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ABSTRACT 

This dissertation examines the improvement in the simulation of precipita

tion by using a high resolution model and a highly physically-based land surface 

scheme. To investigate the impact of the horizontal resolution on the simulated 

fields, six versions of NCAR's latest Community Climate Model (CCM2) are an

alyzed. The simulations were conducted for periods of 4-20 years. To study the 

effects of the improved land surface scheme in the model, the coupling of BATS to 

the standard model and a revised version of CCM2 with modified optical properties 

for clouds are compared. 

It is evident that the refinement of the model resolution adds further accu

racy to the simulation. The increased resolution of the model improves the defi

nition of the major mountain ranges and the average surface topography of lands 

and oceans. The taller mountains in a high resolution model play an important 

role in modifying the vapor flux over the land surface. They obstruct more water 

flow and reduce the specific humidity and the total precipitable water over land. 

The vapor transport to the land surface is also partly influenced by the changes 

in the large scale circulation. The adjusted surface pressures over the sea surface 

levels simulate more closely the position and magnitude of the observed pressure 

systems. 

A major problem in CCM2 is the excessive surface radiation, which is up 

to 50-100 Wm-2 higher than the Surface Radiation Budget (SRB) dataset over 

vast areas in the summer hemisphere. At a high resolution, the lower land clouds 

reduce the planetary albedo and allow more solar radiation to reach the surface. 
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But in spite of this, the high resolution model improves the amount and distri

bution of the land precipi~ation. The RCCM2-BATS model, which increases the 

optical thickness of the summer clouds, substantially reduces the overestimate of 

the surface radiation. This helps reduce the large discrepancies obtained in summer 

precipitation. The land surface scheme predicts the regional climate more accu

rately than the standard model, but its performance is restricted by the inputs 

and does not show any major improvement in precipitation predictions which are 

mainly controlled by various processes in the atmospheric model. 
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CHAPTER ONE 

INTRODUCTION 

Statement of the Problem 

Precipitation is one of the most complex elements of global climate model

ing. A recent comparison of the observed and simulated precipitation from various 

global climate models shows quite a large model bias over regional scales (Legates 

and Willmott, 1992). The spatial and temporal distribution depend not only on 

the physical processes of radiative transfer, clouds, land surface boundary and 

convective parameterization, but also on the numerical skills and the horizontal 

and vertical resolution of the model. The errors observed in the simulated rain

fall may result from various factors. The precipitationr"Vcloud processes, freezing, 

sublimation and condensation of vapor are not yet properly known (Washington 

and Parkinson 1986). The wide range of moisture values also causes numerical 

instabilities in the climate models. The current vertical and horizontal resolutions 

of various global models are still much larger than the spatial scale of cloud and 

convection processes. In fact, the resolution selection is a compromise between the 

cost of computation and the accuracy of the numerical solution of the dynamic 

equations employed in the global climate models. It is commonly believed that 

by increasing the model resolution, a better solution of these equations will result 

and thereby a better climate simulation. However, the relationship between the 

grid size and various processes in the model, such as the moist convection and the 

planetary boundary layer, is quite complex. These processes depend on the grid 

scale, yet the dependency of their parameterization to grid size is not well known. 

The National Center for Atmospheric Research (NCAR) performed a series 

of experiments on the latest version of their Community Climate Model (CCM2), 

by changing the horizontal resolution from coarse grid R15 (7.5°x 4.5°) to a fine 

grid T106 (1.1°x 1.1°) (Williamson et ai. 1995). The results of these simulations 

may clarify the complexity of the interaction between various components of the 
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model. A major part of this research focuses on the role of model resolution in 

predicting simulated precipitation under various climate conditions by analyzing 

the energy and water balance, averaged over the selected regions. 

Land surface is a major component of the global climate system but the 

treatment of their physical processes in GCM's is still relatively simple (Dickinson, 

1994). A number of studies have shown that the details of land surface parame

terization can make a significant difference in the simulation of surface tempera

ture, evapotranspiration and convective condensation. The Biosphere Atmosphere 

Transfer Scheme (BATS) (Dickinson et al. 1993) is a highly physical-based land 

surface scheme that may be coupled to any GCM as a module. 

Recently some simulations have been conducted with a revised computa

tional scheme of cloud optical properties in CCM2 coupled with the BATS land 

surface scheme (Hahmann et al. 1994). The new algorithm reduced the cloud 

droplet size over land from 10 /Lm to 5 /Lm. It parameterizes the liquid water scale 

height as a function of solar declination angle, hence extending the optical thickness 

of summer clouds. The increased number of droplets raises the cloud reflectivity 

to the incoming solar flux and thus reduces the excessive surface radiation flux in 

the model up to 60 Wm-2 over North America in July. Both versions of the BATS 

coupled model, i. e. the standard CCM2 and CCM2 with the revised cloud prop

erties, are compared with other resolutions to evaluate the extent of the influence 

of land surface scheme in modifying the regional climate. 

Surface land-cover type is another important parameter that can consid

erably modify the amount and distribution of land precipitation over local and 

regional scales by changing the local surface moisture flux. To successfully model 

the interaction between the atmosphere and the land surface, it is important to 

incorporate the actual type of land coverage which exists there. Model simulation 

shows that over land more than 85% of precipitation during summer is a result of 

convection, which is primarily controlled by local surface boundary fluxes. There

fore, any change in land coverage over GCM grid scale can greatly influence the 

local and the regional climates. In BATS, the partition of water and energy input 
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at the surface is a function of the surface classification of vegetation coverage, soil 

texture and soil color. A consensus in classifying land surface types has not yet been 

reached among experts and scientists in the various fields. An important issue for 

the land surface modeler is the appropriate number of vegetation/surface categories 

that realistically represent the huge diversity of the land surface at various scales. 

BATS defines eighteen land-cover/vegetation types which are used to prescribe the 

vegetation and soil-specific parameterization in the model. However, in the absence 

of any observational dataset, the values assigned to some of these parameters are 

either equal or nearly so. Off-line studies show that some of these land covers may 

be combined without any noticeable change in their sensible and latent heat flux at 

GCM grid scale. Global climate models will eventually incorporate remote sensing 

datasets. Running et al. (1993) presented a logic for remotely-sensed vegetation 

classification over the globe. Any reduction in the number of land-cover types will 

simplify the research of land surface modelers. 

Williamson et al. (1995) investigated the dependence of horizontal resolu

tion of the simulated climate on NCAR's latest model version, CCM2, by compar

ing six spectral truncations: R15, T21, T31, T42, T63 and T106. To preserve the 

global average radiative properties, two parameters, related to the threshold value 

of specific humidity in cloud formation, were changed in each resolution. Based on 

January climate statistics, they found that, although the cloud fraction was kept 

almost constant, the global precipitable water in the air column decreased by 10% 

and the total precipitation by 7% as the model grid was changed from coarse to 

fine. Most of the changes in the climate occurred when the resolution was changed 

from low (R15 and T21) to medium (T31 and T42). In another study, on the 

same model without any modification to the cloud parameters, they found that 

the global cloud cover in January was reduced by six percent from T31 to T106 

resolution. 

In other CCM2 resolution experiments conducted by Williamson et al. 

(1995), although the cloud parameterization was tuned to keep the cloud cov

erage constant at the global level, it showed a substantial variation over the land. 
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On the average it decreased by 10% over land in the Northern Hemisphere in both 

January and July. In July it dropped by 20% over the United States, 18% over the 

Amazon and 25% over the Sahara, as the model resolution was changed from R15 

to T106. Similar changes were observed over land in the Southern Hemisphere. 

The modification in cloud cover significantly impacts the surface energy budget, 

surface fluxes and model condensation. 

Objectives and Scope of the Study 

The aim of this investigation is to study the impact of the horizontal resolu

tion and the land surface scheme on precipitation in global climate models. Details 

of this study are three-fold: 

• investigate the role of the horizontal resolution of the model in predicting 

convective and large scale condensation, through changes in cloud coverage, 

radiation balance, surface temperature and surface fluxes, under diverse cli

mate conditions over regional and global scales. This also includes the vali

dation of model output fields with available observed and satellite datasets 

to see if resolution changes improve or deteriorate the simulation results. 

• examine the shift in surface energy and water balance of the model by cou

pling the BATS land surface scheme and the magnitude of atmospheric 

response to the changes at the land surface over various regions with ex

treme weather conditions. This also compares the standard BATS-coupled 

model with the revised optical cloud properties. In addition, this analysis 

will show how these two versions differ from the standard CCM2 model in 

simulating regional climate. 

• investigate the sensitivity of the land cover and vegetation type in BATS 

and determine if some of the land cover may be replaced, interchanged or 

combined, without significant change in the sensible and latent heat flux. 

To investigate these issues, six land regions (three from each hemisphere) 

with diverse climate conditions are included in this study. The northern regions 
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are: the United States, the Sahara, and the Himalayas. The Amazon, Australia, 

and Antarctica are the southern regions. The study also explores these issues over 

the hemisphere levels on land, sea ice and ocean by focusing on January and July 

to represent extreme weather conditions. 

Organization of the Dissertation 

The remainder of this dissertation is organized as follows. 

Chapter Two reviews the major problems and uncertainties associated with 

rainfall simulation in global climate models, the prediction of rainfall from climate 

models, the impact of increasing model resolution on the precipitation field, and 

the advantages of linking global models to a physically-based land surface scheme. 

Chapter Three covers the theoretical aspects of the CCM related to the 

water cycle in the atmosphere and over the surface, with special attention to the 

physical processes in the model associated with the land surface parameterization, 

cloud formation, water vapor transport and the adjustment processes that causes 

the vapor condensation or precipitation. A section on the BATS land surface model 

and its coupling to climate model is also included. 

Chapter Four outlines the setup for resolution sensitivity experiments and 

compares their global climate features. The fields viewed in the chapter are: surface 

elevations, pressure systems, zonal and meridional wind circulation, cloud coverage, 

and precipitation. 

Chapter Five investigates the impact of changes in horizontal resolution on 

the water and energy budgets in the CCM2 over six selected regions with diverse 

climate conditions and over the land, ocean, and sea ice. This chapter also evaluates 

the affect of coupling the BATS land surface scheme to CCM2 and a revised version 

of CCM2 with modified optical properties for clouds. 

Chapter Six focuses on the vertical and horizontal movement on water vapor 

in the model. It includes the affect of changing resolution on water transport and 

sensitivity of the moist convection to the relative humidity. 



22 

Chapter Seven examines the sensitivity of the land cover and vegetation 

type in BATS and investigates the reduction of land covers without any noticeable 

change in surface fluxes. 

Chapter Eight contains the conclusions reached in the course of this study 

and subsequent recommendations for further research. 
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CHAPTER TWO 

LITERATURE REVIEW 

This chapter provides some pertinent background on precipitation simula

tion. The following items are discussed: 

• problems and uncertainties associated with rainfall simulation in global cli

mate models. 

• predictions of rainfall using some existing climate models. 

• impact of increasing model resolution on the precipitation field. 

• advantages of linking global climate models to physically-based land surface 

schemes. 

Problems and Uncertainties in Simulating Precipitation 

Errors resulting from simulated precipitation are a results of the uncer

tainties associated with various processes used in climate models. In GCMs, the 

hydrological cycle starts from the land surface scheme, which transfers moisture 

from the surface to the lowest layer in the model. Water vapor is then mixed up

ward through vertical diffusion and convection and is transported horizontally by 

large scale circulation. 

Precipitation, in most of the global climate models, is generated by moist 

convection adjustment and condensation of super-saturated water in the model 

layers. Between 70% to 80% of the precipitation in GCMs is generated by con

vection. The parameterization of the convective processes can significantly change 

the amount and spatial distribution of rainfall. Convection plays an important role 

in maintaining large scale circulation in the tropics. Appropriate incorporation of 

moist convection is still not possible in the current models due to the wide range 

of space and time scales involved in the atmosphere. The horizontal grid size in 
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current GCMs is much larger than the 10-50 km cloud scales. Similarly, the ver

tical depth in climate models is often greater than the cloud depth. GCMs also 

have a wide range of specific humidities, over several orders of magnitude, that can 

create numerical instabilities in the model (Washington, et al. 1986). Furthermore,' 

uncertainty in precipitation also develops from the parameterizations of the land 

surface, clouds, dynamics, and planetary boundary layers. 

The ocean has a strong impact on land and atmosphere. It is an unbounded 

source of water vapor. It supplies more than three-quarters of the total global pre

cipitation. Major oceanic currents influence the heat balance in both high and low 

latitudes and the average temperature gradient between the equator and the poles. 

Yet, because of computational constraints, most climate models use a simplistic 

approach by prescribing the sea surface temperature. 

Another problem is the physical understanding of the precipitation-cloud 

processes. The condensation, sublimation and freezing of moisture are not fully 

known (Washington, et al. 1986). There are considerable uncertainties in the 

micro-physical processes in clouds including the initial formation of cloud droplets 

by condensation, the development of cloud droplets by water vapor diffusion, coa

lescence and super cooling of cloud droplets and the formation of ice particles. On 

the other hand, measured precipitation data is questionable due to errors in the 

instrumental measurement of the rainfall and the relatively insufficient coverage 

over higher altitudes. 

Precipitation Estimates from GeMs 

The IPCC scientific assessment report (1990) compares the simulated pre

cipitation from various GeMs. It concludes that the current climate models can 

fairly well reproduce the spatial and seasonal global-scale patterns of precipitations 

comparable to observed measurements, with some important regional errors. Most 

of the models correctly identified the wet and dry regions over the globe. In gen

eral, models tend to overestimate the precipitation fields. The mean simulation 
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error in the regional precipitation for December-February and June-August among 

various models is 20% to 50% higher than the observed data. 

A comparison of the observed and simulated precipitation from four global 

climate models (GFDL, OSU, GISS and UKMO ) was made by Legates et al. 

(1992). All four models used in .the study have relatively coarse horizontal and 

vertical grid sizes, with ranges of 4°_8° in latitude and 5°_10° in longitude. The 

number of vertical layers are 2 to 9. The results showed that all four GCMs under

estimated the January rainfall by 11% to 29%. The July rainfall predictions are 

better than the January predictions. The summer monsoon forecast was relatively 

drier for all the models while the winter precipitation was overestimated. The 

main problems associated with precipitation simulation included: the orographic 

uplift in mountain regions, the meridional extent of ITCZ and the seasonal migra

tion of water vapor. All the models showed problems in precipitation around the 

mountainous regions of the Rockies, Himalayas and Andes. 

Hack et al. (1994) compared the January and July precipitations obtained 

from CCM2, with Legates et al. (1989) observational estimates and concluded that 

the patterns of simulated precipitation over the continents fairly well match with 

the measurements. The model systematically overestimates the precipitation over 

warm lands and around mountainous regions. The excessive continental precipi

tation was associated with the warm surface temperatures caused by the higher 

radiation flux over the surface. Kiehl (1994) suggested that the optical properties 

for the clouds in CCM2 be changed to reduce the excessive surface energy flux. 

He found that the decrease in cloud droplet size from 10 /-Lm to 5 /-Lm over the 

continents would reduce the net surface solar flux by 20-60 Wm-2 • Hahmann et 

al. (1994) increased the reflectivity of the summer clouds by changing the opti

cal properties and showed a significant improvement in surface temperatures and 

surface radiation. A comparative analysis of the precipitation fields resulting from 

their simulation is included in the current study. 
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Precipitation and Model Resolution 

The current climate models need a much higher resolution and superior 

computational power to improve the regional climate simulations. It is expected 

that within the next decade, computer capabilities will enable researchers to run 

GOMs at a mesoscale grid scale of 50 km. By comparing the simulated precipitation 

with various GOMs, the IPOO report (1990) noted that the simulation error in 

regional precipitation was lower in high-resolution models. 

The impact of model resolution on climate modeling has been studied by 

various researchers. In the early studies, Manabe et al. (1970) analyzed the moist 

transport and water budget in the GFDL model using two resolutions of the model, 

which in mid-latitudes were approximately 500 km and 250 km. The simulations 

were conducted by taking into account the interactions with the hydrological cycle. 

The hydrological part of the model included large-scale water vapor advection, the 

convective adjustment of temperature and moisture. The temperature of the earth 

surface was computed from the heat balance at the surface, which was assumed 

to be completely wet and flat with zero heat capacity. The study showed that 

the dynamic structure of the moist model atmosphere becomes highly realistic 

as a result of the reduction of the grid size. The average global precipitation 

rate increases from 2.98 mm day-l in a coarse model to 3.11 mm day-l in a fine 

resolution model. The slight increase in the hydrological cycle was due to the 

strong vertical motion in the model and to the difference in the intensity of vertical 

mixing of moisture by large scale eddies. The integration of the high-resolution 

model with the hydrological cycle also successfully simulates the evolution of fronts 

and associated cyclone families. 

The sensitivity of simulated climate to grid resolution in the OOM1 model 

was examined by Boville (1991). The study compared the simulated December

February climate by varying the horizontal grid from spectral truncation T21 

(5.6° spacing) to T106 (1.9°) and the vertical grid between 2.8 km and 0.7 km. 

The study showed that as the resolution increased, the simulated sea level pressures 
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were in closer agreement in magnitude and location with the observations. The 

zonal wind simulation also improved with resolution. The mean 250 mb westerlies 

decreased with increasing resolution, resulting in a much better pattern according 

to the observations. The tropospheric simulation showed a significant dependence 

on the resolution, especially in the Southern Hemisphere. The study concluded 

that the changes in simulations are reasonably monotonic with resolution and that 

it is quite possible that further increase in the horizontal resolution would show 

further changes in the simulation. 

Kiehl et al. (1991) investigated the dependence of the cloud amount in 

NCAR's CCM1 using four horizontal resolutions: R15, T42, T63 and T106. The 

study noted that the total cloud monotonically decreased from 47% to 26% with 

increased resolution due to the increased advective drying of the lower atmosphere 

by causing a stronger upward motion. The change in total precipitation was very 

small, (3.20 mm day-l to 3.34 mm day-I), which resulted from the fixed sea sur

face temperature of the model. The zonal mean column moisture showed that the 

T106 model is 10% to 15% drier compared to T42 resolution. The high-resolution 

model leads to a considerable change in the vertical motion field with a strong 

subsidence throughout the troposphere. This results in an advective drying of the 

lower layers in the model and hence in fewer clouds. 

The sensitivity to the horizontal resolution in the ECMWF model (cycle 33) 

over the northern summer monsoon was studied by Sperber et al. (1994) at four 

different horizontal resolutions (T21, T42, T63 and T106). He found a large scale 

circulation feature shift mainly from T21 to T42. The T106 resolution captures 

better the spatial and temporal characteristics of the East Asian monsoon. The 

T42 resolution model could not correctly simulate the development of the synoptic

scale features that outline the monsoon flow. 

In another study with the ECMWF model, Phillips et al. (1995) investi

gated the dependence of the moist processes on the horizontal resolution at four 

spectral scales (T21, T42, T63 and T106). The simulated global average rainfall is 

less than the observational analysis at all the resolutions, but the T106 resolution 
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model is in closest agreement. Global precipitation increased monotonically with 

resolution in both seasons as a result of convective precipitation and rear.:hed its 

apex near Central America. The study concluded that the climate simulation by 

the model changes qualitatively from T21 to T42, and then exhibits mostly quan

titative changes at finer resolutions. The increased resolution tends to dry out the 

atmosphere, in spite of the increase in surface evaporation and precipitation. 

Deque et al. (1995) studied the simulated climate over Europe with the 

ARPEGE-IFS model, jointly developed by France and ECMWF. This study was 

conducted over t.en years at three resolutions: T42, T106 and a special stretched 

version of the T63 model with variable grid size, from 60 km at the poles to 

700 km at the antipodes. They noticed that during winter (DJF) precipitation 

in T42 resolution is overestimated over the Atlantic and is underestimated over 

the Mediterranean. Compared to the Legates observed dataset, the T42 resolution 

rainfall in December-February is 17% higher, which reduces to 6% in the T106, 

and to 7% in the T63 model. In June-August, the simulated estimates from the 

T42 resolution are 32% higher than the observed values, which improves slightly, to 

25% in T106 and -4% (below observed) in the T63-stretch version. The annual bias 

is the lowest in T63, only 3%, while 21 % at T42 and 11% at T106. He concluded 

that the high-resolution model results are in close agreement with the observed 

data. The bias occurs locally in the mountainous regions. The study found that 

the simulated precipitation for June-August (JJA) is in closest agreement with the 

observed dataset at T21, which is a coarse resolution model. The simulated rainfall 

for December-February (DJF) at T21 is again closer to the observed data in the 

tropics; elsewhere higher resolutions are in closest agreement. 

Most of the studies conducted on the sensitivity of the model to resolution 

did not investigate the effect of the model resolution on simulated rainfall. In 

fact, not much attention has been paid to model precipitation in global climate 

modeling. One reason was the lack of any reliable global rainfall dataset until a 

few years ago. 
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Precipitation with Improved Land Surface Scheme 

The treatment of land surface processes is a crucial element in climate mod

eling. The land surface affects the atmosphere through partitioning of the energy 

and water fluxes. Numerical modeling studies have shown that the land surface 

parameterization can significantly change the regional surface temperature, evap

otranspiration and precipitation in the climate models. The land surface schemes 

are dependent on the atmospheric models for their radiative and moisture inputs. 

Linking the climate model to an advanced land surface scheme, e.g. BATS, can 

realistically predict the surface fluxes more accurately for the given forcings. The 

major uncertainty involves the atmospheric dynamics which control the horizontal 

movement of water vapor and considerably influence the spatial distribution of the 

rainfall. An equally important factor is the physical parameterization of convection 

processes that strongly impact the magnitude of precipitation over the wet regions. 

It is not easy to determine the atmospheric vapor cycle which starts from surface 

evaporation and ends up in precipitation. The problem arises as to how the global 

climate models precipitate moisture back to the surface. The movement of wa

ter vapor in the atmosphere is dependent on various thermodynamic and dynamic 

processes in the troposphere. The increased evaporation from a given region does 

not imply a higher precipitation over it. 

The role of a land surface scheme is to realistically split the input energy 

and water at the surface, based upon surface and atmospheric conditions. In 

other words, the performance of the land surface scheme is restricted by the input 

forcings. If the GCM has a significant bias in heat or water inputs, for example 

CCM2 has excessive solar radiation up to 50-100 Wm -2 over regional levels, no 

matter how adequate the land surface scheme is, its output fluxes will not be 

accurate. 



30 

CHAPTER THREE 

MODEL DESCRIPTION 

This chapter discusses the theoretical aspects of CCM2 related to the wa

ter cycle in the atmosphere and over the land surface. Emphasis is placed on the 

physical processes in the model which are associated with the parameterization of 

the land surface, the cloud formation, the water vapor transport and more impor

tantly, the adjustment processes that cause vapor condensation or precipitation. 

A section is devoted to the description of a highly physically-based land surface 

scheme, BATS. Coupling CCM2 Climate Model to the land surface model is also 

discussed. 

The latest version of the model was made available to the public in Septem

ber 1993. The standard model has a horizontal spectral resolution of T42 

(2.81 °x2.81 0) with 18 vertical levels. An outline of the physical parameteriza

tion, the numerical equations and the algorithm in the model are explained in 

the NCAR technical note Description of the NOAR Oommunity Olimate Model 

OOM2 by Hack et al. (1993). The following sections provide the description of the 

processes that influence the water cycle in the model. 

Default Land Surface Treatment 

The land surface is a major component of the climate system, but has been 

poorly handled in global climate models. Most of the GCMs have very simplistic 

data-free algorithms for the land surface processes. Manabe (1970) was the first 

who included a land component in a GCM by assuming a soil water capacity of 

15 cm. The excessive soil water above this limit is put into runoff. Evaporation is 

assumed to occur at its potential value until the soil moisture drops below a critical 

value. For the lower values of soil moisture, the evapotranspiration is assumed to 
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be proportional to its potential value. The proportionality factor (3 is the ratio of 

model soil moisture to the critical value (Dickinson, 1984). This algorithms is called 

the Bucket approach and is still being used by the majority of GCMs with some 

modifications. CCM2 assigns the soil moisture and categorizes the globe into four 

classes. The surface evaporation is determined through a prescribed evaporation 

factor at each model grid. 

Surface Temperatures and land Cover Types 

For the computation of surface temperature, CCM2 categorizes the land 

surface into seven classes. These land types are defined to assign thermal conduc

tivity, mass specific heat, mass density of soil and thickness of the four soil layers, 

as given in the following table. 

Table 3.1: Surface types and soil constants in CCM2 

Land Thermal Specific Mass Dtop Dl D14 D365 

Types Conductivity Heat Density Layer Layer Layer Layer 
W m-1K-1 Jkg-1K-1 kg m-3 cm cm m m 

Ocean 15.00 4200 1000 200 500 10.0 33.0 

Sea Ice 2.20 2070 920 50 50 0.50 0.50 

Land Ice 2.20 2070 920 25 50 0.50 8.50 

Evergreen forest 1.41 1040 2500 5 37 1.37 6.99 

Deciduous forest 1.10 720 2500 9 39 1.46 7.45 

Grassland/tundra 1.07 560 2500 8 43 1.63 8.31 

Desert 1.02 416 2500 12 49 1.84 9.40 

Over the ocean, the mean monthly sea surface temperatures are prescribed using 

the Shea et al. (1990) dataset. Each grid point value is assigned to the mid-month 

date and updated every time step using a linear interpolation. If any ocean point 

has a surface temperature less than -1.90°C, it is treated as sea ice with a snow 

depth of 5 mm. 
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Over land and sea ice, the surface layers temperature is modeled using the 

classical thermal diffusion equation: 

pCOT = _ of 
ot oz 

p = mass density [kg m -a] 

C = mass heat capacity [J kg-1 K-1] 

oT 
F = -K,oz 

K, = thermal conductivity [W m-1K-1] 

F = thermal flux (downward positive) 

Four soil layers are used in the model. The top layer absorbs all the incident 

solar radiation over the land. 

Dl = thickness of surface soil layer for diurnal range and phase 

D2 = second layer for daily cycle range 

Da = third layer for 14-day cycle = V14D2 

D4 = bottom layer for annual cycle = v'365D2 

For the top soil layer, the net energy flux Fnet and its derivative oFjoTs 

are known. The net surface energy flux is given by the difference between the net 

solar flux at the surface and the surface fluxes: 

The derivative of the net surface energy flux with respect to the surface 

temperature is approximated by ignoring the surface emission dependency on tem

perature: 
oFsens of/at 

oTs - oTs 

The bottom layer has a zero heat flux condition over land whereas, over 

sea ice it has a constant ocean temperature (-2° C) which allows the heat transfer 

between the ocean and the sea ice bottom layer. 
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Surface Fluxes 

The sensible heat flux between the surface and the lowest layer of the model 

is usually expressed in terms of transfer coefficient, wind velocity and difference 

of potential temperature between the surface and the lowest layer of the model. 

A correction factor is applied to the neutral drag coefficient using the Richardson 

number. To ensure the minimum heat exchange, wind speed is not allowed below 

1 m s-l. The latent heat flux is computed using an expression similar to the sensible 

heat flux, with a surface wetness factor, assigning the fraction of the potential 

evaporation over each model grid. 

VI = horizontal velocity magnitude = Ju~ + vi 2:: 1.0 m s-1 

fg = surface wetness factor (ground potential evaporation) 

Ul, VI = horizontal wind components at the lowest level of the model 

Ql, PI = specific humidity and air density at the lowest layer 

Q;, OS = saturated specific humidity and potential temperature at surface 

Cp = specific heat of air at constant pressure 

L = latent heat of vaporization 

Ck = exchange coefficient or drag coefficient 

The surface wetness factor, or potential evaporation factor f g , is defined as 

the fraction of moisture from the model grid to that available over water surface. 

For canopy and bare soil surfaces fg is computed quite differently. In the land sur

face scheme BATS (Dickinson, 1993), the surface wetness factor over the canopy 

depends on the dry and wet fraction of canopy, aerodynamic and stomatal resis

tances. Over the bare soil surface however, it depends on the soil characteristics 

and the available moisture in soil layers. 

In CCM2, the surface potential evaporation is prescribed by a constant value 

for each land cover type. A value of 0.01 is set for the desert, 0.10 for the grass 
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land, 0.25 for the forest and tundra, and 1.00 for the land ice. These values are 

independent of the soil moisture, seasonal or diurnal cycles and the fraction of 

vegetation in the model grid. This parameterization does not allow any change in 

the potential evaporation factor during the dry or wet periods. Only the presence 

of snow modifies the wetness factor. The fraction of grid covered with snow is 

treated as wet. 

jg = modified wetness factor = Jsnow + Jg(l - Jsnow) 

Drag Coefficients 

The drag coefficients, also called exchange coefficients or transfer coefficients 

for momentum and heat (CM and CR ) are the products of the neutral drag co

efficient and the stability correction factor, based on the Louis et ai. (1982) and 

Holslag et ai. (1989) formulation. 

