefficients are calculated for 

evapotranspiration and precipitation to investigate the far-reaching impacts o f land- 

cover changes assumed in the inner core o f one of four or all four study regions (the 

Yukon, Ob, St. Lawrence and Colorado basin and their adjacent land) on 

evapotranspiration and precipitation. Comparison of results from simulations assuming 

land-cover changes in one region only to those assuming land-cover changes in all four 

regions shows that land-cover change impacts on evapotranspiration and precipitation 

interact.
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In the four study regions, evapotranspiration and precipitation respond differently to 

the assumed land-cover changes. The regional similarity coefficients show that the 

impacts of land-cover changes on evapotranspiration and precipitation are high in the 

Ob region year-round with higher impacts in winter than in summer due to snow-albedo 

feedback. During winter, land-cover changes alter the high-latitude (Yukon and Ob) 

regional evapotranspiration and precipitation through snow-albedo feedbacks. The Ob 

region has higher winter temperature (up to 6 K) than the Yukon region. This enables 

the snow-albedo feedback to play an important role in the land-cover change scenarios 

in the Ob region during winter. This fact suggests that in high-latitude winter, the 

impact o f land-cover changes and the propagation of this impact highly depend on the 

changes of temperature.

For the mid-latitude humid region that is highly influenced by storm tracks (e.g., St. 

Lawrence), the impacts of land-cover changes on regional evapotranspiration and 

precipitation are low during winter. Only during late spring and summer when 

vegetation activity is stronger than during other seasons, the land-cover changes show 

high influence on evapotranspiration. For mid-latitude semi-arid regions (e.g., 

Colorado), the impact of land-cover changes on evapotranspiration and precipitation are 

most pronounced in spring and fall due to combined effect o f enhanced snow-albedo 

feedback and reduced transpiration.

Generally, regional similarity coefficients for precipitation have lower seasonality 

than evapotranspiration in all four study regions (Fig. 4.17). The reason is that the 

impact of land-cover changes on evapotranspiration is a direct impact through altered
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plant physiological and radiative properties; while that on precipitation is an indirect 

impact mainly caused by altered water supply to the atmosphere. This means 

evapotranspiration depends more on surface and local thermodynamic and hydrological 

conditions than precipitation. On the contrary, precipitation is related to more complex 

feedbacks, such as cloudiness, circulation patterns and large-scale heat and moisture 

advection. During summer, in the regions which receive marginal influence by the 

ocean (Ob and St. Lawrence regions) or in the semi-arid region where the regional 

evapotranspiration and precipitation is strongly controlled by local surface conditions 

(Colorado region), the similarity coefficients for precipitation and evapotranspiration 

highly correlates (r >0.920) indicating that impact of land-cover changes will be 

intensified in the areas where the precipitation is mainly regional controlled.

The impact of land-cover changes can be transported far away from where the land- 

cover changes take places through heat and moisture advection as well as secondary 

effects. This often occurs when the atmospheric transports are strong and the residence 

time is about 10 days or so.

When land-cover changes occur in various regions simultaneously, the impacts o f 

different regions’ land-cover changes interact with each other and modify the regional 

response o f water cycles through moisture and heat advections as well as secondary 

effects. The secondary effects altered evapotranspiration in the downwind in response to 

cloudiness and precipitation modified in response to the land-cover changes. 

Consequently, downwind regions can benefit from or be interfered by land-cover 

changes in their upwind, and the influence can further propagate to other places. The
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impacts o f interactions are more likely to be seen in regionally averaged 

evapotranspiration and precipitation than in similarity coefficient. In our four study 

regions, the interaction diminish (enhance) the changes in precipitation and 

evapotranspiration in the Yukon and Colorado (Ob and St. Lawrence) regions in most 

months due to the fact that changes in moisture/heat advections through the regions 

overwrite (reinforce) the changes in near-surface wind/temperature caused by local 

land-cover changes.
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Table 4.1 Annual averaged precipitation and evapotranspiration.

Yukon (YU), Ob (OB), St. Lawrence (ST) and Colorado (CO) regions in CTR, LUC, 

LUC YU, LUC OB, LUC_ST and LUC_CO. Significant (according to the t-test at 

95% significance level) changes compared to CTR are shown as bold.

148

(mm/mon) YU OB ST CO

CTR 563 (175) 542 (379) 863 (742) 503 (413)

LUC 558 (176) 530 (368) 877 (740) 502(411)

L U C Y U 564(180) 532 (369) 880 (747) 52 7 (429)

L U C O B 574(181) 535 (373) 885 (737) 516(420)

L U C S T 572 (173) 532 (374) 889 (747) 518 (420)

L U C C O 557(178) 539 (368) 863 (737) 528 (423)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



149

Fig. 4.1 Location of the study regions.

Yukon (Y), Ob (O), St. Lawrence (S), and Colorado(C).
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Month Month

Month Month

Fig. 4. 2 Changes in monthly precipitation and evapotranspiration.

(a) Yukon (LUC_YU - CTR); (b) Ob (LUC_OB - CTR); (c) St. Lawrence (LUC_ST - 

CTR) and (d) Colorado (LUC CO -  CTR). Significant changes (according to the t-test 

at 95% significance level) are denoted with circles (precipitation), stars 

(evapotranspiration).
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Fig. 4.3 Annual cycle o f similarity coefficients for evapotranspiration. 

(a) Yukon, (b) Ob, (c) St. Lawrence and (d) Colorado.
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Fig. 4.4 Similarity coefficient for evapotranspiration in the Yukon region, 

(a) May and (b) September. The Yukon region is indicated by the box.
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Fig. 4.4 continued
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Fig. 4.5 Difference (LUC YU - CTR) in surface albedo in the Yukon region. 

September albedo is shown shaded color scales.
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Fig. 4. 6 Annual cycle o f similarity coefficients for precipitation,

(a) Yukon, (b) Ob, (c) St. Lawrence and (d) Colorado.
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(a)

Fig. 4.7 Monthly moisture fluxes.

CTR (solid), LUC YU/LUC OB (dashed) and LUC (dotted) for the (a) Yukon and (b) 

Ob region.
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(b)

Fig. 4.7 continued
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Fig. 4.8 Like Fig. 4.3, but for the Ob region.
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(a) hPa

Fig. 4.9 Sea-level pressure over the Ob region.

(a) in September for CTR (solid) and LUC OB (dashed). The Ob region is indicated by 

the box. (b) Difference (LUC OB -  CTR) in sea-level pressure (in hPa) for the same 

area for September. The arrows in part (a) are the near-surface wind vectors for CTR, 

and the shaded area in part (b) is the anomaly (LUC OB - CTR) of wind speed 

magnitude.
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Fig. 4.9 continued
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Fig. 4.10 The canopy interception loss and difference.

Canopy interception loss (LUC ST — CTR; contours) over the region defined by 30°- 

60°N and 60°-110°W for March to September. The St. Lawrence region is indicated by 

the box. Decrease o f canopy interception loss in LUC ST as compared to CTR is 

denoted by dashed contours.
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Fig. 4.11 Similarity coefficients for evapotranspiration in the St. Lawrence region, 

(a) April and (b) September. The region is indicated by the box.
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Fig. 4.12 Vertical profile o f convective mass fluxes.

(a) the St. Lawrence region in June as obtained from CTR (solid) and LUC ST (dashed) 

and (b) the Colorado region in August as obtained from LUC CO (dashed) and LUC 

(dotted).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fig. 4.13 Similarity coefficients for evapotranspiration in the Colorado region.

February to April (upper panel) and September to November (lower panel). The

Colorado region is indicated by the box.
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Fig. 4.14 Like Fig. 4.2, but for LUC.
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Fig. 4.15 Similarity coefficient for annual averaged precipitation.

Obtained from LUC, and the four study regions are indicated in white boxes.
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(a) hPa

Fig. 4.16 Sea-level pressure over the St.Lawrence region.

Obtained in (a) June for LUC ST (solid) and LUC (dashed). The St. Lawrence region is 

indicated by the box. (b) Difference (LUC -  LUC ST) in sea-level pressure (in hPa) for 

the same area and as (a) in September. The arrows in part (a) are the near-surface wind 

vectors for CTR, and the shaded area in part (b) is the anomaly (LUC_ - LUC ST) of 

wind speed magnitude.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



168

— 0.8  - 0.4  0 0.4  0.8  1.2
(b)

Fig. 4. 16 continued
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Fig. 4.17 Annual cycles o f similarity coefficient for precipitation and evapotranspiration. 

Similarity coefficients for precipitaiton are shown in solid lines and those for 

evapotranspiration are shown in dashed lines. Yukon (a), Ob (b), St. Lawrence(c) and 

Colorado (d).
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Chapter 5 Interaction of impacts of doubling CO2 and changing regional land- 

cover on evaporation, precipitation, and runoff at global and regional scales* 

Abstract

The Community Climate System Model version 2.0.1 is run for 40 years with 

355ppm CO2 conditions, without and with realistically-sized natural and anthropogenic 

land-cover changes that are assumed in the inner core o f four hydro-thermally different, 

but similarly-sized (« 3.27-106km2) regions (Yukon, Ob, St. Lawrence, Colorado, and 

lands adjacent to them). A further set of simulations assumes 720ppm CO2 conditions 

without and with these land-cover changes. Impacts of (1) doubled CO2, (2) changed 

land-cover, and (3) the interaction between doubled CO2 and changed land-cover on the 

four regional water cycles are elucidated using analysis of variance plus multiple testing. 

For the Yukon, Ob, and St. Lawrence regions, doubling CO2 significantly increases 

precipitation, evapotranspiration, and residence time nearly year-round; the opposite is 

true for Colorado precipitation and evapotranspiration. In general, doubling CO2 slows 

down water cycles regardless o f land-cover changes. Since land-cover changes occur 

locally, they more strongly affect regional than global water cycling. At some times, 

land-cover changes alone reduce regional-scale precipitation and evapotranspiration.
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* Li, Z. and N. Molders, 2007. Interaction o f impacts of doubling CO2 and changing 

regional land-cover on evaporation, precipitation, and runoff at global and regional 

scales (submitted to International Journal o f Climatology)
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Water-cycle changes o f comparable absolute magnitude can occur in response to either 

changed land-cover or doubled CO2. Significant interactions between the two treatments 

indicate that local land-cover changes, even if they have little impact under reference 

climate conditions, may have substantial regional impact in a warmer climate. Increased 

residence time after doubling CO2 indicates a generally stronger influence of upwind 

regions on downwind regions. If land-cover changes occur concurrently with CO2 

changes, they will have farther-reaching impact than under reference CO2 conditions. 

Thus, due to atmospheric transport the interaction between impacts o f land-cover 

changes and CO2 doubling on water-cycle-relevant quantities may occur even in regions 

with unchanged land-cover.

5.1 Introduction

Increasing greenhouse gas concentrations and land-cover changes may each affect 

weather and climate, and hence atmospheric water cycling at various scales (Cotton and 

Pielke 1995). Evapotranspiration (sum of sublimation, evaporation, and transpiration) 

and cloud and precipitation formation are essential water-cycle processes. Obviously, 

increasing CO2 and changing land-cover affect water cycles though different 

mechanisms. Increased CO2 affects these processes indirectly, as absorbed radiation 

warms the atmosphere. Any phase-transition processes, however, depend nonlinearly on 

temperature. Land-cover changes affect evapotranspiration directly via altered plant 

physiological parameters (e.g., stomatal resistance, root length, leaf area index [LAI], 

shielding of the ground, interception-storage capacity). Land-cover changes also
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influence evapotranspiration indirectly; ( 1 ) modified aerodynamic roughness alters 

wind speed, and (2 ) modified radiative properties (e.g., albedo, emissivity) change 

energy partitioning at the surface-atmosphere interface. Thus, the modified exchanges 

o f matter, heat, and momentum cause changes in cloud and precipitation formation.

Recently, many studies have examined the impact of changed greenhouse-gas 

concentrations (Mitchell 1989, Houghton et al.1996, 2001, Yang et al. 2003) or changed 

land-cover (Sud et al.1996, Chase et al. 1999, Bounoua et al. 2002, Molders and Kramm 

2007) on water-cycle-relevant quantities (evapotranspiration, precipitation, runoff). A 

general conclusion from studies o f water-cycle responses to increased CO2 is that 

globally-averaged precipitation, evapotranspiration, and precipitable water are 

increasing (Roads et al. 1996, Douville et al. 2002 Weatherald and Manabe 2002). 

Several studies (Douville et al. 2002, Bosilovich et al. 2005) indicate a “slowed-down 

global water cycle” due to increased residence time (defined as the ratio o f precipitable 

water to precipitation; Trenberth 1998). Note that residence time is a measure of 

atmospheric water storage. However, changes in globally-averaged evapotranspiration, 

precipitation, and residence time are not equally distributed, but rather vary on regional 

scales (Douville et al. 2002, Bosilovich et al. 2005). Therefore, there is an urgent need 

to explore regional water-cycle complexity and response to global changes, and also to 

compare regional responses to each other.

Recent investigations using regional weather forecast or climate models showed that 

mid-latitude and high-latitude land-cover changes may appreciably alter near-surface 

energy budgets and cloud and precipitation distribution in the region of, and adjacent to
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land-cover changes (Chase et al. 1999, Bounoua et al. 2000, Molders and Olson 2004). 

General Circulation Model (GCM) studies show that regional land-cover changes, such 

as Amazon deforestation, can alter global and/or regional water cycles at mid/high- 

latitudes by modifying large-scale atmospheric circulation (Sud et al. 1996, Zhang et al. 

1996, Chen et al. 2001, Avissar and Werth 2005).

In nature, land-cover and CO2 change concurrently; however few studies have 

examined the combined effect of these changes on specific regions or globally. In mid

latitudes, for instance, conversion of natural vegetation to agricultural land may 

compensate for warming caused by rising greenhouse gases and increase regional 

precipitation (Stohlgren et al. 1998, Bounoua et al. 2002). Due to complex nonlinear 

relationships among water-cycle-relevant processes, it is difficult to assess the 

concurrent impact of two changes based on knowledge of the impacts o f individual 

changes (Molders 2000).

Therefore, we examine how the combined effects o f doubling C 0 2 and changing 

land-cover affect water-cycle-relevant quantities globally, and in four selected similar

sized (« 3.27 -106km2) regions. The Yukon, Ob, St. Lawrence, Colorado, and adjacent 

lands (Fig. 5.1) are selected as study regions because of their different thermal and 

hydrological regimes and different position with respect to moisture sources (oceans) 

and the large-scale circulation pattern. A main aim o f our study is to examine whether 

there are regional differences in the responses to land-cover changes under different 

C 0 2 conditions. Special foci are on whether assumed land-cover changes impact water- 

cycle-relevant quantities similarly ( 1 ) under different conditions of CO2, (2 ) in different
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regions, and (3) in different seasons, and (4) whether the combined impacts o f doubling 

CO2 and changing land-cover are diminished or enhanced compared to their individual 

effects. Answering these questions requires separating and quantifying the variance 

induced by the different treatments (changed land-cover, doubled CO2 concentrations) 

and by the interaction between these treatments so that the treatments can be compared 

objectively. A method that permits such separation and quantification is ANalysis O f 

VAriance (ANOVA; Montgomery 1976, von Storch and Zwiers 1999).

The ANOVA-technique has been successfully used to answer a variety of 

atmospheric science questions. Zwiers (1996), for instance, applied a one- and two-way 

ANOVA to simulated and observed geopotential height, temperature, and stream- 

function fields. He found that boundary conditions add to the potential predictability of 

variance for 500-hPa geopotential, 850-hPa temperature, and 300-hPa stream function 

at the inter-annual scale. Rowell (1998) applied ANOVA to a six-member ensemble of 

45-year climate simulations performed with identical sea-surface temperature, but 

different initial atmospheric conditions to assess seasonal predictability of precipitation 

based on oceanic forcing. By applying ANOVA to stream-functions and temperature 

fields o f simulations with different CO2 levels and land-cover Zhao et al. (20 0 1) found 

that the interaction of responses to CO2 and land-cover changes affects the large-scale 

circulation pattern and the transports of temperature perturbations related to altered 

land-cover. By using an unreplicated two-way ANOVA design to partition the variance 

o f simulated precipitation for Fairbanks, Alaska into four treatments (urbanization, 

release o f aerosols, heat, and moisture) plus any combination o f the four, Molders and
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Olson (2004) found statistically significant impacts of aerosol release, moisture, and 

combined aerosol release and urbanization on downwind precipitation.

In our study, we apply ANOVA to data obtained from four simulations with the 

Community Climate System Model (CCSM) version 2.0.1 (Kiehl and Gent 2004). 

These simulations alternately assume 335ppm and 710ppm C 0 2 concentration, without 

and with land-cover changes in the center of the four study regions. The ANOVA 

serves to objectively analyze individual and combined impacts o f both changed land- 

cover and increased C 0 2 concentrations on the global water-cycle and on regional 

water-cycle-relevant quantities of the four similar-sized study areas. The ANOVA- 

design uses an F-test at the 95% confidence level to identify significant changes in, and 

interaction between the impacts of the treatments on water-cycle-relevant quantities. To 

avoid “significance by chance” (type I errors) we apply the Tukey HSD (honest for 

significant differences) multi-testing (Pearson and Hartley 1972).

5.2 Experimental design

5.2.1 Model description and initialization

CCSM consists of four model components: The Climate Atmosphere Model (CAM) 

version 2, the Parallel Ocean Program (POP), the Common Land Model (CLM) version 

2, and the Community Sea Ice Model (CSIM) version 4.0.1. A flux coupler (cpl) 

exchanges data between individual model components without flux correction (Kiehl 

and Gent 2004).
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The CAM (Kiehl and Gent 2004) is the successor to the Atmosphere General 

Circulation Model: Community Climate Model version 3 (AGCM: CCM3). It applies 

hybrid vertical coordinates with the terrain-following a -  coordinate merged into 

pressure coordinates around 100 hPa. Major changes from CCM3 to CAM include 

formulations for cloud condensed water, cloud fraction and overlap, and long-wave 

water vapor absorptivity and emissivity (Kiehl and Gent 2004). CAM simulates deep 

convection by a plume-ensemble approach, in which convective available potential 

energy is removed from a grid-column at an exponential rate in accord with Zhang and 

McFarlane (1995). Local convection and large-scale dynamics may interact through 

pressure perturbations caused by cloud-momentum transport (Zhang et al. 1998). 

Shallow convection is treated based on Hack (1994) and Zhang et al. (1998). At the 

resolvable scale, cloud and precipitation formation processes are parameterized by a 

bulk-microphysical scheme in accord with Rasch and Kristjansson (1998), which takes 

into account water-vapor condensation and associated temperature changes, condensate 

evaporation, and condensate-to-precipitation conversion.

CLM (Dai et al. 2003) considers ten layers each for soil temperature, soil water and 

ice content, one vegetation layer, and (depending on snow depth) up to five snow layers. 

Every grid-cell is divided into four land-cover types (glacier, lake, wetland, vegetation). 

Vegetation is further divided into as many as four plant functional types (PFTs). 

Precipitation can be intercepted by the canopy and evaporate from interception storage. 

CLM considers the topographic control o f runoff by a TOPographically based rainfall- 

runoff MODEL (TOPMODEL)-like approach (Dai et al. 2003, Niu et al. 2005). Runoff
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parameterization considers surface and subsurface flow outside wetlands, and base flow 

in wetlands (Dai et al. 2003).

The Los Alamos National Laboratory’s POP (Smith et al. 1992) is used to simulate 

ocean processes. This ocean model includes a North Pole displaced from the Arctic 

Ocean to Greenland; thus, it requires no filtering of the ocean solution for the Arctic. 

This feature is of great advantage for our study: The resulting fine resolution (<1°) 

guarantees an open Bering Strait and Northwest Passage and therefore permits more 

realistic representation o f the Arctic halocline (Holland 2003).

The CSIM (Briegleb et al. 2004, Holland et al. 2006) considers sub-grid scale ice- 

thickness distribution with five ice categories. Each category can cover a fractional area 

within a grid-cell. Consequently, CSIM can more realistically simulate ice conditions 

and thermodynamic processes over the Arctic Ocean than other sea-ice models without 

these features. Including subgrid-scale sea-ice-thickness heterogeneity permits us to 

capture sea-ice retreat in response to a warmer climate.

CCSM is integrated in fully coupled mode with 26 vertical layers and a spectral 

truncation o f 42, corresponding to a horizontal grid increment of 2.8°x 2.8°. CCSM is 

initialized with the astrophysical conditions for 01-01-1990. Each model component is 

spun-up in its offline mode and all simulations begin from the same spun-up condition.

5.2.2 Simulations and study regions

Many climate change studies use transient C 0 2 scenarios, ensembles thereof or 

ensembles o f a given transient C 0 2 scenario from different GCMs (Kiehl et al. 2006,
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Meehl et al. 2006, Tebaldi et al. 2006). To better understand processes and interactions 

between land-cover and CO2 impacts and to avoid misinterpreting signals caused by 

model differences or signals resulting from constantly increasing CO2 concentration, we 

perform the following four 40-year simulations: 355 ppmv CO2 concentration, current 

land-cover (CTR); 710 ppmv CO2 concentration, current land-cover (DBL); 355 ppmv 

CO2 concentration, altered land-cover (LUC); and 710 ppmv CO2 concentration, altered 

land-cover (LUCDBL). Since inserting land-cover changes and doubling CO2, as well 

as altering both, slightly disturbs equilibrium conditions in the various compartments, 

the first 10 simulation years are discarded as spin-up time to achieve a new equilibrium 

(Fig. 5.2).

Four similarly-sized (« 3.27 • 106km2) study regions are chosen so that we can 

easily compare the magnitude of regional changes. Global climate models have, almost 

without exception, indicated an amplification of global warming in the polar regions in 

greenhouse experiments (Houghton et al. 1990, Teng et al. 2006); due to various 

feedback mechanisms, changes in the water cycle due to altered radiative forcing should 

be visible first in the polar regions and propagate into other regions o f the world. 

Therefore, two polar study regions, namely the Yukon and Ob basins and areas adjacent 

to them, are selected. These regions differ with respect to elevation, wetness, and the 

ocean into which they discharge. The Yukon River flows to the Bering Sea through 

complex terrain strongly underlain by cold and discontinuous permafrost under 

conditions o f the present relatively dry climate, while the Ob discharges into the Arctic 

Ocean after flowing through relatively flat, wet terrain underlain by warm and
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discontinuous permafrost that is less extensive than the permafrost o f the Yukon basin. 

The Ob basin is chosen to represent the conditions of reduced permafrost that are 

expected to occur in response to global warming. In mid-latitudes, water vapor and 

precipitation are mainly transported into a region by frontal systems that may be 

modified by local surface characteristics (Loose and Bomstein 1977). Most climate 

models predict an increase in winter precipitation for mid-latitude regions in response to 

doubling CO2 (Cubasch et al. 1995). For continental-size regions located far away from 

the oceans or in (semi)arid regions the amount o f precipitation resulting from local 

recycling of water gains importance (Eltahir and Bras 1996). To investigate the altered 

behavior o f these different types of dominance in the water-cycle pathways the mid

latitude St. Lawrence and Colorado regions are selected. Their most obvious differences 

are terrain (moderate vs. mountainous) and climate (humid vs. semi-arid). The latter 

represents an area of limited water availability under current climate conditions where 

the human presence is still expanding (see US Census 2006). The former is an example 

o f an economically developed area with, on average, sufficient available water.

Modeled land-cover changes are realized by altering the PFT in each region’s inner 

core. Note that if  within a grid-cell a percentage o f PFT A changes to B in one place 

and an area o f the same size covered by B changes to A, the grid-cell will not 

experience a net change in PFT according to the mosaic approach used in CLM. Such 

kinds o f changes alter landscapes and their heterogeneity (cf. Molders 2000), but not 

their fractional PFT cover (cf. Dai et al. 2003). We orient the assumed land-cover 

changes at a rate typically found in these regions of the world on time scales o f 30 years
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or so (Bork, pers. communication 2000). Wildfires have disturbed high-latitude boreal 

forests for millennia (Stocks et al. 1998). About 105 km2 of boreal forest are consumed 

on annual average (Cahoon et al. 1994) with increasing area in the last 30 years (Stocks 

et al. 2000; Podur et al. 2002) and even a doubling in North America in the last 20 years 

(Stocks et al. 2000). Therefore, we reduced the percentage fraction of coniferous forest 

by 7.6% and 7.0% in the inner core o f the Yukon and Ob regions and correspondingly 

increased the percentage coverage of grassland, the typical succession landscape (DNR 

2000). Subsidization policies aim at increasing agricultural use in Alaska and Siberia. 

Thus, we increase the percentage o f crops in the inner core of the Yukon and Ob 

regions by 2.1% and 5.5% at the cost of grassland. These conversions reduce roughness 

length, interception storage capacity, and LAI, and modify albedo and emissivity. 

Additionally, in summer, plant-available water is taken from levels closer to the surface 

as grass/crops have shorter roots than trees. Under typical high-latitude winter 

conditions, the assumed land-cover changes yield increased albedo, because unlike tall 

vegetation, short vegetation is totally snow-covered.

In the inner core of the St. Lawrence region, some deciduous forest is replaced by 

grass (15.5%) or crops (6.8%). To represent the land abandonment occurring in these 

areas (Bonan 2001) we also convert 16.1% of cropland to either grass (6.8%) or forest 

(9.3%).

In a warmer climate, irrigation needs will increase. However, one can assume that 

with decreased water resources but increased demands for food production lower yields 

than today may become profitable. Under these circumstances, to maintain at least the
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same average harvest, the acreage o f agriculturally-used land may increase (Bork, per s. 

comm. 2000). Thus, conversion of grass to cropland is the main land-cover change 

(4.5%) assumed for the inner Colorado region. Since wildfires frequently occur in this 

region (Westerling et al. 2003) 1.8% of forest is changed to grassland. The persistent 

droughts around the millennium reduced cattle-herd sizes. Since shrubs establish in 

non-grazed areas, 14.5% of the grassland is converted to shrubs. Conversion from grass 

to crops/shrubs and vice versa mainly affects albedo.

5.2.3 Analysis

We determine climatologies from the reference simulation (CTR) for evaluating and 

investigating the impacts of the various treatments (Fig. 5.3). Data used in the 

evaluation include monthly precipitation from the Global Precipitation Climatology 

Centre (GPCC) for 1971 to 2000; near-surface air temperature from the European Re

Analysis 40 (ERA40) (Uppala et al. 2005) for 1971 to 2000; and cloud-fraction data 

based on the International Satellite Cloud Climatology Project (ISCCP; Rossow and 

Schiffer 1999) for 1984 to 2004. These data sets have a resolution of 2.5° x2.5° and are 

interpolated to the 2.8° x2.8° resolution o f CTR. Skill scores (root mean square error 

[RMSE], bias, standard deviation of error [SDE], accuracy, Heidke skill score [HS]) are 

calculated in accord with Anthes (1983), Anthes et al. (1989), and Wilks (1995). In 

addition, we summarize results from existing CCSM evaluations and inter-comparison 

studies.
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We perform a 22-factorial design, single-block, fixed-effects ANOVA to analyze 

impacts o f changing land-cover, doubling CO2, and the interaction between the two 

treatments. In the term 22, the exponent represents two factors (land-cover changes and 

doubled CO2), and the base represents two levels (treatment switched on or off).

In general, any simulated variable (e.g., precipitation) can be decomposed into an 

overall mean, individual effects, interactions between effects, and error terms. In terms 

o f the sum of squares (SS), a variable’s variation can be written as (Montgomery 1976) 

SST = S S A+SSB+SSAB+SSE (5.1)

where SST, SSA, SSB, SSAB, and SSE are the sum of squares o f the total T, factor A, 

factor B, the second order interaction AB, and error E, respectively. A factor’s sum of 

squares divided by its degree o f freedom provides that factor’s mean square which can 

be used to evaluate the forcing’s impact (Montgomery 1976). For a 22-factorial design, 

multiple replicates are required to determine the degree o f freedom and the mean square 

o f the error.

In this study, each simulation represents one treatment, i.e. in Eq. (5.1) A, B, and 

AB represent the impact o f doubling CO2, changing land-cover, and the interaction 

between the impacts o f the two, respectively. Each year’s data for a given month at 

either a single grid-point or averaged over a region are taken as a replicate for that 

month. For example, January’s precipitation P for each year at a single grid-point for 

each simulation is taken as a replicate for January. Thirty replicates o f January 

precipitation from each simulation are summed as PCTR, PDBL, PLUC, and PLUCDbl f ° r 

CTR, DBL, LUC, and LUCDBL, respectively. In this example, the sum of squares of
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factors A (doubling CO2), B (changing land-cover), and AB (interaction o f the 

treatments) is given by:

SS = SS = ^ DBL + L̂UCDBL ~ Pmc ~ ĈTR ] ^  2 )
A DBL K • N
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SS = SS — [fi.UC + PmCDBL PpBL ĈIR ] (53)
K • N

CO _ C C  _  [^CTR +  ^LUCDBL ~  ^DBL ~  ^LUC ] / c  / | \
° °A B  — 00  LUCDBL _  T, XT W -T IK -N

with Pxxx = Pn and the subscript xxx representing CTR, LUC, DBL, or LUCDBL.
n=l

Here, K represents 4 treatments (CTR, LUC, DBL, LUCDBL) and N = 30 years o f data. 

The total sum of squares is given by:

f K N y
K N ^ k .n

S S r = E Z P i -  T n 1  <5 -5 >
k = l n = l J S . • JN

The level o f the two factors, changed land-cover and doubled CO2, considered here are 

denoted I and J. Since there are two possibilities, treatment “switched on” or “switched 

o ff ’, both I and J take the value of 2 in our design. The degree of freedom of the factors 

A, B, and their second-order interaction AB are I — 1, J - l  and ( i - l ) - ( j - l )  , 

respectively.

With independent replicates, the factor A mean square divided by the error mean 

square will follow an F-distribution; degrees of freedom are given by I -1  (for the mean 

square o f factor A) and I • J • N -1  (for the error). The lag-one auto-correlations p of
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these replicates (e.g., precipitation) are -0.15, indicating that replicates are not 

completely independent of each other. Therefore, the error degree o f freedom is 

calculated using an equivalent sample size in accord with von Storch and Zwiers (1999):

Thus, with the equivalent sample size N eq = 25 the error degree of freedom is 96.

An F-test is applied to measure a factor’s quantitative importance, and to detect 

significance. The F-tesf s null hypothesis assumes no significant impact o f changed 

land-cover, doubled CO2, or treatment interactions on water-cycle-relevant quantities. 

To reject the null hypothesis at the 95% confidence level, the F-value must exceed 3.94. 

We perform a post-ANOVA Tukey HSD test to exclude significance by chance. The 

Tukey test determines a new critical value that serves to evaluate whether changes 

between any two pairs of means reach significance. Worldwide the post-ANOVA 

multiple testing rejects variances at the 95% confidence level in 36% (74%) or fewer 

locations for doubling CO2 in December-January-February [DJF] (June-July-August 

[JJA]), and in about 70% of the locations for land-cover changes. Most o f the rejections 

are in the Southern Hemisphere and Arctic Ocean. In our study regions, the Tukey test 

rejects significance in less than 10% and 75% of the cases for doubling CO2 and 

altering land-cover, respectively. The high percentage of rejection within the study 

regions may be explained by the low number o f points for which a significant impact of 

land-cover change is detected by ANOVA. Note that when Caires et al. (2006) applied 

an ANOVA to examine the effect of forcing scenarios (IS92a, A2, B2) on severe wave

N N
(5.6)eq
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heights compared to ERA40 data, post-ANOVA testing resulted in rejection of about 

75% of their worldwide locations.

We apply Student’s t-test to examine whether the water-cycle-relevant quantities in 

LUCDBL differ significantly at the 95% or higher confidence level from those in CTR. 

In the following, we only discuss the significant changes that pass the ANOVA plus 

multiple testing or those that are important to consider in order to understand the water- 

cycle changes. All comparisons use CTR as reference, unless an alternative reference is 

specified.

5.3 Model performance

5.3.1 Global evaluation

Near-surface air temperature (SAT) plays an essential role in determining 

evapotranspiration. CCSM slightly overestimates the global mean temperature (Table

5.1); the underestimated cloud-fraction and lower terrain height in the model than in 

nature contribute to this positive bias. Bias is highest in March (2 K) and lowest in June 

(1 K). The overall model performance for SAT is better in DJF, JJA, and September- 

October-November [SON] than in March-April-May [MAM]. The warm bias can be 

explained by simulated sensible (latent) heat flux that is too high (low) during snowmelt, 

warming the lower atmosphere at northern high-latitudes (cf. Bonan et al. 2002, Kiehl 

and Gent 2004).

Compared to various published evapotranspiration climatologies (Croley et al. 1998, 

Su et al. 2006) and ERA40 data (Uppalla et al. 2005) CCSM accurately captures the
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spatial pattern and annual cycle of evapotranspiration for the globe and the four study 

regions (Li et al. 2007).