• For neutral conditions, the drag coefficient is defined by the following expres-

slOn: 

k = Von Karman constant = 0.4 

ZI = height of the lowest model level 

Zo = roughness length for momentum (ranges between 0.04-2 m) 

• The stability parameter Richardson number for the surface layer is defined as: 

(
OVI ) 

gZI --1 

R
. _ Ovs 
l - 2 

VI 

where Ovl, Ovs are virtual temperatures at the lowest layer and at the surface 

level 

• Under stable conditions (Ri > 0), the stability correction factor is defined by: 

1 
f(R;} = 1 + 10Ri + 80R~ 
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and for unstable conditions (Rl < 0) it is represented by: 

where a = 10 for the momentum and 15 for the heat exchange coefficient 

Soil Moisture 

In the bucket approach, the maximum water holding capacity of the soil 

is assumed to be 15 cm. For evaporation, the limiting water amount in the soil 

is 0.75 times the average field capacity of 15 cm. Hence, the soil moisture starts 

evaporating like a completely wet surface when its soil water exceeds 11.25 cm. In 

CCM2, soil moisture is prescribed over each model grid box. All grid points define 

the soil water as 11.25 cm times the soil wetness factor which is defined earlier. 

The global land surface is divided into four soil moisture categories, as shown in 

the following table. 

Table 3.2 CCM2 soil moisture 

Surface Type 
Desert 
Grassland, Evergreen Shrubland 
Forest, Tundra 
Land Ice, Sea Ice, Ocean 

Snow Cover and Snow Fraction 

Wetness Factor 
0.01 
0.10 
0.25 
1.00 

Soil Moisture (cm) 
0.112 
1.125 
2.812 

11.250 

The geographical distribution of water-equivalent snow cover over the globe 

is prescribed for January and July conditions through the initial boundary dataset. 

For any calendar day (d), the snow depth over any land point is interpolated by 

the expression: 
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where do = 46 (snow depth on February 15) 

The snow line varies between 30-90° in the Northern and 50-90° in the 

Southern Hemisphere. The furthest equatorward snow line in the Northern Hemi

sphere is set on February 15th. A 10° latitude range is set as the snow line transition 

zone for both hemispheres. A snow cover of less than 5 mm is ignored. A constant 

snow depth of 20 mm is assigned for the Antarctica. For regions of undetermined 

snow in the Northern Hemisphere, the snow depth is set to 30 mm for January and 

10 mm for July conditions. On the average, Canada and Alaska have 32 mm snow 

depth in January, whereas Greenland and Iceland have 27 mm snow in January 

and 7 mm in July. The sea ice in both hemispheres has 5 mm of snow depth. 

The fraction of land surface in the model grid covered by the above pre

scribed snow 8 is given by the following parameterization of Dickinson et al. (1993). 

( 
208 ) 

fsnow = 208 + Zj 

where Zj = surface aerodynamic height (~ 25 mm) 

Cloud Parameterization 

Clouds playa very important role in the radiation balance. They influence 

the climate system through reflection, absorption and emission of solar radiation. 

They also affect the atmospheric system through condensation/evaporation and 

the redistribution of sensible and latent heat. Clouds reduce the incoming solar 

radiation to the earth by increasing the planetary albedo and thus have a cooling 

affect on the earth surface. They also prevent the escape of longwave radiation 

emitted by the earth surface, and hence increase the surface temperature. In 

climate models, the prediction of cloud fraction over horizontal and vertical scales 

is still in the early stage. Since the cloud fraction does not have any prognostic 

equation, it must be related to the occurrence of the condensation process. The 

clouds in climate models do not generate precipitation. Rather, the cloud fraction 
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is computed through condensation processes in the model and is primarily used in 

the radiation physics of the model. It is assumed that at any time, approximately 

half of the earth is covered by clouds. 

The cloud parametrization in CCM2 is based on a diagnostic approach de

veloped by Slingo (1987). It depends on the relative humidity (RH), the vertical 

motion (w), the atmospheric static stability (~;), and the rate of convective pre

cipitation (P). The clouds can be in any model layer below 8 mb. The convective 

cloud fraction is computed first, if any convective activity exists in the model grid, 

and then combined with the stable cloud. The dependence of the model resolution 

on cloud fraction is not well known. 

Convective Cloud 

Moist convection is probably the most complex parameterization in GCMs 

and yet the cloud fraction due to the convective activity is highly simplified in 

CCM2. The total convective cloud fraction over a model grid only depends on the 

convective precipitation rate P (in mm day-l). 

- In (1.0 + P) 
fconv = 0.20 + 8 ::; 0.80 

This fraction is equally distributed among the model layers within the top and 

bottom of the convective activity using the random overlap approach. The cloud 

fraction in each model layer is evaluated by: 

_ - lIN 
fconv - 1.0 - (1.0 - fconv) 

where N = number of model layers within the convective region 

Assuming a saturated specific humidity for the convective cloud fraction, 

the large scale relative humidity is adjusted within each model layer by: 

RH' = (RH - f conv ) 
1.0 - fconv 
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Random Overlap 

• Random overlap is based on the probability theory, in which the fraction of 

clear-sky in the model layers is multiplied to get the fraction of net clear

sky. For example, if three layers have cloud fractions 0.12, 0.23, and 0.34, 

then the net clear sky is computed by taking product of clear-sky of the 

individual layers: 

= (1 - 0.12)(1 - 0.23)(1 - 0.34) = 0.447 

hence the net cloud fraction for three layers will be 1 - 0.447 = 0.553. 

• In general, for N layers, the net cloud fraction is computed by: 

N 

Anet 1.0 - II (1 - Ai) 
i=l 

• Conversely, if the net cloud fraction is to be divided equally among N layers 

then the cloud fraction for each layer is computed by: 

Stable Clouds 

The stable cloud fraction is parameterized in term of large scale specific 

humidity. Whenever the specific humidity in the grid box exceeds a critical value 

RHerit , cloud is formed. The value of RHerit is usually between 0.8 and 1.0 (Tren

berth 1992). 

Ie = (RHI - RHe~it)2 
1.0 - RHer,t 

For the low level model layers with p > 750 mb, the critical relative humidity 

(RHerit) is specified as 0.90. For the upper layers with (p < 250 -165cos2 ¢ mb), 

the value of RHerit is set to 0.999. And for mid-levels, RHerit varies between 0.9 
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and 0.999, depending on the static stability of the atmosphere. Both convective 

and stable cloud amounts are merged together in each layer . 

fcloud = fconv + fc(1- fconv) . [~0.999] 

The total cloud fraction over a model grid is computed by combining all 

model layers between the top and the surface layer. 

1200 

ftotal = 1.0 - II (1.0 - fcloud) 
p2: 50 

Similarly low-cloud, middle-cloud and high-cloud fractions are derived by combin

ing the cloud fraction in the model layers through random overlap in the region 

between the surface to 750 mb, 750-400 mb and 400 mb to the top layer of the 

model. 

Water Vapor Transport 

CCM2 employs the Semi-Lagrangian Transport(SLT) scheme for water va

por advection developed by Williamson and Rasch, 1994). The method is based on 

trajectories which end at time t + !:l.t when the forecast is desired. The values at 

the beginning of the trajectories at time t - !:l.t provide the desired forecast values 

at time t + !:l.t. This approach avoids some of the serious drawbacks associated with 

an earlier scheme based on spectral formulation. The major problems were related 

to: (a) the negative mixing ratios which were inconsistent with reality, (b) regions 

of overshoot that produce spurious clouds, (c) spectral method minimizes errors 

in an absolute sense over the entire horizontal domain (without any adjustment 

to small values) and this causes an extremely large error when the field is small. 

The SLT does not have any stability restriction and is free from computational 

problems near the pole (Williamson (1990)). This scheme avoids the oscillations 

associated with polynomial interpolations. 
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The advection of specific humidity q can be predicted by the following equa-

8q 

8t 
dry 8q 

VV'q---+S+A+F 
dt 8ry 

v = horizontal velocity vector 

ry = vertical coordinate 

S = sink-source associated with tendency physics (surface flux, planetary 

boundary layer and vertical diffusion) 

A = sink-source associated with adjustment physics (stable condensation, 

dry and moist convection) 

F = conservative adjustment 

The above equation can further be split into a series of sub-steps 

ii = qn-l + 26.tS [tendency physics] 

ij = L>''P1/(ii) [semi lagrangian advection] 

ij = q + 26.tF [conservation fixing] 

qn+l = A(ij) [adjustment physics] 

The semi-lagrangian advection step can be subdivided into horizontal and 

vertical advection substeps: 

or q = L>''P(ii) 

or ij = L1/(q) 

[horizontal advection] 

[vertical advection] 

where L = semi-lagrangian operator at the departure point 

• For each grid point, the semi lagrangian transport procedure involves two 

steps. It determines the departure point D of the trajectory at time t - ilt 

from where water vapor reached the arrival point A of the trajectory at 

time t + ilt. The computation for the horizontal and vertical components of 

advection is done separately. Since the starting point may not coincide with 

the grid point, values are computed by interpolation. For better accuracy, 

a Hermite cubic interpolant is used for specific humidity and a lagrangian 
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cubic interpolation for velocity. Extended horizontal coordinates are used 

for cubic interpolation. 

• To find the departure point, the horizontal departure points are first found 

for mid-points of trajectory at time n, 

where A and M denote arrival and mid points of trajectory. 

The velocity components at mid point are determined by Lagrangian cubical 

interpolation. 

• After iteration of mid point, the departure point is computed by 

A~+I = AA - 2Lltun(A~\ cp~I)/ cos(<p~I) 

<p~+1 = <P A _ 2~tvn( A ~I ,<p~I) 

where D denotes departure point 

• For poleward of 70° latitude, calculation for each arrival point is done in 

transformed geodesic coordinates by rotating the spherical coordinates such 

that the equator goes through the arrival point. The longitude at the arrival 

point is set to zero. 

• If the departure point of the trajectory does not coincide with the grid point, 

the values are obtained by cubic interpolation. For example to interpolate 

the specific humidity at the departure point D that falls in the grid box 

[Ai, Ai+I], and [<p], <pj+ll. Four interpolations are first performed along A, 

for (AD, <Pj-I), (AD, <Pj), (AD, <PHd, (AD, <PH2), followed by one interpola

tion along <P to get (AD, <PD), 

• After the conclusion of the horizontal component of the trajectory, the ver

tical component is calculated with the same algorithms applied in one di-

mension. 
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Adjustment and Condensation Processes 

At each time step in the model, after new temperature and mixing ratios are 

computed, three types of adjustments are applied to temperature T and specific 

humidity q, to ensure mutually adjusted fields of T and q. 

First, the dry adiabatic adjustment ensures that lapse rates anywhere in the 

model do not exceed the dry adiabatic lapse rate. Then, a moist convective scheme 

is applied to change the moist adiabatically unstable atmosphere to a vertically 

stable one, by adjusting q and T fields. This step may result in convective conden

sation. And finally, if the moisture field is supersaturated in a stable atmosphere, 

it is adjusted to a stable state, along with whatever temperature increase is needed 

as the response to the release of latent heat energy. This adjustment results in a 

stable or large scale precipitation. 

Dry Adiabatic Adjustment 

For numerical stability, the lapse rate in model layers must be kept stable, 

i.e. it must always be less than the dry lapse rate. The dry adiabatic adjustment 

is applied to the model if the vertical temperature profile is unstable. 

The temperature of any two consecutive layers k and k + 1 is adjusted such 

that the above equation is satisfied everywhere in the column by conserving the 

sensible heat. 

In applying the dry adjustment to two model layers, moisture is completely 

mixed so that the specific humidity of both layers is conserved. 
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Stable Condensation 

If the lapse rate IS stable but the specific humidity is super-saturated 

(i.e. qk > q.i;) anywhere in the model, th~ specific humidity of the layer is ad

justed to be saturated. Since the liquid water storage capacity of the atmosphere 

is assumed to be zero, the condensed water precipitates immediately. 

The layer temperature is adjusted to accommodate the release of the latent 

heat of condensation, 
A L 

Tk = Tk + c(qk - tlk) 
p 

and the adjusted specific humidity is given by 

Theses two equations are solved iteratively to compute the new specific 

humidity and temperature. The approximate value of dq.i;/dT is computed by 

using the Clausius-Clapeyron equfl.tion. 

Stable precipitation over the entire column is computed by summation of 

the condensation at each model layer 
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Moist Convection 

The moist convection scheme in CCM2, developed by Hack (1994), is based 

on the simple mass flux approach. The moist static energy over three adjoining 

layers is adjusteded. It allows entrainment in the bottom layer, condensation and 

rainout in the middle layer and detrainment in the upper layer. An overshoot 

parameter defines the fraction of liquid water transfer to the ~pper layers. 

Three JJayers Model 

rv 

mh 

k 
rv 

m.h 

------------ ----------------- k+ 1 
he 

Three level cloud model (from the CCM2 Description Manual 1993) 

Layers k and k + 1 are moist adiabatically unstable (i.e. the parcel of air at 

bottom layer k + 1 with moist static energy he will be unstable if raised to level k) 

bottom layer k + 1 non-entraining 

middle layer k condensation and rainout 

upper layer k - 1 limited detrainment 

Static Energy 

Static energy 

Saturated static energy 

S = cpT + gz 

hs = cpT + gz + Lq* 
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Moist static energy 

Condition for Moist Unstability 

The moist static energy in the updraft region is computed by adding atmo

spheric boundary layer perturbations of the temperature and specific humidity to 

the large scale moist static energy at the lowest layer in the conceptual three layer 

model. 

while the saturated static energy at the middle layer is determined by the expres-

slOn: 

For convective activity, moist static energy of the convective parcel must be greater 

than the saturated static energy of the middle layer, i. e. 

Budget Equations 

The convective mass flux modifies the large scale properties of the model 

layers and the budget equations for static energy and specific humidity at layer k 

are computed by taking the difference of influx from the lower layer and out flux to 

the upper layer. 

fJ = overshoot parameter at k - ~ (to be determined) 

f.k = liquid water generation at level k 

= qc - (qc)k 

(qc)k= q'k + (1 ~\k) i(hc - h~) 



n = rainout = (1 - {:J)f.k 

me = convective mass flux 
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The time rate change of excess moist energy in the convective region can be 

derived in terms of moist energy influx from the bottom layer k + 1 and out flux to 

the upper layer k - 1, 

The above equation can be rewritten for mass flux me with the known value of {:J 

Physical Constraints on {:J 

(a) Overshoot parameter (:J is defined such that convective mass flux is positive 

(b) Overshoot parameter must not cause super-saturation in the upper layer 

k+1 

(c) In the upper layer of the model, the overshoot parameter is constrained not 

to increase the vertical gradient of h when oh/op < O. This condition avoids 

thermodynamic noise so that the adjustment does not contribute to "kinks" 

in static energy. 
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Estimation of Unknown {3 

First derive {3 from buoyancy: 

{

(he - h~_1)~Pk-1 
. 1 + .. 

{3 = mm (he - hk)~Pk 

1 - co(oz), oz = cloud thinkness (km), Co = 0.1 km- 1 

{3 ~ 0.1 

Then, apply all three constraints on the value of {3. 

Convective Precipitation 

The total convective precipitation rate is obtained by vertically integrating 

the convective-scale liquid water sink 

1 17 

P=-2:'Rk 
pw k=2 
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Advanced Land Surface Scheme - BATS 

GCMs use simple parameterizations for land surface processes. They have 

traditionally used the bucket model with some form of variation for soil moisture. 

This approach has a fixed soil water capacity (about 15.0 cm) and in general 

provides much greater evaporation over the land surface. The parameterization 

for surface vapor flux in most of the GCMs is independent of the available soil 

moisture, surface vegetation and wet and dry seasons. The bucket-based models 

continue to evaporate soil water even if the soil is totally dry. The presence of 

vegetation has a strong control over both diurnal and mean fluxes of heat and 

water. It is estimated that more than half of the total water flux from the land 

surface to the atmosphere travels through plants. Therefore, it is very important 

to properly parameterize properly the movement of water vapor through soil and 

plants. 

The Biosphere Atmospheric Transfer Scheme (BATS), a comprehensive and 

well balanced land surface model, was developed by Dickinson et al. (1986). A 

detailed description of the model is documented in Dickinson et al. (1993). The 

model was originally designed for use in the Community Climate Model (CCM), 

but its philosophy has been adopted in many other land surface models. The 

following sections focus on the computational logic of some of the processes in the 

model. These are extracted from Dickinson et al. (1993) and the BATS's Fortran 

code. 

Canopy Evaporation and Transpiration 

BATS uses a very comprehensive approach for canopy evapotranspiration. 

It depends on many factors including the availability of moisture in the soil layers 

and the dry and wet fractions of canopy (Dickinson 1984). It calculates the canopy 

evapotranspiration in two steps. 
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(a) It computes the maximum transpiration rate for given soil moisture condi

tions that depends on (i) the available moisture content in the root zone 

and the upper soil layer, (ii) the soil diffusivity parameter, (iii) the fraction 

of root in the upper soil layer, (iv) the seasonal variation of temperature; 

(v) the maximum transpiration rate for the canopy, (vi) the plant wilting 

factor and (vii) a fractional vegetation cover. 

(b) From dry and wet fractions of canopy, BATS calculates the fraction of 

canopy with potential evaporation. The potential evaporation (E tr ) is based 

on specific humidity difference. If Etr exceeds the maximum transpiration 

rate sustainable under given soil moisture conditions E trc , then dry canopy 

evaporation and stomatal resistance are adjusted to maintain the moisture 

balance . 

• Water from completely wet foliage evaporates according to: 

E wet L -l( sat ) j = aj sai Para qj - qaj 

r;;:-l = conductance for heat and vapor flux from leaves 

a j = fraction of vegetation cover excluding snow covered vegetation 

L sai = sum of leaf area index and stem area index 

• Transpiration from dry leaf surface is given by: 

E - L ( ra ) E wet 
tr - d + j 

ra rs 

ra = aerodynamic resistance of air 

rs = stomatal resistance of canopy 

< F soil 
- qp 

Ld = dry fraction of foliage surface, free to transpire 

whereas evaporation from wetted fraction of foliage is computed by: 

< Wdew 
- !:l.t 
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and the total evapotranspiration from wet and dry fraction of foliage: 

Til = fraction of potential evaporation from canopy 
2 

Lw = wet fraction of foliage surface = (;'dew ) 3" 
dmax 

Wdmax = maximum dew on canopy (0.1 mm) = O.OOOluf Lsai 

Wdew = available dew on canopy = Wdew + (Fy - Fjet)~t 

Ld = dry fraction offoliage surface = (1 - Lw)(t.GaiJ 

Root Resistance 

The maximum transpiration rate that root can sustain under given soil 

moisture conditions is parameterized as: 

1'TO = root sustainable transpiration adjusted for season and vegetation 

fraction 

1'TO = U f 1'mxofseas 

R t = fraction of root in the upper soil layer 

8 w = fraction of water content at permanent wilting 

{3 = Clapp and Hornberger soil diffusivity parameter 

81,82 = wate1' content in upper and root zone soil layers 

1'mxo = transpiration that root can sustain under welting conditions 

= 2xlO-4 mm s-1 

fseas = factor for seasonal variation 

U f = snow-free vegetation fraction, adjusted for seasonal variation 



Fraction of transpiration from upper soil layer can be evaluated by: 

Canopy Energy Balance 

Y rORt (1 - s~: =11) 
Sw 

itr = ------:::-----"-
Etrmx 

Leaf Temperature 
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The vegetation temperature (Tf) is obtained by solving the vegetation en

ergy balance, assuming zero heat capacity for canopy (Dickinson 1984). 

E f = evaporation from canopy = r" Eiet 

H f = sensible heat flux from canopy 

rial = conductance for vapor flux from leaf surface = 0.01 Juafl Df 
Rn = net radiation over canopy 

R = a [Fsol - Fir _ (T4 _ T4)] 
n f abs f 9 

F:g; = solar flux absorbed by canopy radiation 

Fro I = downward solar flux at surface 

Fir = net IR flux at surface = a[afT} + (1 - af)Til- Ft 
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Constraints on Evapotranspiration 

Transpiration flux from the canopy based on potential evaporation through 

dry fraction of canopy is given by: 

Etr = {( 1'a ) Ldry}Ert 
1'a + 1'9 

To compute the soil sustainable transpiration Etrc , (i.e. flux through roots 

for given soil conditions), if Etr > Etrc then the soil does not have enough 

water to meet the transpiration demand. To reduce Etr , increase the stom

atal resistance 1'5 such that Etrc = Etr . 

Check on Water Balance over Canopy Surface 

The total atmospheric demand from the canopy to the atmosphere (evapora

tion from wet fraction and transpiration from dry part) must not be greater 

than the available supply of moisture at the leaf surface. 

"E E (Wdew) 
l' f < tr + ----;s::t 

Solving The Leaf Energy Equation 

• The leaf energy equation can be re-written as a function of the unknown 

variable Tf 

• Apply the Newton-Raphson method for solving Tf 

T k+1 Tk G 
f = f - (aG) 

• Iterate the above equation until 

T;+l - Tj < 0.01 

and [1'''E f ]k+l - [1'''Ef]k < 0.1 

aTf 

[temperaure convergence] 

[canopy flux convergence] 

maximum iterations for leaf temperature convergence are set to 40 and 

the derivative aG / aTf is taken as a constant after 20 iterations. 
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Stomatal Resistance 

Stomatal resistance 7's, is the total mechanical resistance en counted by dif

fusion from inside a leaf to the outside. In BATS, Ts is parameterized as a simple 

function of visible solar radiation, leaf temperature, and soil moisture. 

Ts = TsminRfSfVf 

• Vf = effect of vapor pressure deficit = 1 _ 0.~25VPd ~ 36 Pa 

.( ) 1000 ( " ) 
Vpd = qa - qaf 0.622 1 - T 

T" = fraction of potential evaporation from foliage 

• Sf = effect of leaf temperature 
1 Tf > 298°K 

1 
273°K ~ Tf ~ 298°K 

(smin) + Fseas(Tf) 
Tsmax 

(Tsmin) 

Tsmax 

Tf ~ 273°K 

273°K~ Tf ~ 298°K 
298°K~ Tf 

• R f = effect of visible radiation on canopy (over 4 layers) 

1 4 fdiT + f~if + (~) 
~ 'l. " r~maxO 

R f = L. f¢iT + f~if + 1 
l=I l l 

For top layer 

Ie 

= direct flux = ade(l - t~iT)(L:<I,)Ft::: 

= diffused flux = ade(1_tdiT )(_4_.)Fso l 
r L ... at 1.nc 

= fractions provided by the atmospheric model 

= light dependence of stomatal resistance 

TsmaxO = maximum stomatal resistance = 20000 s m-I 

F·so 1 
lne = incident visible radiation 

• r d' fl (-0.5L sai ) = transmIttance !Or Irect ux = exp r 
4cos., 



diJ ' d'ff d fl (-O,5 Lsai) tT = transmIttance to 1 use ux = exp 2 

For other layers 

fliT = direct flux = t~iT ft!:.i 2 ::; i ::; 4 

fliJ = diffused flux = t~iJ fid~{ 2 ::; i ::; 4 

Soil Temperature 
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For surface and subsurface temperature computations, BATS uses a force 

restore formulation, which is derived from an analytic solution of the soil heat con

duction equation under assumptions of periodic forcing and homogeneous medium 

(see Dickinson 1988), 

Force Restore Equations 

~ aTgI + (T _ T ) - Dd Q (surface layer) 
Vd at g1 g2 - >. 

1 aTg2 ( ) Da . ) --a + Cl Tg2 - T.Q3 = -D (TgI - 192 
Va t d 

(subsurface layer) 

Vd = diurnal frequency = 3602~24 
Dd = diurnal penetration depth = m v V;; 

k = soil diffusivity 

>. = thermal conductivity = csk 

C s = volumetric heat capacity of soil 

Cl = coupling coefficient to soil untouched by annual wave 

= 0 (except for permafrost = 1.0) 

Q = net soil surface heat = Rnet - Hsens - LFLH - LsnFsm 



Surface soil temperature 

Multiply both sides of surface layer equation by vdD..t 

D..t (8~:1 ) + (vd~t)Tgl = (~d Q ) (Vd~t) + (vdD..tTg2) 

C ~Tgl + 2A.Tg1 = B 

A = O.5Vd~t 
B = (~d Q)(Vd~t) + (vd~tTg2) 
C = 1 + Fet 

Fet = additional thermal inertia for freezing 

Using the Crank-Nicholson finite difference method, 

(
Tn+l + Tn) 8B C(Tn+l _ Tn) + 2A gl gl = B + __ (Tn+1 _ Tn) gl gl 2 8Tg1 gl gl 

=> T n+1 _ B + (C - A - B')T;'i 
gl - (C+A-B') 

Subsurface soil temperature 
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To obtain the subsurface soil temperature, multiply both sides of the sub

surface soil temperature equation by Vd~t 

8Tg2 ( D a ) (D a ) ~t8t + Cl + Dd va~tTg2 = Dd D..tvaTgl + cID..tvaTg3 

=> (1 + Fet2)~Tg2 + 2C3Tg2 = C3Tgl + c4D..tvaTg3 

Then write the above equation in finite difference (Crank-Nicholson) 

n+l n (T:/2+1 + T!(2) (1 + Fet2 )(Tg2 - Tg2 ) + C2 2 = C3Tgl + C4 Tg3 

n+l _ (1 + Fct2 - c2)T,;1 + C3T9l + C4 Tg3 
T2 - ------~~~~--~--------

9 (1 + Fet2+C2) 
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Soil Properties 

Soil thermal diffusivity (k), heat capacity (cs) and latent heat (L s) are 

defined in terms of volumetric water content. 

k = (2.91] + 0.04)xl0-
7 [m2s- l ] 

[(1 - 0.61])1] + 0.09](0.23 + TJ) 

CS = (0.23 + 1])x4.186x106 [Jm-2K- l
] 

Ls = 0.25Lsnwx1.414 [Jkg-l] 
1] 

• If the surface soil temperature is below freezing then the fraction of the 

frozen upper soil layer is given by; 

(
T9 l - 273.15) 

h,Jroz = 0.85 4 ~ 0.85 

Similarly, if the subsurface soil temperature is below freezing, then the frac

tion of the root zone soil layer that is frozen is given by; 

(
T9 2 - 273.15) 

h,Jroz = 0.85 4 ~ 0.85 

• Thermal diffusivity for frozen ground = 1.4x10-6 m2s- l 

• In frozen soil, ice contribution to specific heat is 49% that of water. 

• In the presence of snow cover (Scv > 1.0 mm), both diurnal and annual 

penetration depths are adjusted according to the depth of snow. 

Snow Depth and Snow Fractio.n 

• To get the fraction of vegetation covered with snow, 

fsnow = ( ) 1 Zo 

+ O.OlScvPsn 

1 



0,01 1 
psn = snow density = J 

1 + 3age 
age = 1- ---

I + Sage 

• Fraction of vegetation free of snow 

a f = (1 - fsnow)fvegc 

fvegc = total vegetation cover adjusted for seasonal variation 

= afmax - ~aseas[l - fseas(Tg2 )] 

• Fraction of soil covered by snow 

1 
fscv = 1 + ...Qd.. 

ScvP 

• Depth of snow over soil is updated after every time step 
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S~V+1 = S~v+~t [preciP(snow) - snow evap - snow melt + canopy drop Off] 

Soil Moisture Flux & Runoff 

• The maximum moisture flux through a wet surface that soil can sustain is 

computed by: 

B~ (3+.8,) (.8-.8,-1) 
= 8 1 8 2 

E '1 fl d d d' , 1.02Dmax Ck mxO = SOl ux un er saturate con 1tlOn = . r:r-T 
ydudr 

Dmax = max soil diffusivity = {3</Joko/ p:uat 

81 = degree of saturation for upper soil layer 

82 = degree of saturation for root zone soil layer 

{3 = Clapp and Hornberger diffusivity parameter 

p:vat = fraction of saturated soil filled by water 

ko = saturated hydraulic conductivity 
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<Po = soil water suction 

{if = 5.8 - (i[0.8 + 0.12({i - 4) IOgI0(100ko)] 

Ck = 1 + 1550 (Dmin) 9. 76{i({i ~ 6) + 10.3 
. Dmax {i + 40{i 

Dmin = min soil diffusivity = 10-3 mm2 S-1 

dr, du = depths of root zone and upper soil layers 

• Surface runoff over the ground is parameterized by the relation: 

(
81 +82)n 

Rsurf = 2 G ~ 0 

G = net water input flux from soil-air interface 

= precip( water) + snow melt + foliage runoff - transpiration 

• The upward diffusive fluxes between the soil layers are given by the following 

relations: 

For _ E (k2) (du )0.5 [ 2+f3/ f3-f3/] 
2-3 - mxO ko d

r 
8 3 82 

• The gravity fluxes between soil layers are parameterized in the form of: 

R; = subsurface runoff at bottom of total soil layer =k3.8~/3+3 

R! - k .8+0.5 .8+2.5 
2-3 - 2. 83 .82 

R! - k .8+0.5 .8+2.5 
1-2 - 1.8 2 .8 1 

where subscripts 1,2 and 3 stand for upper, root zone, and total soil 

layers, respectively. 
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Albedo 

BATS defines visible solar albedo (oX < 0.7 pm), near-infrared albedo 

(oX > 0.7 pm) and bare soil albedo. 

• Bare Soil albedo is defined for saturated soil and a correction faCtor IS 

applied for soil moisture dryness. 

= albedo for saturated soil 
diJ d' = a/ = 2as ~r 

Aawet = 0.01(11 - 40f.:- ) 

Subscripts 1 and s stand for near-infrared and visible solar albedo. Super

scripts dir and dif stand for direct and diffused albedo respectively. 