Compared to Rossow et al.’s (1996) 1983-2001 3-hourly cloud observations, CCSM 

overestimates cloud-fraction by up to 20 % in the tropics, but underestimates it by up to 

30 % in the extra-tropics (Dai and Trenberth 2004). Based on Rossow et al.’s (1999) 

more recent data we find that CCSM underestimates global cloud-fraction in all months 

and on annual average (Table 5.1). The negative bias is greatest (up to 5 % absolute) 

during boreal summer. The premature onset of deep convection (Dai and Trenberth 

2004) leads to systematic errors in cloud-fraction and precipitation in all study regions 

(Table 5.1; e.g., Fig. 5.4).

CCSM was evaluated within the Program for Climate Model Diagnosis and 

Intercomparison (PCMDI) reports (Meehl et al. 2000, Covey et al. 2003) that compared 

precipitation simulated by 18 coupled GCMs with observations. Differences between 

simulated and observed global annual precipitation range between 

-0 .1  a n d +0.4 m m /d a y , while spatial correlations between simulated and observed 

precipitation patterns range between 0.7 and 0.9. CCSM’s correlation coefficient and 

bias equals 0.790 and 0.08m m /day ( = 2 .4mm/mon; cf. Table 5.1), respectively. 

According to the PCMDI, CCSM’s precipitation biases (precipitation overestimation, 

southward-shifted South Pacific convergence zone, excessive northern mid-latitude 

precipitation) are common in coupled GCMs (Johns et al. 1997, Meehl et al. 2000, 

Covey et al. 2003, Furevik et al. 2003).
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For all study regions, precipitation SDE and RMSE are highest during summer (Fig. 

5.4). CCSM acceptably captures regional-scale annual averages and spatial precipitation 

patterns in the Yukon, Ob, and St. Lawrence regions (Li et al. 2007). However, a large 

discrepancy exists between Colorado regional simulated and observed annual 

precipitation cycles (see section 3.5 for discussion).

Accuracy and Heidke skill scores were determined for global and regional 

precipitation thresholds of 5, 10, 15, 30, 45, 75, 100, 150, and 300 mm/mon and 20, 30, 

40, 50, 60, 70, 80, 90, and 100 mm/mon, respectively. CCSM simulates global 

precipitation with an accuracy >78% for all thresholds in all seasons (e.g., Fig. 5.4). 

CCSM precipitation simulations exceed 60% accuracy in all the study regions and show 

the highest accuracy in winter.

The Heidke skill score evaluates precipitation against random values (cf. Wilks 

1995). Global HS-values are around 0.6 for precipitation thresholds <150 mm/mon. HS 

decreases substantially for thresholds >150 mm/mon, indicating that CCSM does not 

accurately capture heavy tropical precipitation. HS-values range from 0.3 to 0.6 for the 

Yukon region, while they are less than 0.4 for all thresholds for the Ob, St. Lawrence, 

and Colorado regions (Fig. 5.4). Note that HS between 0.2 and 0.3 are typical for good 

performance on the regional scale (Zhong et al. 2005).

CCSM-projected runoff agrees acceptably with observed runoff data from the 

University o f New Hampshire Global Runoff Data Center (Niu et al. 2005). Overall, 

CCSM produces global mean runoff within observed ranges (Dai et al. 2001, Bonan et 

al. 2002).
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5.3.2 Yukon

CCSM shows warm bias during winter and on annual average (Table 5.1) and cold 

bias during summer. SDE and RMSE are higher in the cold than in the warm season. 

The errors may be related to the parameterizations of surface upward long-wave 

radiation, snow-age, and albedo, and to biome classification (see also Bonan et al. 2002).

CCSM overestimates cloud-fraction (3 to 11 % absolute) for most months and on 

annual average (Table 5.1). Based on the relatively low RMSE, bias, and SDE, one can 

conclude that CCSM accurately captures Yukon region cloudiness.

CCSM systematically overestimates precipitation (Table 5.1) because the elevation 

of the Alaska Range and Brooks Range is much lower in the model than in nature, 

allowing cyclones to move farther north in the model than they do in nature. Since 45

50% of the precipitation days are trace events in the northern part o f the Yukon region 

(Yang et al. 1998), reported observations may be lower than the real values (Li et al. 

2007). Thus, trace precipitation also causes systematic errors. Higher errors are found in 

summer and early fall when convective precipitation plays a stronger role than in other 

months (Fig. 5.4).

5.3.3 Ob

For most months, CCSM overestimates SAT (Table 5.1). Overall, CCSM represents 

SAT better in the cold season than in the warm season. Errors in simulated cloud- 

fraction are the main cause o f incorrect SAT. CCSM slightly overestimates
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(underestimates) cloud-fraction during the cold (warm) season, and underestimates 

cloud-fraction on annual average (Table 5.1).

CCSM captures the north-south gradient of annual precipitation in the Ob region, 

but slightly overestimates precipitation on annual average (Table 5.1). The positive bias 

is highest in October (12 mm/mon), and SDE and RMSE are highest in July at 15.5 

mm/mon and 17.5 mm/mon, respectively (Fig. 5.4).

5.3.4 St. Lawrence

Warm bias is found for St. Lawrence year-round (Table 5.1). The highest bias 

occurs in March (2.6 K) and the lowest in May and November (< 1 K). In contrast to the 

Ob region, in the St. Lawrence region CCSM performs better in the warm (especially in 

early summer and in fall) than in the cold season; SDE and RMSE are about 1 K higher 

in winter than in summer. This is due to the fact that the temperature difference between 

ocean and continent is generally greater in winter (7.2 K) than in summer (-0.6 K). 

Therefore, differences between modeled and natural land-sea distribution cause greater 

errors in winter than in summer.

CCSM underestimates cloud-fraction on annual average (Table 5.1). During the 

warm season, cloud formation by local convection (e.g., over the Great Lakes) is 

underestimated due to the premature onset of convection. Of all four study regions, 

CCSM has the poorest performance for cloud-fraction in the St. Lawrence region.

CCSM underestimates precipitation year-round (cf. Fig. 5.4; Table 5.1). As 

discussed by Li et al. (2007), errors in predicted precipitation can be related to the
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representation of the Great Lakes, discrepancies in land-sea distribution between the 

model and nature, and shortcomings of the convection scheme.

5.3.5 Colorado

Simulated near-surface air temperatures show a warm bias of 3.5 K on annual 

average (Table 5.1). RMSE and bias have similar annual cycles with a July maximum 

of 8 K and 9 K, respectively. SDE is also highest (4 K) during summer. In semi-arid 

regions, large systematic errors in summer temperature can be related to the excessive 

emission o f long-wave radiation from the surface simulated by CCSM (Bonan et al. 

2002). Furthermore, errors also occur due to the difference between modeled and 

natural terrain heights.

CCSM has appreciable difficulties in simulating the cloud and precipitation 

formation in the mountainous terrain o f the Colorado region. CCSM underestimates 

Colorado region cloud-fraction substantially during summer. In summer, bias, RMSE, 

and SDE can be as much as 24, 21, and 32% (absolute cloud-fraction), respectively. 

These underestimations in summer cloud-fraction contribute to the underestimation of 

precipitation and result in a simulated water cycle that is drier than that found in nature. 

Note that CCSM overestimates precipitation in most months o f the other seasons. 

Patterns o f increasing annual precipitation from the West to the East o f the region exist 

both in the GPCC and CTR-data-derived climatology. However, the low elevation of 

the Rocky Mountains in the model leads to misrepresentation of the annual cycle of 

observed precipitation. The discrepancy in precipitation partly results from the
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premature onset of convection simulated by CCSM (Dai and Trenberth 2004) and the 

fact that measured mountain precipitation may not accurately represent total 

precipitation (Dingman 1994). However, precipitation simulation over elevated terrain 

is a common problem for GCMs (Johns et al. 1997, Flato et al. 2000, Coquard et al. 

2004) and mesoscale models (Colle et al. 2000, Narapusetty and Molders 2005, Zhong 

et al. 2005); if  placed in the context of other models’ performance, CCSM’s 

precipitation simulations represent current state-of-the-art. Thus, any interpretation of 

results carries with it a higher uncertainty for the Colorado than for the other study 

regions.

5.3.6 General remarks

Modem GCMs show 1-3 K climate sensitivity in response to doubled CO2 (Cubasch 

et al. 2001, AchutaRao et al. 2004, Kiehl et al. 2006). CCSM’s climate sensitivity o f 2.3 

K is within this range (Kiehl and Gent 2004). In CCSM, globally-averaged near-surface 

air temperatures increase 1.2 and 1.8 K in boreal summer and winter, respectively, in 

response to doubling CO2. Generally, projected warming is greater at high-latitudes 

than at mid-latitudes because o f snow-albedo feedback. CCSM’s air-temperature 

increase projections agree with results from other GCMs (Mahfouf et al. 1994, Cubasch 

et al. 2001, AchutaRao et al. 2004, Kiehl et al. 2006).

According to our and other presently-existing evaluations of CCSM (Meehl et al. 

2000, Dai et al. 2001, Covey et al. 2003, Dai and Trenberth 2004, Kiehl and Gent 2004, 

Niu et al. 2005, Li et al. 2007), this model is well suited for investigating water-cycle-
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relevant questions. Our study focuses on differences and interactions between impacts, 

rather than absolute values; we believe that the CCSM shortcomings discussed above 

will affect these processes similarly in the various simulations.

5.4 Results and Discussion

5.4.1 Global water cycle

The ANOVA plus multiple testing shows that for more than 34% of the earth’s 

surface, doubling CO2 significantly impacts evapotranspiration during DJF (Fig. 5.5a, c). 

Many o f these areas are located at high latitudes. During JJA the total area with 

significant evapotranspiration changes in response to doubled CO2 is smaller than in 

DJF (Fig. 5.5b, f). In JJA, doubling CO2 hardly affects mid-latitude evapotranspiration, 

but significantly increases evapotranspiration north of 60°N and in the tropics. Increased 

high-latitude evapotranspiration results from the appreciable increase o f near-surface air 

temperature (<4.3 K in DBL, and <3.7 K in LUCDBL) in response to doubling CO2. 

Less sea-ice forms in these relatively warmer climate regimes; in consequence, the 

Arctic Ocean can supply more water vapor to the atmosphere in DBL and LUCDBL 

than in CTR. This sea-ice retreat yields increased high-latitude late fall/early winter 

evapotranspiration in the pan-Arctic.

According to the ANOVA plus multiple testing, land-cover changes and the 

interaction between the two treatments significantly affect evapotranspiration in a 

smaller area during boreal winter than during other seasons (Fig. 5.5d, f) for the 

following reason. During spring (MAM), summer (JJA), and fall (SON), vegetation is
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active in most regions o f the Northern Hemisphere. Thus, differences between original 

and new vegetation in plant physiological, radiative, and aerodynamic properties (e.g., 

LAI, interception storage capacity, soil-water uptake by roots, roughness length, albedo 

emissivity) yield different near-surface fluxes of momentum, latent and sensible heat, 

and net radiation, with impacts on water cycle and state variables. In boreal winter, 

vegetation is inactive. In snow-covered areas, taller vegetation (coniferous forest, 

deciduous forest) rises above the snow when shorter vegetation (grassland, cropland) is 

already snow-covered. Under these conditions, the assumed land-cover changes (Table

5.1) affect evapotranspiration indirectly by differences in roughness length and surface 

radiative parameters. The change from taller to shorter vegetation increases near-surface 

wind speed, and therefore potential evapotranspiration (note that this impact strongly 

depends on wind speed). During a snow event trees intercept snow, thereby increasing 

albedo. As the interception storage empties, albedo decreases again. Consequently, 

conversion from taller to shorter vegetation means that once a closed snow-cover is 

established, albedo remains relatively high; more incoming radiation is reflected back 

from the modified than the original landscape. Therefore, if  high-latitude land-cover 

changes as assumed here, near-surface air temperature will decrease once snow-cover 

forms (snow-albedo feedback). Lower temperatures reduce potential evapotranspiration 

and (over-)compensate for the effect o f reduced roughness length on potential 

evapotranspiration for most near-surface wind speeds. Altered albedo and emissivity 

affect net radiation, with consequences for partitioning between sensible and latent heat 

flux (= evapotranspiration times latent heat consumption). In summary, land-cover
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changes indirectly contribute to lower winter near-surface air temperatures via snow- 

albedo feedback.

Since land-cover changes only occur in four locally-limited areas, land-cover 

changes alone only marginally affect the global annual evapotranspiration cycle (Fig. 

5.6), but this cycle increases significantly in response to doubled CO2 or to concurrent 

doubled CO2 and changed land-cover. In the latter case, significant global-scale change 

occurs in response to increased CO2 rather than to changed land-cover; the ANOVA 

reveals no significant interaction between the two treatments on that scale. However, 

doubling CO2, changing land-cover, or combining the two may either enhance or reduce 

precipitation via cloud-evaporation feedback. More evapotranspiration promotes cloud 

and precipitation formation. Increased cloudiness decreases evapotranspiration by 

reducing shortwave radiation reaching the surface; in response the clouds dissipate, 

increasing evapotranspiration again. Previous precipitation may trigger this effect. 

Obviously, cloud-evaporation feedback is highly nonlinear due to various processes 

involved at different scales.

Changes in globally-averaged annual precipitation and evapotranspiration (Fig. 5.6) 

exhibit correlations >0.863, 0.897, and 0.935 for DBL-CTR, LUC-CTR, and LUCDBL- 

CTR, respectively. According to the ANOVA plus multiple testing, doubling CO2 

significantly increases DJF precipitation in northwestern China, Mongolia, western 

Europe, along the equator, and north of 60°N (Fig. 5.7a, c). In the latter region, 

increased atmospheric moisture supply resulting from sea-ice retreat is a main reason. 

In JJA, the area experiencing significant precipitation changes in response to doubling
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C 0 2 is smaller than in winter, especially at mid-latitudes and high-latitudes (Fig. 5.7b,

e).

The ANOVA plus multiple testing shows that the impact of land-cover changes 

alone and the impact o f the interaction between the two treatments on precipitation are 

much weaker than the impact of doubling C 0 2 alone (Fig. 5.7d, f). Nevertheless, and 

although land-cover changes occur at local (not continental) scales, the interaction 

between increased C 0 2 and changed land-cover significantly affects precipitation in 

regions far from the areas o f altered land-cover (Fig. 5.7d, f).

Globally-averaged precipitation decreases in LUC boreal summer. However, from 

May to October, LUCDBL precipitation increases exceed DBL increases, indicating 

that land-cover changes affect global water cycling differently under reference and 

enhanced C 0 2 conditions (Fig. 5.6b). In LUC, reduced LAI via deforestation causes 

decreased transpiration leading to less summer precipitation. In LUCDBL, -1.3 K 

greenhouse effect warming and increased surface wind due to reduced roughness length 

(a deforestation consequence) yield enhanced evapotranspiration (Fig. 5.6a) compared 

to CTR, DBL, and LUC.

In response to doubling C 0 2, runoff increases significantly in Alaska, Canada, the 

northern continental US, most o f Europe, and central and south Africa during DJF (Fig. 

5.8a, c). In JJA, a significant impact of doubling C 0 2 on runoff occurs in some river 

basins close to the coasts (Fig. 5.8b, e).

As expected, local land-cover changes only marginally affect globally-averaged 

runoff (Figs. 5.6c). Land-cover changes and the interaction o f changed land-cover and
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doubled CO2 have little effect on winter or summer runoff over most of the globe (Fig. 

5.8d, f).

If both treatments are applied concurrently, globally-averaged runoff changes 

significantly according to the t-test except in February, March, June, and July. The 

ANOVA plus multiple testing reveals significant interaction between the two treatments 

in October, when runoff increases more than after doubling CO2 alone. Interestingly, 

under reference CO2 conditions land-cover changes reduce October runoff (Fig. 5.6c) 

due to the temperature-albedo effect. In LUC, decreased near-surface temperature 

reduces evapotranspiration and precipitation, creating a positive feedback that finally 

reduces runoff. However, in LUCDBL, under doubled CO2 temperature increases 

substantially (1.8 K) causing enhanced evapotranspiration and precipitation, while land- 

cover changes decrease LAI, reducing the amount of water intercepted by and 

evaporated from the canopy, and enhancing LUCDBL runoff compared to DBL; 

consequently, the treatment interaction enhances LUCDBL runoff more than the effect 

of either treatment alone.

A region’s residence time is defined as the ratio o f regionally-averaged monthly 

precipitable water to precipitation. Increased residence time means that all phases of 

water remain longer in the atmosphere before reaching the ground. Thus, water is more 

likely to be transported farther from its source than in the reference condition. The 

opposite is true for decreased residence time. On average, doubling CO2 significantly 

increases globally-averaged residence time, but land-cover changes have marginal 

impact (Fig. 5.6d). No significant interaction exists when the two treatments are applied
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concurrently. Consequently, the significant (by Student’s t-test) LUCDBL residence

time increase results from doubling C 0 2, not from changing land-cover or from 

nonlinear interactions between the treatments.

Besides sea-ice retreat, snow-albedo feedback, and cloud-evaporation feedback, 

other mechanisms modify regional water-cycles. Land-cover changes assumed in this 

study, for instance, decrease interception storage. Since summer near-surface air 

temperatures differ only marginally between LUC and CTR, additional water 

contributes to infiltration and runoff rather than to surface evaporation. In the following 

discussion, we will call this feedback loop “consequences of reduced interception” for 

simplicity. Furthermore, as discussed below, slight large-scale-circulation shifts may 

alter moisture advection and hence affect regional water cycles tremendously.

5.4.2 Yukon

The ANOVA plus multiple testing reveals a significant interaction between doubled 

C 0 2 and altered land-cover for November (Fig. 5.9a) evapotranspiration. November 

evapotranspiration increases in both DBL and LUCDBL due to sea-ice retreat. However, 

DBL evapotranspiration increases ~3 mm/mon more than LUCDBL evapotranspiration 

because o f the decreased LUCDBL temperature resulting from snow-albedo feedback 

over altered land-cover.

In most months, precipitation is affected more by doubling C 0 2 than by changing 

land-cover (Fig. 5.9b). According to the ANOVA plus multiple testing, DBL 

precipitation significantly increases in most months except for July, September, and
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October, primarily due to increased evapotranspiration and moisture advection in 

response to warmer near-surface air temperature. This increase of DBL winter moisture 

advection mainly results from the increased near-surface temperature and evaporation 

rather than from the stronger pressure gradient (Li et al. 2007). The winter Pacific North 

America (PNA) indices in DBL and LUCDBL marginally differ from the PNA index in 

CTR (Fig. 5.10a, Table 5.2); marginal changes of the Aleutian Low occur in response to 

doubled CO2. Thus, changes in winter precipitation closely relate to changes in the PNA 

index. This agrees with Leather et al.’s (1991) findings on the correlation between 

winter precipitation and PNA index in the American Northwest. According to the 

ANOVA plus multiple testing, Yukon region land-cover changes impact precipitation 

similarly under different CO2 conditions.

The impact o f changed land-cover on runoff is marginal because most runoff occurs 

during snowmelt when Yukon vegetation is only marginally active (Fig. 5.9c). Note that 

conifers actively photosynthesize at temperatures around the freezing point. In DBL and 

LUCDBL, relatively higher temperatures under doubled CO2 retard fall snow-cover 

onset, and hasten spring snowmelt. The slight shift in favor o f more liquid precipitation 

also contributes to higher winter runoff and lower runoff during snowmelt than in CTR 

(Fig. 5.9c). In the northern Yukon, snowmelt occurs around late May/early June. 

Consequently, runoff increases significantly from November to April and in August, but 

significantly decreases in June in response to doubling CO2. No significant interaction 

exists between the impacts of changed land-cover and increased CO2 on runoff; the 

response to the combined treatments is similar to the response to increased CO2 only,
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indicating that under either reference or doubled CO2 conditions, land-cover changes 

only marginally impact runoff.

According to the ANOVA plus multiple testing, land-cover changes significantly 

increase November residence time due to significantly decreased November 

precipitation (Fig. 5.9d). September residence time increases less in LUCBL than in 

DBL, and treatment interaction is significant. This diminished increase results from 

reduced evapotranspiration due to the consequences of reduced interception in 

LUCDBL as explained earlier, and counteracts increased potential evaporation caused 

by higher temperatures under increasing CO2. Consequently, the September atmosphere 

contains less precipitable water in LUCDBL than in DBL.

5.4.3 Ob

In summer, the Ob region’s upper soil is wet; soil moisture fractions (ratio of actual 

volumetric water content to porosity) exceed 77% for all projections. Land-cover 

changes yield decreased evapotranspiration from late spring to late fall (Fig. 5.1 la). The 

original forest takes up water for transpiration from deep in the active layer; the 

modified landscape’s grass and crops draw water from shallower levels. 

Evapotranspiration significantly increases year-round in DBL due to generally warmer 

conditions. In LUCDBL, evapotranspiration also increases, but less than in DBL except 

in August. The smaller evapotranspiration increase in LUCDBL than in DBL suggests 

that the impact o f land-cover changes on evapotranspiration mitigates the effect of 

doubling C 0 2. Nevertheless, LUCBDL evapotranspiration increases significantly
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according to a t-test except for July, September, and October. Despite opposing impacts 

o f changed land-cover and doubled CO2 on summer evapotranspiration (decrease vs. 

increase), the interaction between changed land-cover and increased CO2 will remain 

insignificant if  these changes occur simultaneously.

The ANOVA plus multiple testing identifies strongly decreased LUC September 

precipitation, exceeding the decrease after doubling CO2 or after combined treatments 

(Fig. 5.11b). As pointed out above, the assumed land-cover changes decrease 

evapotranspiration. In September, warmer air advected across the western and southern 

Ob regional boundaries in LUCDBL combined with marginally increased sensible heat 

fluxes yield a 0.8K temperature increase as compared to CTR. Increased temperature 

and decreased moisture supply to the atmosphere result in reduced relative humidity 

(Fig. 5.12), increased residence time, and less precipitation than in CTR (Fig. 5.1 lb, d). 

No obvious disturbance of the North Atlantic Oscillation (NAO) index caused by land- 

cover changes is found in September.

Concurrently doubling CO2 and changing land-cover increases precipitation 

significantly (t-test) in February, May, June, November, and December, but according 

to the ANOVA, no significant treatment interaction exists. Since this increased 

precipitation is mainly due to increased evapotranspiration in a warmer climate and 

since evapotranspiration decreases in response to land-cover changes, we attribute 

increased LUCDBL evapotranspiration and the resulting increased precipitation to 

increased CO2 (Fig. 5.11b). In September, however, land-cover changes alone strongly
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reduce precipitation because they increase sensible heat fluxes at the cost of 

evapotranspiration, thereby significantly increasing residence time (Fig. 5.1 la, d).

During April and May, runoff decreases <7.5mm/mon in DBL, but increases by 3 

mm/mon in LUC despite decreased LUC precipitation in May (Fig. 5.11b, c). If  both 

doubled CO2 and changed land-cover occur, the effect of reduced interception loss on 

runoff will partly compensate for decreased snowmelt in May resulting from earlier 

onset o f snowmelt under increased CO2. Thus, in the Ob region, land-cover changes 

alter precipitation partitioning between various regional water-cycle pathways during 

snowmelt for both CO2 concentration levels.

In LUC, the snow-albedo feedback yields a cooler atmosphere than in CTR once 

snow-cover is established. Since saturated water-vapor pressure exponentially decreases 

with decreasing temperature, LUC residence time decreases slightly in winter, and 

significantly in September and October (Fig. 5.1 Id). In contrast, warmer DBL 

temperatures increase residence time. For concurrent changed land-cover and doubled 

CO2, counteracting treatment effects reduce the winter increase of residence time, but 

during summer and fall, the combined impact enhances the magnitude o f residence-time 

increase compared to DBL. Although the ANOVA detects no significant treatment 

interactions for these months, the t-test shows that increased LUCBDL residence time is 

significant in July, September, and October. The increased summer and fall residence 

time in DBL, LUC, and LUCDBL can be explained by changes in temperature and 

precipitation. In September, for instance, the residence time increase (<2.2 days) peaks 

in all three simulations due to (up to 2 K) increased air temperatures. This substantial
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temperature increase accompanies a relatively small decrease in evapotranspiration (2 

mm/mon) and moisture advection compared to CTR, leading to decreased precipitation 

(<9 mm/mon). The precipitation decrease is ten times larger than the precipitable water 

decrease, and negatively correlates (r = -0.810) with the residence time increase.

5.4.4 St. Lawrence

Since the St. Lawrence region is relatively humid with considerable available water, 

atmospheric demand mainly governs evapotranspiration. Therefore, temperature 

increases associated with doubling CO2 (1.2 to 2.9 K compared to CTR) dominate 

changes in regional evapotranspiration. DBL evapotranspiration significantly increases 

in all months with a maximum of < 4.5 mm/mon in April (Fig. 5.13a). Land-cover 

changes affect evapotranspiration insignificantly under reference CO2. In contrast, 

under doubled CO2, especially in March and October, land-cover changes further 

enhance increased evapotranspiration caused by doubling CO2, while LUC 

evapotranspiration is reduced (Fig. 5.13a). The ANOVA plus multiple testing indicates 

significant (90% confidence level) interactions between changed land-cover and 

doubled CO2. In March, cloud-evaporation feedback explains the different impact of 

land-cover changes found for LUC and LUCDBL. In October, the decreased 

evapotranspiration under LUC as compared to CTR results from snow-albedo feedback. 

However, despite the fact that LUCDBL albedo is slightly higher than DBL albedo, 

increased cloudiness and reduced long-wave radiation loss in LUCDBL (Fig. 5.14) 

considerably enhance temperature increases in DBL.
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Impacts o f land-cover changes on precipitation are small and insignificant year- 

round in the St. Lawrence region under reference CO2 conditions (Fig. 5.13b). However, 

in response to the land-cover changes the winter NAO index decreases resulting in more 

years with a negative NAO index (Fig. 5.10b, Table 5.2). This suggests a weakening of 

the Westerly prevailing winds, and decreased storminess. Therefore, the significant 

precipitation increases under doubled CO2 are partially offset by land-cover changes 

(Fig. 5.13b).

Runoff changes marginally in response to land-cover changes or to the interaction 

between treatments (Figs. 5.13c). Similar to the Ob region, changed land-cover alone or 

doubled CO2 alone have opposite impacts on runoff during snowmelt in the St. 

Lawrence region. However, concurrent treatments decrease spring runoff more in 

LUCDBL than in DBL, mainly due to enhanced evapotranspiration and often lower 

precipitation in LUCDBL than DBL (Fig. 5.13a, b).

Doubling CO2 increases residence time in most months; land-cover changes do the 

opposite under reference CO2 conditions (Fig. 5.13d). The two treatments significantly 

interact in June; land-cover changes enhance the response to doubled CO2, but decrease 

residence time under reference CO2. In June, evapotranspiration increases more in 

LUCDBL than in DBL due to cloud-evaporation feedback. The exponential relationship 

between temperature and saturation water-vapor pressure increases the amount o f water 

vapor that can be taken up before saturation is reached and precipitation formation starts. 

The greater near-surface wind speed in LUCDBL than in DBL helps to export moisture
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from the region before precipitation reaches the ground (Fig. 5.13b). Therefore, 

residence time increases in LUCDBL compared to DBL (Fig. 5.13d).

5.4.5 Colorado

In the Colorado region, evapotranspiration is commonly limited by soil moisture 

under reference CO2 and land-cover conditions. Thus, even if warmer conditions after 

doubling CO2 permit higher potential evapotranspiration than under reference CO2, both 

DBL and LUCDBL evapotranspiration will decrease from summer to fall compared to 

CTR (Fig. 5.15). Nevertheless, changing land-cover decreases June evapotranspiration 

by 4 mm/mon, four times the decrease after doubling CO2. Reduced canopy storage, 

and new vegetation that takes water from levels closer to the surface than the original 

vegetation explain the appreciably decreased LUC June evapotranspiration (Fig. 5.15a).

Only a marginal correlation exists between precipitation in the American Southwest 

and the PNA index (Leather et al. 1991). Thus, any changes in PNA (Fig. 5.10) cannot 

explain changes in Colorado precipitation. The annual cycle of the impact of land-cover 

changes on Colorado precipitation closely follows the annual cycle o f impact on 

evapotranspiration with a correlation coefficient of 0.875 (Fig. 5.15a, b). The same is 

true for land-cover change effects under doubled CO2 (r=0.837). The significant 

September DBL precipitation decrease (-6 mm/mon) results from increased surface 

sensible heat fluxes (< 1 .6 W /m 2), but decreased evapotranspiration (-3 mm/mon). 

Thus, energy is partitioned differently in DBL than in CTR. Due to enhanced sensible
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heat fluxes, near-surface air temperature is 2.9 K higher in DBL than in CTR. 

Atmospheric moisture demand increases, but is not satisfied by evapotranspiration.

September evapotranspiration is hardly affected by land-cover changes (Fig. 5.15a), 

but precipitation increases due to increased moisture advection. Doubling CO2 further 

increases moisture advection; the increase is greater in the combined treatment than in 

LUC alone, but less than in DBL. Precipitation decreases similarly in LUCDBL and 

DBL; land-cover changes affect precipitation differently under reference and doubled 

CO2 conditions. Obviously, doubling CO2 decreases evaporation, i.e. the fraction o f 

precipitation originating from within the region is enhanced by land-cover changes 

under reference, but not under doubled CO2 conditions.

The ANOVA indicates that doubling CO2 significantly decreases runoff in February, 

March, August, and September, but neither the impact of changing land-cover alone or 

the effect o f treatment interaction is significant (Fig. 5.15c). DBL runoff decreases 

because more precipitation falls as rain in winter, winter runoff increases, less snow 

accumulates, and snowmelt runoff is reduced. Decreased precipitation and enhanced 

residence time in summer and early fall significantly decrease DBL August and 

September runoff (Fig. 5.15b, c, d).

From July to October changing land-cover reduces residence time (by up to 1.8 days) 

(Fig. 5.15d), but doubling CO2 significantly increases residence time (by up to 3.2 days). 

Simultaneously changing land-cover and doubling CO2 increases residence times even 

more in July and August than doubling CO2 alone. The nonlinear response of residence 

time to the two treatments can be partially explained by decreased precipitation and
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marginally increased precipitable water, as was seen in the Ob region. Note that the 

Colorado region has both the highest CTR residence time to begin with and the highest 

DBL and LUCDBL residence time increase during summer.

5.5 Conclusions

The fully-coupled CCSM version 2.0.1 is used to examine the response o f the global 

water cycle and the water cycles of four regions, the Yukon, Ob, St. Lawrence, and 

Colorado and lands adjacent to them, to doubling CO2 (DBL), land-cover changes that 

only occur in the center of these regions (LUC), and the same land-cover changes under 

doubled CO2 conditions (LUCDBL). An ANalysis Of VAriance with F-test and 

Tukey’s test at the 95% confidence level serves to evaluate treatment influences on 

water-cycle-relevant quantities. Herein, changing land-cover, doubling CO2, and 

concurrently changing land-cover and doubling CO2 are referred to as treatments.

Regional water cycles slow down under doubled CO2 conditions both without and 

with land-cover changes, i.e. residence time increases. Increased residence time 

suggests that upwind conditions can influence regional water cycles; a region’s effect 

extends further downwind than under reference CO2 conditions, or to say this in a 

different way, a region is affected by more distant upwind regions.

Independent o f CO2 conditions, land-cover changes affect water-cycle-relevant 

quantities only slightly on the global scale, because they are assumed to occur only in 

the core o f the four study areas. Nevertheless, notable impacts of land-cover change 

alone and significant impacts of treatment interactions are not restricted to areas of
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changed land-cover (Figs. 5.5, 5.7, 5.8). Generally land-cover-change impact is greater 

in summer than winter because changed vegetation characteristics (e.g., modified LAI, 

root depth, interception storage capacity, stomatal resistance) affect evapotranspiration 

directly, while albedo and emissivity changes affect evapotranspiration indirectly via 

altered partitioning of net radiation. Due to atmospheric water transport, local land- 

cover changes may have inter-regional consequences that increase when CO2 is doubled 

because o f increased residence times. The potentially far-reaching impact o f local land- 

cover changes in a warmer climate suggests that further investigations into the influence 

of land-cover on the climate system are urgently needed.

Occasionally, significant nonlinear interactions exist between the impacts of 

changing land-cover and doubling CO2 on precipitation and residence time. These 

significant interactions between the treatments result from the sensitivity o f phase 

transition processes to temperature, and hence sensitivity to temperature changes. 

Whether treatment interactions become significant for a given water-cycle-relevant 

quantity depends greatly on a region’s thermal, climatic, and hydrological regime, and 

on the season. Due to the temporal and spatial heterogeneity o f interaction between the 

impacts o f changing land-cover and doubling CO2, conclusions drawn for the global 

scale can be misleading when applied to a region.

On the regional scale, during the cold season, the LUCDBL changes in runoff are 

broadly in phase with, and of similar magnitude to those of DBL for all regions (cf. Figs. 