• Canopy albedo is corrected for the zenith angle 

a~ir = a~:;e9 [0.85 + (1+1~ cos () 1 

afir = a1.~e9 [0.85 + (l+l~ cos () 1 

atiJ = same as for soil a~iJ = same as for soil 

, = zenith angle 

• Permanent Ice Sheet 

a~ir = a~iJ = 0.80 
d' diJ 

a/ ~r = a/ = 0.55 

• Inland water, swamps 

",dir _ ",dir _ ",diJ _ ",diJ ____ 0_.5 __ 
..... s - ..... / - ..... s - ..... / -

0.15 + cos, 

• Sea Ice albedo depends on air temperature 

a~ir = a~iJ = 0.40 - O.OllOAT 

afir = atiJ = 0.60 - 0.0245~T 



ex dir = 0.5ex~ir + 0.5ex1ir 

b.T = Ts - 273.15 ::; 200K 

• Ocean Albedo over ocean for cos ( > 0 

exdir _ exdir _ 0.05 
s - I - 0.15+cos( 

ex~if = extif = 0.08 

• Snow albedo over snow depends on snow age parameter 

ex lr = ex 1 = 8 + 0 48 - -d ' d 'f [ 1 + -2

1 

1 ] 
s sf, f (1 + cos () 2 [ 

0.2] 8f = 0.95 1- S 
1 + age 

dir _ dif _ [ 1 + ~ 1 ] 
ex l - ex l - 8 f + 0.48 f (1 + cos () - 2 8 f = 0.65 [1 _ 0.5 ] 

1 + Sage 

Surface Fluxes 

Potential Evaporation {Atmospheric Demand} 
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• Potential evaporation flux from the surface to the atmosphere is given by: 

v = wind speed = { ~:f bare soil, snow cover, canopy air 
canopy soil, wet leaf-stems 

qair = sp. humid. of air ={ qa 
qaf 

bare soil, snow cover, canopy air 
canopy soil, wet leaf-stems 

gl 

{ 

q
sat 

qs'Urf = sp. humid. at surface = qaf 

qsat 

• Saturation Specific Humidity 

0.622esat 
qsat = -----

Pa - 0.378e sat 

soil surface, snow cover 
canopy soil 
wet leaf-stems 
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{ 

611 exp (21.874(Ts1£r j - 273.16)) 

(T) 
_ TS 1£rj - 17.269 

esat -
611exp (7.66(Ts1£r j - 273.16)) 

TS 1£rj - 35.86 

{ 

Tg1 bare soil 
TS 1£r j = Tj wet leaf-stems 

273.16° K snow 

Sensible Heat Flux 

• Sensible heat flux over water, sea ice and bare surface are obtained as follows: 

V . d d {Vair = WIll spee = Uaj 
bare soil, snow cover, canopy air 
canopy soil, wet leaf stems 

T.
. { Ta bare soil, snow cover, canopy air 

air = aIr temperature = T.aj '1 t 1 f canopy SOl ,we ea stems 

{ 

Tg1 
TS 1£rj = surface temperature = Taj 

T j 

• Correction for grid heterogeneity 

soil surface, snow cover 
canopy air 
wet leaf stems 

F = u Fveg + (1 - u )Fsoil 
S j S j S 

• Correction for temperature update 

- F BFs (Tn+1 Tn) 
Fs - s + BTg1 gl - gl 

Drag Coefficients 

• In BATS, drag coefficients are the product of neutral drag coefficients and 

the stability correction factor 



• Cdn = neutral drag coefficient = [ k ] 2 
In (zl~D) 

k = von Karman coeff = 0.4 

D' = displacement height 

Zo = roughness height 

Zl = height of lowest layer of model 
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• Cdn is corrected for grid heterogeneity by weighing the fraction of grid with 

vegetation, bare soil and snow over vegetation and land 

is = fraction of canopy covered with snow 

Scv = fraction of bare ground cover with snow 

{

I + 24.5v' -Cdn.Rib 

• i(Rib)= stability correction factor = 
1/(1.0 + 1l.5Rib) 

• Rib= bulk Richardson number = gZl (1 - Tsu~f)Va~r 
Ta1r . 

Tsurf = canopy-soil weighted temperature = U fTaf + (1 - U f )Tg1 

V;ir = u 2 + v 2 + U; 

{ 

0.1 ms-1 

Uc = convective velocity = 
1.0 ms-1 

• Within the canopy, drag coefficient are modified by the leaf dimension and 

canopy wind. 

D f = leaf dimension 

Uaf = wind speed within canopy = VairVCd 
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CCM2-BATS Coupling 

This section explains the link between CCM2 and BATS. In CCM2, there 

are three points of communication with land surface model: 

Initialization 

• The global datasets for vegetation/land cover, soil texture and soil color are 

provided in the subroutine batsini. The set of constant values that do not 

change in BATS, such as the maximum allowed dew over canopy, the max

imum stomatal resistance, the drainage out of 10 m soil layer bottom,etc., 

are defined in the subroutine bconst. 

• A subroutine albedov is called in radiation physics to initialize four albedos 

(direct and diffuse beams for visible [<0.7 p.mJ and near infrared [>0.7 p.mJ 

wave band). In CCM2, the surface albedos are prescribed in terms of vis

ible and near-infrared albedo for strong and weak zenith angles dependent 

surface. The fraction of strong zenith angle dependent surface within a grid 

box is also predefined. BATS recomputes the surface albedo for direct and 

diffused surfaces by taking into account the current fractions of vegetation, 

snow cover, bare land and soil wetness. Additionally, BATS calculates the 

vegetation albedo for shortwave and longwave and for the fraction of grid 

covered with snow. 

• Further in the radiation physics, an additional subroutine batscsw is called 

for solar fluxes computation to be used in BATS. This includes the solar 

radiation absorbed by vegetation, the instant downward solar flux at the 

surface, and the direct and diffused radiation flux in visible spectrum. 
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Main Program 

The main subroutine bats is called in CCM2 after the model performs its 

own land surface computations. BATS overwrites many of the fields calculated by 

CCM2. The changes are explained below: 

• BATS recomputes the sensible and latent heat flux, the surface moisture 

flux, the zonal and meridional components of surface stress, and the surface 

skin temperature. Also, BATS provides the upward and downward compo

nent of longwave radiation and the downward solar flux at the surface. 

• BATS fields that are not transferred to CCM2 include soil moisture, soil 

layer temperature, snow depth, snow fraction, and transfer coefficients for 

heat and momentum. 

• CCM2 also writes about 25 additional fields computed by BATS directly 

to the history tape, without any interface to the main model. These fields 

include surface and total runoff, soil moisture ratio, the soil water in three 

layers as defined in BATS, canopy and Stephenson screen temperature and 

the canopy interception. 

Land Surface Exchange 

The following fields are passed from the atmosphere to the land surface in 

CCM2 with BATS. 

1. zonal wind (lowest level) [m s-l] 

2. meridional wind (lowest level) [m s-l] 

3. specific humidity (lowest level) [kg kg-I] 

4. atmospheric pressure (lowest layer) [Pal 

5. surface pressure [Pal 

6. air temperature (lowest level) [K] 

7. convective precipitation [m s-l] 

8. large scale precipitation [m s-l] 



9. height of the lowest model layer 

10. incident direct solar radiation < 0.7 p,m 

11. incident direct solar radiation> 0.7 p,m 

12. incident diffuse solar radiation < 0.7 p,m 

13. incident diffuse solar radiation> 0.7 /-Lm 

14. incident thermal near infrared radiation 

[m] 
[Wm-2] 

[Wm-2] 

[Wm-2] 

[Wm-2] 

[Wm-2] 
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And the following fields are returned back from the land surface to the 

atmosphere: 

1. sensible heat flux (upward) 

2. latent heat flux (upward) 

3. water vapor flux (upward) 

4. zonal surface stress 

5. meridional surface stress 

6. surface temperature 

7. visible « 0.7 /-Lm), direct albedo 

8. visible « 0.7 p,m), diffuse albedo 

9. near infrared (> 0.7 /-Lm), direct albedo 

10. near infrared (> 0.7 /-Lm), diffuse albedo 

[Wm-2] 

[Wm-2] 

[kg m-2s-1 ] 

[Nm- 2] 

[Nm-2] 

[K] 



CHAPTER FOUR 

IMPACT OF HORIZONTAL RESOLUTION 
ON GLOBAL CLIMATE 
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This chapter discusses the resolution sensitivity experiments and compares 

the outcomes of their global climate features. The analysis focuses on the fol

lowing fields: surface elevation, pressure system, wind circulation, cloud coverage, 

planetary albedo, net surface solar flux, and precipitation. 

Resolution Experiment 

To test the dependency of the climate on the horizontal resolution of the 

model, a series of simulations were performed at NCAR using CCM2. The detail of 

these runs are described by Williamson et al. (1995). Six model simulations were 

completed using the rhomboidal R15, and the triangular T21, T31, T42, T63 and 

T106 spectral resolutions. Table 4.1 lists the important features and the parameters 

used in these experiments. 

Table 4.1 Resolution and Cloud Parameters 
Res. Lati. Long. Diffusion Model Convective High/Mid Low 

Coefficient Time Step Time Step Cloud qmin Cloud qmin 

(m4 S-l) (min) (min) (%) (%) 

R15 48 40 2x1016 20 60 95 90 

T21 64 32 2x1016 20 60 95 90 

T31 96 48 2x1016 20 60 95 90 

T42 128 64 1x1016 20 60 95 90 

T63 192 96 2x1015 12 30 85 85 

T106 320 160 1x1015 7.5 20 80 80 

A reduction in the horizontal resolution also requires a corresponding change 

in the model time step. The numerical solutions to differential equations using a 

central difference scheme are constrained by the following stability requirement: 



c6.t 
-<1 6.:v -

67 

Courent-Friedrichs-Lewy (CFL) Criteria 

The model time step at higher resolutions is reduced proportionally to its 

grid size. The convective time scale is also modified relative to the change in 

model time step. The threshold value of the relative humidity was reduced for 

high resolution versions to maintain the cloud fraction, which otherwise would have 

dropped quickly due to the reduced specific humidity, especially over the land. 

The duration of simulations used in this study is 10 years for the first four 

runs in Table 4.1, five years for T63 and four years for T106 resolutions. All these 

integrations were performed by the Climate Modeling Group at NCAR and are 

described in Williamson (1993). Also, a 10-year integration with the standard 

CCM2 coupled with BATS (referred to "CCM2-BATS") and a five-year simulation 

with a revised version of CCM2 coupled with BATS (labeled as "RCCM-BATS") 

(see Hahmann et at. 1994) are included in this study for comparison. Both of these 

simulations were conducted at T42 resolution. 

Topography 

Mountains have significant effects on weather in their surrounding regions. 

Surface topography influences the atmospheric motions of all scales and their proper 

incorporation in the numerical model is highly important. In order to reduce the 

numerical errors, smooth mountains are used in the models that employ a system. 

CCM2 uses a mixed sigma-pressure coordinate system. The upper five layers of the 

model (3 mb to 83 mb) are discretized by pressure only and the lower two layers 

use a coordinates. The middle 12 layers have a hybrid sigma-pressure coordinate 

system which smoothly merges from a to pressure coordinates. 

An increase in the model resolution clearly improves the definition of the 

major mountain ranges. The low-resolution model averages the surface altitudes 

over a larger grid area and hence decreases the mountain heights. In a spectral 

transfer model, the surface elevation data are averaged over a grid box, processed 

through the spherical harmonics, and then truncated to the desired grid resolution. 
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To reduce the negative elevations over the oceans, their resulting output is filtered 

through the highest wavenumbers (Boville 1991). Figure 4.1a shows the surface 

elevations over the United States and the Andes after the spherical harmonics are 

truncated to three spectral resolutions (course-R15, medium-T42 and high-T106). 

The highest altitude over the Andes increases from 2000 m (at R15) to 4000 m 

(at T106). As shown in Chapter Six, the change in orography significantly affects 

the moisture flux across the western coast of South America. The higher reso

lutions of the model show a more realistic surface topography over Mexico and 

the western United States. Similarly, Figure 4.1b shows the surface orography 

over the Himalayas and the Alps. The change in resolution shows a considerable 

impact on the Tibetan Plateau where the extent of high elevation increases with 

the spectral wavenumbers. The transition zone between the mountainous Tibetan 

Plateau and the low elevation Indian continent sharply reduces as the model res

olution increases. Over Europe, the location and height of the Alps improve at 

T106 resolution. The sea surface elevations plotted in Figure 4.1c show the extent 

of spectral oscillations in the lower resolution versions of the model. The amplitude 

of oscillation reduces with fine model grid. At T21, the negative sea surface levels 

are almost non existence. The T21 grid elevations are consistently higher over all 

the land and ocean grid points. 

The average surface altitudes over the selected regions at various resolutions 

are listed in Table 4.2. The boundaries of these regions are defined in Chapter 

Five. Except for T21, the refinement in the model resolution generally increases 

the surface elevation over the land and decreases it over the ocean. The average 

altitude over the Himalayas ranges between 3800 to 4900 m. The effect of spectral 

truncation and filtering at various wavenumbers can also be judged from the average 

ocean elevation, which should be around zero for an ideal case. The averaged sea 

surface elevation in the Southern Hemisphere is 6 m at T106, 12 m at T63, and 

26 m at R15 resolution. The worst topography is at T21 which has an average 

elevation of 168 m over the ocean. All resolutions agree with the global surface 

altitude of 238 m, except T21 which is 135 m higher. 
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FIGURE 4.1b 
CCM2 - SURFACE ELEVATION (m) 
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FIGURE 4.1c 
CCM2 - SURFACE ELEVATION (m) 
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Table 4.2 CCM2 average surface elevation (m) over selected regions 

Region R15 T21 T31 T42 T63 T106 

United States 734 850 730 744 746 750 

Amazon 246 408 246 218 194 177 

Sahara 487 597 475 483 481 482 

, Himalaya 3810 3737 4128 4580 4700 4896 

Australia 238 356 240 258 266 276 

Antarctica 1952 2111 2047 2088 2117 2142 

Northern HS Land 638 758 645 666 676 686 

Southern HS Land 8.59 999 898 937 958 982 

Northern HS Ocean 38 177 34 22 16 9 

Southern HS Ocean 26 162 19 12 8 4 

Globe 239 373 238 238 238 238 

Table 4.3 Highest and lowest elevation grids over land and ocean (m) 

Region R15 T21 T31 T42 T63 T106 

Elevation of highest grid point 

United States 1956 1947 2094 2172 2365 2732 

South America 1769 2007 2424 3074 3847 4473 

Himalaya 4848 4383 4935 5733 5451 5517 

Australia 486 577 480 563 592 698 

Antarctica 3796 3762 3584 3730 3834 3929 

Africa 1305 1382 1410 1784 2122 2365 

Greenland 1970 1880 2368 2889 3104 3177 

Northern HS Ocean 1175 1253 1050 1008 878 1165 

Southern HS Ocean 1267 1430 1541 1725 1399 1501 

Elevation of lowest grid point 

Northern HS Land -257 15 -41 -47 -41 -92 

Southern HS Land -72 58 -105 -119 -87 -74 

Northern HS Ocean -295 -108 -154 -130 -147 -147 

Southern HS Ocean -263 -80 -269 -395 -311 -198 
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Another way of viewing the surface elevation is by comparing the highest and 

the lowest grid altitude (shown in Table 4.3). The highest grid point over the Rocky 

Mountains in the United States is 2172 mat T42 and 2732 m at T106 resolutions. 

The sharpest change in land elevation with resolution change is observed over 

the Andes in South America, which increases from 1769 m (in R15) to 4473 m 

(in T106). The highest sea level grid points are usually next to land or between 

two land points. In the Northern Hemisphere, the highest ocean point obtained at 

T106 resolution is located in southern Alaska and between Greenland and Ellesmere 

Island at T63 resolution. In the Southern Hemisphere all high ocean points are 

next to the Antarctica. 

The lowest altitudes over land in both hemispheres are about 100 m below 

the mean sea level. The consistent positive bias at T21 resolution can also be viewed 

from the fact that it does not have a single point over land with an elevation below 

sea level. 

Surface and Sea Level Pressure 

In response to the improvement in the surface elevations, the surface pres

sures decrease over land and increase over ocean as the model grid is modified from 

coarse to fine. Table 4.4 compares the average surface pressure over selected regions 

at various resolutions of the model. By changing the model resolution from R15 

to T106, the average surface pressure in January over the Northern Hemisphere 

increases by 5 mb over the ocean, whereas it decreases by 7 mb over the land. The 

biggest change is observed over the Himalayas range where the surface pressure 

dropped from 640 mb to 555 mb mainly due to the change in surface topography 

in the two versions of the model. Pressures over other high altitude regions such as 

Antarctica, Greenland and Alaska also reduce as the model resolution is increased. 

The Amazon region, which is about 70 m lower at T106 relative to R15 resolution, 

gains about 9 mb in surface pressure at high resolution. In spite of the regional 

changes, the average surface pressure over the globe remains almost unchanged 

with the improvement in the model resolution. 
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Table 4.4 CCM2 average surface pressure (mb) over selected regions 

Region R15 T21 T31 T42 T63 T106 

January 

United States 933.8 934.7 934.2 932.7 932.8 933.9 

Can a da/ Alaska 963.2 965.8 959.7 954.1 953.8 954.3 

Greenland/Iceland 916.9 924.7 901.5 890.6 884.8 880.1 

Amazon 980.7 976.8 981.4 984.6 987.6 989.2 

Sahara 962.0 D63.4 965.8 965.7 966.4 966.4 

Himalaya 638.9 656.0 613.1 576.2 569.7 553.9 

Europe 987.5 990.2 987.2 982.4 978.1 978.4 

Australia 982.1 D82.3 981.4 980.3 979.3 979.1 

Antarctica 788.2 792.0 768.9 761.2 758.1 755.1 

Northern HS Ocean 1007.9 1006.8 1009.9 1011.8 1012.1 1012.9 

Northern HS Land 944.4 945.2 942.6 939.8 938.5 937.3 

Southern HS Ocean 100G.3 1006.2 1007.5 1008.3 1008.9 1009.2 

Southern HS Land 911.5 D11.9 905.1 900.4 898.6 896.1 

Globe 984.5 984.5 984.5 984.5 984.4 984.4 

J u 1 y 

United States 931.0 931.7 932.1 931.0 931.2 930.6 

Canada/Alaska D62.8 965.7 962.7 961.0 960.6 958.1 

Greenland/Iceland 922.7 926.3 914.5 908.2 903.3 899.2 

Amazon 985.5 982.3 987.G 990.5 993.1 993.8 

Sahara 955.1 955.9 957.0 956.5 956.4 957.2 

Himalaya 637.8 G51.G 615.8 582.7 575.5 561.3 

Europe 982.2 D83.2 D83.3 980.2 982.1 984.5 

Australia 990.7 9DO.9 991.6 990.5 989.8 988.6 

Antarctica 769.3 774.0 755.3 748.1 741.3 739.1 

Northern HS Ocean 1011.1 1010.1 1012.0 1013.7 1014.0 1014.2 

Northern HS Land 93D.0 93DA 938.5 93G.9 936.7 935.8 

Southern HS Ocean 1008.7 1008.7 1008.D 1009.0 1009.1 1009.5 

Soutllern HS Land D11.7 D12.8 D07A 902.7 899.4 896.7 

Globe 985.1 985.0 D85.0 985.0 984.8 984.7 
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Surface pressure represents the combined affect of changes in the surface ele

vations and weather system over a region. To isolate the affect of surface elevations, 

pressures are adjusted to a common reference level, i. e. sea surface elevation. Hack 

et al. (1994) analyzed the CCM2 sea surface pressure for the T42 resolution. The 

sea level pressures from three model resolutions (R15, T42 and T106) are shown in 

Figure 4.2. The relative difference among three resolutions of high and low pressure 

systems are compared with the observed measurements given by Ahrens (1993). 

In January, the Icelandic low pressure system is weaker in R15 and is in fairly 

close agreement with the observations in the T42 version and slightly stronger 

in T106 resolution. In the western Pacific, the Aleutian low is weaker in T42 

resolutions and well simulated in both R15 and T106 but positioned 10° eastward 

in R15 version of the model. The Siberian high is overestimated in R15. Three high 

pressure ridges over the Southern Hemisphere ocean are well positioned and slightly 

stronger in T106. The Bermuda high located westward in R15 is overestimated in 

T42 and T106 resolutions. In July, the low pressure system over the Tibetan 

Plateau is highly aggregated and the Icelandic low is weakly simulated in all three 

versions of the model under comparison. The thermal low over the Western United 

States is nicely simulated, but the Eastern Pacific high is distorted in all three 

resolutions. The low pressure system along the edge of Antarctica gets stronger in 

the T106 resolution. 

The January sea level pressure reduces slightly over land with improvement 

in resolution, from 1015.6 mb at R15 to 1013.5 mb at T42 and to 1012.8 mb at 

T106, while in July it increases by 0.5 mb at the T106 resolution. The global 

average of the sea level, pressure decreases gradually by 0.7 mb in both January 

and July as the model resolution changes from R15 to TI06. In general, an increase 

in the model resolution simulates a more realistic pressure pattern which is close 

to the average observed systems both in position and magnitude. 
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Winds 

As stated earlier, mountains influence the atmospheric motion of all scales. 

The changes in surface topography can modify both local and global circulation 

patterns. For example, better representation of the Himalayas can alter the upper 

level wind circulation even over northern Africa and the change in surface topog

raphy over the Andes can shift the zonal wind over Australia. Figure 4.3a displays 

the 500 mb zonal wind in January at three model resolutions: R15, T42 and TI06. 

The impact of resolution on zonal circulation may be clearly seen over the United 

States. As the resolution increases, the jet stream becomes stronger and elongated 

on the east side of the Rockies, but on the west side the wind at T42 is stronger 

than both R15 and TI06 resolutions. Similarly the Himalayas range slows down 

the zonal wind on its west side up to the Atlantic ocean and the jet stream on 

the east side gets longer. The westward wind over central Africa is shifted much 

eastward at the TI06 resolution. 

The impact of the change in the model resolution on the meridional wind at 

the 500 mb level is shown in Figure 4.3b. At TI06 resolution, there is a stronger 

southward wind component on the east side of the Rockies and Himalayas. Also, 

the wind contours over the northern Atlantic and Greenland are quite different 

in the two model versions. The meridional circulation varies with latitudes. The 

change in surface topography over one part of the globe may not affect the north

south winds in the other parts whereas the change in zonal circulation in any part 

of the world can impact the circulation around the globe. 
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FIGURE 4.3b 
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Cloud Coverage 

CCM2 predicts two types of clouds in the model: convective clouds and 

layered clouds. The convective cloud fraction depends only on the rate of convective 

precipitation over each model grid, while the stable cloud fraction is parameterized 

in term of the large-scale relative humidity above a critical value, as mentioned 

in Table 4.1. The total cloud fraction is computed by merging both the stable 

and convective cloudiness over all layers in the models. As described earlier, the 

threshold of the relative humidity for the cloud formation is set such that the total 

global cloud coverage remains unchanged at T31, T42, T63 and T106 resolutions. 

CCM2 simulations at three resolutions: R15, T42 and T106, are compared to 

ISCCP measurements in Figure 4.4 The regional averages of cloudiness over various 

regions are listed in Table 4.5. 

In January, the maximum positive difference between the observed and sim

ulated cloud cover is over Northern Hemisphere land, especially in high latitudes 

where the satellite data itself is questionable. But as the resolution increases, the 

magnitude of error reduces over the Tibetan Plateau, Central America and eastern 

Africa. The maximum negative difference is over the northern Atlantic, Northwest 

Pacific and the mid-latitudes in the Southern Hemisphere ocean. Compared to 

the ISCCP data, the model predictions are higher over the ocean by 15%, and 

8-10% lower over the land. The T106 resolution model shows some improvement 

in cloud cover over Central America, and southern Africa. By changing the model 

resolution from T42 to T106, the average cloud over Northern Hemisphere land 

reduces by 4%. A significant decrease is noticed (not shown) over the tropical 

and sub-tropical desert belt from western India to northern Africa, the Amazon 

region and the Himalayas. The BATS coupled model shows some improvement in 

cloud coverage by reducing the simulation error over the United States (from 4% 

to 0.25%), Mexico and Central America (from 8% to 1 %) and the Amazon (from 

10% to 6%), while at the other places the changes are insignificant. 
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Table 4.5 CCM2 total cloud fraction (%) 
CCM2 RCCM ISCCP 

REGION R15 T42 T106 BATS BATS Data 

January 

United States 51.12 47.08 44.35 51.23 54.97 51.04 

Canada/Alaska 77.43 75.51 73.40 77.23 76.22 52.42 

Mexico/C. America 53.22 49.39 43.17 41.54 47.81 40.27 

Sahara 29.75 16.70 12.68 16.93 24.00 24.72 

Himalaya 58.96 60.40 47.88 62.79 62.20 35.83 

Europe 73.72 70.68 66.68 72.50 69.39 50.83 

Amazon 75.73 69.39 62.24 73.14 65.12 79.42 

S. Amer(South _100 
) 61.52 56.84 56.34 55.27 5.5.60 62.11 

Africa (South +150
) 63.70 53.91 47.58 55.96 50.17 46.79 

Australia 37.28 32.81 :'31.20 31.20 26.23 45.19 

Antarctica 56.73 58.31 59.92 58.96 60.64 10.94 

North HS Ocean 58.50 54.74 56.11 53.85 54.03 69.18 

North HS Land 58.58 52.79 48.96 54.22 53.98 41.01 

South HS Ocean 55.94 53.11 53.98 52.53 54.51 71.56 

South HS Land 60.83 57.25 56.42 57.31 55.05 49.20 

Globe 58.32 54.6D 54.59 54.52 55.08 62.11 

J u 1 y 

United States 48.44 35.07 28.33 34.68 33.49 45.84 

Can ada/ Alaska 55.16 48.15 46.20 48.67 52.08 58.63 

Mexico/C. Am erica 88.93 74.23 69.19 72.39 70.73 63.87 

Sahara 38.06 24.35 13.65 25.92 19.51 21.98 

Himalaya 82.91 77.67 63.60 85.38 69.07 63.87 

Europe 38.02 37.54 29.23 33.43 36.66 51.68 

Amazon 67.62 53.30 50.13 50.21 35.39 57.40 

S. Amer(South _100
) 44.99 36.40 37.71 34.67 36.73 43.03 

Africa (South +150
) 58.51 51.30 44.32 49.33 40.30 42.72 

Australia :32.42 21.91 20.'16 23.69 22.14 25.74 

Antarctica 71.35 64.24 64.11 64.10 65.80 30.73 

North HS Ocean 55.68 53.27 54.54 51.95 .54.87 69.80 

North HS Land 52.13 46.48 40.73 45.66 44.61 51.5D 

South HS Ocean 54.40 51.D3 5:3.5D 51.62 51.40 71.05 

South HS Land 51.88 42.94 41.73 41.98 39.78 35.6D 

Globe 5'IAO 50.69 SOAG 50.00 50.23 62.71 
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The change in model resolution shows much a stronger impact on the cloud 

field in July. The simulated cloudiness is higher than the observations over the 

African continent, Central America, northern South America, and northern Aus

tralia. Increasing the" resolution from T42 to T106 reduces the total cloudiness 

over land in the Northern Hemisphere by 6%, which considerably modifies the sur

face radiation balance. Similar to January, the geographical distribution in July 

shows a strong decrease in cloud coverage over northern African, Middle Eastern 

deserts and Southeast Asia. Over the sea, it increases around the northern At

lantic, Eastern Pacific and southern Indian oceans. Compared to the ISCCP data, 

the simulated cloudiness at T106 resolution is lower by more than 10% over the 

United States, Canada, and Europe, while it is overestimated by more than 10% 

over Central America and southern Africa. Increasing the resolution reduces the 

simulation over Central America, the Himalayas and southern Africa, but it also 

shows adverse affects over the United States and Europe. 

The amount of total cloud cover can roughly be correlated to the total 

water vapor in the air column, though there "are many factors that can influence 

the cloudiness at each model layer. Table 4.6 shows that the precipitable water in 

the vertical profile in January reduces only by 2% at T106 resolution over the ocean 

in the Northern Hemisphere, as compared to 10% decline over the land. Similarly 

in July, the decrease over the ocean is 7% as compared to the 18% reduction over 

the land. The decreased water vapor in the air column sharply reduces the cloud 

cover over land relative to the ocean, as the cloud fraction is related to the square 

of the difference of relative humidity above a threshold value. To maintain the 

cloud cover, the critical relative humidity in cloud parameterization was lowered 

uniformly over the globe as described in Table 4.1. In this process, the cloud cover 

over the ocean increased, while the land did not get its intended increase. 