5.9, 5.11, 5.13, 5.15). The same is true for cold season evapotranspiration increases in 

St. Lawrence, Ob, and Yukon. In spring, changes in LUCDBL and LUC residence
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times are in phase in the Yukon and Ob regions. In summer, changes in LUCDBL and 

LUC precipitation are in phase in the Ob and St. Lawrence regions. This similarity 

between LUC and LUCDBL means that local land-cover changes have comparable 

impacts on the water cycles of these regions under reference and doubled CO2 

conditions.

In Colorado, land-cover changes significantly enhance sensible heat flux. Therefore, 

summer temperatures and atmospheric water demands increase more in LUCDBL than 

in DBL. At the same time, land-cover changes reduce evaporation o f intercepted water 

and transpiration. Thus, evapotranspiration and precipitation decrease in LUCDBL 

compared to DBL. Consequently, we conclude that summer dryness will intensify water 

shortages in this semi-arid region if  the assumed land-cover changes occur concurrently 

with doubling CO2. Compared to the separate effects o f changed land-cover and 

doubled CO2 on residence time, their combined impact enhances June residence time in 

the St. Lawrence region. In the Yukon region, the combined treatment diminishes 

November evapotranspiration and September residence time. These results show that 

combining changed land-cover and doubled CO2 may either diminish or enhance 

separate treatment impacts on water-cycle-relevant quantities. They also indicate that 

the effect of land-cover changes is not the same everywhere under altered CO2 

conditions. Obviously, whether or not the interaction between two treatments, doubling 

CO2 and changing land-cover, is significant depends on complex thermal, dynamical, 

and hydrological preconditions.
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How efficient a (feedback) mechanism can become in response to anthropogenic 

changes is also regionally dependent. For all four regions, the snow-albedo feedback, 

for instance, decreases winter and early spring near-surface air temperature in areas of 

changed land-cover. Since snow-albedo feedback depends heavily on solar zenith angle, 

changed land-cover impact on snow-albedo feedback is limited by low high-latitude 

solar zenith angles during boreal winter. However, the effects o f land-cover changes 

become apparent ( 1 ) during spring, when downward radiation increases while snow is 

still present and (2) where snow lasts longer than at mid-latitudes, or (3) in fall, where 

high-latitude snowfall occurs earlier than at mid-latitudes. Where land-cover has 

changed, reduced near-surface air temperatures result in more winter snowfall and 

increased spring runoff in LUCDBL compared to DBL. However, in the St. Lawrence 

region, for example, increased snow-albedo feedback resulting from land-cover changes 

lasted for a shorter time, due both to shorter duration of snow coverage than in higher- 

latitude regions or CTR, and to less winter snowfall than in CTR.

Temperature increases due to doubling CO2 may affect the partitioning of 

precipitation between liquid and solid forms. Consequently, following land-cover 

changes, the onset of the snow-albedo feedback effect occurs later in LUCDBL than in 

LUC. Thus, the impact of combined treatments depends on the delay o f snow-cover 

onset (which relates to air temperature).

In the Ob and St. Lawrence regions, land-cover changes impact spring runoff 

differently under reference and doubled CO2 conditions. In the Yukon, land-cover
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changes hardly affect spring runoff under either CO2 condition, while in Colorado, both 

changing land-cover and doubling CO2 reduce spring runoff.

In regions governed by low-pressure systems external to the region (e.g., Yukon in 

winter), or where storm tracks advect large amounts of moisture into the region (St. 

Lawrence), doubling CO2 largely increases low-level cloud-fraction and thereby 

reduces long-wave radiation loss. Consequently, the temperature impact o f land-cover 

changes may not be noticeable if the two treatments occur concurrently. However, this 

interaction may not occur in semi-arid regions like Colorado, where the annually- 

averaged low-level cloud-fraction is < 10%.

Treatment interactions may also vary between water-cycle components. 

Evapotranspiration is more sensitive to land-cover changes and interactions between 

CO2 concentration and land-cover changes than is precipitation, because land-cover 

changes directly influence evapotranspiration by altering surface wind speed, canopy 

interception storage capacity, or transpiration. Nevertheless, despite the complexities of 

these interactions and the difficulties posed by the great variability that exists between 

regions in response to changing climate and landscape, the likely future increases in 

atmospheric CO2 concentration and the vital importance of the global water cycle and 

regional water cycles to life on earth and within a region makes it clear that elucidating 

the characteristics o f regional water cycles and accurately projecting their response to 

possible future climate and land-cover changes is a task o f vital importance for the 

atmospheric science community.
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Table 5.1 Annual means, bias, root means square errors and standard deviation o f errors 

o f near-surface air temperature, cloud-fraction, and precipitation.

2 2 2

Simulated

mean

Observed

mean RMSE Bias SDE

SAT (°C) Global 7.1 5.5 3.3 1.5 2.9

Yukon -6.3 -6.9 3.2 0.6 2.9

Ob 0.7 -0.8 3.1 1.6 2.4

St. Lawrence 8.2 6.5 2.8 1.7 2.1

Colorado 16.9 13.4 4.5 3.5 2.4

CF (%) Global 63 67 22 -4 22

Yukon 74 68 11 6 9

Ob 63 67 13 -4 5

St. Lawrence 53 72 21 -19 7

Colorado 42 54 18 - 1 2 13

P (mm/mon) Global 64.1 61.7 50.4 2.4 50.1

Yukon 53.4 35.6 24.0 17.7 15.6

Ob 45.1 39.5 11.6 5.6 8.6

St. Lawrence 66.4 78.5 19.6 - 12 .1 12.8

Colorado 41.9 33.7 26.3 8.2 2 1 .1
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Table 5.1 Average North Atlantic Oscillation and Pacific North America indices.

223

The numbers are the years with positive winter NAO and PNA indices over 30 years for 

control (CTR), doubled CO2 only (DBL), changed land-cover only (LUC), and changed 

land-cover plus doubled CO2 (LUCDBL) conditions. PNA values are given in brackets.

CTR DBL LUC LUCDBL

Average 1 (0) 0 (0) 0.6 (-0.6) 0 (0)

Number o f years 

with positive index 17(15) 15 (15) 14(16) 15 (15)
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Fig. 5.1 Location of the study regions.

Yukon (Y), Ob (O), St. Lawrence (S), and Colorado (C). The area of each region is 

about 3.27-106km2. Note that due to the map projection, high-latitude study regions 

appear larger than mid-latitude study regions.
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Fig. 5.2 Differences in near-surface air temperature.

Contours are the differences between conditions of doubled CO2 (DBL) and control 

(CTR), changed land-cover (LUC) and CTR, and concurrently changed land cover and 

doubled CO2 (LUCDBL) and CTR used to determine spin-up time. The zero line is bold. 

The dotted areas indicate positive differences greater than 2 K, the shaded areas indicate 

negative differences exceeding 1 K. The vertical line indicates years required for spin- 

up time and therefore discarded from the analysis.
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(a) (b)
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Month

Month
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Month

Fig. 5.3 Annual cycles o f monthly averaged water cycle quantities.

(a) evapotranspiration (ET), (b) precipitation (P), (c) runoff (RO), and (d) residence 

time (RT) for the globe (gray), the Yukon (solid), Ob (dashed), St. Lawrence (dotted), 

and Colorado (dash-dotted) regions.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



227

Month M onth

M o n t h Category (m m/m on)

C a te g o r y  (m m / m o n )

 -------------- — -GL
---------------- YU
---------------------- O B
................... -ST

Fig. 5.4 Statistical skill scores for precipitation.

(a) bias (BIAS), (b) standard deviation of error (SDE), (c) root mean square error 

(RMSE) o f precipitation, and (d) accuracy o f precipitation simulation, (e) Eleidke skill 

scores as a function of precipitation threshold values for the globe (gray), the Yukon 

(solid), Ob (dashed), St. Lawrence (dotted), and Colorado (dash-dotted).
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Fig. 5.5 Seasonally averaged evapotranspiration.

Control (CTR) conditions for (a) December-January-February (DJF) and (b) June-July- 

August (JJA). Differences in seasonally-averaged evapotranspiration between 

conditions of doubled CO2 (DBL)-CTR during (c) DJF and (e) JJA, and concurrently 

changed land-cover and doubled CO2 (LUCDBL)-CTR during (d) DJF and (f) JJA. 

Stippled areas indicate significant changes (ANOVA plus multiple testing; >95% 

confidence level) due to doubling CO2 and the interaction of changed land-cover and 

doubled CO2. There are few significant changes for LUC (therefore not shown). Note 

that the ANOVA plus multiple testing indicates significant interaction between the 

effects o f changing land-cover and doubling CO2 on evapotranspiration, not significant 

changes in evapotranspiration.
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Fig. 5.5 continued
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Fig. 5.5 continued
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Fig. 5.5 continued
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(e)

Fig. 5.5 continued
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Fig. 5.5 continued
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Fig. 5.6 Differences in global average monthly water cycle quantities.

(a) evapotranspiration (AET), (b) precipitation (AP), (c) runoff (ARO), and (d) residence 

time (ART). The thin solid, thin dashed, and thick solid lines represent conditions of 

doubled CO2 (DBL) - control (CTR), changed land-cover (LUC)-CTR, and 

concurrently changed land-cover and doubled CO2 (LUCDBL)-CTR, respectively. 

Circles and triangles indicate significant impact o f  doubling CO2 and changing land- 

cover, respectively. Squares identify significant interaction between the impacts of 

changing land-cover and doubling CO2. Stars indicate significant differences between 

LUCDBL and CTR according to a Student’s t-test.
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(a)

Fig. 5.7 Like Fig. 5.5, but for precipitation.

Note that contour spacing for (a) and (b) differs from that in Fig. 5.5a, b for better 

illustration.
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Fig. 5.8 Like Fig. 5.5, but for runoff.

Note that contour spacing for (a) and (b) differs from that in Figs. 5.5a, b and 5.7a, b, 

and that contour spacing for (c) to (f) differs from Figs. 5.5c-f and 5.7c-f for better 

illustration.
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Fig. 5.9 Differences in the annual cycles o f monthly water cycle quantities.

(a) evapotranspiration (AET), (b) precipitation (AP), (c) runoff (ARO), and (d) 

residence time (ART) for Yukon. The thin solid, thin dashed, and thick solid lines 

represent conditions o f doubled CO2 (DBL) -  control (CTR), changed land-cover 

(LUC)-CTR, and concurrently changed land-cover and doubled CO2 (LUCDBL)-CTR, 

respectively. Circles and triangles indicate significant impact o f doubling CO2 and 

changing land-cover, respectively. Squares identify significant interaction between the 

impacts o f changing land-cover and doubling CO2. Stars indicate significant differences 

between LUCDBL and CTR.
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Fig. 5.10 Time series o f winter Pacific North America and North Atlantic Oscillation 

indices.

(a) NAO, (b) PNA. The gray lines, thin solid black lines, thin dashed black lines and 

thick solid black lines stand for reference (CTR) conditions, doubled C 0 2  (DBL), 

changed land-cover (LUC), and concurrently changed land-cover and doubled C 0 2 

(LUCDBL), respectively.
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Fig. 5.12 Vertical profile of domain-averaged relative humidity.

From the surface to 100 hPa for the Ob region in September. Solid and dashed lines 

represent control (CTR) and changed land-cover (LUC), respectively.
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Fig. 5.13 Like Fig. 5.9, but for the St. Lawrence region.
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Fig. 5.14 Differences in low-level cloud-fraction and long-wave radiation loss.

The differences between conditions of concurrently changed land-cover and doubled 

CO2 (LUCDBL) - doubled CO2 (DBL) in domain-averaged low-level cloud-fraction 

(solid line), and long-wave radiation (LWR) loss at the top o f the atmosphere (dashed 

line) for the St. Lawrence region in October. Note that cloud-fraction ranges between 0 

and 1. For convenience, the lines for zero changes in low-level cloud-fraction and for 

long-wave radiation loss at the top of the atmosphere are shown as thick solid and thick 

dashed lines, respectively.
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Fig. 5.15 Like Fig. 5.9, but for the Colorado region.
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Chapter 6 ANOVA with tripling CO2

6.1 Introduction

Cubasch et al. (1995) analyzed a 30-year simulation with tripling CO2 performed 

with ECHAM3 fixed sea level temperature and sea ice distribution taken from a 

transient climate simulated by a coupled atmosphere-ocean general circulation model 

but with a coarser resolution than ECHAM3. They found that compared to doubling 

CO2 both rainfall and dry period are intensified in many regions under tripling CO2. 

Based on a GCM projection, Burkhardt (1999) showed that precipitation will increase 

by 6% of the observations in the alpine region (41.9°-50.2°N; 4.2°-15.4°W) for a tripling 

CO2. The increased precipitation is related to increased large-scale flow and water 

vapor fluxes in the atmosphere. Using a statistical approach to model the same tripling 

CC>2-projection, Burkhardt (1999) also pointed out that the GCM generated changes in 

the large-scale flow resulted in larger changes of precipitation than they would probably 

in nature.

Similar to Chapter 5 ANalysis O f VAriance (ANOVA; see Chapter 5 for details) is 

applied but to four simulations, namely CTR, TPL, LUC and LUCTPL. The purpose is 

to investigate the role of land-cover under tripled CO2 levels. Note that Chapter 5 has 

summarized some main results of the impacts of tripling CO2, therefore the main focus 

of this chapter is to detect the different behaviors of land-cover changes under doubled 

and tripled CO2 concentrations. This chapter serves as a key to the questions 4 and 5 

posed in Chapter 1, i.e. how do the interaction and feedbacks characterize the response 

o f water cycles under different CO2 conditions and what is the uncertainty o f water
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availability given limited predictability of future CO2 or land-cover. To our best 

knowledge, there are no studies that focus on the impact o f co-occurring tripled CO2 

and altered land-cover on water cycles.

6.2 Results and discussion

6.2.1 Global impact

Compared to CTR, the increases of globally averaged evapotranspiration (2.5 

mm/mon) and precipitation (3.2 mm/mon) in both LUCTPL and TPL are significant 

year-round according to the Student t-test (Table 6.1, Fig. 6.1). Global annually 

averaged evapotranspiration and precipitation increase more under tripled than doubled 

CO2 condition despite o f land-cover changes (cf., Figs. 5.3c, e, 5.5c, e, 6.2a, c, 6.3a, c). 

On average, the warmer atmosphere under tripled than doubled CO2 conditions 

promotes enhanced snow-albedo feedback The area with significantly increased 

evapotranspiration is larger in TPL than in DBL both in boreal summer (17%) and 

winter (9%). This enhancement is more obvious over ocean than over land (Figs. 5.3c, e, 

6.2a, c, 6.3a, c) due to the fact that free-water evaporation is mainly controlled by 

atmospheric demand while the evapotranspiration over land may be limited due to 

stomatal resistance or soil-moisture limitations.

As discussed in Chapter 5, the impact of land-cover changes on evapotranspiration 

and precipitation is more pronounced in boreal summer than winter. On global average, 

the impacts o f land-cover changes or interaction o f the two treatments (here the term 

“two treatments” refers to altered land-cover and tripled CO2) remain insignificant
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through the year (cf. Figs 5.4, 6.1). However, compared to the results from LUCDBL, 

larger areas are significantly affected by land-cover changes or by the interactions when 

altered land-cover co-occurs with tripled CO2 (cf. Figs. 5.3d, f, 5.5d, f, 6.2b, d, 6.3b, d). 

This finding indicates enhanced influence of altered land-cover under tripled than 

doubled CO2 for both evapotranspiration and precipitation (Table 6.2).

Global averaged monthly runoff increases (0.5 mm/mon) from August to March and 

decreases (0.5 mm/mon) from May to July in TPL and LUCTPL compared to CTR. In 

most months, the runoff increases/decreases in TPL (LUCTPL) are significant and of 

similar order o f magnitude as those in DBL (LUCDBL) due to the balanced global 

increase in precipitation and evapotranspiration under both doubled and tripled CO2 

conditions. In most areas where runoff is high in CTR, tripling o f CO2 further enhances 

the impacts o f doubling CO2 on runoff (Fig. 6.4). As pointed out in Chapter 5, the 

impacts o f land-cover changes alone are insignificant on global averaged runoff as 

expected because the land-cover changes are assumed locally. However, enhanced 

impacts o f land-cover changes on runoff are found in Alaska in DJF and in the 

Southwest o f the United States in JJA. This finding suggests enhanced impact o f altered 

land-cover on runoff in these river basins under tripled compared to doubled CO2 

conditions. The mechanisms will be explained later in the regional discussion.