Planetary Albedo 

The planetary albedo represents the fraction of solar radiation scattered 

back to space. On the average, 30% of the incoming solar flux is scattered or 
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Table 4.6 CCM2 precipitable water in air column (mm) 

CCM2 RCCM 

REGION R15 T'12 T106 BATS BATS 

January 

United States 9.37 9.92 8.34 9.35 9.60 

Oanada/ Alaska 4.34 3.26 3,46 3.23 3.50 

Greenland/Iceland 2.60 1.59 1.22 1.75 1.81 

Sahara 13.28 10.31 8,40 10.57 11.49 

Himalaya 3.21 1.66 1.18 1.80 1,45 

Europe 6.55 6.32 6.31 7.23 7,40 

Amazon 47.61 47.79 44.98 47.84 46.54 

Australia 32.88 34.00 30.07 33.87 29.63 

Antarctica .2.74 1.77 1.70 1.94 2.03 

North HS Ocean 28,40 27.61 27.07 27,48 26.66 

North HS Land 11.86 10.47 9,42 10.67 10,43 

South HS Ocean 29.56 28.51 26.89 28,46 28.71 

South HS Land 27.84 27.05 25.02 27.04 25.50 

Globe 24.57 23.56 22.38 23.56 23.24 

J u I y 

United States 41.64 37.51 28.79 34.57 31.87 

Oanada/ Alaska 34.03 28.50 22.27 27.82 22.33 

Greenland/Iceland 18.10 14.97 11.94 15.51 12.50 

Sahara 34.69 29.81 23.00 28.28 24.03 

Himalaya 24.06 17.53 11,47 18.90 14.93 

Europe 33.75 30.16 23.96 28.07 24.41 

Amazon 42.10 39.28 38.89 39,47 34.76 

Australia 18.95 16.33 13.87 17.77 17.26 

Antarctica 0.8!) 0.62 0.62 0.60 0.62 

North HS Ocean 42.55 '10.83 38.00 40.73 40.20 

North HS Land 37.40 33.6!) 27.87 32.85 28.77 

South HS Ocean 22.15 21.45 20.44 21.49 21.02 

South HS Land 17.75 15.74 14.86 15.91 15.00 

Globe :~0.20 28.42 25.91 28.26 26.9] 
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reflected back by the clouds, the earth and the atmosphere. Clouds are good 

reflector of shortwave radiation. Cloud albedo varies between 30-60%, depending 

on the zenith angle and the type and thickness of the clouds. In the absence 

of clouds, the clear-sky albedo of the planet is approximately 15%. Models and 

satellite data agree on the global average of cloudy and clear-sky albedo, but the 

spatial distribution over the land differs by 20-30% over regional levels. 

The difference between the planetary albedo measured by ERBE and the 

CCM2 simulations are shown in Figure 4.5. The figure does not show any major 

difference between the albedos simulated at T42 and T106 resolutions. In January, 

the model's estimates are higher over the land in the subarctic, Central Amer

ica, and eastern Africa while estimates are lower over the southern oceans which 

correlates with the reduced simulated cloud over that region. In July, the model 

predictions are lower poleward of 45°N. The RCCM-BATS model which increases 

the cloud reflection over land, increases the error in albedo over Canada, north

eastern Russia, and the southern tail of South America in January and over the 

equatorial region in July, where the cloud cover is relatively thicker. However, the 

model shows a substantial improvement over the summer hemisphere. 

The regional averages of planetary albedo obtained from various resolutions 

of the model and the ERBE measurements are compared in Table 4.7. At T42 res

olution, the albedo is consistently lower than ERBE data over both hemispheres in 

January and July. The model's global predictions are 3% lower than the measured 

one. Increasing the resolution to T106, improves the albedo over the ocean and 

the Southern Hemisphere land, but further lowers it over the land in the Northern 

Hemisphere. The BATS coupled model changes the albedo over three regions for 

more than 5%. Over the United States and the Himalayas, it predicts higher winter 

snow and increases the surface reflection. The clear-sky albedo over the Himalayas 

is 25% higher with BATS and its estimate in the cloudy-sky albedo is 19% higher 

over that region. The ERBE observation is only 4% above the standard version of 

the model. Over the Sahara, the clear-sky albedo from the BATS coupled model is 

5.5% lower, which reduces the cloud-sky albedo by 4%. The RCCM-BATS model 
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Table 4.7 CCM2 planetary albedo (%) 

CCM2 RCCM ERBE 

REGION R15 T42 T106 BATS BATS Data 

January 

United States 37.2 35.8 34.9 39.0 44.1 40.9 

Canada/Alaska 57.6 57.7 56.4 57.9 62.3 55.7 

Greenland/Iceland 59.9 62.6 63.4 62.6 66.1 68.0 

Sahara 36.1 35.2 34.9 31.1 32.6 34.9 

Himalaya 33.2 33.8 30.9 54.7 55.8 37.1 

Europe 52.3 52.4 50.6 50.8 54.1 56.7 

Amazon 30.0 30.0 29.4 30.7 34.3 36.5 

Australia 23.2 23.8 23.9 25.0 27.5 25.6 

Antarctica 68.6 69.6 69.7 69.7 72.7 67.3 

North HS Ocean 27.7 26.1 28.2 26.8 25.2 29.9 

North HS Land 34.9 33.6 32.5 34.2 36.9 39.5 

South HS Ocean 24.8 24.4 25.4 25.1 27.4 28.3 

South HS Land 39.0 40.1 40.3 40.9 45.4 40.8 

Globe 28.8 28.3 29.2 29.0 30.8 32.6 

J u I y 

United States 21.9 20.5 20.3 21.4 27.3 27.5 

Canada/Alaska 25.0 24.8 25.3 26.4 40.5 35.1 

Greenland/Iceland 50.2 48,4 51.1 47.4 58.0 50.9 

Sahara 32.3 30.9 30.1 29.5 30.5 33.5 

Himalaya 25.0 27.6 24.4 29.4 32.9 36.6 

Europe 22.2 22.3 21.9 22.6 34.2 32.6 

Amazon 30.7 28.5 29.9 23.0 22.5 30.0 

Australia 29.0 27.1 26.8 28.7 30.9 26.1 

Antarctica 63.7 58.3 53.8 58.3 66.7 -

North HS Ocean 23.7 23.2 24.3 23.7 25.5 26.3 

North HS Land 27.4 27.1 26.7 27.4 35.3 33.4 

South HS Ocean 27.2 26.0 27.9 27.2 25.7 28.0 

South HS Land 27.3 25.6 26.0 25.8 27.4 26.0 

Globe 26.7 26.1 26.9 26.7 29.4 29.0 
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increases albedo over land by 4.4% over the standard model, except for the Ama

zon, the Sahara and Europe, where it overestimates the albedo. Coupling BATS 

shows a systematic increase in albedo in January and July, but the magnitude of 

the improvement is almost one quarter of the error. The CCM-BATS model de

creases the model albedo over the globe, but it also increases the model bias over 

various regions. 

The decrease in albedo over land correlates with the reduction of total cloud 

fraction at high-resolution versions of the model. The change in resolution from 

T42 to Tl06 shows less than a 2% decline in albedo over most of the regions. On 

the other hand, the albedo over the ocean in the Northern Hemisphere increases by 

more than 2% which is consistent with the increased cloud fraction. In January, the 

simulated global albedo from T42 resolution is 4.3% lower than the satellite data, 

which means that the land surface receives a significantly higher amount of solar 

radiation. The high-resolution model shows a slight improvement in albedo over 

the ocean, but the bias further increases over land in the Northern Hemisphere. 

Net Surface Solar Flux 

The net solar flux at the earth surface is the net downward solar radiation 

after deducting the solar reflection from the earth surface. It depends on the sur

face, the planetary albedo and the atmospheric absorption to the solar flux. The 

differences between the SRB data for the net surface solar flux and the simulated 

values from the model are plotted in Figure 4.6. The T42 resolution shows a major 

bias in solar flux over the summer hemisphere. In January, the southern oceans 

at mid-latitude regions, southern Africa, the entire continent of South America 

and western Australia show a strong positive bias. Similarly over the Northern 

Hemisphere in July, the mid-latitude regions and especially over the land, the sim

ulated solar flux is 50-100 Wm-2 higher than the observations. In contrast, a 

20-40 Wm-2 underestimation is also visible over the ocean around the equato

rial region. The Tl06 resolution model further underestimates the solar flux over 
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the ocean. The RCCM-BATS model substantially improves the accuracy of the 

simulated solar flux over the summer hemisphere (Hahmann et al. 1994). 

Table 4.8 compares the regional errors in the surface solar energy. Compared 

to the SRB data, the T42 resolution under-predicts by 14-19 Wm-2 the solar 

radiation over the winter hemisphere, while it over-predicts by 18-20 Wm-2 over 

the summer hemisphere. The model simulations over the Northern Hemisphere 

land is 32 Wm-2 higher than SRB data in July and 32 Wm-2 lower in January. 

The high resolution model (T106) reduces the solar flux over the ocean and the 

summer hemisphere land. These changes are, however, insignificant compared to 

the magnitude of errors. The RCCM model systematically decreases the solar flux 

over the land in both hemispheres. It reduces the bias over the summer hemisphere, 

but increases the difference over the land in the winter hemisphere. 

Surface Evapotranspiration 

Evapotranspiration is one of the most important components of the surface 

and atmospheric water budgets. In CCM2, the evaporation depends on surface 

temperatures, specific humidity at the lowest layer, stability conditions and the 

prescribed potential evaporation factors. In the BATS coupled model, surface 

evapotranspiration is dependent on vegetation cover, soil moisture conditions, the 

diurnal and seasonal cycles,etc. No reliable global dataset is available to validate 

the model's simulations. The latent heat energy from various resolutions of the 

model is compared in Table 4.9. 

By changing the model resolution from T42 to T106, the surface vapor 

flux increases over the ocean in January and July. As the surface temperatures 

are prescribed over the ocean, the latent flux can only be increased by reducing 

the specific humidity in the lowest model layers. In fact, the total water in the 

atmospheric column (Table 4.6) slightly reduces over the ocean, in spite of a rise 

in the total precipitation. Over the land in the Northern Hemisphere, the latent 

heat flux increases in January by 2 Wm-2(in response to 0.9°K increase in surface 

temperature), and it decreases by 19 Wm-2 in July. The most dominant change 
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Table 4.8 CCM2 net surface solar radiation (Wm-2) 

CCM2 RCCM SRB 

REGION R15 T42 T106 BATS BATS Data 

January 

United States 85.04 85.77 88.03 81.38 72.32 76.13 

Can ada/ Alaska 13.07 12.64 13.54 13.35 11.18 33.82 

Sahara 140.61 141.71 144.09 157.65. 153.39 127.89 

Himalaya 129.24 128.75 137.75 79.09 78.74 113.83 

Europe 26.41 25.14 27.04 27.65 25.46 38.29 

Amazon 216.90 212.29 214.74 215.53 202.81 158.29 

Australia 285.36 276.36 277.65 276.30 267.96 269.03 

Antarctica 80.79 76.10 75.57 78.80 64.83 129.07 

fVorth HS Ocean 149.19 150.69 144.16 151.70 156.26 160.17 

fVorth HS Land 89.41 90.24 92.99 91.02 86.84 112.31 

South HS Ocean 270.64 268.79 263.27 269.97 258.84 245.01 

South HS Land 205.05 196.33 195.97 197.79 179.51 194.06 

fVorth HS 117.39 118.53 116.09 119.39 120.17 137.83 

South HS 255.03 251.40 246.89 252.64 240.19 232.83 

Globe 186.21 184.96 181.49 186.01 180.18 189.51 

J u 1 y 

United States 273.48 276.68 282.28 278.93 256.16 236.50 

Can ada/ Alaska 246.11 245.20 247.10 242.70 186.31 205.13 

Greenland/Iceland 131.54 139.71 130.46 148.74 107.75 166.68 

Sahara 219.99 223.74 231.46 237.36 236.15 200.19 

Himalaya 276.38 264.83 287.33 258.42 249.72 204.32 

Europe 263.73 260.85 266.01 265.53 217.36 208.09 

Amazon 186.88 191.00 184.08 220.08 224.49 166.80 

Australia 135.22 138.46 140.10 135.76 130.68 146.83 

fVorth HS Ocean 250.89 249.93 244.83 251.95 244.97 233.62 

fVorth HS Land 239.00 237.52 242.10 241.53 211.27 203.24 

South HS Ocean 117.19 117.52 113.14 117.21 120.45 141.62 

South HS Land 114.37 116.36 115.63 118.26 115.65 133.30 

fVorth HS 240.21 238.54 237.81 2'11.19 224.71 218.75 

South HS 114.23 114.87 111.28 114.99 117.04 138.96 

Globe 177.22 176.70 174.54 178.09 170.88 183.48 
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Table 4.9 CCM2latent heat flux (Wm-2) 

CCM2 RCCM 

REGION R15 T42 T106 BATS BATS 

January 

United States 29.94 23.51 26.64 28.37 25.07 

Can ada/ Ala.ska 7.74 7.97 15.62 6.82 6.22 

Greenland/Iceland 4.24 2.72 3.66 3.42 3.66 

Sahara 11.36 4.99 4.27 12.38 12.27 

Himalaya 16.45 8.05 8.63 22.81 18.59 

Europe 16.54 8.85 15.03 12.43 9.82 

Amazon 168.04 161.75 164.00 116.77 104.41 

Australia 126.33 114.64 101.13 80.80 57.47 

Antarctica 5.44 4.49 6.60 7.07 7.23 

North HS Ocean 152.10 168.64 170.64 170.17 176.30 

North HS Land 40.51 31.08 33.25 26.14 23.49 

South HS Ocean 95.13 100.74 105.94 101.30 100.13 

South HS Land 104.11 96.01 88.67 78.15 64.38 

Globe 97.36 101.45 103.85 99.38 98.73 

J u 1 y 

United States 138.91 137.93 110.18 103.06 90.21 

Canada/Alaska 129.25 120.20 100.43 117.02 87.66 

Mexico/C.America 264.50 172.83 138.22 170.42 130.97 

Sahara 32.27 20.70 18.92 25.60 19.83 

Himalaya 84.45 52.51 51.50 160.21 115.50 

Europe 120.69 120.79 97.46 98.39 79.89 

Amazon 134.70 136.81 135.04 87.79 64.49 

Australia 60.92 36.35 41.46 38.87 33.28 

Antarctica 0.55 0.52 0.91 0.75 0.94 

North HS Ocean 121.89 121.04 124.67 120.68 128.60 

North HS Land 114.96 109.14 90.32 95.50 77.64 

South HS Ocean 122.68 130.29 136.76 130.19 134.48 

South HS Land 64.18 52.59 52.46 37.69 32.90 

Globe 111.40 111.47 111.32 107.14 106.98 
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III the high resolution model occurs over Europe and Central America in July, 

where latent energy reduces by 20 Wm-2
• The BATS coupled model generally 

reduces surface evaporation over land, except for the snow-covered regions. Over 

the Amazon, it reduced the latent flux fro~ 162 Wm- 2 (at T42) to 117 Wm-2 in 

January, and from 137 Wm-2 (at T42) to 88 Wm-2 in July. On the other side, 

BATS predicts a more realistic snow coverage over the Himalayas and increases 

the winter evaporation from 8 Wm-2 to 22 Wm-2 while the summer evaporation 

jumps from 52 Wm-2 to 160 Wm-2 • During the summer, BATS predicts some 

snow cover over the Himalayas ranges, which is completely ignored in the CCM2. 

Another way of analyzing the surface response is by comparing the Bowen 

Ratio, which is the ratio of sensible to latent heat flux. In Table 4.10, the T106 

resolution shows that the Bowen Ratio increases over land in both hemispheres, 

which implies that a smaller fraction of energy is available for evaporation. The 

BATS coupled models further increase the Bowen Ratio as compared to the high 

resolution model. In January the Bowen Ratio over land is 0.25 at T42 resolution, 

which changes to 0.30 at T106, 0.48 at CCM-BATS and 0.51 at CCM2-RCCM. This 

clearly shows the significance of coupling the land surface model. Both BATS and 

the high resolution models agree with the land surface improvement by reducing its 

Bowen Ratio. A high resolution model predicts a fraction of the change that can 

be achieved with BATS and a low resolution model. Compared to the standard 

model, BATS increases the Bowen Ratio over the Amazon from 0.03 to 0.43 in 

January and from 0.05 to 0.74 in July. Over the Himalayas, BATS computed a 

more realistic snow fraction and decreased the sensible heat flux by a significant 

amount. Also over the Sahara, the Bowen Ratio from the BATS coupled model is 

much higher than that from the uncoupled version of the model. 
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Table 4.10 CCM2 Bowen ratio 

CCM2 RCCM 

REGION R15 T42 T106 BATS BATS 

January 
United States 0.44 -0.21 0.08 -0.27 -0.38 

Canada/Alaska -1.33 -1.93 -0.88 -2.21 -2.92 

Greenland/Iceland -3.18 -6.82 -5.89 -7.77 -6.84 

Sahara 2.86 6.75 7.34 2.94 2.76 

Himalaya 1.73 4.71 3.72 -0.44 -0.60 

Europe -0.22 -1.50 -1.12 -1.03 -2.04 

Ama.zon 0.02 0.03 0.02 0.43 0.47 

Australia 0.47 0.64 0.77 1.23 1.87 

Antarctica -0.85 -1.04 -1.19 -0.55 -0.47 

North HS Ocean 0.10 0.11 0.08 0.11 0.11 

North HS Land 0.26 0.15 0.20 0.33 0.27 

Sou th HS Ocean -0.01 -0.02 -0.02 -0.02 -0.02 

South HS Land 0.21 0.32 0.37 0.59 0.69 

Ocean 0.05 0.05 0.03 0.05 0.05 

Land 0.23 0.25 0.30 0.48 0.51 

Globe 0.08 0.08 0.07 0.10 0.10 

J u 1 y 

United States 0.29 0.38 0.52 0.77 0.77 

Can ada/ Alaska 0.24 0.36 0.45 0.41 0.33 

Greenland/Iceland 0.19 0.47 0.53 0.46 0.23 

Sahara 2.74 4.59 4.68 3.57 4.63 

Himalaya 1.19 2.32 2.34 0.20 0.35 

Europe 0.33 0.43 0.57 0.70 0.65 

Amazon 0.03 0.05 0.03 0.74 1.22 

Australia 0.28 0.55 0.58 0.43 0.51 

Antarctica -35.71 -50.47 -32.42 -36.66 -27.21 

North HS Ocean -0.02 -0.02 -0.01 -0.04 -0.03 

North HS Land 0.33 0.43 0.58 0.62 0.63 

South HS Ocean 0.04 0.03 0.02 0.03 0.03 

South HS Land 0.07 0.09 0.10 0.44 0.53 

Ocean 0.01 0.01 0.01 0.01 0.01 

Land 0.28 0.37 0.47 0.59 0.62 

Globe 0.08 0.09 0.10 0.13 0.11 
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Precipitation 

Precipitation is the primary factor in this study. In CCM2, total precip

itation is the sum of convective and large scale stable precipitation. Figure 4.7 

illustrates the January and July precipitation distribution at T42 and T106 reso

lutions with the RCCM-BATS coupled model in terms of the difference between 

simulated and observation estimates by Legates and Willmott (1990). The figure 

only shows the areas with large biases where the difference with measured data is 

above 1 mm day-I. January precipitation over the dry areas of northern Africa 

and northern China improves by increasing the resolution (not shown). All ver

sions of the model overestimate the rainfall along ITCZ over Central America, 

eastern Brazil, the Indian Ocean, Indonesia, and the western United States. The 

underestimation over the Pacific is caused by the northward shift of ITCZ. The 

July rainfall is over-predicted over Mexico, eastern United States, central Africa, 

and eastern Asia, while the Indian monsoon is much drier. Precipitation over the 

southern Oceans is consistently underestimated, but the observation data over the 

ocean are themselves questionable. Table 4.11 compares the precipitation averages 

from various resolutions of the model to the observed dataset. Comparing the 

Legates dataset to the standard model, January and July precipitation simulations 

are much higher over all the land regions. For example, over the United States the 

model's overestimate is 86% in July and 13% in January. Over the North Hemi

sphere land, the simulated precipitation is 33% higher than observations in January 

and 71 % higher in July. The annual averaged CCM2 precipitation over land is 53% 

higher than the measured data (not shown in Table). By improving the resolution 

from T42 to T106, the rainfall bias over the Northern Hemisphere reduces from 

77% to 42% in July and from 32% to 23% in January. Almost all land regions 

show some reduction in excessive rainfall at T106 resolution. Further analysis on 

precipitation is discussed in chapter Five for individual regions. Another important 

observation is the increased precipitation over the ocean in both January and July. 

This implies that vapor convergence is reduced at a high resolution model in the 

presence of taller mountains. 
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FIGURE 4.8 
COMPARISON OF CCM2 PRECIPITATION TO MEASURED DATA 

OVER LAND IN NORTHERN HEMISPHERE 
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Table 4.11 CCM2 precipitation comparison (mm day-I) 

CCM2 RCCM Legates 

REGION R15 T42 TI06 BATS BATS Data 

January 
United States 2,43 2.38 2.31 2.49 2,48 2.10 

Mexico/O.America 4.49 4.16 2.72 3.22 3.61 1.72 

Sahara 0.59 0.18 0.07 0.25 0.38 0.08 

Himalaya 2.98 2.63 1.15 2.69 1.97 0.35 

Europe 2.27 2.13 2,47 2.27 2.35 1.41 

Amazon 6.83 7.96 6.32 7.31 6.40 7.88 

S. Amer(South -100) 8.74 9.33 9.07 9.35 7.52 5.02 

Africa (South +150) 5.04 4.99 4.49 5.75 4.10 2.98 

Australia 3.62 4,49 4.03 5.07 2.80 2.81 

Antarctica 0.55 0.39 0,43 0.45 0.48 1.13 

North HS Ocean 3.79 3.82 4,44 3.79 3.77 4.60 

North HS Land 1.84 1.58 1,46 1.64 1.56 1.19 

South HS Ocean 3.40 3.71 3.61 3.52 3.94 4.34 

South HS Land 5.86 6.53 6.26 6.60 4.81 4.11 

Ocean 3.56 3.75 3.94 3.63 3.87 4.44 

Land 3.13 3.16 3.00 3.22 2.60 2.13 

Globe 3.33 3.47 3.56 3.41 3.38 3.63 

J u 1 y 

United States 4.57 4.51 3.46 3.55 2.96 2.43 

Mexico/O.America 31.53 21.48 18.84 23.48 18,45 6.51 

Sahara 2.58 0.99 0.54 1.02 0.69 0.83 

Himalaya 17.61 20.02 12.51 26.85 11.12 4.16 

Europe 2.73 2.89 2.28 2.25 1.99 1.73 

Amazon 4.11 2.62 2.32 3.01 1.04 5.35 

S. Amer(South _100) 2.27 1.84 2.21 1.88 1.70 1.50 

Africa (South +150) 4.31 4.88 4.31 4.12 3.19 3.00 

Australia 1.69 1.19 1.01 1.17 1.12 0.75 

Antarctica 0.52 0.34 0,41 0.35 0.37 1.01 

North HS Ocean 4.60 4.98 5.29 4.61 5,47 4.29 

North HS Land 5.62 5.32 4.'14 5.22 4.07 3.12 

South HS Ocean 3.04 3.05 3.28 3.01 3.05 2.28 

South HS Land L.55 1.24 1.24 1.28 0.93 1.31 

Ocean 3.67 3.84 4.10 3.66 4.04 3.10 

Land 4.32 4.01 :3041 3.96 3.07 2.5 /1 

Globe 3.80 3.81 3.80 3.67 3.65 2.85 
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One of the important improvements at T106 resolution is the better spa

tial distribution at rainfall over arid regions. Figure 4.8 displays the percent

age of Northern Hemisphere land in very dry and wet regions. The measured 

dataset shows that about 15% of the Northern Hemisphere land received less that' 

0.125 mm day-l of rain. The lowest resolution model (R15) almost ignores arid 

regions, but as the model's grid is reduced, the fraction of dry region increases and 

approaches the observed value. All three histograms for January, July and Annual 

A verages, show that the high resolution model greatly improves the precipitation 

simulations over the desert/arid regions. The figure also shows that the percentage 

of wet regions at low resolutions is much higher than observed data and as the res

olution increases, the areal percentage of wet regions gradually decrease, especially 

during the summer season, when the model has an excessive bias in solar radiation. 

This clearly shows that high resolution performs quite well in spite of large errors 

in input radiation at the surface. 

Ooupling the model to BATS reduces the simulation bias over the land 

and ocean in both hemispheres in July precipitation, but the magnitude of the 

improvement is insignificant compared to the errors. For example, the simulation 

bias over the Northern Hemisphere land reduces from 71 % to 67%. The main reason 

for limited improvement is the higher radiation input over the surface. The ROOM

BATS model reduces the land precipitation in both January and July. However, 

coupling the ROOM model to BATS shows a very significant reduction in summer 

rainfall. Table 4.11 shows that the summer precipitation bias reduces from 71 % to 

30% over the Northern Hemisphere land, from 86% to 22% over the United States, 

from 67% to 15% over Europe and from 60% to 0.5% over Australia. The major 

reduction in precipitation occurred by reducing the surface radiation flux. 

Convective to Total Precipitation Ratio 

The share of convective to total precipitation shows the response of the moist 

convective scheme in the model to the reduced specific humidity over land. Table 

4.12 shows that by increasing the model resolution, the contribution of convective 

precipitation declines. Over the United States, 95% of the summer precipitation 
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Table 4.12 CCM2 convective to total precipitation ratio 

CCM2 RCCM 

REGION R15 T42 TI06 BATS BATS 

January 
United States 0.52 0.51 0.44 0.51 0.50 

Mexico/O.America 0.88 0.83 0.75 0.79 0.77 

Sahara 0.61 0.'13 0.'17 0.'18 0.43 

Himalaya 0.70 0.66 0.51 0.64 0.53 

Europe 0.'10 0.37 0.29 0.38 0.37 

Amazon 0.91 0.86 0.80 0.82 0.85 

S. Amer(South _100
) 0.92 0.88 0.81 0.87 0.87 

Africa (South +150
) 0.91 0.88 0.83 0.87 0.88 

Australia 0.91 0.88 0.81 0.90 0.88 

Antarctica 0.29 0.38 0.36 0.47 0.44 

North HS Ocean 0.80 0.75 0.73 0.75 0.77 

North HS Land 0.62 0.56 0.46 0.56 0.54 

South HS Ocean 0.80 0.77 0.72 0.76 0.77 

South HS Land 0.89 0.86 0.80 0.86 0.86 

Globe 0.79 0.76 0.71 0.75 0.76 

J u 1 y 

United States 0.95 0.95 0.86 0.95 0.93 

Mexico/O.America 0.95 0.93 0.87 0.92 0.92 

Sahara 0.89 0.91 0.86 0.86 0.93 

Himalaya 0.89 0.84 0.80 0.81 0.90 

Europe 0.93 0.95 0.88 0.94 0.90 

Amazon 0.88 0.85 0.85 0.88 0.88 

S. Amer(South -100 
) 0.79 0.71 0.65 0.72 0.70 

Africa (South +150
) 0.83 0.82 0.80 0.80 0.86 

Australia 0.75 0.70 0.60 0.71 0.69 

Antarctica 0.13 0.13 0.11 0.13 0.17 

North HS Ocean 0.88 0.86 0.82 0.85 0.85 

North HS Land 0.88 0.86 0.80 0.84 0.84 

South HS Ocean 0.76 0.71 0.65 0.71 0.72 

South HS Land 0.74 0.71 0.64 0.72 0.66 

Globe 0.83 0.80 0.75 0.79 0.79 
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at the T42 resolution is generated by convective adjustment as compared to 86% 

at the T106 resolution. On average, the fraction of convective precipitation reduce 

by 5% in both January and July. The BATS coupled versions also slightly reduces 

the contribution of convective precipitation. 

Summary 

The following summarizes the major conclusions derived from the analyses 

of the effects of resolution changes on the global climate predictions: 

• The increased resolution of the model improves the definition of the major 

mountain ranges and the average surface topography of land and ocean. At a 

high resolution, the change in surface orography influences the surface pressure 

which generally increases over the ocean and decreases over land. The surface 

pressure adjusted to the sea surface level simulates more closely the observed 

pressure systems position and magnitude. 

• At a high resolution, taller mountains obstruct more water convergence from 

the ocean to the land. They reduce the specific humidity and the total precip

itable water over land. The average decrease in column water over Northern 

Hemisphere land in July is 17% lower at T106 resolution compared to T42. This 

drastically cuts down the cloud coverage over land. To maintain the global cloud 

fra.ction constant, the threshold of relative humidity in the cloud parameteri

zation was reduced from 95% at T42 to 80% at T106 resolution to allow cloud 

development at a low specific humidity. This kept the global cloud coverage 

unchanged, by increasing further the cloud fraction over the ocean which was 

already 15% higher than the ISCCP dataset. At the same time, the land cover 

was reduced by more than 10% over some areas. 

• A major problem in CCM2 is the excessive surface radiation, which is up to 

50-100 Wm -2 higher than the SRB dataset over a vast area in the summer hemi

sphere, especially over land. At a high resolution, the Northern Hemisphere land 

receives, on average, 34 Wm-2 of excessive summer radiation above SRB data; 

the cloud cover decreases and the radiation bias further increases by 5 Wm-2 • 



102 

At T106 resolution, the lower land clouds reduce the planetary albedo. An ad

ditional solar radiation of 5 Wm -2 becomes available at surface, which changes 

the surface radiation budget and the surface energy fluxes. The Bowen Ratio 

increases over all land regions at a high resolution. The RCCM-BATS model, 

which increases the optical thickness of summer clouds, substantially reduces 

the overestimated surface radiation by as much as 26 Wm-2 over Northern 

Hemisphere land . 

• All resolutions of the model overestimate precipitation. One obvious source of 

precipitation error is the radiation field. Compared to the observed dataset, the 

standard T42 resolution over-predicts by 71 % the rainfall in July over Northern 

Hemisphere land. The error margin reduces to 42% at T106 resolution and to 

30% with the revised CCM-BATS model. It is interesting to note that T106 

allows a greater radiation error compared to T42 resolution, but the magnitude 

and spatial distribution of rainfall prediction is better. The reduced biases may 

be associated with (a) a lower specific humidity in model specially over the land 

(b) smaller spatial scales that improve the performance of convective processes 

(c) better computations at reduced model time step. The high resolution model 

also improves the fraction of land in dry and wet regions and simulates better 

over the arid regions. The convective to total precipitation ratio reduces over 

all land regions as the resolution increases. Another factor in high resolution 

model simulation is the precipitation increase over the ocean, which is caused 

by the presence of taller mountains in the model. RCCM-BATS very effectively 

reduces the large discrepancy obtained in summer precipitation. Compared to 

the standard model, the precipitation bias reduces from 71 % to 30% over the 

Northern Hemisphere, 86% to 22% over the United States, 67% to 15% over 

Europe and 60% to 0.5% over Australia. 
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CHAPTER FIVE 

REGIONAL CLIMATE SIMULATIONS 

This chapter investigates the impact of changes in horizontal resolution on 

the water and energy budget in CCM2: This study is conducted on six selected re

gions with diverse climate conditions over land, ocean and sea ice. It also examines 

the affect of coupling BATS to CCM2. 

Validation Datasets 

Some observational measurements and satellite datasets are included in this 

study. The aim of the analysis is to compare the satellite dataset with the simulated 

fields and determine if any improvement in the resolution increases or decreases the 

simulation error. These validation datasets are as follows: 

The monthly averages of satellite based datasets from Earth Radiation Bud

get Experiment (ERBE) and International Satellite Cloud Climatology Project 

(ISCCP) were acquired from NCAR in CCM history tape format (Hurrell and 

Campbell, NCAR Technical Note, 1992). The NCAR archive on ISCCP is based 

on six years of measurements from on July 1983 to June 1988, of stage C2 data. 

Only the total cloudiness field is used in this report. Rossow et ai. (1993) pointed 

out that ISCCP cloud amounts are about 10% lower over land. The cloud amounts 

over the polar region may be 15-25% lower in summer and 5-10% in winter. The 

ERBE archive at NCAR contains observations from February 1985 to December 

1988 (47 months) of S4 data. Barkstrom et ai. (1989) estimated that averaged 

monthly data may have ±5 Wm-2 uncertainties in shortwave and longwave. Also, 

the clear sky observations may be questionable in the presence of snow-covered 

surface and sea ice. The ERBE data fields which are included in this study are: 

solar incident, cloudy and clear sky albedo and upward longwave flux. 
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The surface observations include the Surface Radiation Budget (SRB) and 

the observed precipitation climat ologies. The shortwave radiation estimates pro

duced in the surface radiation budget are based on the ISCCP C1 three-hourly 

dataset using two different satellite algorithms. One uses the Delta-Eddington 

radiative transfer computation (Pinker and Laszli, 1992) and others parameter

ize a physical model employing cloud and aerosol transmission characteristic with 

tuning to historical dataset (Durnell et al. 1988). The monthly averaged SRB 

computation algorithms may be accurate to 10 Wm-2 (Whitlock et al., 1990). 

Simulated rainfall was compared with high resolution gage-corrected global 

precipitation by Legates et al. (1989). This data is based on the monthly averages 

from 24635 independent terrestrial stations and 2223 oceanic grid points recorded 

between 1920-1980. 

Averaging Bias 

The areal average of the model's output fields depends on the size and 

location of the region under investigation. The model's response to changes in 

resolution may be more consistent and easy to analyze over a small· area. Small 

areas however, may introduce bias due to the sampling size. The ratio of the 

number of grid points between T106 and R15 models is about 26.6. This implies 

that an area of lOox10° will have only three grid points in a low resolution model 

(R15) as compared to 80 grid points in a high resolution model (T106). Hence 

the size of the study region should be large enough to avoid such sampling errors 

from too few grid points. On the other hand averaging over a larger area with 

heterogeneous climate conditions (e.g. wet and dry regions) may not show any 

clear dependence on grid changes. 

The averaging problem can be seen from the following example. The solar 

incident flux at top of the atmosphere was computed over the Himalayan region 

(75-100oE and 25-40 0 N) for the month of July. The solar incident only depends 
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on sun-earth eccentricity and zenith angle. In other words, at any instant it is 

a function of time and location of the site but the average for a whole month 

only depends on the latitude. The average July solar incident fluxes resulting 

from T31, T42, T63 and T106 resolutions of the model are 227.2, 236.0, 238.8 

and 233.4 Wm-2 respectively. The major cause of such a large discrepancy of 

11 Wm-2 is the orientation of the grid points in each resolution. An additional 

minor contributing factor to this difference is the model time step which is 20 

minutes for the first two run and 12 and 7.5 minutes for the latter cases. 

To avoid this problem, the model fields from all resolutions were interpolated 

to a common resolution using a bilinear interpolation. Three model resolutions, 

T42, T63 and T106, were tested for a common grid and no significant difference 

was found among all three as long as the same resolution was consistently used 

for all calculations. The solar incident after interpolating to T42 grid was found 

to be 235.94, 236.03, 235.94 and 236.14 Wm-2 respectively for all four above 

resolutions. A minor problem from such a conversion may be the interpolation 

of the fields around the coastal regions, as the land-ocean flag for each model 

resolution is separately defined. This problem may not arise if we do not cross 

the coastal boundary. For a large region such as the United States, or Australia, 

this error is almost negligible. One reason for selecting the T42 as the common 

resolution for other model versions is that it lies in the middle and the land-ocean 

flag conflict is minimal for interpolating fields from other resolutions to T42 grid. 

Regional Boundaries 

The six regions with heterogeneous climate conditions explored for the effect 

of changes in model resolution includes the United States, the Sahara, and tile 

Himalayas in the Northern Hemisphere and the Amazon, Australia, and Antarctica 

in the Southern Hemisphere. The boundaries of the Amazon and the Himalayas 

are conveniently defined within rectangular boxes. The United States boundaries 

are defined by two boxes, [125-85°W, 29-49°N] and [85-65°W, 25-45°N] to exclude 
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the regions of Canada and Mexico. The Sahara region included all the grids within 

[10° W-30° E, 15-30° N). The Australian continents exclude New Zealand territory. 

The Himalayas are bounded between [80-95° E, 28-35° NJ. The Antarctica region 

included all land points southward of 70° S. And finally, the Amazon region extends 

within [77-55°W,100S-3° NJ. 

Regional Studies 

The magnitudes of the changes in the energy and water balance from various 

resolutions averaged over the selected regions are discussed in the next sections. 

The model fields are plotted as a function of resolution which varies from R15 to 

T106. The points highlighted with crosses and circles are simulated by BATS

coupled models with standard and revised CCM2. Each diagram also shows the 

observed or satellite measurements, if available. As we see in the following sections, 

some of the model fields do not show any regular response ( monotonically increase 

or decrease) with resolution changes. For example, some fields show their maximum 

or minimum value at T42 resolution and sometimes they do not show any trend 

with a change in resolution. There may be many possible reasons for such behavior 

in the model fields. First, some of the model processes are parameterized for T42 

resolution and their response at other resolutions are uncertain. Highly non-linear 

interaction between various processes make it increasingly difficult to predict the 

impact of resolution changes. Second, the averaging over large areas, such as the 

United States or Australia, which do not have a uniform climate condition over the 

entire region, may not show any clear trend to the change in r.esolution. The model 

processes may not be equally sensitive over dry and wet regions for the change in 

grid size. The objective here is not to discuss the reason for the abnormal trend of 

a particular field, but to examine in general, how water, energy balance and cloud 

fraction shift with modified grid size. 
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United States 

Most of the United States has a continental climate, with considerable 

annual variability. The coastal regions, which are moderated by the influence 

of the oceans, have less variable climate. The eastern United States is humid, 

with annual precipitation above 1.5 mm day-l. The western part, except for 

the Pacific coast and the mountainous regions, is semi-arid with annual rain

fall in 0.75-1.50 mm day-l range. The mountain range in the west receives 

less than 0.75 mm day-l of rainfall, whereas the northwestern coast gets above 

7.5 mm day-l of annual precipitation. 

July 

The impact of the changes in the model resolution over the United States 

during July is more dominant than in January. At a higher resolution version of 

the model, the total cloud cover, surface energy, surface evaporation and convective 

precipitation decrease. The bias in total precipitation reduces significantly with 

grid size. The BATS coupled version simulates a much higher surface temperature. 

It reduces the total surface energy and evapotranspiration, while increasing the 

sensible heat flux. BATS also reduces the precipitation bias. 

The fields related to energy balance for the standard CCM2 are shown in 

Figures 5-1a and 5-1b as a function of the model resolution. Most of the fields 

plotted in Figure 5-1a show a definite pattern in response to the change in model 

grid, except for T21, which shows an inconsistency in patterns. Such diversity may 

be caused by more than one factor. First, the grid orientation and the spectral 

computational procedure in R15 (Rhombic) and T21 (Triangular) schemes are quite 

different. Second, the surface elevations over the ocean and the land are higher at 

T21 (see Table 4.2). It is believed that the R15 model resolution is superior to T21 

for more latitudes. 

Solar radiation is the primary forcing for the earth. The solar constant, 

which measures the amount of solar radiation at the top of the atmosphere is set 
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to be equal to 1370 Wm-2 in CCM2. The solar incident over any location depends 

on the seasonal variation of the earth-sun distance and the solar zenith angle. The 

United States gets an average 468 Wm-2 of solar radiation in July at the top 

of the atmosphere. For the lower resolution, an unexpected minor variation of 

0.2 Wm-2 may contribute to an interpolation error during the conversion of the 

model fields from other resolutions to T42. The computations made by ERBE 

agrees with the model estimates within a 0.1 Wm-2 difference. 

Cloud fraction plays a very significant role in changing the energy fluxes 

of the model. Clouds are good reflectors of solar radiation at the top of the at

mosphere and heavy absorbers of terrestrial radiation. The simulated total cloud 

cover declines monotonically from 48% to 28% with the reduction of grid size, as 

compared to 46% measured hy ISCCP data. Hence, ISCCP data match the lowest 

resolution of the model and simulation bias in cloud fraction increases with refine

ment in the grid size. As explained in Chapter Six, specific humidity over land 

is reduced in higher resolutions versions due to the lower vapor convergence from 

the ocean to land. The following table shows the average cloud fraction over the 

United States in July. 

Table 5.1 CCM2 Cloud fraction over United States in July (%) 

RESOLUTION low-cld med-cld hgh-cld tot-cld cnv-cld 
R15 9.0 16.2 39.9 48.4 22.8 
1'21 9.8 15.4 34.2 44.7 23.6 
1'31 7.2 13.4 29.2 36.6 18.1 
1'42 6.8 12.8 27.8 35.1 16.1 
1'63 7.2 11.0 24.8 32.0 12.0 
1'106 6.0 10.7 21.1 28.3 8.7 
CCM2-BATS 2.7 12.8 29.4 34.7 15.7 
RCCM2-BATS 3.6 12.2 28.4 33.5 14.2 
ISCCP 11.9 14.7 15.4 45.8 -

Table 5.1 shows that the cloud fraction gradually decreases with the grid 

size at all levels. Compared to the ISCCP dataset, it is evident that the high-level 

cloud is overestimated in the model. 
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The planetary albedo measures the cloud and atmospheric reflection of the 

solar flux above the atmosphere. The underestimation of cloud cover at a high 

resolution is reflected in the planetary albedo which is about 7% lower than the 

ERBE measurements. The clear-sky albedo, which demonstrates the atmospheric 

reflection to the solar flux in the absence of clouds is in much closer agreement 

with the ERBE data (within 0.3% range), which indicates the validity of Delta 

Eddington parameterization over the region. 

The upward infrared flux at the top of the atmosphere measures the ter

restrial and atmospheric emissions and absorption by carbon dioxide, water vapor, 

and ozone. The higher resolution versions of the model show an increase of long

wave flux at the top of the atmosphere. This is consistent with the model-reduced 

cloudiness that allows more longwave radiation to escape out the troposphere. Due 

to the inaccurate cloudiness, the outgoing infrared radiation at the top of the at

mosphere at a high resolution is 20-25 Wm-2 higher than the ERBE observations. 

The net solar flux at the surface represents the net downward solar radiation 

after deducting the solar reflection from the earth surface. In other words, it 

depends on the surface and planetary albedo and the atmospheric absorption to 

the solar flux. Comparing the surface energy to the net solar flux, the reduced 

cloudiness results in an additional 9 Wm-2 , which is 40 Wm-2 higher than SRB 

estimates. Figure 4.6 shows that CCM2 computes 50-100 Wm-2 of excessive solar 

radiation in the mid-latitude summer. 

The downward infrared at the surface describes the amount of longwave 

emitted by the atmospheric carbon dioxide, water vapor, ozone and clouds. As ex

pected, the reduced cloud amount lowers the atmospheric emission at the improved 

resolution. Therefore, the cloud fraction may cause a major change to the surface 

energy balance as the resolution variation reduces by about 33 Wm-2 of radiation 

energy as the resolution is changed from lower to higher. However, a part of this 

loss is counter balanced by a 2.1°C cooler surface temperature which is equivalent 

to 11 W m -2 reduction in terrestrial emission. 
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The net longwave flux at the surface is the terrestrial radiation emitted by 

the earth surface as a black-body object minus the downward atmospheric infrared 

emission. At the mean sea level, 1°0 change in the surface may cause 5 Wm-2 dif

ference in the longwave emission. Hence the impact of the cloud fraction is more 

dominant than the variation of the surface temperature in the effect of resolution. 

The TI06 resolution shows about 21 W m -2 more of net upward longwave radiation 

at the surface as compared to R15. 

The sensible heat flux in the standard model depends on the difference of 

the surface and the lowest level model temperature, the velocity component at the 

lowest model level and the surface exchange coefficients which rely on atmospheric 

stability. Although the surface temperature is lower at TI06 resolution, the tem

perature gap between the surface and the lowest level of the model increases and 

the sensible heat flux increases by 17 W m -2 for the change in resolution from 

R15 to TI06. The decline in surface temperature also reduces the saturated spe

cific humidity at the surface which, in fact, reduces the surface latent heat flux by 

29 W m -2. By applying the following heat budget equation to compute the net 

heat entering the ground surface: 

Fground = Fnet-surjace - Fsensible - Flatent - Fsnowmelt 

the net ground heat flux is reduced from 23.6 Wm-2 at R15 to 21.6 Wm-2 at 

TI06. 

The reduction of the latent heat flux at a higher resolution may correlate 

with the corresponding reduction of the total precipitation. However, in the stan

dard 00M2, the surface evaporation depends on a prescribed wetness factor and 

does not have any direct relation to the precipitation. 

The precipitation and evaporation fields averaged over the region are shown 

in Figure 5-1b. The observed estimated rainfall over the United States for July is 

2.43 mm day-I. The simulated rainfall declines gradually from 4.56 mm day-I at 

R15 to 3.46 mm day-l at TI06, thereby reducing the model excess rainfall from 
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88% to 42%. The distribution pattern of July rainfall obtained using the model 

along with the observational estimates from Legates and Willmott (1990) are shown 

in Figure 5-1c. The most dominant features of the rainfall distribution are: (a) 

a reduction in the overestimation along the east coast at T106, (b) more realistic 

patterns when using the fine grids and (c) a consistent prediction of high precipita

tion over mountainous regions with all the resolutions. The BATS-coupled model 

show a significant improvement in the over-estimation along the east coast. 

As the model resolution increases, the precipitable water in the atmospheric 

column and the surface evaporation decrease. These factors contribute to lower 

the upward convective mass flux. The model precipitation is the sum of two fields: 

(a) the convective precipitation which results from the convective activity over 

the region and (b) the large scale precipitation which is the outcome of the con

densation of supersaturation moisture. As the model grids change from coarse to 

fine, the fraction of convection precipitation reduces gradually and, conversely, the 

large-scale precipitation increases. The strength of the convective activity is re

lated to atmospheric instability, eddy heat flux, moisture fluxes in the atmospheric 

boundary layer, and the distribution of temperature and relative humidity in the 

lower layers of model (see Chapter Three for details of the convective scheme in 

the model). The residence time of water vapor in the atmosphere does not change 

with resolution and remains between 8-9 days. All resolutions of the model predict 

net drying, with 5-10% more evaporation than the rate of precipitation. 

The major difference between the standard T42 and BATS-coupled model 

is in the surface temperatures, which are 8°C higher in the BATS-coupled version. 

The spatial distribution of the surface temperature from various models for the 

month of July is shown in Figure 5-1d. The largest anomaly is around the Mid

west and the west coast. The observed air temperatures for July (see Figure 5-1e) 

also show that the BATS air temperature is 7.5°C higher over the whole region 

and about 10°C around the Midwest. The sensible heat flux in CCM-BATS is 

26 Wm-2 higher, but the latent heat flux is 34 Wm-2 lower than the uncoupled 
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verSIon. Oonsequently, the Bowen Ratio jumps from 0.4 to 0.8. The higher tem

perature emits more terrestrial radiation which counter balances the downward 

shortwave and longwave radiation, and the BATS surface energy is lowered by 

15 Wm-2 • Oontrary to the other 00M2 versions that show drying of the region, 

the BATS evaporation to precipitation ratio is 0.998, which indicates a strict mois

ture balance over the region. The relative reduction in precipitation is more than 

the precipitable water in the atmospheric column. The water vapor resides for an 

additional 1.5 days in the atmosphere, which slows down the hydrological cycle. 

ROOM-BATS, which has more cloud drops with reduced size, reflects more 

solar energy at top of the atmosphere, and has a 7% higher planetary albedo. This 

is equivalent to 32 Wm-2 reduction in the solar energy flux. After adjustments 

in the shortwave radiation balance, the net surface energy from ROOM-BATS 

decreases by 35 Wm-2 , which reduces the surface evaporation and, consequently, 

the precipitation overestimates decline from 85% at T42 to 22% at ROOM-BATS. 

The vertical profiles of some of the model fields other than those related to 

convection are shown in Figure 5.1£. The vertical profiles only show T42 and T106 

models along with two versions of T42 coupled with BATS. 

The atmospheric temperature profile is primarily controlled by heat trans

port from advection, diabatic heating by condensation, latent heat from convection 

and condensation, solar heating due to water vapor, carbon dioxide, ozone, infrared 

heating and cooling by emission and absorption by water vapor, carbon dioxide and 

ozone, and finally by the horizontal and vertical diffusions of sensible heat. In the 

vertical temperature structure, the surface temperatures of OOM-BATS are 8°0 

warmer at the surface, 3.2°0 higher at 850 mb but 1°0 cooler at 500 mb. The 

lowest atmospheric temperature is related to the surface fluxes, whereas 500 mb 

temperature is controlled by mid-level condensation, which is lower with OOM

BATS. 

The specific humidity at any level is dependent on vapor transport by advec

tion, moist convection, moisture sink/source (such as condensation or convective 
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rainout), and vertical and horizontal diffusion of moisture. The specific humid

ity profile shows that at TI06 resolution, dryness at the surface level affects the 

overlying layers. For example, the specific humidity from T106 resolution at 850 

mb, 700 mb, 500 mb, and 400 mb levels is respectively 21%, 24%, 28% and 37% 

lower as compared to T42 version. This is primarily related to the change in 

large scale circulation and water convergence from ocean to land. In the case of 

the BATS-coupled model, the situation is slightly different. The low level specific 

humidity is caused by the low surface evaporation in the BATS version and at 

mid-atmosphere vapor advection fills the water deficit. The specific humidity at 

850 mb level is 18% lower in CCM2-BATS, but as advection brings more moisture, 

the atmosphere becomes wet in 300-600 mb range. 

The model parameterizes the layered cloud fraction by the relative humidity 

above a threshold value, the atmospheric stability and the vertical velocity. The 

convective cloud fraction only depends on the rate of precipitation within the con

vective layers. The vertical profile of the model cloud cover shows that the main 

concentration of cloudiness is in the upper atmosphere, between 200-400 mb levels. 

The discrepancy in cloud cover from various versions of the model correlates to 

the difference in their specific humidities and vertical temperature profiles. In the 

upper layers, where the temperatures are much cooler, a slight change in specific 

humidity can significantly modify the cloud coverage. In RCCM-BATS, the specific 

humidity is lower at all levels than in other versions and the cloud cover is much 

less in the upper regions for pressure less than 400 mb. 

Diabatic solar heating is caused by the absorption of solar radiative flux by 

water vapor, carbon dioxide, ozone and cloud droplets. The solar heating profile 

shape has a minimum around the tropopause before it increases in the stratosphere 

because of ozone heating. As the other constituents do not change with the model 

version, the difference in cloud cover is the key component which modifies the rate of 

solar heating among various model versions. The highest solar heating comes from 

CCM-BATS at mid-levels, where its cloudiness is thicker than others. In the upper 

troposphere, the minimum cooling is predicted by T106, which has the minimal 
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cloud cover. For the lower atmosphere, where the cloud fraction difference is not 

dominant, the lowest solar heating rate shown by RCCM-BATS has the lowest 

solar flux across the layers. 

Similar to solar heating, the longwave heating/cooling of the atmosphere is 

modeled by the emission and absorption of carbon dioxide, ozone, water vapor and 

cloud drops. A cooler atmosphere is expected to emit less infrared radiation. By 

looking into the vertical profile, the lower longwave heating in the middle level is 

associated with the cooler layer temperatures in the model. The net atmospheric 

heating/ cooling over the atmospheric column in the troposphere is almost zero 

but in the vertical profile, the rate of cooling at all levels in the tropopause is 

much higher than is the solar heating. The difference is compensated for by the 

convective heating of the atmosphere. 

The vertical pressure velocity (w) is computed by taking into account the 

divergence of surface pressure and the horizontal wind vector. In summer, the 

high temperatures cause a low pressure over land and the vertical pressure velocity 

is expected to be positive. The difference in the pressure velocity among various 

versions of the model strongly correlates with their temperature profiles. CCM

BATS has the highest sensible heat flux, and a higher vertical temperature at all 

levels predicts a strong pressure velocity profile, whereas RCCM-BATS which has 

the lowest temperature in the middle and upper atmosphere, simulates a lower 

pressure velocity in that region. 

The zonal and meridional wind tendency is derived in terms of vorticity 

and divergence by taking into account kinetic energy, surface geopotential, vertical 

velocity, surface fluxes and the horizontal and vertical diffusions of heat. Over a 

large scale, the velocity vector changes with latitude while over a small scale it 

changes around surface elevations and the areas of high/low pressures. The net 

change in wind components over a large region such as the United States does not 

provide any meaningful result. The profiles of both zonal and meridional wind 

components are almost zero and do not show any difference among model versions 

except in the upper troposphere. 
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Figure 5-1g shows the profiles of the convective fields in the model. The 

upward mass flux due to convective activity at any layer depends on the excessive 

moist energy in the convective region, the liquid water influx from bottom, the 

out flux to the upper layer and the overshoot parameter (3. The vertical profile of 

the convective mass flux shows that in the lower atmosphere, the vapor diffusion 

is much stronger than the convective rainout. The vapor mass increases upward 

to 700 mb where the mass influx by diffusion and advection is balanced by the 

convective condensation and reaches its peak magnitude. Further upward, vapor 

diffusion continues to decrease and large scale advection becomes more dominant 

by bringing more water into the region, but not enough to balance the rainout 

moisture. As a result, the mass flux declines gradually until it disappears around 

the tropopause where the vapor advection almost vanishes. The difference in the 

mass flux profile from various models does not depend on a single factor. The 

cooler layer temperature may reduce the mass convective mass flux, by increasing 

the rainout moisture. The standard T42 model version, which has the highest 

evaporation, also shows a higher convective flux at all levels. 

The convective heating rate represents the change in large scale temperature 

caused by convection. At each model level, the net change in temperature is com

puted by the static energy balance of the convective mass flux. Its vertical profile 

closely resembles the mass flux, with up to 2°C day-1warming at mid-tropopause. 

RCCM2 predicts about 0.5°C cooler temperature than T42 at mid-troposphere, 

due to its reduced mass flux. 

Convective moistening shows the large scale change in specific humidity 

caused by convective activity. It largely depends on the humidity and temperature 

of the model layers. At the lower levels, convective moistening is more dominant 

over the rainout with a peak at 800 mb; further upward the rainout component 

and the overshoot water fraction increase until the mid levels. At lower levels, 

the difference in vapor tendency among various versions of the model correlates 

with their specific humidities with a maximum at T42 and a minimum at T106 
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resolution. At mid-levels, BATS slightly dominates the convective heating, pro

portional to the increase in specific humidity, whereas the lower condensation in 

RCCM-BATS keeps its heating tendency lower than other versions. 

The rainout tendency displays the vertical profile of model precipitation i. e. 

the contribution of the model layers to the total rainfall. The profile includes the 

convective and large scale components. The convective part primarily depends on 

the condensable liquid water and on the overshoot parameter in the convective 

adjustment. The large scale component relies on the amount of super saturation. 

Similar to the vertical profile, the peak of the rainout tendency does not coincide 

with any mass flux, or vapor or heat tendency, because the higher mass flux or 

higher vapor tendency does not mean more condensation. It largely depends on 

the over-shoot parameter which moves the water mass upward. In fact, its highest 

value corresponds to the vapor advection peak around the 450 mb level. At that 

level the moisture transported into the region by large scale advection and from 

the lower level by convective mass flux through the over shoot parameter reaches 

its maximum value. It must be emphasized that large scale transportation of 

water vapor does not mean it may contribute to large scale precipitation. If there 

is thermal or a moist instability in the region, the vapor will become a part of 

convection and contribute to the convective precipitation. The rainout tendency 

profile from various versions of the model shows the same behavior as their specific 

humidities, with the maximum at T42 and the minimum at RCCM-BAT. 

In CCM2, the surface albedo over each grid box is prescribed as a func

tion of the zenith angle. In BATS, the procedure is more physically-based as it 

accounts for the fraction of bare soil, snow, and vegetation and soil wetness. The 

clear-sky albedo, which partially includes the surface albedo and the atmospheric 

reflection from the CCM2-BATS version, is well within the 0.75% range of ERBE 

observations. 

The surface parameterization moves the surface moisture and heat from 

the earth's surface into the lowest model level, which is further mixed upward 

by vertical diffusion, convection and large scale winds. The parameterization of 
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the vertical diffusion of the moisture and the heat under the unstable or convective 

conditions depends on eddy diffusivity, surface flux of moisture/heat, the boundary 

layer height and the turbulent velocity scale. In the lower layers of the model, where 

the diffusion tendency is controlled by surface fluxes, the reduced vapor diffusion 

tendency from BATS reflects the decreased latent heat flux. At lower model levels, 

a small range of negative vapor diffusion from CCM-BATS indicates a downward 

vapor advection into the region. The difference between various versions of the 

model reduces quickly as the moisture transported through advection is mixed into 

the region. The profile of the temperature diffusion is not very dissimilar from the 

vapor diffusion. The sensible heat flux controls the lower region profile. The high 

heat diffusion from RCCM-BATS correlates its excessive sensible heat flux. Here 

again the difference in temperature diffusion profiles from various versions of the 

model declines swiftly as S0011 as more vapor is mixed in the region. 

Moist advection represents both the vertical and horizontal transportation 

of water vapor by advection. This component should not be confused with that 

of vapor transport by diffusion. Advection depends on all three components of 

velocity, vector and specific humidity of the source region. The profile shows that 

the lower layers of the model have a negative advection which means the water is 

taken out of the region. In fact, at the lower levels, the major source of water influx 

is the vertical diffusion and the strong vertical velocity transport further upward 

that causes a negative influx at the lower levels. At the higher levels, diffusion 

almost vanishes and the major vapor transport is done by large scale circulation, 

which brings the water vapor into the region from other regions. The region from 

200-750 mb shows a net gain of water flux. 
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January 

The effect of the grid change in January is similar to July, but relatively 

much lower as the solar input to the region is about 40% of the flux in July. By 

improving the resolution, the cloud field reduces with surface radiation and precip

itation. BATS estimates a much higher snow cover, therefore, enlarges the surface 

evaporation which further increases the overestimation in simulated precipitation. 

The heat and water balance fields averaged over the United States in J an

uary are shown in Figures 5-2a and 5-2b. These diagrams show that some of the 

model fields, downward IR at surface, sensible heat flux, total precipitation, and 

precipitable water etc., do not show any trends with a change in resolution. Hence, 

it may be more useful to see the changes between T42 and T106 resolutions. 

The average solar flux of 186 Wm-2 is about 4 Wm-2 above the ERBE 

dataset. The solar field in ERBE is a computed quantity and not a measured one. 

Comparing the incident solar flux between CCM2 and ERBE computations, the 

ERBE dataset in January is consistently higher over the Northern Hemisphere by 

3 Wm-2 and in July it is 10 Wm-2 higher over the Southern Hemisphere oceans, 

but 6 Wm-2 lower over the Southern Hemisphere land. The ERBE and CCM2 

computations must have different logic for incident solar flux at the top of the 

atmosphere. 