The impact o f land-cover changes on global average residence time is marginal 

under both reference and tripled CO2 conditions (Fig. 6.1). The increasing CO2 

condition is the major driving force for the increase o f residence.
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The impacts o f altered land-cover on evapotranspiration are similar under doubled 

and tripled CO2 (Figs. 5.7a, 6.5a) in the Yukon region. In response to the altered land- 

cover, evapotranspiration increase significantly in October (1 mm/mon). The decrease 

o f LAI in land-cover change scenarios tends to reduce the interception loss and 

increases the through-fall. However, the substantially enhanced temperature (4.5 K) 

under tripled CO2 conditions overwrites this effect by significantly increased (1.5 

mm/mon) evaporation from the ground surface. Furthermore, higher temperatures also 

mean a shift of the partitioning o f precipitation towards more rain at the cost of snow. 

Less energy is required for evaporation than sublimation, a fact that also promotes 

increased evapotranspiration. Therefore, the impact o f land-cover changes on 

evapotranspiration is significant in October according to ANOVA (Figs. 6.5a).

Due to the higher near-surface air temperature (up to 3 K) under tripled than 

doubled CO2 concentration, precipitation increases about twice as much in TPL and 

LUCTPL than in DBL and LUCDBL when compared to CTR (Figs. 5.7b, 6.5b). 

Obviously, the differences in near-surface air temperature and thus in precipitation 

between TPL and DBL (the same is true for LUCTPL and LUCDBL) are more 

pronounced in winter than in summer because o f the snow-albedo feedback. In March, 

the combined impact of tripled CO2 concentrations and altered land-cover increases 

precipitation, but the increase is less than that caused by tripling CO2 alone due to lower 

March temperatures in LUCTPL than in TPL (Fig. 6.5b).
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The impact of altered land-cover on runoff enhances under tripled CO2 as compared 

to reference or doubled CO2 conditions. In consistency with the changes in precipitation, 

runoff diminishes in February, August and November up to 5 mm/mon in LUCTPL 

compared to TPL (Fig. 6.5c). Due to low evapotranspiration in January, the change in 

runoff follows the change in precipitation in both TPL and LUCTPL. Since the altered 

land-cover reduce winter near-surface temperature and precipitation in LUCTPL as 

compared to TPL, less runoff occurs in January in LUCTPL than in TPL.

In September, the land-cover changes decrease precipitation and therefore increase 

residence time in LUC as compared to CTR. Under tripled CO2 concentrations, the 

modified land-cover slightly decreases the near-surface temperature (-0.75 K) and 

weakens the low pressure system in the Bering Sea and leads to less moisture advection 

in LUCTPL than in TPL (Fig. 6.6). Therefore the precipitable water increases less in 

LUCTPL than in TPL, and so does residence time (Fig. 6.5), i.e. the response to the 

land-cover changes is different under the different CO2 conditions.

6.2.3 Ob

In the Ob region, the impact of altered land-cover on evapotranspiration is similar 

under doubled than tripled CO2 conditions (Figs. 5.9a, 6.7a). As discussed in Chapter 5, 

the land-cover changes reduce the water uptake by roots and therefore reduce 

transpiration in most months. This process is most pronounced in June.

Like for the Yukon region, increases o f winter precipitation (as compared to CTR) 

are greater in TPL than in DBL, and greater in LUCTPL than in LUCDBL (Figs. 5.9b,
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6.7b) due to higher near-surface temperatures under tripled than doubled CO2 

conditions. The impact of land-cover changes is insignificant according to ANOVA. 

However, in January and September, the responses to the altered land-cover interact 

significantly with the responses to the tripled CO2 condition. In January, large-scale 

transport from the Mediterranean Sea and/or Atlantic Ocean is the major source o f 

moisture (see Chapter 3). Land-cover changes modify the near-surface pressure and 

increase (decrease) the moisture flux in LUC (LUCTPL) compared to CTR (TPL) (Fig. 

6.8). This increase (decrease) in moisture flux leads to increase (decrease) of 

precipitation. In September, the Ob region is less influenced by large-scale moisture 

transport; the land-cover changes diminish (enhance) local moisture convection in the 

lower atmospheric levels and thus diminish (enhance) precipitation in LUC (LUCTPL) 

as compared to CTR (TPL) (Fig. 6.9).

The stronger decrease of spring runoff in TPL than DBL (compared to CTR, Figs. 

5.9c, 6.7c) is due to the shift o f snow (-2.3 mm/mon) to rain (4.9 mm/mon) in fall and 

winter under tripled than doubled CO2 conditions. Impacts o f land-cover changes on 

runoff are small throughout the year under reference C 0 2. From July to September, 

precipitation and evapotranspiration greatly balance each other. Therefore runoff 

reaches its minimum during these months in all the simulations (Fig. 6.7c).

As discussed in Chapter 5, changes in residence time are highly correlated with the 

changes in precipitation (r =-0.810). The significant impacts o f interactions between the 

two treatments on residence time in January and September is related to the changes in 

precipitation for the same months (Fig. 6.7d).
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In the relatively humid climate of the St. Lawrence, regional evapotranspiration is 

mainly governed by atmospheric demand, therefore sensitive to temperature changes. 

Near-surface temperature is about 1.4 K higher under tripled than doubled CO2 

conditions. Accordingly, evapotranspiration is 2.0 mm/mon higher in TPL than DBL 

and 2.1 mm/mon in LUCTPL than LUCDBL on annual average. The impact of altered 

land-cover on evapotranspiration remains low year-round under reference CO2 

conditions (see Chapter 4). However, in March, significant interaction between altered 

land-cover and tripled CO2 enhances the increase o f evapotranspiration (1.5 mm/mon) 

in LUCTPL as compared to TPL (Fig. 6.10a). In LUC, the decreased LAI and slightly 

decreased temperature hinders evapotranspiration as compared to CTR. When land- 

cover changes and increasing CO2 occur concurrently, the high sensitivity o f 

evapotranspiration to temperature leads to a 3.5 mm/mon increase o f evaporation from 

ground, i.e., the impact of the warmer conditions overcompensates the impact of 

decreased LAI.

Changes in precipitation and runoff in TPL and LUCTPL are similar to those in 

DBL and LUCDBL (Figs. 5.11b, 6.10b). In TPL, the enhanced temperature increase 

reduces snowfall (-1.1 mm/mon) as compared to DBL. Thus during snowmelt, runoff 

decreases stronger in TPL than DBL when compared to CTR (Figs. 5.11c, 6.10c). As 

discussed in Chapter 5, precipitation and runoff in closely relate to storm tracks and are 

more sensitive to increasing CO2 conditions than land-cover changes. Impacts of land-
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cover changes and interactions between altered land-cover and tripled CO2 remain 

insignificant year round according to ANOVA (Fig. 6.10c).

There is no significant impact of altered land-cover or the interaction between 

altered land-cover and tripled CO2 on residence throughout the year.

6.2.5 Colorado

In the Colorado region, evapotranspiration increases significantly during winter in 

TPL and LUCTPL (Fig. 6.11a). Note that despite near-surface temperature increases 

significantly year-round under both doubled and tripled CO2 conditions, summer 

evapotranspiration decreases (about 1 mm/mon) because evapotranspiration is soil- 

water limited during summer (see Chapter 3).

In LUC and LUCTPL, the changes in precipitation closely follow those in 

evapotranspiration (Fig. 6.1 la, b). In September, the decrease of precipitation caused by 

tripling CO2 is intensified when land-cover changes occur simultaneously. Similar to 

LUCDBL, in LUCTPL the decrease of September precipitation is a consequence o f 

increased sensible heat flux (2 W/m2) and decreased evapotranspiration (-3 mm/mon) 

caused by land-cover changes as compared to TPL.

Consistent with doubling CO2, runoff decreases during spring when tripling CO2 

(Fig. 6.10) due to reduced snowfall (-1.8 mm/mon) in winter as compared to CTR. In 

November under reference CO2 condition, the land-cover changes weaken the high 

pressure system which leads to slightly increased precipitation (Fig. 6.12a, b). However, 

the opposite is true when altered land-cover co-occurs with tripled CO2 concentration
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(Fig. 6.12c, d). Consequently, the runoff slightly increases in LUC but decrease in 

LUCTPL in November. This significant interaction implies different responses to 

altered land-cover under reference and tripled CO2 conditions. Similar behavior, but to a 

much less extend, is found when comparing the responses to altered land-cover under 

reference and doubled CO2 conditions (Figs. 5.13c, 6.1 lc).

The altered land-cover yields to an enhanced residence time under both reference 

and tripled CO2 conditions in November (Fig. 6.1 Id). In November, the near-surface 

temperature increases about 1 K in LUCTPL compared to TPL. Given the small 

changes in evapotranspiration, the increased temperature enables moisture to remain 

longer in the atmosphere before saturation occurs and hence precipitation may form. 

Thus residence time is longer in LUCTPL than in TPL (Fig. 6.1 Id).

6.3 Conclusions

The global and regional water cycles response similar, but with higher increase in 

precipitation and evapotranspiration under tripled than doubled CO2 conditions due to 

the warmer climate in the former than the latter. Compared to CTR, annual 

evapotranspiration and precipitation increases on global average as well as in all the 

study regions in TPL. In response to increased CO2, the increase of evapotranspiration 

is higher over the oceans than over land (due to the unlimited water availability from 

ocean) and higher in high-latitude winter than in other areas and seasons (due to snow- 

albedo feedback). In the Ob, St. Lawrence and Colorado regions, the annual increases 

o f precipitation and evapotranspiration in response to tripled CO2 mainly balance each
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other and lead to marginal changes in runoff. However, in the Yukon region, the 

increase o f evapotranspiration is limited by low (especially during winter) atmospheric 

demand. Therefore annual runoff increases by 23% in TPL compared to CTR (Table 

6.1).

The assumed land-cover changes mean a decrease of the leaf area index and hence 

decrease o f interception loss, given the same precipitation. However, if  altered land- 

cover and increased CO2 occur concurrently, higher long-wave radiation at surface will 

lead to increases in temperature and evaporation from the ground. These changes can 

overwrite the decrease in the interception loss caused by land-cover changes, and cause 

an increase o f total evapotranspiration. The results o f these two competing mechanism 

show significant interactions between tripled CO2 and altered land-cover in Yukon and 

St. Lawrence regions. Generally the interaction between altered land-cover and tripled 

CO2 condition is higher than those between altered land-cover and doubled C 0 2 

condition. This fact indicates a non-linear behavior of land-cover changes with 

increasing CO2.

Like under reference or doubled CO2 conditions, land-cover changes alter monthly 

precipitation mainly by two mechanisms under tripled CO2 conditions. During the cold 

season, land-cover changes modify the pressure systems and moisture transports 

through the study regions (e.g., Ob in January). During the warm season, the enhanced 

or diminished evapotranspiration and local convection also contribute to the changes in 

precipitation (e.g., Ob and Colorado in September). According to the ANOVA, 

significant impacts o f the interactions between altered land-cover and tripled CO2 on
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precipitation are found occasionally in the two high-latitude (Yukon and Ob) regions, 

but not in the two mid-latitude (St. Lawrence and Colorado) regions. Thus, one has to 

conclude that in the mid-latitude regions, precipitation is more sensitive to increasing 

CO2 than other to other factors.

The runoff changes generally agree with the precipitation changes in LUC and 

LUCTPL in all study regions in most months. However, if  precipitation and 

evapotranspiration highly balance each other, runoff will become highly sensitive to 

interaction of the responses to altered land-cover and tripled CO2 (e.g., during July to 

September in Ob). This finding suggests high uncertainty of water cycles in the areas of 

balanced precipitation and evapotranspiration under concurrent CO2 increase and land- 

cover changes.

In general, interactions between the response to tripled CO2 and altered land-cover 

are more pronounced than that between doubled CO2 and altered land-cover. This 

means that the same land-cover changes may play more important roles and complicate 

the changes in water cycles as CO2 concentration increases.
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Table 6.1 Annual water cycle quantities for the Globe and four study regions.
266

CTR DBL TPL LUC LUCDBL LUCTPL

Global

P 840 860.4 878.4 840 861.6 877.2

ET 772.8 788.4 802.8 772.8 789.6 801.6

R 130.8 133.2 136.8 130.8 134.4 135.6

RT 91.2 97.2 102 91.2 97.2 102

Yukon

P 562.8 620.4 693.6 558 618 654

ET 175.2 200.4 212.4 175.2 198 213.6

R 223.2 231.6 274.8 224.4 236.4 249.6

RT 67.2 73.2 70.8 80.4 72 74.4

Ob

P 541.2 578.4 598.8 530.4 571.2 602.4

ET 379.2 408 432 368.4 404.4 429.6

R 123.6 122.4 120 124.8 122.4 116.4

RT 85.2 92.4 99.6 86.4 92.4 97.2
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Table 6.1 continued

CTR DBL TPL LUC LUCDBL LUCTPL

St. .awrence

p 862.8 914.4 938.4 877.2 910.8 926.4

ET 741.6 777.6 812.4 740.4 784.8 807.6

R 146.4 145.2 134.4 152.4 136.8 134.4

RT 76.8 81.6 85.2 74.4 81.6 86.4

Colorado

P 502.8 495.6 510 501.6 483.6 493.2

ET 414 415.2 427.2 411.6 414 421.2

R 69.6 62.4 61.2 68.4 58.8 58.8

RT 114 132 135.6 115.2 132 139.2
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Fig. 6.1 Anomalies in global averaged monthly water cycle quantities.

(a) evapotranspiration, (b) precipitation and (c) runoff, and (d) residence time. The thin 

solid, dotted and thick solid lines represent TPL-CTR, LUC-CTR, and LUCTPL-CTR, 

respectively. Circles and triangles indicate significant impact of tripled CO2 and altered 

land-cover, respectively. Squares identify significant interactions. Stars indicate 

significant differences between LUCTPL and CTR.
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Fig. 6.2 Seasonally averaged changes in evapotranspiration.

Obtained from TPL-CTR for (a) DJF and (c) JJA, LUCTPL-CTR for (b) DJF and (d) 

JJA. Dotted areas indicate significant changes (at the 95% confidence level or higher) 

due to tripling CO2 and land-cover changes and interaction o f the responses to land- 

cover changes and tripling CO2 as identified by the ANOVA.
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Fig. 6.2 continued
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Fig. 6.2 continued
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Fig. 6.2 continued
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Fig. 6.3 Like Fig. 6.2, but for precipitation.
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Fig. 6.3 continued
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Fig. 6.3 continued
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Fig. 6.3 continued
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(a)

Fig. 6.4 Like Fig. 6.2, but for runoff.

Note that contour spacing for (a) and (b) differs from that in Figs. 6.2a-d and 6.3a-d for 

better illustration.
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Fig. 6.4 continued
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Fig. 6.5 Annual cycles of anomalies for regionally averaged water cycle quantities.

(a) evapotranspiration, (b) precipitation, (c) runoff, and (d) residence time for Yukon. 

The thin solid, dotted and thick solid lines represent TPL-CTR, LUC-CTR, and 

LUCTPL-CTR, respectively. Circles, triangles and squares indicate months with 

significant impact of tripling C 0 2 and land-cover changes, and significant interaction 

between the responses to the two treatments, respectively. Stars indicate significant 

differences between LUCTPL and CTR according to a Student’s t-test.
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Fig. 6.6 Annual cycles of moisture fluxes through the Yukon region.

Obtained from CTR (solid), LUC (dashed), TPL (dotted), LUCTPL (long-short-short 

dashed).
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Fig. 6.7 Like Fig. 6.5, but for the Ob region.
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(a ) hPa

Fig. 6.8 Sea-level pressure and anomalies over the Ob region.

Obtained in January for (a) CTR, (b) LUC-CTR, (c) TPL, and (d) LUCTPL-TPL. The 

box indicates the Ob study region. The arrows in part (a) are the wind vectors at 850 

hPa for CTR, and the shaded area in part (b) is the anomaly (LUC-CTR) o f wind speed 

magnitude in m/s.
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Fig. 6.8 continued
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Fig. 6.8 continued
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Fig. 6.8 continued
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Fig. 6.9 Vertical profiles o f changes in moisture convection the Ob region.

For September for LUC -  CTR (solid) and LUCTPL -  CTR (dashed).
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Fig. 6.10 Like Fig. 6.5, but for the St. Lawrence region.
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Fig. 6.11 Like Fig. 6.5, but for the Colorado region.
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Fig. 6.12 Sea level pressure over the Colorado region.

Obtained in November for (a) CTR and (b) LUC-CTR, (c) TPL and (d) LUCTPL-TPL. 