The ISCCP cloud cover again agrees with the lowest resolution of the model, 

but the model cloud cover decreases at a higher resolution. The planetary albedo 

correlates with the reduced cloud cover, but is 5% (equal to 10 Wm-2 ) lower than 

the ERBE estimate, which already has a 3-4 Wm-2 bias in solar flux. The 3% lower 

cloud cover at T106 results in 2.3 Wm-2 of excess surface solar energy. Change 

in longwave radiation causes the net surface radiation to decrease by 4.5 Wm-2 • 

In spite of a decrease in surface flux, both latent and sensible heat fluxes go up 

by 7 Wm-2 and 3.1 Wm-2 respectively and the net surface heat influx reduces by 

14.6 Wm-2 • The surface temperature is at the freezing point and the change in 

the soil heat flux does not lower the temperature for more than 0.5°C. The Bowen 
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Ratio switches from slightly negative (-0.21) at T42 to positive (+0.08) at T106, 

in response to the changes in sensible heat energy. 

Figure 5-2b displays the water related fields over the United States. It shows 

that the simulated precipitation of the model slightly improves with resolution as 

its magnitude decreases from 2.37 mm day-l to 2.31 mm day-l as compared to 

the observed measurements of 2.10 mm day-l. Almost half of the precipitation 

comes from convection, and its share reduces at a higher resolution. The amount 

of precipitable water in the air column is between 9-10 mm, almost a quarter of 

the July magnitude. The evaporation is about 41% of the precipitat~on, meaning 

60% of the rainwater is converted into runoff as compared to almost none in July. 

The average snow cover over the United States from the BATS coupled 

model is 8 times larger than that prescribed by CCM2. This excess snow increases 

surface reflectance to the solar flux. The cloud cover in CCM2-BATS is 4% higher 

relative to the standard model. Both of these factors reduce the surface energy by 

4.5 Wm-2 , which lowers the sensible heat flux by 4.8 Wm-2 • The higher snow 

coverage increases the surface wetness and the surface evaporation, which in turn 

increases both the convective and large-scale precipitation. 

RCCM-BATS increases the planetary albedo by 10%, which cuts down the 

surface radiation by 13.5 Wm-2 • But a 7% increase in cloud cover provides a barrier 

to the outgoing infrared flux, which compensates for the loss of solar radiation at 

the surface. Consequently, the net surface radiation is lowered by 2.4 Wm-2 , which 

cools the surface temperature by 1°C. 

Sahara 

The Sahara desert is the hottest and driest region with the highest Bowen 

Ratio on the globe. Most of the region receives an annual precipitation of less than 

0.35 mm day-l and large areas receive no rainfall for years at a time. The mean 

temperature is around 3000K, with a relative humidity of 2.5%, the lowest on the 

globe. The summer daytime temperatures are well above 3200K. In spite of a lot 
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of moisture in the air column, the region has less than 1 mm day-l of rainfall in 

the summer, just because of its location on the downward branch of the Hadley 

circulation cell. The refinement in model resolution shows a clear improvement in 

regional precipitation. BATS predicts the summer air temperature of the region 

close to observed data, within 1/3°C. 

July 

The Sahara receives about 458 Wm-2 of solar flux in July, well within 

1 Wm-2 of the ERBE data. More than one third of this radiation is reflected 

back to the atmosphere (see Figure 5-3a for the energy balance over this region). 

The total cloudiness declines sharply with higher resolutions, from 38% at R15 to 

24% at T42 and only 13% at TI06. Most of the clouds lie at very high altitudes, 

around the 200 mb level. The 22% ISCCP estimate of cloud cover matches that 

of the T63 resolution of the model. The clear-sky albedo at the TI06 is 3% lower 

than the ERBE observation, which may have contributed to the bias in the Delta 

Eddington parameterization in the model and to the uncertainty in satellite data 

processing. 

The surface solar flux remains within a range of 12 Wm-2 as .resolution 

changes, but about 25 Wm-2 above the SRB observations. The 3% bias in clear

sky albedo may explain the 15 Wm-2 difference in the surface solar flux. The 

remaining 10 Wm-2 may be accounted for by the questionable model and satellite 

processings. The 25% reduction in cloud fraction strongly affects the infrared flux 

and lowers the downward atmospheric IR emission by 31 Wm -2. The net radiation 

decreases at the surface by 16 Wm-2 and most of this loss contributes to lowering 

the latent heat energy, which goes down by 14 Wm-2 • The surface temperature 

remains unchanged while the sensible heat flux does not show any pattern with 

resolution change, with its maxima at T42. 

Model precipitation, shown in Figure 5-3b, improves significantly with lower 

grid size and decreases from 2.57 mm day-l at R15 to 0.54 mm day-l at TI06, as 

compared to the observed average of 0.84 mm day-l. The fraction of convective to 
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total rainfall does not show any clear pattern, but has a downward trend. The pre

cipitable water in the air column also declines, but at a much slower pace relative 

to the changes in precipitation. The vapor residence time in the air column jumped 

from 13 days at R15 to 42 days at T106. The drop in the surface evaporation is 

much slower than the precipitation while the ratio of evaporation to precipitation 

keeps rising consistently from 0.4 at R15 to 1.2 at T106. The excess evaporation 

over precipitation seems unrealistic, as it is unlikely that the soil has any water 

storage in July to maintain the required evaporation; nor it is possible that the 

region has a 60% runoff as estimated by the lower resolutions of the model. How

ever, both versions of BATS preserve the water balance and keep this ratio below 

1.0 (ROOM-BATS approachs almost to the edge at 0.99). 

BATS clear sky albedo is 3% lower than the standard model, mainly because 

of its reduced surface albedo. This further increases the surface solar flux. The 

net radiative flux is, however, slightly less than the standard T42 version, as BATS 

predicts surface temperatures 6-7°0 cooler than the standard model. The observed 

average air temperature of 304.soK very closely matches the BATS simulated value 

of 305.1°K (see Figure 5-5c). 

January 

The region gets an influx of 300 Wm-2 of incident solar energy at the top of 

the atmosphere with a planetary albedo of 35%. By inducing changes in the model 

resolution from R15 to T106, the regional cloudiness slides from 30% to 13%, which 

increases the solar flux by 3.4 Wm-2
• This greatly reduces the. downward infrared 

emission by 26 Wm-2 and decreases the overall surface radiation by S Wm-2 • The 

lower surface temperature curtails both sensible and latent heat fluxes. The Bowen 

Ratio shifts from 2.S to 7.3, the highest regional average on the globe. 

The change in the resolution also reduces the simulated precipitation from 

0.59 mm day-I to 0.07 mm day-I, which is quite close to the observations of 

O.OS mm day-I. This increases the water retention period in the atmosphere from 

57 days to 118 days. The convective-to-total rainfall ratio varies from 0.60 at R15 
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to 0.45 at T106. The high resolution model still keeps evaporating moisture at a 

rate of twice that of rainfall, while the lower resolutions show runoff above 30%. 

The inclusion of BATS modifies the surface reflection of the region and the 

clear sky albedo of the model reduces from 33.5% to 28%, as compared to 33% in 

the observation made by ERBE datasets. This allows a retention of 16 Wm-2 of 

the solar radiation at the surface, which reduces to 11.4 Wm-2 the net su~face 

radiation, after adjusting the change in longwave emission. The additional energy 

increases both sensible and latent heat fluxes such that the Bowen Ratio drops from 

6.75 to 2.94. The higher evaporation also brings more precipitation and reduces 

the surface temperature by 3.9°0. The observed air temperature shows that BATS 

predicts a cooler temperature, i.e. 4.5°0 below measured data (285.1°K BATS 

versus 289.6°K observed). BATS may have over estimated the surface evaporation, 

as its evaporation to precipitation ratio is 1. 71, while its precipitation is three times 

the observed measurements. 

Himalayas 

The Himalaya is the highest mountain range in the world. Its main range 

is 2500 km long, 200 km to 400 km wide, with an average elevation above 6000 m 

in its northern zone. The Himalayas act as a climate barrier preventing the south

ward cold continental air into the Indian subcontinent in winter. The climate of 

the region greatly varies with altitude. In high elevations, above 4500 m, the tem

perature rarely rises above freezing in the summer. In the valleys, however, the 

summer temperature rises above 3100K. The average rainfall is substantial, above 

5.5 mm day-l in the east but curtails westward to 2 mm day-l. From December 

to March, all precipitation is in the form of snow. The snow cover is permanent 

above 5000 m elevation throughout the region. 
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July 

Similar to other land regions, the total cloud cover declines sharply over 

the Himalayas with a change in model resolution, from 85% at R15 to 60% at 

TI06. But instead of matching the lower resolutions as in most cases, the ISCCP 

cloudiness of 60% is close to the TI06 simulation (see Figure 5-4a). The modeled 

planetary albedo is 7% below the ERBE measurement (equivalent to 33 Wm-2 of 

solar energy), which is much higher than the margin of error in the ERBE dataset. 

A similar bias is observed in the clear sky albedo, which indicates that the surface 

albedo may be unrealistic in the model. The observed surface solar radiation 

from the SRB project also indicates an error between 54-81 Wm-2 among various 

resolutions of the model. 

Similar to other regions, the surface radiation reduces in the higher resolu

tion models by 12 Wm-2 • About 30% of the surface energy radiation is consumed 

during evaporation of surface water. The Bowen Ratio increases from 1.2 at R15 

to 2.4 at T42 and then remains unchanged with a further reduction in the grid size. 

The surface temperature however, continues to cool down from 292°K to 285°K, 

due to lower radiation influx and higher surface elevation with T106 resolution. 

The water budget fields for the region are shown in Figure 5-4b. The total 

precipitation declines from 18 mm day-l at R15 to 12 mm day-l at TI06. The 

observed dataset, which may have many uncertainties due to the sampling size, 

estimates only 4.16 mm day-l. The higher resolution produces a result which 

is close to the observed measurements. Convection is dominant in the summer 

precipitation and its contribution reduces with the grid size from 90% to 80%. 

One important factor worth mentioning is the sharp decrease in precipitatable 

water in the air column from 24 mm at R15 to 11 mm at TI06. As in the case 

of the United States, the upper level moisture reduces more sharply in the higher 

resolution versions of the model. The Himalayas has an average surface pressure 

of 560-580 mb and at such a high altitude, a strong decrease in precipitable water 

is obvious. Evaporation is only 10-15% of the precipitation, meaning that most of 
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the rain water is brought by large scale advection. Also, the vapor resident time 

at such a high level is very low, less than 1 day. 

In contrast to CCM2, the BATS coupled version predicts more realistic snow 

over the region, which decreases its surface temperature by 8°C. The cooler surface 

emits less surface emission, which is equivalent to increasing the downward radia

tion influx. The BATS coupled model provides 23 Wm-2 more surface radiation. 

The snow covered surface provides much higher latent heat flux in BATS and the 

surface evaporation jumps from 1.8 mm day-I (in CCM2) to 5.5 mm day-I (in 

CCM-BATS). The higher evapotranspiration increases the total cloudiness from 

78% to 85% and the total rainfall from 17 mm day-I to 22 mm day-I. The 

RCCM-BATS reflects back more solar flux and so decreases surface energy. The 

lower surface temperature reduces evapotranspiration, cloud cover and total pre

cipitation, which is only 11 mm day-I, even lower than the T106 precipitation. 

January 

The standard T42 resolution CCM2 forecasts 60% cloud cover in January 

over the Himalayas, which is 24% higher than ISCCP measurement. An increase 

in resolution to T106 reduces the model bias to half and drops the cloudiness to 

48%. This increases the net surface solar radiation by 9 Wm-2 , but also enlarges 

the net upward longwave emission by 24 W m -2. Consequently, surface radiation 

is lowered by 5.7 Wm-2 which is equivalent to 13% of the surface energy budget. 

This further depresses the frozen surface temperature from 257.9°K to 255.3°K. 

The shift in surface energy is totally associated with the sensible heat flux which 

lowers the high Bowen Ratio from 4.71 to 3.73. The evaporation, which is only 10% 

of the precipitation, is not affected by the resolution change. The change in large 

scale circulation with taller mountain at T106 reduces the moisture influx to the 

region, and the total condensation from the model is cut down below half, drop

ping the total rainfall (or snowfall) from 2.63 mm day-I to 1.15 mm day-I. The 

measured rainfall data, which may not be reliable due the scarcity and uncertainty 

of observations at such a high altitude, shows that the average precipitation for 
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the region is 0.35 mm day-lor 30% of the high resolution model. The convective 

component of the total rainfall also reduces from 66% to 52%. The average surface 

elevation of the region is 4580 m and the surface pressure 570 mb (equivalent to 

1014 mb at sea level). Increasing the resolution adds more than 300 m to the 

surface elevation, lowers the surface pressure by 23 mb and increases the mean sea 

level pressure by 2.5 mb. This reflects the relatively cooler atmosphere with TI06 

resolution. At such a high altitude, the amount of water vapor in the air column 

is quite low, only 1.66 mm (for T42), and the residence time of water vapor in the 

atmosphere is 0.63 day, approximately one third of the vapor resident time over 

the Antarctica. 

Linking CCM2 to BATS dramatically changes the whole regional climate. 

CCM2 prescribes the snow cover depth and assigns the snow depth up to 5 mm (wa

ter equivalent depth) to some of the grid points and the areal average is zero. BATS 

computes the snow equivalent liquid water up to 350 mm with a regional average 

of 116 mm. The increased snow cover changes the surface albedo and the clear sky 

albedo of the model jumps from 24% to 49%. This results in 50 Wm-2 lower net 

solar energy at the surface, but after adjusting the longwave emission, the surface 

radiation lessens by 31 Wm-2 with the BATS coupled model. High snow coverage 

drops the surface temperature by 9.5°C to 248.4°K and reverses the sensible heat 

flux from 37 Wm-2 to -10 Wm-2 • This of course, increases the latent heat compo

nent by 15 Wm-2 , and the Bowen Ratio which was highly positive, changes from 

4.71 to -0.45. The reduced surface and atmospheric temperatures increase the sea 

level pressures considerably from 1014 mb to 1025 mb. Although the surface evap

oration is increased with the higher resolution model, the total condensation of the 

model does not show any significant change. This may be due to the dominance 

of large scale circulation at such a high altitude. 

RCCM-BATS further diminishes surface radiation from 11.9 Wm-2 (CCM

BATS version) to 6.8 Wm-2 • This, in turn, further lowers the surface temperatures 

by 3.5°C and the mid-level temperatures by at least 2°C. Consequently, the atmo

spheric vapor holding capacity is restricted and the total condensation of the model 
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is reduced from 2.7 mm day-I to 2.0 mm day-I, which may be considered as a 

positive improvement. 

Amazon 

The Amazon is the world's largest equatorial rain forest. It covers nearly 

5% of the global land and delivers 20% of the total surface runoff to the ocean. 

The region has a very high humidity and the averaged annual rainfall exceeds 

6 mm day-I. The annual variation in the average monthly temperatures is negli

gible, i. e. below 2° C. 

January 

The heat and water balance fields averaged over the Amazon in January 

are shown in Figures 5-5a and 5-5b. CCM2 estimates 434 Wm-2 of incident solar 

flux over the Amazon, which matches the ERBE observation. One third (31%) of 

the solar flux is reflected back by the high level thick clouds. About half of the 

incident solar flux reaches the surface. A major fraction (97.5%) of the surface 

radiative energy is consumed during the evapotranspiration, with the Bowen Ratio 

of 0.03, comparable to the free water surface. It seems that the standard model 

overestimates the surface evaporation which results in 2.45 mm day-I of additional 

rainfall above the observed average of 8.77 mm day-I. The ERBE measurements 

show that the simulated cloudy and clear sky planetary albedos are 6% and 3.5% 

lower than the satellite measurements. 

The change in model resolution from T42 to T106 substantially reduces the 

total cloud cover from 70% to 62%. It affects the surface radiation by less than 

3 Wm-2 , and also improves the Bowen Ratio from 0.03 to 0.07. Similar to other 

land regions, the convective fraction of precipitation reduces from 86% at T42 to 

80% at T106. The convective precipitation shows very irregular responses to the 

resolution changes. It first increases from R15 to T21, then decreases at T31, 

rises again at T42 and then keep declining for T63 and T106 resolutions. The 

reduced evaporation and lessened advection of vapor flux from the west coast in 
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T106 version is restricted by higher mountains. This process cuts down the total 

rainfall by 1.65 mm day-l. However, this reduction adversely affects the model 

predictions (from 1 % overestimate to 8 % underestimate). 

The CCM-BATS coupled model lowers the surface albedo of the region by 

1%. This allows the surface to retain 7.3 Wm-2 ofthe additional solar energy. Af

ter adjusting the longwave emission, an additional 2.8 Wm-2 of energy is available 

at the surface. BATS splits the surface energy in more realistic ways by increasing 

the Bowen Ratio from 0.03 to 0.43. It also modifies the surface evapotranspira

tion from 5.6 mm day-l to 4.0 mm day-l, which alters the total condensation 

from 7.96 mm day-l to 7.31 mm day-l (versus observed 7.88 mm day-l ). Com

paring the difference between CCM-BATS and RCCM-BATS, it is apparent that 

the latter reflects more solar flux due to the higher number of smaller-sized cloud 

droplets. The surface radiation is lessened by 13 Wm -2, which primarily reduces 

the surface evapotranspiration and the total precipitation of the model drops to 

6.40 mm day-l, which is 1.48 mm day-l below the observed data. 

Figure 5-5c exhibits the total precipitation fields at different resolutions 

of the model. All versions overestimate the precipitation over Brazil, but the 

areal extent of wet regions decreases at T106. The rainfall over the Andes also 

increases with the resolution as the moisture is blocked by taller mountains. The 

rainfall distribution in RCCM-BATS is the closest to the observed data. Figure 

5-5d compares the simulated January air temperatures from the BATS-coupled 

versions to the observed measurements. A large inland region of the continent has 

slightly higher temperatures. BATS temperature are 1.6°C higher over the region 

as compared to the observed data. 
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July 

The Amazon is located next to the equator, and experiences very little sea

sonal variation in term of solar radiation and surface temperature. In July, the 

averaged solar incident flux is 381 Wm-2 (52 Wm-2 less than January). The sim

ulated cloud cover of 53% is slightly lower than the satellite measurements of 57%. 

Similarly the planetary albedo of 28.5% is lower than the observation of 30%. The 

simulated precipitation from the standard CCM2 is 2.73 mm day-I lower than 

the climatological average of 5.34 mm day-I. Again 95% of the surface energy is 

used for evapotranspiration, which is as much as 180% of the precipitation. This 

essentially expresses the depletion of soil moisture storage, and may be substan

tially overestimated. A major fraction (85%) of the rainfall is still contributed by 

convective processes in the model. 

Changing the model resolution from T42 to T106, reduces the total cloud 

cover by 3% and the surface radiative energy by 6 Wm-2 • However, the decrease 

in total precipitation increases the evaporation contribution from 180% to 200%, 

thereby, worsening the precipitation simulation. 

Coupling BATS to CCM2 brings dramatic changes to the surface fluxes. 

First, the surface planetary albedo is reduced by at least 5.5% due to the reduction 

in cloud cover and surface reflection. This brings 30 Wm-2 of additional solar 

energy at the surface. But after adjusting the surface and atmospheric longwave 

emission, only 9 Wm-2 of the excess energy is available at the surface. Second, 

the surface temperature calculation in BATS increases the ground surface tem

perature by 3.8°C. This changes the composition of the surface fluxes and the 

sensible heat flux which is only 5% at the T42 resolution, but increases to 42% in 

the BATS-coupled model. The condensation in the model slightly improves from 

2.62 mm day-I to 3.01 mm day-I (as compared to 5.35 mm day-I of the observed 

average). 

In RCCM-BATS, a 15% lower cloud fraction brings an additional solar en

ergy comparable to CCM-BATS, but 1°C warmer surface temperature lowers its 
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surface energy. This brings the sensible heat flux above the latent energy and the 

model precipitation is further reduced to only 1.04 mm day-l , which is 20% of 

the observed measurements. If we compare this version of the model with the 

standard T42 version, it then appears that it is not the surface evaporation alone 

that influences the precipitation. In fact, the surface evaporation is reduced to half 

when the standard CCM model is used. 

Australia 

The Australian climate varies with latitude. The northern part of the con

tinent is tropical and is influenced by the trade winds. The northern coast expe

riences a hot, wet monsoonal summer, with an average rainfall of 1200 mm from 

December to March. The southern part lies in the belt of westerly winds and has 

a more temperate climate. The southwest experiences a hot and dry summer. The 

vast center of the continent, about half of Australia, is arid. This area is extremely 

hot during the summer and warm during the winter. The average annual rainfall 

is below 0.75 mm day-l. The arid zone is encircled by a broad belt of semi-arid 

climate. 

January 

The strong climate diversity over the Australian continent in summer does 

not show any clear pattern with the resolution changes in most of the output fields. 

For example, the planetary albedo first increases from R15 to T31, then decreases 

from T31 to T63, and again increases at T106 resolution of the model. The surface 

solar flux, surface temperature and total precipitation, have their peaks at T42 

resolution, while the precipitable water have the maxima at T31 resolution. The 

only fields which has monotonic behavior with resolution changes are total cloud 

cover and surface evaporation. To avoid any confusion, we will only compare the 

T42 and T106 resolutions of the model. 

In January, 491 Wm-2 of the solar radiation strikes Australia, (within 

1 Wm-2 difference from ERBE computations), with the planetary albedo of 24%, 
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the atmospheric absorption and the surface reflectance of 37%. Only 191 Wm-2of 

the incoming solar flux is available at the surface. About 60% of this energy is 

consumed toward evapotranspiration and the rest dissipates as sensible heat flux. 

Similar to the other land regions, the change in resolution decreases the cloud 

cover over Australia from 37% at R15 to 31 % at T106, while the ISCCP measure

ments of 45% is slightly higher than the model predictions. However, the simulated 

planetary albedo is within 2% error over ERBE observations. 

The energy balance for the region is shown in Figure 5-6a. The lower cloud 

cover allows the surface to receive 1.4 Wm-2 of additional solar radiation (for model 

resolution change from T42 to T106), but loses 5 Wm-2 oflongwave radiation and 

the surface temperature declines by a small amount (0.3°C). The Bowen Ratio also 

slightly increases from 0.65 to 0.77, due to the increase in sensible heat and to the 

decrease in latent flux. The simulated rainfall (Figure 5-6b) improves moderately 

with resolution, as the model overestimate lowers from 60% at T42 to 43% at T106. 

The share of precipitation from convection reduces from 90% to 80%. The vapor 

residence time of 7.5 days is close to the global average of 7 days. A high fraction 

of precipitation, 80-90%, evaporates, and a minor fraction goes as a runoff. 

RCCM-BATS highly improves the excess in rainfall prediction, by reducing 

the model error from 60% to -0.5%. The increased number of cloud droplets in 

the model elevates its planetary albedo by 4%, which reduces its surface radiation 

by 28 Wm-2 • The BATS computation also increases the surface temperature by 

1.7°C, which increases its sensible heat flux by 34 Wm-2 • Both of these factors 

significantly lower the latent heat flux, which strongly affects the total precipitable 

water and the total precipitation. The air temperature computed over the region 

using BATS is 1.4°C higher than the observed value, which indicates that the 

CCM2 surface temperature may be closer to the measurements. Figure 5-6c com

pares the precipitation fields from various versions of the model to the observed 

data. All resolutions match the dry and wet regions, but the extent of the northern 

wet region is much higher in all resolutions except the RCCM-BATS version which 

shows close agreement to the measured dataset. 
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July 

Similar to January, the surface temperature, clear sky albedo, sensible heat, 

total precipitation and surface evaporation do not show any trend with the resolu

tion changes, Again, only T42 and TI06 resolutions of the model will be compared. 

The total cloud cover of 23.7% at T42 is 2% lower than ISCCP estimates 

and the increase in resolution curtails it by 1.5%. The small change in cloudi

ness shows relatively much stronger affects on solar flux at the surface, which 

rises by 11 Wm-2after adjusting the longwave emission. However, the total sur

face radiation is cut down by 6 Wm-2 • The model's rainfall improves slightly 

from 1.19 mm day-l to 1.01 mm day-l, as compared to the observed data of 

0.75 mm day-l. Even in the winter months, convection still has a strong influence 

over the region and contributes 60-70% of the total rainfall. The high-resolution 

model increases the surface drying by increasing the evaporation from 105% to 

141 % of the monthly rainfall, without disturbing the water cycle, which has an 

atmospheric residence time of 14 days. 

Compared to the standard model, the BATS-coupled model simulates a 

1-1.5°C lower surface temperature, which decreases its sensible flux while evapo

transpiration and total precipitation remain undisturbed. 

Antarctica 

The Antarctica is the fifth largest continent and is 97-98% covered with ice 

and snow. This generates the coldest and most stable climate on the earth. The 

absolute minimum global surface temperature of 185°K was recorded at Vostok, a 

Russian observatory station. The observed precipitation in the interior region is 

only 0.15 mm day-l (mostly as snow), but is highly variable in the coastal regions 

ranging from 1.5 mm day-l to 3 mm day-l. The bulk of precipitation comes from 

the ocean and is driven by cyclonic storms. 

The standard CCM2 with T42 resolution simulates its winter temperature 

as low as 1800K in some regions, with the continental average around 2200K. The 
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area near the pole gets no sunshine in the winter while the sun never sets during 

the summer season. The region is covered with thick clouds around the year and 

satellite measurements are not reliable over Antarctica for various reasons. From 

the modeling point of view, special numerical techniques are applied to resolve large 

scale circulation over the polar region. One additional problem in using the lower 

resolutions in the model is that there are fewer grid points along the latitudes. This 

results in some unusual trends with a change in the resolution. All the resolutions of 

the model predict more or less the same climate without any noticeable difference. 

The results presented in the following section are more inclined to examine the 

climate prediction of the model over the Antarctica instead of the sensitivity to 

grid resolution. 

January 

As the sun shines over the region continually, the summer receives very 

strong radiation at the top of the atmosphere (483 Wm-2 ), but due to the thick 

cloud and to the high zenith angle, about 70% of it is reflected back from the top 

of the atmosphere and another 15% is absorbed by the atmosphere or reflected 

from the ground surface. Only 76 Wm-2 of the net solar flux reaches the ground 

surface. By changing the model resolution from T42 to T106, the surface radiation 

declines from 7.6 Wm-2 to 5.4 Wm-2 • 0.5 Wm-2 of this reduction is contributed 

by decreasing the solar flux due to a 2% increase in the total cloudiness and the 

rest came from the increased upward surface emission (as surface temperature rises 

by 0.3°K from 248.8°K) and the downward atmospheric emission due to reduced 

cloudiness. The increased surface temperature, along with other factors, cause the 

latent heat flux to rise from 4.5 Wm-2 to 6.6 Wm-2 and the total precipitation 

to increase slightly from 0.39 mm day-I to 0.43 mm day-I. The atmospheric 

residence time of water vapor lowers from 4.5 days to 4 days. The total precipitable 

water vapor in the air column is less than 2 mm. The convective component is 

37% of the total rainfall. The evaporation to precipitation ratio for the region rises 

from 0.35 at T42 to 0.47 at T106, meaning a high resolution model imports less 
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water from the ocean. The specific humidity profile shows very slight variation 

among the various runs of the model, but as the atmosphere is too cold, even 

a small difference in humidity along with temperature variation, may change the 

cloudiness by a significant amount. The model shows a low level cloud next to the 

surface, with an increase of the thickness in the mid-level and almost none in the 

upper atmosphere, as the water vapor is practically nonexistent. The convective 

mass flux profile demonstrates the existence of a very small convective activity in 

the lower atmosphere. Similarly, the rainout tendency explains that most of the 

rainfall is coming from the lower layers of the model. The moist advection profile 

shows that a bulk of the moisture is transported to the region through the lower 

atmosphere, around 700 mb. About 40% of the rainfall (or snowfall) evaporates 

and the same fraction precipitate through local convection. In other words 60% of 

the rain water goes to runoff (or may be accumulate as surface snow depth). 

The inclusion of the land surface scheme shows almost a similar impact on 

the region as does a high resolution model does, i.e. an increase in the surface 

temperature by 1.1°C, a rainfall by 0.05 mm day-l and a latent heat flux by 

2.6 Wm-2 • One big change with BATS is in the snow cover. The prescribed snow 

depth in CCM2 computes only 19 mm (water-equivalent depth) of snow over the 

region, whereas BATS estimates 1.46 m of snow over the Antarctica, which seems 

to be more realistic. RCCM-BATS reflects more radiation, its planetary albedo 

increases from 70% to 73% and the surface radiation is reduced by 11.3 Wm-2 • 

Most of the losses are covered by a higher upward surface emission due to a 4.1°C 

rise in the surface temperature. 

July 

The Antarctica gets no sunshine in July, but large scale circulation brings 

warm air to the lower layers of the model, which is transported to the relatively 

cold surface through downward sensible heat flux. Hence, the region gets about 25-

30 Wm -2 of its energy input which is balanced by the upward surface emission. The 

continental average of the surface temperature is 223°K, and the upper troposphere 
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is at least 20°C warmer than the frozen surface. The cloud cover declines from 

R15 to T42 but remains unchanged for further improvement in the model. The 

precipitation shows a slight increase from T42 to T106. As there is no heat energy 

to cause surface evaporation, the convective activity is practically zero. The total 

precipitable water in the air column is around 0.6 mm, the lowest on the globe. The 

average rainfall is 0.4 mm day-l which totally comes through large scale advection. 

In the very low temperature, vapor condenses quickly and the water residence time 

is only 1.6 days. 