The box indicates the Colorado study region. The arrows in part (a) are the wind vectors 

at 850hPa for CTR, and the shaded area in part (b) is the anomaly (LUC-CTR) of wind 

speed magnitude in m/s.
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Fig. 6.12 continued
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Fig. 6.12 continued
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Fig. 6.12 continued
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To investigate the impacts of land-cover changes and increasing CO2 concentration 

on water cycles, the fully coupled Community Climate System Model version 2.0.1 

(CCSM) is used to carry out ten simulations of varied CO2 concentration levels (lxCC>2, 

2xCC>2, 3xCC>2) without and with land-cover changes (Table 1.1). The land-cover 

changes are assumed in the core of four similar-sized study regions, the Yukon, Ob, St. 

Lawrence and Colorado basin and their adjacent land (Fig. 1.1). The reference CO2 

concentration amounts 355 ppmv.

For comparison and easy evaluation of the model with the typical 30-year 

climatologies, 30 years of CCSM projections are analyzed using various statistic skill 

scores. Bias, standard deviation error (SDE), root-mean-square error (RMSE), accuracy 

and Heidke skill scores are calculated to evaluate the model performance for current 

climate. The standard deviations o f monthly precipitation averaged over the 30 

ensemble members of each simulation vary from 0.30 (CTR) to 0.53 (LUCTPL) 

mm/mon. They also differ on the annual courses.

Similarity analysis is performed to detect (1) the spatial and temporal changes in 

evapotranspiration and precipitation and (2 ) the propagation of the impact of land-cover 

changes on these quantities. The influences of land-cover changes and increasing CO2 

concentrations on water cycles are compared to each other using ANalysis O f VAriance 

(ANOVA). Student-t and F-tests as well as Tukey tests (at the 95% or higher 

significance level) are applied to identify significant changes in the mean values and in 

the variance.
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Changes o f the global water cycle are generally dominated by increasing CO2 than 

the land-cover changes assumed here (Table 6.1). Snow-albedo feedback plays an 

important role the in changes o f precipitation and evapotranspiration and leads to 

greater impacts in the high-latitude than in the other regions (Chapters 3, 5, 6). In most 

months, the changes in the high-latitude regional precipitation and evapotranspiration 

are more enhanced under tripled than doubled CO2 concentration indicating enhanced 

polar amplification under increasing CO2 concentrations. Note that the output o f 17 

models of the IPCC AR4 series 21st century runs (855 ppmv of CO2) showed that mean 

precipitation increased by 33% for the north of Arctic Ocean around 70°N (Kattsov et al. 

2006). In my study, the increase of precipitation for the Northern Hemisphere high- 

latitude region (ocean plus land) is about 10% for doubling CO2 (710 ppmv). This 

difference may be due to the different study areas of Kattsov et al.’s and my study and 

the change in CO2 levels chosen (increase with time vs. doubling/tripling). Increased 

CO2 concentrations lead to higher air temperature and therefore higher saturation water- 

vapor pressure. This means the water vapor can stay for longer time (increased 

residence time) in the atmosphere, and water cycles are “slowed down” under 

increasing CO2 concentrations. Note that on the other hand, monthly precipitation and 

evapotranspiration increase for the global average and for many regions (e.g., over the 

Arctic Ocean), which can be viewed as “intensified” water cycles under increasing CO2 

concentrations. The intensification of the water cycle found in my study is consistant 

with other recent studies (Peterson et al. 2006).
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In all four study regions, the interactions between the regional water cycles and the 

global water cycle increase with increasing CO2 due to higher water vapor in the 

atmosphere and slowed down the regional water cycles in a warmer climate (Chapter 3, 

6). The slightly shifted position or the altered strength o f the semi-permanent pressure 

systems affect the in- and outflow for the regional water cycles. Since the four study 

regions have different positions relative to the location of the semi-permantent pressure 

systems, changes in the global-regional interactions differ among the study regions. For 

example, in the Yukon region, a more balanced water inflow and outflow is established 

under increasing CO2. However, in the St. Lawrence region, diminished moisture export 

indicates a role o f moisture source of the St. Lawrence region under increasing CO2.

Under reference CO2 concentrations, the of land-cover changes strongly alter the 

local evapotranspiration and precipitation during the transition seasons due to the 

combined impacts of enhanced snow-albedo feedback and altered transpiration (Chapter 

4). On the regional averages, the altered land-cover causes the lowest changes for the 

regional averages in the Yukon region and the highest in the Ob region. The impacts o f 

altered land-cover on the regional averages are intermediate in the St. Lawrence and 

Colorado regions. In the Yukon region, the changes in the regional averages are small 

due to considerably complex terrain and cold temperature, short growing season and 

small change in the large-scale water vapor advection. In the Ob region, pronounced 

effects of enhanced snow-albedo feedback throughout the winter are evident over the 

entire region, and in summer due to high dependence of regional water cycle on 

evapotranspiration, the reduced transpiration due to land-cover changes play important
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role. This suggests the sub-arctic continental regions could be the most sensitive area 

for the land-cover changes under the reference CO2 concentrations.

The impacts o f the land-cover changes can be transported far-away from the altered 

landscape by atmospheric moisture and heat advection and by secondary effects 

(Chapter 4). Modified heat or moisture fluxes due to the land-cover changes cause 

different cloud and precipitation formation in the downwind area. This modified cloud- 

cover and/or precipitation are affecting evapotranspiration. The altered surface forcing 

yields for further changes in atmospheric conditions, cloud and precipitation formation 

and, hence, further transport of the impacts of the latered landscape. In general, land- 

cover changes in the study regions with long residence time (e.g., the Ob region) have 

strong influence on precipitation and evapotranspiration in the downwind areas. Since 

residence time increases under increasing CO2 concentrations almost everywhere, one 

has to conclude that farther-reaching impacts and enhanced interactions between 

different regions have to be expected when landscapes change and CO2 concentrations 

increase concurrently.

In general, land-cover changes behave non-linearly under increasing CO2 

concentrations and the interactions between the impacts of land-cover changes and 

increasing CO2 conditions enhance under tripled as compared to doubled C 0 2 

conditions (Chapter 5, 6). However, whether the interactions of land-cover changes and 

increasing CO2 concentration enhance or diminish the individual impacts of the 

different treatments (land-cover changes, increasing CO2 concentration) may not be 

consistent under doubled and tripled CO2 concentrations. For example, the enhanced
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snow-albedo feedbacks caused by the assumed land-cover changes can be 

overshadowed by shifts of precipitation from snow to rain under increasing CO2 

concentrations The competition of these two mechanisms is highly regional and CO2 

level dependent.

Overall, the main new findings o f my study are that the behaviors o f land-cover 

changes highly depend on regions, seasons and CO2 levels. One may conclude that 

higher uncertainties in changes of regional water cycles are to be expected in the future 

under the combined influences of land-cover changes and increasing CO2 

concentrations. This study shows that to further improve the understanding o f future 

water cycles, the interactions between different forcing factors (land-cover changes, 

various greenhouse gas increases) and between different water cycles need to be 

evaluated in more regions to obtain a complete picture. The results of my study also 

suggest that vegetation dynamics should be included to simulate additional feedbacks 

between the atmosphere and land-cover not considered in my study (see chapter 5 for 

reasoning). Moreover, besides increasing CO2 concentration, the impact o f changes of 

other greenhouse-gas concentrations on regional water cycles and the global water cycle 

and their interaction should be examined to better assess uncertainty in water-cycle 

relevant quantities in future projections.
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Appendix A: Evaluation of the model 

A .l Analysis methods

To evaluate the model performance of CCSM, skill scores are determined in accord 

with Anthes (1983) and Anthes et al. (1989) for precipitation, near-surface air 

temperature (SAT), cloud cover, snow depth and soil temperature using climatologies 

determined from the reference simulation (CTR) and climatologies derived from 

observational data or reanalysis (CLI). The bias error

measures systematic errors that stem from the numerical methods, physical 

parameterizations, etc. The standard deviation of error

measures the random error caused by misrepresented initial and boundary conditions or 

observational errors. The root mean square error

measures the overall performance. Here, N is the number o f grid cells, and CTR" and 

CLIn represent the quantity from CTR and CLI for a single grid cell.

For precipitation, the accuracy (Anthes 1983, Anthes et al. 1989)

BIAS = — ( CTRn -  CLI") 
N  n=l

(A .l)

(A.2)

(A.3)

A q  = ____________________________
N1 + N2 + N3 + N4

N1 + N4 (A.4)

and the Heidke skill score (Wilks 1995, Zhong et al. 2005)
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n £  2(N 1-N 4-N 2-N 3)__________
(N1 + N3)(N3 + N4) + (N1 + N2)(N2 + N4) '

are calculated. Here, N1 (N4) represent the number o f cases for which both CTR and 

CLI show higher (lower) values o f precipitation than a certain threshold. N2 (N3) 

represents the number o f cases for which higher (lower) values occur in CTR, but lower 

(higher) values occur in CLI than the threshold. Ac ranges from zero to one, and 

indicates the model’s ability to capture precipitation over a certain threshold level. HS 

ranges from minus one to one, and indicates the model’s performance against random 

chance. An HS value equal to or less than zero indicates that model performance is 

equivalent to or worse than random chance. The closer to unity the accuracy or Heidke 

skill score are, the better the model performs.

In this study, the thresholds chosen for evaluation of globally-averaged precipitation 

are 5, 10, 15, 30, 45, 75, 100, 150, 300, and 450 mm/mon. In addition to the evaluation 

o f globally-averaged quantities, regional comparisons of monthly precipitation, SAT 

and cloud cover between CTR and CLI are discussed for the four study regions. To 

better represent the model performance for the study regions, different thresholds o f 10 , 

20, 30, 40, 50, 60, 70, 80, 90, and 100 mm/mon are used for the regional evaluations.

A perfect simulation would have zero RMSE and a spatial correlation (hereafter 

correlation) of one. Therefore, correlation coefficients and RMSE are compared 

concurrently to assess the quality of simulations.
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The climatology data include monthly precipitation from the Global Precipitation 

Climatology Centre (GPCC) for 1971 to 2000 at a resolution of 2.5° x 2.5°; SAT from 

the European Centre for Medium-Range Weather Forecasts reanalysis data (ERA40; 

Uppala et al. 2005) at a resolution o f 2.5° x 2.5°; cloud cover data based on the 

International Satellite Cloud Climatology project (ISCCP; Rossow and Schiffer 1999) 

for 1984 to 2004 at a resolution of 2.5° x 2.5°, and snow-depth data based on more than 

3000 sites for 1978 to 2003 and soil-temperature data based on more than 400 sites for 

1951 to 2000. The soil-temperature and snow-depth datasets cover the Siberian part of 

Russia and stem from the National Snow and Ice Data Center (Zhang et al. 2001). All 

the snow-depth and soil-temperature climatology data are interpolated to the CCSM 

2.8° x 2.8° grid using a Cressman (1959) interpolation (c.f. PaiMazumder et al. 2007). 

Precipitation data are only available for land-area except for Antarctica. The ERA40 

reanalysis combines in-situ observational, satellite, and radiosonde data, and reproduces 

the atmospheric conditions with quality-control assimilations (Uppala et al. 2005). 

Therefore reanalysis data are often considered to be “gridded observations” in climate 

research.

The CTR simulated soil temperature is interpolated to the same depths (0.2, 0.4, 0.8, 

1.6, and 3.2 m) for which the soil temperature climatology is available. Note that 

Narapusetty and Molders (2006) showed that errors from such vertical interpolation are 

negligibly small compared to errors resulting from the numerical scheme applied. For 

the uppermost layers, the soil temperatures were measured by inserting a mercury
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thermometer in an ebonite pipe, and for the deeper soil layers measurements were made 

using a permanently installed thermometer. In the upper soil, heat conduction resulting 

from temperature differences between the pipe and soil may lead to systematic errors in 

soil-temperature observations (PaiMazumder et al. 2007).

A.3 Soil temperature

CCSM overestimates soil temperature for all layers in all months. For the first two 

levels (0.2 m, 0.4 m), the BIAS is the lowest (4 K) in October (Fig. A .l). At 0.8 m, the 

lowest BIAS (4.5 K) occurs in November. The soil temperature BIAS at 1.6 m is higher 

for the cold than for the warm season, and the lowest BIAS for this layer exists in June 

(4 K). For the deepest layer (3.2 m), the highest and lowest BIAS is in September (10 K) 

and spring (3 K), respectively (Fig. A .l). This systematic error may be due to the 

constant-flux boundary condition o f the soil model. Molders and Romanovsky (2006) 

found that a constant-flux boundary condition may accidentally provide a better or 

worse result depending on how close the real conditions come to a constant flux. 

Systematic errors due to heat conduction by the pipe only occur in the uppermost layers 

and are the largest in January (underestimation) and August (overestimation). This 

agrees with PaiMazumder et al. (2007) who found shortcomings in CCSM3.0 similar to 

those found here for CCSM2.0.1.

The annual cycles of SDE and RMSE of Russian soil temperature are similar to 

BIAS cycles except at deeper layers (1.6m, 3.2m; Fig. A .l), where the discrepancy 

between simulated and observed climatology shows greater SDE than BIAS. Observed
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and simulated soil temperature are highly correlated (correlation >0.600) at all levels, 

with RMSEs ranging from 4 K to 10 K.

A.4 Near-surface air temperature 

A.4.1 Global near-surface air temperature

CCSM overestimates globally-averaged near-surface air temperature year-round as 

compared to the ERA40 data (Fig. A.2). BIAS is highest in March (2 K) and lowest in 

June (1 K). The SDEs o f SAT reach their primary maximum during March and April 

(3.2 K), and their secondary maximum in July (3.1 K). Similar to what was found for 

BIAS and SDE, the maximum RMSE (3.7 K) occurs in March/April. The overall model 

performance for SAT is better in DJF, JJA, and SON than in MAM. This behavior may 

be due to the warm bias caused by too high (low) sensible (latent) heat flux during 

snowmelt simulated by the land component of CCSM, which warms the lower 

atmosphere at high northern latitudes (Bonan et al. 2002, Kiehl and Gent 2004). Based 

on RMSE and correlations, CCSM performs best for the St. Lawrence region and for 

the global average (Fig. A.2).

A.4.2 Regional near-surface temperature 

A.4.2.1 Yukon

Bonan et al. (2002) found that CCSM shows warm bias during winter and cold bias 

during summer for the Arctic. I also find such bias behavior for the entire Yukon study 

region (Fig. A.2). The maximum positive BIAS (3.0 K) occurs in November and
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maximum negative BIAS (1.2 K) exists in July. SDE and RMSE are higher in the cold 

than in the warm season. The highest SDE occurs in December (4.1 K) and the highest 

RMSE is in November (5.0 K). The reasons for the errors can be related to the age of 

the snow and to albedo parameterizations, surface biome classification, and surface 

upward longwave radiation, among other things (see also Bonan et al. 2002).

A.4.2.2 Ob

For most months, SAT is overestimated in the Ob region in CTR. The maximum 

overestimation occurs in summer (up to 3.4 K). The greatest SDE (3.6 K) exists in April. 

Overall, the model represents the SAT best in the cold season, with the lowest RMSE 

(1.6 K) in January; representation is worst in the warm season, with the highest RMSE 

(4.7 K) in May. Among other things, identified incorrect cloud-cover simulated in 

CCSM is a cause for incorrect SAT (see section 7.5.2.2).

A.4.2.3 St. Lawrence

Warm bias is found for the St. Lawrence region year-round (Fig. A.2). The highest 

BIAS occurs in March (2.6 K) and the lowest in May and November (< 1 K). In 

contrast to the Ob region, in the St. Lawrence region CCSM performs better in the 

warm season (especially in early summer and in fall) than in the cold season. SDE and 

RMSE are about 1 K higher in winter than in summer. This is due to the fact that the 

temperature difference between ocean and continent is generally higher in winter (7.2 K) 

than in summer (-0.6 K). Therefore, differences in land-sea distribution in the model
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and nature cause greater errors in winter than in summer (see Chapter 4 for further 

details).

A.4.2.4 Colorado

Warm bias is found in all months in the Colorado region in CTR (Fig. A.2). The 

BIAS and RMSE have similar annual cycles, with a July maximum of 8 K and 9 K, 

respectively. SDE is also highest (4 K) during summer. The reason for the high 

systematic errors during summer may relate to overly high emission of longwave 

radiation from the surface in semi-arid regions (Bonan et al. 2002).

A.5 Cloud cover 

A.5.1 Global cloud cover

CCSM underestimates cloud cover in all months on global average (Fig. A.3). The 

negative BIAS is greatest (up to 5 % absolute) during boreal summer. This may be due 

to the too early onset of deep convection leading to an overly dry lower troposphere 

(Zhang and McFarlane 1995, Collins et al. 2003). The underestimation of deep 

convection results in less simulated than observed cloud cover.