Northern Hemisphere Land 

July 

About two-thirds of the world's land is located in the Northern Hemisphere 

where, it shows a more definite response to the changes in the model grid than 

the land in the Southern Hemisphere. The refinement in model resolution shows 

a 10% smooth decline in cloud coverage. This increases the solar radiation flux 

across the atmosphere but, on the other hand, decreases the downward component 

of terrestrial radiation intercepted by clouds. The net outcome is a decrease of 

10-15 Wm-2 in surface radiative energy, which consequently reduces the surface 

temperature and surface evaporation. The reduction in surface evaporation modi

fies the entire vertical profile of specific humidity. The upper atmosphere, which is 

more sensitive to a minor change in the specific humidity and temperature, results 

in a significant decrease in the cloud cover. 

The inclusion of the land surface scheme BATS to the standard model pre

dicts lesser evapotranspiration and greater sensible heat flux that makes the lower 

atmosphere warmer with higher vertical pressure velocity. This reduces moist con

densation in the lower levels and allows more water to pass to the mid-troposphere 

where the CCM-BATS coupled model shows slightly more humidity. The cloud 

fraction from the BATS version is less in the lower atmosphere but higher in the 
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upper levels, with a 2% decrease in total cloud fraction as compared to T42 reso

lution. 

In RCCM-BATS, which has a higher number of reduced-size cloud droplets, 

the major change comes from the reduced surface radiative flux, as more cloud 

droplets reflect more solar flux. The shift in surface solar energy dramatically 

reduces the average surface temperature by 6°C over land in the Northern Hemi

sphere and the surface evaporation by more than 1 mm day-lover the entire 

region. Consequently, the specific humidity over the air column drops. The model 

reduces the temperature at all vertical levels and interestingly the total cloud cover 

is only 3% lower than for the standard model. The magnitude of changes in the 

energy and water balance from various resolutions along with the vertical profiles 

of some of the model fields are discussed· in the next section. First we examine the 

energy fluxes averaged over the region for the month of July in Figure 5-7a. 

The average solar flux at the top of the atmosphere is about 454 Wm-2 in 

July and all resolutions of the models are in close agreement with the ERBE obser

vation, within 0.1-0.2 Wm-2 • This minor difference may be due to the averaging 

process during the conversion of various model results to T42. 

The model output shows that the total cloud cover over the region reduces 

monotonically from 53% at R15 to 41 % at T106 with fine resolution of the model. 

The ISCCP measurements are close to the simulation made by lower resolution 

(R15). The higher resolution versions show a reduced cloud fraction at the upper 

level. Both versions of BATS forecast slightly lower cloudiness over the standard 

model (T42). The biggest cloud cover change was noticed over the Sahara, which 

dropped from 38% at R15 to 13 % at T42 resolution, compared to the ERBE 

measurement of 21 %. 

The variation in model resolution shows a minor change (1-2%) in the plan

etary albedo. However, the model estimates are much lower than the ISCCP ob

servations. One obvious reason for this difference is the lesser cloud cover in the 

model. The other possible factors may be the vertical distribution of cloudiness and 
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the radiative properties for clouds which are not yet well understood. The clear-sky 

albedo is in close agreement with the ERBE data as the radiative properties for 

the atmosphere do not change with resolution. The 1 % increase in the clear-sky 

albedo from R15 to T166 is, in fact, equivalent to 4-5 Wm-2 loss in solar flux, 

which is much higher than 0.1-0.2 Wm-2 difference in incident solar flux caused 

during averaging process. The radiation computations in the standard model are 

done after one hour to reduce the cost of simulation. As the fine resolution of the 

model needs to run at a much smaller model time step to meet the numerical sta

bility condition, the radiation computation time is also reduced proportionally and 

enhances the accuracy of the model calculations. This is evident from the clear

sky albedo from TI06 which is much closer to ERBE data. ROOM-BATS, which 

showed much higher albedo, does not indicate any change in the clear-sky albedo, 

as the change in cloud droplet size is not involved in the clear-sky computation. 

The higher resolution versions of the model show an increased upward long

wave flux at the top of the atmosphere which is consistent with the model reduced 

cloudiness that allows more longwave radiation to escape out the troposphere. The 

ERBE observations are much lower than the model estimates, primarily due to 

less cloudiness in the model. A slightly higher estimate from BATS may be related 

to its warmer atmospheric temperature structure. In the case of OOM-BATS, the 

increased number of smaller cloud droplets show more barrier to IR emission and 

allow less IR flux to reach the top of the atmosphere. 

As the surface albedo does not change with resolution and the diabatic 

heating is an insignificant quantity, the changes in solar flux are correlated to 

the planetary albedo. All resolutions provide about 239-244 Wm-2 of net solar 

flux at ground level (about 53% of solar incident at top of atmosphere) and this 

quantity is 35-40 Wm-2 above the SRB measurement of 203 Wm-2 . The clear-sky 

surface radiation from various resolution of the model (not shown) ranges from 

277 Wm-2 to 279 Wm-2 as compared with 257 Wm-2 observed by the SRB. 

Thus, half of the model bias can be associated with the lower cloud fraction, and 
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the other half may be connected to the vertical distribution of cloudiness. RCCM

BATS, which allows less solar radiation to reach the earth surface, is closer to the 

observations. 

The reduced cloud amount also decreases the downward atmospheric emis

sion of longwave radiation at high resolution. The resolution variation reduces 

about 25 Wm-2 of the radiation energy as the resolution moves from coarse 'to 

fine. The 15 Wm-2 difference in RCCM-BATS may partially be caused by its lower 

atmospheric temperature and partially by its reduced cloud cover. The impact of 

cloud fraction is more dominant over the variation of the ,surface temperature in 

the resolution experiment. The higher resolution shows about 15-20 Wm-2 of net 

upward longwave radiation at the surface. 

The net surface radiation, which is the difference between the downward 

solar flux and the upward longwave flux, reduces by 15 Wm-2 from R15 to TI06. 

The net surface radiation is used to compute the surface temperature in the model. 

The difference in solar flux from RCCM-BATS also appears in the net surface 

radiation, which is about 33 Wm-2 lower than for the standard model. 

In spite of the decreasing surface temperature, the sensible heat monotoni

cally increases with higher resolutions. The sensible energy flux versus the surface 

temperature relation depends on the lowest layer model temperature and many 

of the soil parameters such as the specific heat capacity, the heat conductivity of 

the soil, etc. The computation of sensible heat flux in the BATS coupled model is 

quite different. The split of surface energy between the sensible and latent heat flux 

depend on many factors, including the vegetation and snow fractions, the available 

soil moisture, etc. BATS predicts the surface drier than T42 with more sensible 

heat and less evapotranspiration. RCCM-BATS on the other hand, has less surface 

energy and both sensible and latent heat fluxes are lower than for CCM2-BATS. 

As the model resolution increases, the proportion of sensible heat increases 

and the latent flux decreases (Figure 5-7a). As mentioned earlier, BATS simulates 

the drier region with reduced latent heat flux. The surface temperature shows a 
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strong correlation with the surface radiative flux which declines with the improve

ment in resolution. Both versions of BATS estimate the surface temperature by 

1 °0 and 4°0 lower than the standard model version, which is consistent with their 

surface radiative energy. 

Figure 5-7b displays the water related fields over the region for July. In com

parison to the Legates observational dataset, the total precipitation of the model 

shows a gradual decrease and an improvement over Northern Hemisphere land as 

the model resolution is increased, primarily due to the decrease in convective pre

cipitation. However, large scale condensation shows a rising trend with a refined 

model grid. It appears that the fraction of total convection to total precipitation, 

which reflects the strength of the convective process, reduces from 90% at R15 to 

80% at T106 resolution. The total precipitable water in the atmospheric column 

also reduces monotonically with grid refinement proportional to the total precipi

tation such that the atmospheric residence time of water vapor remains unchanged 

at all resolutions, around 6.5 days. 

In 00M2, the surface moisture flux latent heat energy depends on sur

face temperature, prescribed surface wetness factor, the exchange coefficients, and 

specific humidity at the lowest model level. Both the surface temperature and the 

lowest level specific humidity are lessened by increasing the model resolution, which 

causes the surface evaporation to decline. The decrease in evaporation is almost 

proportional to the total precipitation such that the evaporation factor, i. e. ratio 

of surface evaporation to total precipitation, remains around 0.70. The evaporation 

factor of 0.70 implies that 30% of the rainfall goes as runoff and the same amount 

has to be imported from other regions through large scale circulation. As we ob

served earlier, 85% of the rainfall over the region is convective, which implies that 

at least 15% of the advection moisture is mixed into the convective process. The 

estimated mean annual values of the evaporation factor by Peixoto et al. (1992) 

range from 57% over Europe, to 62% over North America. For the July conditions, 

the model prediction may be about 10-15% higher than the actual values. BATS 

uses a very comprehensive approach for computing the evapotranspiration, which 
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depends on many factors including the availability of moisture in the soil layers, the 

dry and wet fractions of canopy, the fractional vegetation cover, the soil diffusivity, 

the stomatal resistance of canopy, etc. As the net surface heat flux and the surface 

temperature froin the BATS coupled models are lower than the standard model, 

the surface moisture flux is also expected to be reduced. The evaporation factor 

of 0.63 from BATS and 0.65 from ROOM-BATS may be closer to the observations 

than the standard OOM2, which predicts an evaporation factor of 0.71. 

January 

The impact of resolution changes over the region in January is different from 

July for two reasons: First, the average solar flux over the region is 41% of the 

July radiation, which makes the corresponding changes in energy budget relatively 

smaller. Second, the surface response to radiation, e.g. surface fluxes, terrestrial 

emission and surface temperatures, does not show any trend to the change in the 

model resolution. 

The energy related fields averaged over all the land in the Northern Hemi

sphere are displayed in Figure 5-8a. The solar flux is about 189 Wm-2 and is the 

same with all versions of the model. The ERBE data is higher, up to 4 Wm-2 rel

ative to model computations. The satellite data may be erroneous due to winter 

clouds and snow-covered surfaces. Similar to the July simulation, the cloud cover 

again drops by 8-10% gradually with the improvement in model resolution, but the 

estimates are still at least 10% above the ISOOP measurements. Both the cloud

sky and the clear-sky albedos are 5% lower than the ERBE observations. The net 

surface solar flux from various versions of the model remains within 2-3 Wm -2, 

and 20 Wm-2 lower than the ERBE observations. 

As the model resolution is modified from R15 to T106, changes in the net 

surface energy flux and surface temperature are dominant at the regional level. 

For example, by changing the model grid from R15 to T42, the surface solar flux 

over Greenland and Iceland reduces from 0.62 Wm-2 to 0.38 Wm-2 , which may 

be due to the orientation of the grid locations in various versions. The surface 
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temperatures drops by 5.5°C over the Europe and it increases by 4.5°C as the 

model grid is enhanced from T42 to TI06 with a 2 Wm-2 increase in solar flux over 

the region. The northern latitudes, which do not get enough solar flux in winter, 

are especially sensitive to even a minor change in the solar flux: On a small scale, 

the surface energy and the surface temperatures may be strongly linked but this 

strong correlation weakens over a large piece of land with heterogeneous climate 

conditions. Cloud fraction is also an important factor that influences longwave 

radiation at the surface. The surface temperature and sensible heat flux of the 

model do not show any definite pattern with the resolution changes. 

The total precipitation (Figure 5-8b) declines from 1.91 mm day-l to 

1.46 mm day-l with an increase in resolution, whereas the average of observed 

precipitation for the region is 1.19 mm day-l. Similar to July, all model reso

lutions overpredict precipitation. The overestimate declines with the increased 

resolution from 60% at R15 to 22% at T106. The ratio of convective to total rain

fall precipitation fell from 65% to 46%. The 20% change is twice the size of the 

change observed in July. It shows that the change in large scale precipitation is 

predominant in January relative to the convection activity which obviously is much 

weaker during the winter months. 

The inclusion of BATS does not show any noticeable shift in the net surface 

energy, but its prediction of the surface temperature is 1.6°C lower than the stan

dard model. One reason for this difference is the snow cover. The standard model, 

which prescribes the snow cover, assigns a maximum of 5 mm of water as the equiv

alent snow depth over the Himalayas in winter, whereas BATS computes up to 350 

mm of water equivalent snow cover over the same region, and thus reduces the 

surface temperature by 10°C. Also, over the Sahara, BATS surface temperatures 

are cooler than the standard model by 6°C. The main difference appears to be in 

surface albedo. The clear sky albedo from BATS over the Sahara is 0.05 lower than 

the T42 version of the model. As the atmospheric properties used in Delta Edding

ton's method do not change in the two versions, the bias can only be associated 

with the lower surface albedo in BATS. The reduced cloud cover and lower surface 
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albedo both allow 16 Wm-2 of additional solar flux to be retained at the surface 

and after adjusting the longwave radiation, 11 Wm-2 more energy is available at 

the surface. About 8 Wm -2 of this excess energy is utilized in increasing the latent 

heat flux and the balance is applied toward sensible heat. The increased evapora

tion helps in lowering the surface temperatures in the BATS-coupled model. The 

reduced surface temperatures over the Himalayas invert its sensible heat flux from 

from 25 Wm-2 to -3 Wm-2 , which may be more realistic in the presence of large 

amounts of snow. 

The BATS average precipitation over the region does not differ from CCM2 

by any significant amount. Nevertheless, it definitely shows a strong variation 

over a small scale which is discussed during the studies of the model fields over 

individual regions. In the BATS coupled model, the evaporation to precipitation 

fraction shifts from 0.70 to 0.55 in January, and this difference further increases 

in July. This implies that the BATS coupled versions of the model import more 

water over the land from the ocean. 

Ocean 

The oceans are very important components of the climate system. About 

71 % of the earth surface is covered by oceans. They are massive reservoirs of heat 

energy because of their large heat capacities and exert a dominant effect on extreme 

temperature over the large land areas. Oceans transport energy from low latitudes 

to high latitudes and reduces the meridional temperature difference. Much of the 

precipitation that falls over the land areas is derived from oceanic evaporation. 

CCM2 uses the prescribed sea-surface temperature at mid-month date, which is 

updated at every time step using a linear interpolation. Hence, the variation in 

the climate simulation over the ocean by changing the model resolution is the 

consequent of the changes over the land surface. The reduced vapor flux from ocean 

to land at a high resolution model, shifts the cloud convergence and consequently, 

shows some changes in surface energy fluxes over land. As the ocean fields do not 

display any monotonic trend with the changes in model resolution, only T42 and 
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T106 versions of the model will be compared. First, the impact of the changes 

in model resolution over the Northern Hemisphere oceans which cover 61 % of the 

hemisphere are discussed. 

With changing the model resolution from T42 to T106 for January, the vapor 

flux from ocean to land declines due to the higher mountains in the T106 resolu

tion model and the precipitation over the ocean increases from 3.82 mm day-I to 

4.44 mm day-I. The higher condensation increases the atmospheric temperature 

in the lower and middle troposphere by roughly 0.5°C. Frequent rainfalls slightly 

reduce the average water content in the air column from 27.6 mm to 27.0 mm. 

But the lower threshold value of the specific humidity for the cloud parameteri

zation in T106 resolution allows more cloud to form, in spite of a slight decrease 

in specific humidity at all levels. Consequently, the cloud fraction increases from 

54.7% to 56.1 %. The higher cloudiness cuts down the solar flux at the sea surface 

by 6.5 Wm-2 • As the sea-surface temperature is preassigned, the changes in the 

longwave radiation are less than 1.3 Wm-2 and the sea-surface loses 5.2 Wm-2 of 

its net energy. In contrast to the ocean, the land surface has a lower cloud fraction 

at higher resolutions, but it also loses total surface energy due to the excessive 

changes in terrestrial and atmospheric emissions, which are negligible over the 

oce~n due to the prescribed surface temperatures. The higher atmospheric tem

peratures, along with reduced surface energy, lower the sensible heat flux. The 

decline in atmospheric specific humidity at the lowest model layer increases its 

surface evaporation and hence the Bowen Ratio decreases from 0.11 to 0.08. The 

water vapor residence time over the ocean is 7.3 days, with 75% rainfall through 

convection. For the T106 resolution, the convective mass flux at 850, 700 and 

500 mb increases by 10%, 24%, 28% and by 37% at T42 resolution. This reflects 

the availability of more moisture in the higher resolution model, a major part of 

which, otherwise, would have been transported to the land. In January, the ocean 

temperature is 25°C warmer than the land in the Northern Hemisphere and the 

sensible heat flux is positive, with the ocean loosing considerable energy at a rate 

of 105 Wm-2 (128% of the net radiative energy available at sea surface). 
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The July conditions over the ocean in the Northern Hemisphere are similar 

to the January ones. At T106 resolution, the cloud cover increases by 1.3% over 

the T42 model, which reduces the surface radiation by 6.7 Wm-2 • The total 

precipitation of the model rises from 4.98 mm day-l' to 5.29 mm day-l. The 

reason for a lesser increase in precipitation is the relatively lower increase in the 

convective precipitation. The convective mass shows an increase at 700 and 500 

mb, but reduces at the 850 mb level. The sea surface temperature in July is 3°0 

warmer than in January due to more solar influx, but still relatively cooler than 

the adjoining land which makes its sensible heat flux slightly negative (-2 Wm-2 ). 

In contrast to January conditions, the ocean is gaining 81 Wm-2 of energy, which 

is about 40% of its net radiative flux. 

In the Southern Hemisphere, the impact of high mountains is far less dom

inant than in the Northern Hemisphere. The average sea surface temperature is 

about 5°0 lower than the Northern Hemisphere oceans for both summer and win

ter. The main reason for the lower temperatures in the Southern Hemisphere is 

the greater fraction of ocean in high latitudes. 

Sea Ice 

Sea ice develops when the ocean surface water temperature drops to -2°0. 

The thickness of sea ice is limited to about 5 m. The annual variation of the sea 

ice percentage of the earth surface ranges between 3.7% (in February) to 5.3% (in 

October). Antarctica exhibits more seasonal variation in the area covered by sea 

ice than the Arctic ocean. In terms of the earth's surface area, sea ice fluctuates 

between 0.8% (in January) to 3.5% (in September) over the South Pole as compared 

to 1.5% to 3.1 % variation over the North Pole (Ropelewski, 1989). In 00M2, the 

sea surface temperature is predefined and any ocean grid with a temperature below 

271.25°K is treated as sea ice. 

The change in model resolution or coupling with the land surface scheme 

BATS does not show any substantial change in the climate simulation over the 
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sea Ice. In January, the average incident of solar radiation over the Arctic sea ice 

is 7.5 Wm-2 , with 80% thick cloud cover and 65% planetary albedo. Only less 

than 1 Wm-2 of the net solar energy reaches the surface. The ground surface 

loses 26 Wm-2 of energy in the form of longwave emission. The sensible heat is 

almost zero, while the latent heat flux is around 5 Wm-2 • The total water vapor 

in the air column is as low as 2 mm, with a residence time of 3 days. The average 

condensation rate is 0.7 mm day-l (as compared to 0.65 mm day-l of observed 

measurement) and 20% of this amount is contributed from the convective activity. 

The surface evaporation is very low, only 20% of the total condensation. The 

surface temperature is in the range of 247°K, while the lower atmosphere, around 

800 mb is 4-5°C warmer than the surface. 

The July conditions over the Arctic sea ice are quite different. The region 

receives 459 Wm-2 of solar radiation at the upper atmosphere, but due to the 

higher zenith angle and the stronger surface reflectivity, only 27% of the solar 

energy reaches the surface. The surface evaporation is only 1% of the total pre

cipitation of 1.6 mm day-I. The amount of precipitable water vapor in the air 

column is relatively high, as much as 13 mm but the water residence time of water 

vapor is well over 13 days. The surface temperature is I-2°C above the freezing 

temperature. 
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Summary 

This chapter analyses the impact on the energy and water related fields over 

selected regions with diverse climate conditions at various resolutions of the model. 

• Over the United States, the total cloud cover in July drops from 48% at R15 

to 28% at TI06, as compared to ISOOP observations of 46%. Hence, the lower 

resolution model predicts better cloudiness. The solar radiation at T42 res

olution is 40 Wm-2 higher than the SRB dataset, which further increases to 

46 Wm-2 becuase of lower cloud cover at TI06 resolution. But the precipi

tation excess of 86% at T42 drops to 42% at TI06. This demonstrates that, 

in spite of other problems, a high resolution model show better performance. 

ROOM-BATS lowers the solar radiation discrepancy to 20 Wm-2 and the pre

cipitation bias to 22%. BATS simulates air temperatures at 5-6°0 higher than 

those measured which, in part, may be due to inaccurate vegetation cover as

signment over the region. OOM-BATS also improves the precipitation and its 

overestimate of 46% is much lower than the 86% at standard resolution. The 

January precipitation is quite well simulated in the modelj only 13% above the 

observed measurements. In the presence of model realistic surface snow cover

age, the BATS coupled model increases the surface albedo, which is prescribed 

in the standard model. 

• Over the Sahara, the cloud cover drops from 38% at R15 to only 13% at TI06 in 

July as compared to the observed ISOOP estimate of 22%. OOM-BATS surface 

temperatures are 6-7°0 lower than those in the standard model, but in excellent 

agreement with the observed data, with only one-third of a degree difference. 

The evaporation-to-precipitation ratio in the lower resolution of the model at 

R15 is 0.40, which rises to 1.20 at TI06. There may not be any runoff or soil 

water storage over the hot desert in summer. Both of these are unrealistic and 

show a lack of water conservation in the model. The BATS coupled versions 

maintains the ratio between the two fields at close to 1.0. 
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• In July, the cloud cover over the Himalayas region drops from 83% at R15 to 64% 

at TI06, which is equal to the ISOOP observations of 64%. The precipitation 

reduces from 21 mm day-l at T42 to 13 mm day-l at TI06. The observa

tional data, which may not be reliable at such high altitudes, estimates only 

4 mm day-l of rainfall. The BATS coupled models simulate surface tempera

ture as much as 8°0 lower than the standard model, as BATS more realistically 

estimates the presence of snow at such a high altitude and computes much 

higher surface evaporation. 

• Over the Amazon, the January cloud cover reduces from 70% to 62% as the 

model resolution increases from T42 to TI06. The fraction of convective pre

cipitation also lowers from 86% to 80%. The convective precipitation shows 

a very irregular response to the changes in model resolution over the region. 

The taller Andes range at the high resolution model partially block the vapor 

flux to the region from the west, but the major part of this loss is recovered 

by the increased vapor flux from the east coast. The BATS coupled model 

splits the surface energy more realistically by increasing the Bowen Ratio from 

0.03 (almost lake surface) to 0.43. The rainfall distribution in ROOM2-BATS 

is the closest to the observed data. BATS over-estimates the surface tempera

ture by 1.6°0 above the observed measurements, which indicates the need for 

improvement of the vegetation parameterization over broadleaf. 

• The strong climate diversity over the Australian continent does not show any 

clear pattern with the resolution changes in most of the output fields. The 

change of resolution moderately improves the precipitation field, as the model 

overestimate reduces from 60% at T42 resolution to 43% at TI06, while the 

share of convective precipitation reduces from 90% to 80%. Ooupling BATS 

with the ROOM2 model significantly decreases the precipitation error which 

reduces to less than 1%. BATS increases the surface temperature by 1.7°0, 

which increases the sensible heat flux by 34 Wm-2 • 
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• Over the Arctic sea ice, the change in CCM2 resolution or coupling with BATS 

does not show any substantial change in the climate simulation. 

• The land over the Northern Hemisphere shows the influence of resolution 

changes over land surface. By changing the resolution from T42 to T106, the 

total !iimulated cloudiness decreases over land in the Northern Hemisphere by 

5.8% in July, and to keep the global average constant, it increases over the 

ocean by 1.4%. However, the regional variations in total cloud coverage over 

the continents are much higher. The reduced cloud cover allows as much as 

4.6 Wm-2 additional solar radiation to reach the land surface. At the same 

time, the surface energy balance is also affected by the shift in both upward 

terrestrial and downward atmospheric infrared emISSIons. The reduction in 

downward atmospheric emission is as much as 16 Wm-2 due to the loss in 

cloud cover and to the lower atmospheric temperatures caused by the reduced 

convective heating. The upward terrestrial emission is lowered by 6.5 Wm-2 as 

a consequence of 1.2°C reduction in surface temperature over the entire land 

surface in the Northern Hemisphere. The increase in the net solar flux at the 

surface is dominated by the decrease in the downward longwave radiation. Con

sequently, the land surface loses about 5 Wm -2 of net downward radiative flux. 

• The increased cloud fraction over the ocean decreases the solar radiation flux 

by 5.1 Wm-2 and the cooler atmospheric temperatures reduces the downward 

atmospheric emission by 1.6 Wm-2 . The upward longwave emission does not 

change over the ocean, where the sea surface temperature is prescribed in the 

model. Hence, mostly because of the increase in cloud cover, the total surface 

energy is reduced over the ocean surface by 6.7 Wm-2 • This reduction in the 

surface energy is without any change over the sea surface. The impact of the 

reduced radiative energy is quite different over the land as compared to the 

ocean surface. Less surface energy and cooler surface temperatures reduces the 

latent heat and increases the Bowen Ratio over the land. While the latent heat 
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is increased over the ocean surface, although its surface temperature did not 

change, the specific humidity at the bottom model layer is slightly lower . 

• An important implication of the higher resolution in the model is the reduction 

of precipitation over land by a significant amount, while it increases over the 

ocean. This outcome results from the changes in large scale circulation patterns 

and the reduced vapor carried from ocean to land in a high resolution model. 

The taller mountains in a high resolution model play an important role in 

modifying the vapor flux over the land surface. The ratio of surface evaporation 

to total precipitation is around 70% over land in the Northern Hemisphere. This 

implies that 30% of the precipitation is supplied by the oceans to the land. 
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CHAPTER SIX 

VAPOR TRANSPORT AND MOIST CONVECTION 

From the results obtained in Chapter Four, it is evident that by increasing 

the model resolution the simulated precipitation decreases over land by a significant 

amount, while it increases over the ocean. This observation may spring in part from 

the changes in large circulation patterns and from the reduced vapor convergence 

emanating from ocean to land in a high resolution model. It is also observed that 

the stable condensation over land increases in a high resolution model in spite 

of a consistent decrease in the total precipitation. This is related to the vertical 

movement of the water vapor in the convective scheme of the model. 

Subsequent discussion will encompass the following two important issues 

related to the spatial movement of water vapors: 

• The impact of a high resolution model on vapor transport from ocean to 

land. 

• The sensitivity of the moist convective scheme to the relative humidity in 

the model layers. 

Vapor Convergence over Land 

Change in the model resolution directly affects the land surface topography. 

A high resolution model with lesser grid area better represents higher mountains 

with narrow widths. The low resolution model averages the surface altitude over 

a larger grid area and hence decreases the mountain heights. This process may 

cause a large error in simulating the airflow passing through the mountain range. 

The numerical computation with a smooth topography will be different from the 

solution obtained with an unsmooth one. Mountains have a strong influence on 

the large scale global circulation. The taller mountains affect the vapor flux in 
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two ways: (a) by obstructing the vapor flux that could have passed over in a low 

height range resulting in drying of the region on the lee side of the mountain; (b) 

by changing the global wind patterns which may change the moisture influx even 

over the remote regions. 

Any change in circulation also modifies the vapor transport, the precipita

tion amount and the spatial distribution. The improvement in the model resolution 

clearly results in a higher rainfall over the ocean and a lower precipitation over the 

land. One possible factor for the reduced land precipitation is the impact of taller 

mountains that serve as barriers to the vapor flux in the high resolution model. 

This section explores the impact of the model resolution on the vapor convergence 

from the ocean to the land on regional and continental scales. 

The vapor convergence from the ocean to the land over four continental 

areas (South America, Africa, Australia and the United States) is analyzed in this 

section for the two resolutions T42 and T106 and for the climate conditions of 

January and July. The outline boundaries of these regions are shown in Figure 

6.1 for the T42 resolution grid. Except for the United States, where the northern 

and the southern boundaries are connected by land, all other regions are bound by 

oceans. 

The comparison of the mean water vapor flux across the boundaries of se

lected continental regions for T42 and T106 versions of the model for January and 

July conditions are shown in Tables 6.1 and 6.2. The values shown in parenthesis 

in these tables represents the net water volume flux over a unit area in mm day-l. 

The tables show that net water influx to land is reduced by improving the model 

resolution over all four regions; except for South America in July. It must be 

pointed out that the net water depth over the unit area should not be compared to 

the total precipitation over the region for three reasons. First, the mean water flux 

does not include the eddy component of the water transport which could be a con

siderable fraction of the total flux. Second, the water flux across the boundaries of 

the continents does not account for the inland recycling of the water vapor. Third, 

the vapor flux in these tables is computed by taking the product of the multi-year 



AFRICA 

FIGURE 6.1 
CCM2 WATER VAPOR FLUX 

BOUNDARY OUTLINES 

176 



177 

Table 6.1 Water Flux Across Boundaries of Four Regions in January 

(in 1000 m3s-1
). Parenthesis values are equivalent water flux per unit area. 