The annual cycles o f SDE and RMSE of cloud cover are similar (Fig. A.3). The 

maximum SDE and RMSE are in March and July (around 23 % absolute) and the 

minimum SDE and RMSE are in October/November (around 20 % absolute). The much 

higher SDE and RMSE than BIAS indicate that CCSM overestimates or underestimates 

cloud-cover in different areas. Dai and Trenberth (2004) used 3-hourly cloud 

observations from 1983 to 2001 obtained from Rossow et al. (1996) and found that
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CCSM overestimates the cloud cover by up to 20 % in the tropics, but underestimates it 

by up to 30 % in the extra-tropics. This closely agrees with the results found for the 

CCSM version used in my study.

A.5.2 Regional cloud cover 

A.5.2.1 Yukon

CCSM overestimates the cloud cover (3 to 11 % absolute) for the Yukon region 

year-round except in May and June (Fig. A.3). The maximum BIAS is in March and 

September (11 % absolute). These overestimations lead to the highest RMSE (15 % 

absolute) for the same months. The SDE of cloud cover ranges from 7 % to 11 % 

(absolute) with the highest value in October (11 % absolute). Note that uncertainty in 

cloud detection from satellite data is around 10-15%, the errors simulated by CCSM are 

less than 15 % (absolute), one can conclude that CCSM accurately captures cloudiness 

in Yukon.

A.5.2.2 Ob

Overestimation (underestimation) of cloud cover is found during the cold (warm) 

season in CTR (Fig. A.3a). From March to September, the Ob region is cut off from its 

large-scale moisture source and local convection becomes important for cloud 

formation. Due to the too dry conditions caused by the too early onset o f convection (a 

known problem of the convective scheme, c.f. Dai and Trenberth 2004), too few clouds 

form in CCSM compared to the ISCCP data. Thus, negative BIAS of up to 20 %
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(absolute) and high RMSE of up to 21 % (absolute) are found during this time (Fig. 

A.3).

The SDE varies marginally between different months (Fig. A.3). The average SDE 

is around 5 % (absolute). Based on these findings it is clear that CCSM has appreciable 

difficulties in capturing the cloud conditions in the Ob region. Note that PaiMazumder 

et al. (2007) found that CCSM3.0 also has difficulties in simulating the cloudiness in 

this region too.

A.5.2.3 St. Lawrence

For the St. Lawrence region, cloud cover simulated by CCSM is less than observed 

(Fig. A.3). The BIAS is negative year-round, by as much as -29 % (absolute) in spring. 

During the warm season, the cloud formation through local convection mechanisms 

(e.g., due to moisture convection over the Great Lakes) is underestimated due to the too 

early onset o f convection and the representation o f the lakes in the model (see Chapter 3 

for details). SDE is highest (17 % absolute) in January; RMSE is consist with BIAS and 

shows the lowest (30 % absolute) performance in spring. Compared to the other study 

regions, CCSM has the poorest cloud cover performance for the St. Lawrence region.

A.5.2.4 Colorado

Cloud cover is substantially underestimated during summer in the Colorado region 

in CTR (Fig. A.3). The maximum negative BIAS (24 %) occurs in July and August. 

The SDE is highest in August (21 % absolute), and so is the RMSE (32 %). This means
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that CCSM has appreciable difficulties in simulating the cloud and precipitation 

formation in the mountainous terrain o f the Colorado study region. Note that this 

shortcoming is common to many GCMs (Johns et al. 1997, Flato et al. 2000, Coquard et 

al. 2004); thus it seems reasonable to assume that CCSM’s performance represents the 

current state-of-the-art in modeling techniques, and to accept that in any interpretation 

o f modeling results there is a higher uncertainty for the Colorado than for the other 

study regions. These underestimations in summer contribute to the underestimation of 

precipitation and result in a water cycle that is too dry when compared to nature (see 

section A.6.2.4).

A.6 Precipitation 

A.6.1 Global precipitation

Based on RMSE and correlation coefficients, CCSM performs better for 

precipitation than for cloud cover (cf. Figs. A.3, A.4). Compared to the GPCC data, 

CCSM overestimates precipitation from October to May leading to positive BIAS (up to 

11 mm/mon), and underestimates precipitation from June to September (Fig. A.4) 

leading to negative BIAS (up to 6 mm/mon). The maximum overestimation 

(underestimation) occurs in February (July) for around 20 % (7 %) o f the grid points. 

The BIAS is due to systematic differences between the terrain height in the model and 

nature.

The annual cycles of the SDE (RMSE) o f precipitation show a bimodal distribution 

with a primary maximum of the SDE (RMSE) in July for 60 mm/mon (62 mm/mon)
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and a secondary maximum in February/March for 53 mm/mon (54 mm/mon) (cf. Fig. 

A.4). SDEs and RMSEs have a minimum (44 mm/mon) during SON.

As discussed for cloud cover, the high RMSE and SDE in the summers in both 

hemispheres indicate that it is difficult for the model to capture convection and hence 

convective precipitation (see also Dai and Trenberth 2004). Convective precipitation 

plays an important role in total precipitation in the summer in both hemispheres. 

Therefore, the overall model performance for precipitation is better in MAM and SON 

than in DJF and JJA (Fig. A.4).

Note that the BIAS is a consequence of the shortcomings of the model as well as 

the systematic errors in observed precipitation. For instance, the coarseness o f the 

network may miss local thunderstorms or convective showers in summer, and catch 

deficits may lead to under-recording for preciptiation in winter (see Chapter 4 for a 

detailed discussion of systematic errors for precipitation).

The accuracy for global precipitation is above 78% for all threshold categories in all 

seasons (Fig. A.5). Note that monthly precipitation for most places falls in the range of 

35 mm/mon to 200 mm/mon; the high accuracy for heavy precipitation may be just a 

result o f the small sample size.

The HS o f global precipitation is around 0.6 for precipitation amounts lower than 

150 mm/mon, and decreases substantially for precipitation amounts over 150 mm/mon 

(Fig. A.5). This low HS indicates that it is difficult for CCSM to capture the heavy 

tropical precipitation. However, similar to what was mentioned above for accuracy, the
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low HS for precipitation amounts higher than 300 mm/mon may be biased by the small 

sample size.

A.6.2 Regional precipitation

Note that here only aspects that were not presented in Chapter 4 are discussed to 

avoid redundancy. Regionally-averaged precipitation and mean annual precipitation 

amounts can also be found in Chapter 4. Among the study regions, CCSM performs 

best for precipitation in the Yukon and St. Lawrence regions as judged by the 

correlation coefficient and RMSE (Fig. A.4).

CCSM simulates precipitation with accuracy above 0.6 in all the study regions, with 

higher values in winter than in other seasons (Fig. A.5). According to HS, CCSM 

performs better in the Yukon than in the other regions. The HS for the monthly 

precipitation for most months in the Yukon region (30 mm/mon to 80 mm/mon, see 

Chapter 4) ranges from 0.3 to 0.6. However, due to the poor performance of CCSM in 

capturing convection and convective precipitation, the HS are less than 0.4 for all 

thresholds for the Ob, St. Lawrence, and Colorado regions (Fig. A.5). Note that HS 

around 0.2 to 0.3 are typical for good performance on the regional scale (see Zhong et al. 

2005).

A.6.2.1 Yukon

CCSM captures well the spatial pattern of annual precipitation in the Yukon region. 

However, precipitation is systematically overestimated in all months (see Chapter 4).

312

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The greatest discrepancy between CTR and CLI occurs in September with maximum 

BIAS (34 mm/mon), SDE (26 mm/mon), and RMSE (44 mm/mon; Fig. A.4). Higher 

BIAS, SDE, and RMSE are found in summer and early fall when convective 

precipitation plays a larger role than in other months. The lower terrain elevation in the 

model than in nature also contributes to the errors. Note that due to the deficit caused by 

trace events (up to 50 % of total precipitation for northern Yukon) the observations may 

under-represent the real values (see also Chapter 4).

A.6.2.2 Ob

Similar to the Yukon region, CCSM accurately captures the north-south gradient o f 

annual precipitation in Ob. Overestimation occurs in all months except for August and 

September (see Chapter 4). The positive BIAS is highest in October (12 mm/mon), and 

SDE and RMSE are highest in July at 15.5 mm/mon and 17.5 mm/mon, respectively 

(Fig. A.4). Although similar causes result in precipitation discrepancies between CTR 

and CLI in the Ob and Yukon region, the overall performance of CCSM is better in the 

Ob than in the Yukon region because the Ob region’s flatter terrain and fewer trace 

events. This means that despite the slightly better performance for cloud cover in the 

Yukon region, precipitation simulation is better in the Ob than in the Yukon region. One 

may conclude that the errors in cloud-cover are not a major factor causing errors in 

precipitation simulation. Thus, from a water cycle point of view, the errors in cloud 

cover may be more relevant for evapotranspiration than precipitaiton.
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An overall underestimation (RMSE up to 39 mm/mon and negative BIAS up to 

38 mm/mon in September) of precipitation is found year-round in the St. Lawrence 

region. The highest SDE in July (24 mm/mon) and August (18 mm/mon) and the 

poorest overall performance from July to September can be related to the representation 

o f Great Lakes, the land-sea distribution in the eastern part of the region, and the 

shortcomings of the deep convection scheme (see Chapter 4 for detailed discussion).

A.6.2.4 Colorado

In the Colorado region, patterns of increasing annual precipitation from the West to 

the East exist in both CLI and CTR. However, the low elevation o f the Rocky 

Mountains in the model leads to misrepresentation of the annual cycle o f observed 

precipitation (see Chapter 4). Precipitation is overestimated in most months except in 

summer where the maximum negative BIAS reaches up to 20 mm/mon (Fig A.4). Like 

in the other study regions, SDE (RMSE) is the highest during summer at 32 mm/mon 

(39 mm/mon).

A.7 Snow depth

As mentioned previously, snow-depth data are only available for Russia. Snow 

depth is simulated well (Fig. A.6). The maximum positive (negative) BIAS is 0.015 m 

(-0.012 m) in May (October). The overestimation of SAT postpones snow-cover onset. 

In CTR snow-free conditions in Russia last until October which is one month later than
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in the snow climatology data. This means that accumulation of snow starts later in the 

model with consequences for spring runoff amount and soil temperature.

SDE and RMSE of snow depth are the highest in February and March (Fig. A.6). 

This indicates that CCSM’s performance in simulating snow depth decreases over the 

snow season because errors accumulate over time. Similar results were found for 

CCSM3.0 by PaiMazumder et al. (2007).

A.8 Summary

In this chapter, reference climate condition simulated by CCSM is compared to 

observational and reanalysis data to assess the confidence level o f using CCSM as a tool 

for water-cycle related research. The model performance for soil temperature, near

surface air temperature, cloud cover, precipitation and snow depth is evaluated using 

statistic skill scores, such as BIAS, SDE, RMSE, accuracy and Heidke skill score.

In general, CCSM well captures the global and regional annual averages o f near

surface air temperature, cloud cover, and precipitation (Table. 7.1). In most cases, 

CCSM well represents the annual cycles o f the water-cycle relevant quantities, and the 

simulated and observational/reanalysis values correlate at high levels. CCSM 

overestimates soil temperature over Russia year-round in all the soil layers. This error is 

induced by the flux boundary condition in the model and heat conduction o f the pipe in 

observational data. CCSM simulated snow depth agrees well with the observations over 

Russia.
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Overall, CCSM can be used as a suitable tool to analyze water-cycles under climate 

changes.
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Table A .l Annual averaged statistical skill scores for water cycle quantities.

The mean for simulated (observed) soil temperature (Ts), near-surface air temperature 

(SAT), cloud cover (CC), precipitation (P), and snow depth (SD), globally-averaged 

and for various regions, and the RMSE, BIAS, SDE, and spatial correlation coefficient 

between simulated and (observed) values. Here the superscripts a, b, c, d, and e 

represent the values for the soil layer at 0.2m, 0.4m, 0.8m, 1.6m, and 3.2m, respectively. 

The abbreviations GL, YU, OB, ST, and CO denote the global average and averages for 

Yukon, Ob, St. Lawrence, and Colorado.
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Mean

simulated

(observed) RMSE BIAS SDE

correlation

coefficient

Ts (°C) Russia 6.4a (0.2a) 7.2a 6.2a 3.7a 0.799a

6.3b (0.2b) 7.0b 6.1b 3.6b 0.801b

6.2C (0.2C) 6.9C 6.0C 3.3C 0.810c

6.2d (0.2d) 6.9d 6.0d 3.3d 0.809d

6.2e (0.4e) 6.6e 5.8e 3.2e 0.832e

Ts (°C) OB 7.3a (2.0a) 6.1a 5.3a 2.8a 0.430a

7.3b (1.9b) 6.1b 5.3b LO 00 0.452b

7.2C (2.0C) 6.0° 5.3° 2.7° 0.481°

7.2d (2.0d) 6.0C 5.2d 2.7d 0.518d

7.3e (1.9e) 6.0C 5.3e 2.7° 0.704°
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Table A.l continued

Mean

simulated

(observed) RMSE BIAS SDE

correlation

coefficient

SAT (°C) GL 7.1 (5.5) 3.3 1.5 2.9 0.991

YU -6.3 (-6.9) 3.2 0.6 2.9 0.884

OB 0.7 (-0.8) 3.1 1.6 2.4 0.861

ST 8.2 (6.5) 2.8 1.7 2.1 0.956

CO 16.9(13.4) 4.5 3.5 2.4 0.887

CC (%) GL 63 (67) 22 -4 22 0.250

YU 74 (68) 11 6 9 -0.126

OB 63 (67) 13 -4 5 0.543

ST 53 (72) 21 -19 7 0.567

CO 42 (54) 18 -12 13 0.231

P (mm/mon) GL 64.1 (61.7) 50.4 2.4 50.1 0.752

YU 53.4 (35.6) 24.0 17.7 15.6 0.864

OB 45.1 (39.5) 11.6 5.6 8.6 0.399

ST 66.4 (78.5) 19.6 -12.1 12.8 0.600

CO 41.9 (33.7) 26.3 8.2 21.1 0.430

SD (m) Russia

OB

0.15(0.15)

0.15(0.17)

0.07

0.06

0

0.02

0.05

0.06

0.456

0.667
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Fig. A .l Annual cycle o f statistical skill scores for soil tempareture.

BIAS, SDE, RMSE, and correlation coefficient (from upper left to lower right) for soil 

temperature at various depths in Russia.
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Fig. A.2 Annual cycle o f  statistical skill scores for near-surface air temperature.

BIAS, SDE, RMSE, and correlation coefficient (from upper left to lower right) for the 

globe (GL), Yukon (YU), Ob (OB), St. Lawrence (ST), and Colorado (CO) study 

regions.
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Fig. A.3 Like Fig. A.2, but for cloud cover.
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Fig. A.5 Annual cycle of accuracy and Heidke skill score (HS) for precipitation.
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Fig. A.6 Like Fig. A .l, but for snow depth.

Note that no snow-depth data are available for the other study regions or globally.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Appendix B: Contributions of thesis chapters

B.l Chapter 3

The key topic o f this chapter was adapted from Dr. Molders’ NSF proposal under 

grant ATM0232198. The experimental design was provided by Dr. Molders. The 

literature research, simulations and figures were prepared by Zhao Li. Dr. Molders and 

Dr. Bhatt helped in the physical interpretations and refining o f the text and the figures.

B.2 Chapter 4

The key topic o f this chapter was adapted from Dr. Molders’ NSF proposal under 

grant ATM0232198. The concept o f similarity coefficient was suggested by Dr. 

Molders. The simulations LUC, LUC OB and LUC CO were performed by Dr. 

Molders. The simulations CTR, LUC YU and LUC ST were performed by Zhao Li. 

Most part o f section 4.2.3 was contributed by Dr. Molders. The figures were prepared 

by Zhao Li. Dr. Molders also helped in the literature research, physical interpretations 

and refining of the text and the figures.

B.3 Chapter 5

The key topic o f this chapter was adapted from Dr. Molders’ NSF proposal under 

grant ATM0232198. The concept o f ANOVA was suggested by Dr. Molders. The 

simulations and figures were prepared by Zhao Li. Dr. Molders also helped in the 

literature research, physical interpretations and refining of the text and the figures. She
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performed the simulations LUC, LUCDBL and LUCTPL, Zhao Li carried out the 

simulations CTR, DBL and TPL.

B.4 Chapter 6

Dr. Molders performed the simulations LUC, LUCDBL and LUCTPL, Zhao Li 

carried out the simulations CTR, DBL and TPL.
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