Boundary T42 T106 

Zonal Meridional Total Zonal Meridional Total 

South America 18,425,278 km2 

West 538.98 56.10 .595.08 354.21 22.54 376.75 

North-East 382.68 340.18 722.86 424.39 324.08 748.47 

South-East -115.68 -190.93 -306.61 14.93 -196.07 -181.14 

Net 805.98 205.35 1011.33 793.53 150.55 944.08 

(mm day-I) (3.74) (0.95) (4.69) (3.69) (0.71) (4.39) 

United States 8,948,817 km2 

West 157.02 -22.15 134.88 104.85 -7.38 97.47 

North -57.78 32.79 -24.98 -48.75 36.83 -11.92 

East -251.90 9.76 -242.14 -205.84 17.21 -188.63 

South -26.48 133.59 107.11 -22.27 97.54 75.27 

Net -179.14 154.00 -25.14 -172.01 144.19 -27.82 

(mm day-l) (-1.73) (1.49) (-0.24) (-1.66) ( 1.39) ( -0.27) 

Africa 8,114,651 km2 

North-West -116.12 -90.37 -206.50 -160.84 -103.30 -264.14 

North-East -73.87 159.23 85.35 -17.18 141.51 124.33 

South-East 378.03 -189.86 188.17 420.38 -218.29 202.08 

South-West 124.25 33.23 157.48 -14.69 10.61 -4.08 

Net 312.29 -87.78 224.50 227.67 -169.48 58.19 

(mm day-l) (0 .91) (-0.26) (0.66) (0.67) (-0.50) (0.17) 

Australia 7,795,025 km2 

West -86.60 -106.17 -192.77 -102.56 -74.19 -176.75 

East 202.91 27.1:3 230.04 270.20 -37.59 232.61 

South 37.55 38.92 76,47 17.51 5.12 22.63 

Net 153.86 -40.11 1l:3.74 185.15 -106.65 78.49 

(mm day-l) ( 1.71) (-0,44) ( 1.26) (2.05) (-1.18) (0.87) 
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Table 6.2 Mean Water Flux Across Boundaries of Four Regions in July 

(in 1000 m3s-l ). Parenthesis values are equivalent water flux per unit area. 

Boundary T42 T106 

Zonal Meridional Total Zonal Meridional Total 

South America 18,425,278 km2 

West 27.97 -92.81 -64.84 27.66 -55.62 -27.95 

North-East 590.38 -326.52 263.87 657.27 -323.87 333.41 

South-East -179.09 -62.69 -241.78 -110.09 -81.79 -191.87 

Net 439.27 -482.02 -42.75 574.85 -461.27 113.58 

(mm day-l) (2.06) (-2.26) (-0.20) (2.70) (-2.16) (0.53) 

United States 8,948,817 km2 

West 31.22 -2.18 29.05 55.56 -0.36 55.20 

North -123.83 54.50 -69.33 -88.79 69.00 -19.79 

East -293.48 166.80 -126.68 -297.03 80.74 -216.29 

South 2.21 269.24 271.45 -24.95 247.61 222.66 

Net -383.88 488.37 104,48 -355.22 397.00 41.78 

(mm day-l) (-3.71) (4.72) (1.01) ( -3.43) (3.83) (0.40) 

Africa 8,114,651 km2 

North-West -41.26 240.30 199.04 -159.00 197.79 38.79 

North-East -177.7D :365.95 188.15 -34.75 228.26 193.51 

South-East -257.62 313.31 55.69 -55.05 287.57 232.52 

South-West 36,4D 18.38 54.87 -58.38 7.08 -51.30 

Net -440.18 937.93 497.76 -307.18 720.71 413.53 

(mm day-l) (-1.29) (2.75) (1.46) (-0.90) (2.11) (1.21) 

Australia 7,795,025 km2 

West -:11.92 -30.19 -72.11 -58.77 -3.').03 -D3.80 

East -42.27 -64.90 -107.17 23.99 -96.48 -72.50 

South 62.32 -27.88 34.44 '16.20 -36.45 9.75 

Net -21.87 -122.D8 -144.85 11,43 -167.97 -156.54 

(mm day-l) (-0.24) (-1.36) (-1.61) (0.13) (-1.86) (-1.74) 
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average values of the wind components to the multi-annual average of specific hu

midity field. This simplified approach may not be very accurate for water budget 

computations, but it is useful for comparing the relative changes in moisture flux 

over the continents at two different resolutions. The changes in water flux over 

each region are discussed in the following sections. 

South America 

South America receives a substantial amount of water vapor from the north

eastern trade winds, which blow from the east of the northern coast up to the 

Amazon region. The east of Brazil is under the southeastern trade winds. The 

upper part of the west coast is dominated by the southeastern trade winds of Pa

cific, while the southern tip of South America is filled by the westerlies. Figure 

6.2a compares the wind vector at T42 and T106 resolutions at three levels in the 

lower troposphere (850 mb, 700 mb and 500 mb) where most of the water vapor is 

transported. Comparing the wind vectors at the 850 mb in the two model versions, 

the vapor flux at T106 resolution is totally blocked by the high altitude mountains 

over the northwest corner of the continent and almost no water reaches Brazil 

through the northeastern trade across the coasts of Venezuela, Colombia, EC1.!-ador 

and northern Peru. At the 700 mb level in T106 resolution, the southeastern trade 

winds from the west coast are partially blocked by the Andes. The southeastern 

trades at the northeast coast of Brazil are pulled in to fill the low pressure system 

in the middle of the continent. Similarly at the 500 mb level, the center of the 

high pressure system over the Atlantic in the east of Brazil is shifted northward by 

10° in latitude at T106 resolution. 

Table 6.1 shows that at T106 resolution, the vapor flux from the west coast 

is reduced by 20% of its continental water influx, but a major fraction of this loss 

is recovered by the reduction of vapor outflux across the southeastern boundary 

of the region. In spite of large changes in the circulation pattern among the two 

resolutions over the continent, the net decrease in the water convergence over the 

region is only 7% or 0.3 mm day-I. 
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In July, the southeastern trades enter through the northeast coast of Brazil 

and cross the whole northern region in the absence of any inland low pressure 

system. Figure 6.2b shows that at the 850 mb level, the vapor influx from the 

eastern boundary in the high resolution model is much stronger than the outflux 

across the west coast which is blocked by the higher elevation mountain ranges 

at T106 resolution. The zonal influx of water vapor over the region increases 

from 439 million kg s-l(at T106) to 575 million kg s-l. At the same time, the 

meridional outflux reduces by 21 million kg s- l and the moisture inflow to the 

continent increases from -0.20 mm day-l(at T42) to 0.53 mm day-l(at T106). 

United States 

In January, the United States gains most of the vapor influx from the Pacific 

winds across the west coast and from the tropical air streams in the south. More 

than half of the moisture transported to the region enters through the Pacific coast 

and the high elevations of the Rocky Mountain range provide obstructions to the 

zonal transport of the water. Compared to the T42 resolution version of the model, 

the eastward vapor influx through the west coast is reduced by 28% at the T106 

resolution. The tropical moisture flux from the southern border is also reduced 

by 30% due to the change in the circulation pattern. The vapor outflow from the 

eastern and northern boundaries is also reduced accordingly. The net decrease in 

vapor convergence is only 0.03 mm day-I. In July the regional wind circulation 

pattern over the United States changes with the resolution. As shown in Figure 

6.3, the center of the circulation over the western states shifts southward from 

Colorado to New Mexico, thus increasing the water influx across the west coast 

from 29 million kg S-1 to 55 million kg s-l. The outflux from "the east coast 

increases also from 126 million kg s-1 to 216 million kg s-l, while the water flux 

across the other two sides is also reduced. The net water influx to the region drops 

from 1.01 mm day-l (at T42) to 0040 mm day-l (at T106). 
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Africa 

In January, a major fraction of water to the continent enters through low

level northeastern tropical eastern coastal winds. Another source of moisture to the 

region are the southeastern trade winds, through the lower southwest continental 

boundary. There is no high mountain over the continent to directly hinder the, 

water transport in a high resolution model, but the modification in the global wind 

system does affects the water convergence over the region. The change in resolution 

from T42 to T106 brings more water through the tropical winds, but at the same 

time, the water influx from the southwestern coastal line is reversed to outflux. All 

four boundaries of the continent show large changes in water transport. The result 

is a net loss of 0.49 mm day-1 of water to the region. In July, almost all the water 

gets into the continent through meridional winds. The main supply of water vapor 

to the region comes across the southeast and the southwest coasts. The region 

loses 0.25 mm day-1 of the water flux at T106, relative to T42 resolution. 

Australia 

Australia does not have any high altitude mountains, but the global circula

tion in the Southern Hemisphere has enough influence over the continent to modify 

its water transport. The improvement in model resolution for January changes the 

magnitude and direction of westerly winds over the south coast, therefore, reduces 

the vapor influx to the continent from 76 million kg s-l to 23 million kg s-l. 

The vapor outflow across the west coast is also reduced. The change in resolution 

increases the zonal influx of water vapor, but the meridional outflux also increases 

to relatively higher proportion and the continent loses a net 0.40 mm day-1 of 

moisture just by changing the resolution. Similarly in July, the westerlies reduce 

the vapor influx from the southern coast by 25 million kg S-1, while the out flux 

from the west and east coasts decrease by 14 million kg S-1. The continent loses 

0.13 mm day-1 of net vapor flux from the ocean. 
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Three Inland Regions 

In the previous sections, water vapor convergence from ocean to land was 

computed on four land regions that were essentially connected to the ocean. In this 

section the same procedure will be applied to three inland regions (the Himalayas, 

Amazon, and Sahara) that have a special interest for climate modeling. Table 6.3 

summarizes the mean water flux across the inland boundaries of the three regions 

for January and July. All three regions show a significant decrease in water flux 

in both January and July as the model resolution is enhanced from T42 to T106. 

The Himalayas lose moisture inflow from the southern and western boundaries and 

the region loses about half of its vapor flux in January. Similarly in July, the vapor 

input from the southern and northern borders reduces by a significant amount and 

the net water convergence to the region is reduced from 9.28 mm day-1 (at T42) to 

4.81 mm day-1 (at T106). The Amazon region also shows a substantial decrease of 

2.6 mm day-1 in January, and 0.6 mm day-1 in July. In January, the vapor influx 

from the western border reduces from 105 million kg s-l(at T42) to only 5 million 

kg s-l(at T106), due to the moisture blockade by the taller mountains. In July, 

although the higher mountains help in detaining the vapor outflow, the changes 

in regional circulation reduce the vapor input from the south from 105 million kg 

s- l to 40 million million kg s-l. The reduction of 0.04 mm day-1 in vapor flux at a 

high resolution is insignificant over the Sahara. Relatively less water is transported 

to the region from the Mediterranean in July and a 0.5 mm day-1 decrease changes 

the accumulation of moisture to a depletion. 

This analysis clearly shows that moisture convergence to all three regions is 

curtailed in a high resolution model. Taller mountains and changes in large scale 

circulation are the obvious reasons for this reduction, but for inland regions, the 

reduction in specific humidity over land is another factor, which is not so dominant 

over the regions connected to the ocean. But the decrease in specific humidity is 

not so dominant as to cut down the water transport to these regions by 50%. 



Table 6.3 Mean Water Flux Across Boundaries of Three Inland Regions 

(in 1000 m3s-I ). Parenthesis values are equivalent water flux per unit area. 

Boundary January July 

T42 T106 T42 T106 

West 15.31 12.96 20.47 19.14 

North -2.11 -0.56 40.39 12.30 

East -16.08 -13.00 -3.56 10.97 

South 7.63 2.94 76.14 26.72 

Net 4.75 2.34 133.44 69.13 

(mm day-I) (0.33) (0.16) (9.28) (4.81 ) 

West 104.55 4.96 -207.29 -184.30 

North 269.80 269.64 -227.39 -230.34 

East 34.78 119.39 262.76 285.35 

South -298.37 -379.29 104.32 39.64 

Net 110.76 14.71 -67.60 -89.65 

(mm day-I) (3.07) (0.'11) (-1.87) (-2.48) 

West -23.21 -54.91 -146.65 -113.93 

North 82.61 88.98 30G.30 245.96 

East -49.95 -16.15 -0.25 34.42 

South -59.01 -71.28 -139.33 -194.75 

Net -49.56 -53.36 20.08 -28.30 

(mm day-I) ( -0.57) (-0.61) (0.23) (-0.32) 
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Relating Changes in Vapor Convergence to Precipitation 

The changes in vapor flux at two resolutions (T42 and T106) are correlated 

to the changes in precipitation in Table 6.4 over all regions discussed in the previous 

sections. All seven regions show that changes in precipitation with a high resolution 

model are in the same direction as the changes in water flux for both January 

and July months. Four regions, Africa, Australia, the United States, and the 

Himalayas, display a decrease in precipitation that is more than the reduction of 

vapor convergence for both January and July. Over the Amazon, the decline in 

rainfall is 40-50% less than the loss in water import to the region. The Amazon 

shows a slightly less dependence on the water influx, which may be due to strong 

recycling of the rain water over the region. The other two regions, South America 

and the Sahara, exhibit relatively less change in rainfall in January, but a bigger 

change in July proportional to the regional water influx. The ratio of change in 

precipitation to the change in water influx is relatively higher in winter as compared 

to summer over all regions, except for South America. This reflects the fact that the 

summer precipitation is mostly generated by local convection and its dependency 

on the water import from other regions is relatively less. 

This comparison is based on the mean water flux only and the changes in 

precipitation may be better correlated to the water regional convergence if eddy va

por fluxes were also included in the computations and if the analysis was performed 

for individual years, instead of on averaged multi-year fields of winds and specific 

humidity. However, the results of this study clearly show the impact of resolution 

changes to the precipitation and water flux and how these fields strongly correlate 

to each other over various regions. 



Table 6.4 Difference in precipitation and water vapor flux from two 

model resolution [mm day-l] 

REGION Mean Water Convergence Precipitation 

T42 T106 Change T42 T106 Change 

January 

South America 4.69 4.39 -0.30 9.00 8.53 -0,47 

United States -0.24 -0.27 -0.03 2.38 2.31 -0.07 

Africa 0.66 0.17 -0.49 2.98 2.48 -0.50 

Australia 1.26 0.87 -0.39 4.49 4.03 -0,46 

Himalaya 0.33 0.16 -0.17 2.63 1.15 -1,48 

Amazon 3.07 0,41 -2.66 7.96 6.32 -1.64 

Sahara -0.57 -0.61 -0.04 0.18 0.07 -0.11 

July 

South America -0.20 0.53 0.73 3.20 3.55 0.35 

United States 1.01 OAO -0.61 4.52 3.46 -1.06 

Africa l.4G 1.21 -0.25 3,48 2.96 -0.52 

Australia -1.61 -1.74 -0.13 1.19 1.01 -0.18 

Himalaya 9.28 4.81 -4.47 20.02 12.51 -7.51 

Amazon -1.87 -2.48 -0.61 2.62 2.32 -0.30 

Sahara 0.23 -0.32 -0 .. 55 0.99 0.54 -0.45 
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Dependence of Moist Adjustment on Relative Humidity 

As shown in Table 4.12, the fraction of convective-to-total precipitation 

decreased over the United States from 51% to 44% in January and from 95% to 

86% in July, as the model resolution was enhanced from T42 to T106. Almost 

all regions showed some decrease in contribution of convective activity. It was 

also observed that water convergence over land is generally reduced, which may 

decrease the specific humidity, the total precipitable water in the air column and, 

consequently, the precipitation over the land surface. But how the proportion 

between the convective and stable precipitation get disturbed by the change in 

humidity is still a matter of concern. This section examines this issue by analyzing 

the sensitivity of the moist convective parameterization in the model. 

Chapter Three explains the moist convection scheme in the CCM2 devel

oped by Hack (1994). The procedure is based on mass flux approach. It adjusts 

the moist static energy over three adjoining levels, allowing for entrainment in the 

bottom layer k + 1, condensation and rainout in the middle layer k, and detrain

ment in the upper layer k - 1. The adjustment method is applied sequentially 

from the bottom layer of the model until all levels in the troposphere are stable. 

The scheme uses the perturbations of temperature and specific humidity in the 

ascending plumes, (determined by the planetary boundary layer in the model) to 

estimate the thermodynamic properties of the rising parcels. A fraction of the liq

uid water generated in the middle layer k is transported to the upper layer k - 1. 

The overshoot parameter /3, which determines the mass influx to the upper layer, 

is an important factor in the convective parameterization of the model. It can con

siderably modify the amount of condensation from each layer and the total rainout 

from the air column. The stable condensation in the model is applied after the 

convective scheme. The amount of super saturation in model layers depends on 

the profile of specific humidity, which is strongly controlled by the moist convec

tive adjustment. This section investigates how the distribution of specific humidity 

in model layers impacts the rate of both convective and stable precipitation in 
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the model. First some of the constraints imposed on the value of the overshoot 

parameter f3 are examined. 

As explained in Chapter Three, the moist static energy of the updraft region 

is determined by adding ABL perturbations of temperature and specific humidity 

to the large scale moist static energy at the lower layer k + 1 in the conceptual 

model. 

while the saturated static energy at the middle layer is determined by the expres

sion: 

• To initiate the convective activity, the moist static energy of the convective 

parcel must be greater than the saturated static energy of the middle layer 

i. e. he > hk. In other words, the condition of adiabatic moist unstability 

require: 

otherwise there will be no convective mass flux or rainout. 

• If the parcel has enough energy to start convection, but not greater than the 

saturated static energy of the upper layer k - 1, (i. e. hk < he < hk-d then 

the value of overshoot parameter f3 is interpolated linearly depending on the 

static energies of the two layers. The estimated value of f3 is constrained 

to a lower limit of 0.10 and to an upper limit which is determined by the 

height of the current layer. The maximum limit of f3 is 1.0 at the surface 

layer and 0.0 at 10 km from the surface (i.e. the top of the troposphere). If 

a convective plume has strong moist instability such that he > hk-l then f3 
is set to 1.0 and all the liquid water generated will shoot up with no rainout 

at the middle layer. 

• An important restriction imposed on the overshoot parameter is that the 

convective mass flux must not exceed the super saturation limit at the upper 
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layer. If the upper layer is close to saturation, then (3 is adjusted such that 

the upper layer does not surpass the saturation limit. 

The process of rain generation by the moist convective adjustment is very 

different from stable condensation. In moist convection, the atmosphere may pro

duce rain even if it is not fully saturated. Moist instability does not imply that 

water vapor in the layers are above the saturated limit. The upward movement 

of the liquid water can result in super saturation at the upper layers. Conversely, 

the relative humidity in a layer may be above the saturation limit, but may not 

have the thermal instability required to initiate the convective activity. Hence, in 

spite of super saturation, the layer may not produce any rainfall. To better under

stand the condensation generation from the two adjustment procedures, the moist 

convection and stable condensation adjustments were applied to simulated climate 

over the United States. The convection adjustment is limited to the lowest eight 

layers of the model. In one case, the relative humidity in the bottom eight layers of 

the model was changed uniformly from 90% to 130% of the saturated values while 

in another case the eight layers were divided into two parts. The specific humidity 

of each segment was varied independently. 

Table 6.5 displays one time step condensation for the simulated summer 

climate conditions over the United States and the Amazon. The precipitable wa

ter increases almost linearly with the relative humidity, while the change in its 

magnitude depends on the thickness of individual layers. The convective precip

itation does not appear below 90% relative humidity and it reaches a maximum 

gradient between 95% and 100% of saturated humidity level where it maintains a 

uniform slope afterwards (see Figure 6.4). The large scale precipitation starts after 

the atmosphere is fully saturated and it slowly increases at a constant gradient to 

120% of saturated relative humidity and remains unchanged afterward. Once the 

atmosphere reaches the saturation level, for any additional supply of moisture to 

its layers, the convective adjustment determines its share first, and its amount de

pends on the temperature profile of the atmosphere. The temperature of the layers 

is also adjusted for the convective heating. Later, each layer is checked for super 
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Table 6.5 One time step condensation in CCM2 for varing specific humidity 
in bottom eight layers of the model (in mm) 

SATUR PRECIP CONY. STABLE TOTAL 
FRACTION WATER PRECIP PRECIP PRECIP 

United States - July 
0.90 59.22 0.00 0.00 0.00 
0.92 60.54 0.04 0.00 0.04 
0.94 61.86 0.28 0.00 0.28 
0.96 63.17 0.64 0.00 0.64 
0.98 64.49 1.00 0.00 1.00 
1.00 65.80 1.36 0.00 1.36 
1.02 67.12 1.52 0.02 1.54 
1.04 68.44 1.69 0.07 1.76 
1.06 69.75 1.86 0.13 1.99 
1.08 71.07 2.03 0.21 2.24 
1.10 72.38 2.20 0.32 2.52 
1.12 73.70 2.36 0.45 2.81 
1.14 75.02 2.53 0.63 3.16 
1.16 76.33 2.69 0.86 3.55 
1.18 77.65 2.85 1.12 3.96 
1.20 78.97 3.01 1.38 4.39 
1.22 80.28 :3.16 1.64 4.80 
1.24 81.60 3.32 1.90 5.22 
1.26 82.91 :3.47 2.17 5.64 
1.28 84.23 3.63 2.43 6.06 
1.30 85.55 3.78 2.69 6.47 

Amazon - January 
0.90 .58.07 0.00 0.00 0.00 
0.92 59.36 0.01 0.00 0.01 
0.94 60.65 0.03 0.00 0.03 
0.96 61.94 0.06 0.00 0.06 
0.98 63.24 0.36 0.00 0.36 
1.00 64.58 0.78 0.00 0.78 
1.02 65.82 0.99 0.04 1.03 
1.04 67.11 1.22 0.08 1.:30 
1.06 68,40 1,45 0.13 1.58 
1.08 69.69 1.67 0.25 1.92 
1.10 70.98 1.88 0.45 2.33 
1.12 72.27 2.08 0.70 2.78 
1.14 73.56 2.28 0.95 3.23 
1.16 74.85 2.48 1.21 3.68 
1.18 76.14 2.67 1.46 4.13 
1.20 77.4:3 2.86 1.71 4.57 
1.22 78.72 :3.05 1.97 5.02 
1.24 80.01 3.24 2.22 5.46 
1.26 81.30 :3.42 2.48 5.90 
1.28 82.59 :3060 2.7:3 6.34 
1.30 83.88 :3.78 2.D9 6.78 

CONY/TOTAL 
RATIO 

-

1.00 
1.00 
1.00 
1.00 
1.00 
0.98 
0.96 
0.94 
0.91 
0.87 
0.84 
0.80 
0.76 
0.72 
0.69 
0.66 
0.64 
0.62 
0.60 
0.58 

-

1.00 
1.00 
1.00 
1.00 
1.00 
0.96 
0.94 
O.!)! 

0.87 
0.81 
0.75 
0.71 
0.67 
0.65 
0.63 
0.61 
0.59 
0.58 
0.57 
0.56 
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saturation moisture which is condensed immediately as large scale precipitation in 

the model. As the convective time scale of the moist convection scheme is about 

one-third of a model time step, approximately one-third of the moisture added to 

the layers contributes to the condensation process. In other words, the combined 

change in the total precipitation will be approximately one-third of the change in 

the precipitable water. Table 6.5 shows that for each increment of 10% in specific 

humidity, 6.58 mm of water is added to the atmosphere, and 12% of this quan

tity is condensed in moist adjustment, while 20% appears in form of large scale 

precipitation. Over the Amazon, the temperature profile is different from over the 

United States, but the share of convective precipitation is still around 12-13% of 

any additional increase in relative humidity in model layers while 20% contributes 

to the stable precipitation. 

In a second test, the relative humidity of the lower four layers (15 to 18) 

over the United States was changed from 90% to 130%, while the relative humidity 

of the upper four layers (11 to 14) was also independently changed in the same 

range. The result of these simulations are shown in Figure 6.5. The horizontal axis 

shows the relative humidity in layers 11-14, while the vertical axis shows the same 

for layers 15-18. In first the diagram, contours in the precipitable water diagram 

show that more moisture is needed to raise the relative humidity of the lower layers 

as compared to the same change in relative humidity in the upper layers. Even 

though the thickness of the upper layers is much larger, the temperatures at the 

upper levels are relatively cooler and need far less moisture to increase the relative 

humidity. In the second figure, the convective precipitation contours show that the 

upper layers, which have much bigger thickness, will provide slightly more convec

tive precipitation than the lower layers for the same change in relative humidity in 

the two cases (the slope of upper layer curves are slightly above a 45° angle to the 

horizontal axis). In the third diagram, the large scale precipitation contour shows 

that stable precipitation is not sensitive to any change in the relative humidity 

at the upper or lower atmosphere when the relative humidity is below 105% of 

the saturation level. It also demonstrates that an equal amount of condensation 
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is expected to generate from both the upper and lower atmosphere, for the same 

change in relative humidity. In the fourth figure, the convective-to-total precipi

tation curves show a non-linearity to the changes in relative humidity at the two 

levels. For the lower layers, the contribution of convective precipitation will reduce 

much faster than for the same increase in the relative humidity in the upper layers. 

The main objective of the above exercise was to analyze the changes in 

the precipitation field obtained by improving the model resolution. The large 

scale precipitatio\t over land generally increased in T106 resolution, while the total 

precipitation water, the convective precipitation and the ratio of convective-to

total precipitation were reduced. To understand this behavior of the model, a line 

is drawn from point A to point B as marked on each diagram in Figure 6.5. It 

demonstrates that if the lower atmosphere becomes drier, the overshoot parameter 

(3 in the convective parameterization increases and it transports more moisture 

to the upper layers. Although, the drier atmosphere has lesser water vapor to 

move upward, the increased upshoot parameter is a more dominant factor and 

thus it carries more water to the upper layers and thus increases their relative 

humidities. The movement of point A to B reduces the magnitude of convective 

precipitation, while increasing the large scale precipitation in a relatively drier 

atmosphere (with less precipitable water in the air column). The ratio of convective 

to total precipitation also declines for the same changes in relative humidity. 

Summary 

The simulated rainfall decreases over the land while it increases over the 

ocean at a high resolution. The proportion of convective precipitation decreases 

with reduced specific humidity in the model. 

• The first part of this chapter examines the impact of tall mountains and the 

changes in large scale circulation in a fine resolution model on water conver

gence over the land. Four continental regions which are connected to the ocean 

i.e Africa, Australia, South America and the United States, and three inland 

regions are analyzed using January and July climate conditions. A significant 
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reduction in the regional vapor convergence is observed over all the regions at a 

high resolution, except the South American continent in January, which demon

strates otherwise. The variation in precipitation (increase or decrease) follows 

the same trend as the vapor convergence over all regions for both January and 

July climates. The change in precipitation is higher than the change in vapor 

influx over Africa, Australia, the Himalayas and the United States. The Ama

zon shows less dependency on the water import due to a strong recycling of 

the rain water over the region. Also, the ratio of change in precipitation to 

the change in water influx is relatively higher in winter as compared to sum

mer, when convection is a major contributor to the rainfall. This comparison is 

based on the mean water flux and does not include the eddy water fluxes. The 

multi-years fields of wind, the specific humidity and precipitation are used in the 

computations instead of the individual year's data. However, the study clearly 

demonstrates the impact of resolution on water convergence and its strong cor

relation to the changes in the precipitation field over all regions included in the 

analyses . 

• In the second part, the role of relative humidity in the simulating of convective 

and stable condensations is examined in the moist convection parameterization 

of the model. First, the relative humidity of the lowest eight layers in the 

model is changed between 90% to 130% of the saturated value at each layer 

during summer climate conditions over the United States and the Amazon. 

No convection rainfall is generated below 90% of saturated specific humidity 

and above 115% humidity level. About 40% of the added water precipitates 

through convection and 60% carnes through stable condensation. Second, the 

relative humidity in the bottom four layers (15-18) is changed separately in 

the upper four layers (11-14). As the lower atmosphere gets dry, the upshoot 

parameter (:J in the convective parameterization transports more water to the 

upper layers and reduces the contribution of the convective precipitation relative 

to the changes in precipitable water in the air column. Consequently, the stable 

condensation increases, in spite of a consistent decrease in total precipitation. 
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CHAPTER SEVEN 

SENSITIVITY OF LAND COVERS IN BATS 

This chapter investigates the sensitivity of the vegetation/land cover types 

III CCM2 coupled with BATS and any potential redundancy in the vegetation 

classification with no significant changes in the upward surface fluxes. 

Vegetation or land cover type is an important parameter in land surface 

modeling. It influences the amount of local and regional precipitation by changing 

the local surface moisture flux. To successfully model the interaction between the 

atmosphere and the surface, it is important to incorporate the type of coverage 

which exists over the land surface. The model simulations show that more than 

85% of the land precipitation during summer comes through convection, which is 

primarily controlled by the local surface boundary fluxes. Therefore, any change 

in land-surface cover over the GCM grid scale can significantly influence the local 

and the regional climates. 

In BATS, the partition of water and energy inputs at the surface is a function 

of the vegetation coverage, soil texture and soil color. A consensus in classifying 

the land surface types has not been reached among experts and scientists of various 

fields. An important issue for land surface modelers is to define the appropriate 

number of vegetation/surface categories that can realistically represent the huge 

diversity over the land surface at various scales. 

BATS defines eighteen ecotypes which are used to prescribe the vegetation 

and the soil-specific parameterizations in the model. But in the absence of any 

observational dataset, the values assigned to some of these parameters are relatively 

equal. The off line studies show that some of these land covers may be combined 

without any noticeable change in their sensible and latent heat fluxes at the GCM 

grid scale. 
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Vegetation/Land Classifications 

The following table lists the land cover types currently used in the BATS 

model. 

Table 7.1 Vegetationllalld cover types in BATS 

1. Crop/Mixed Farming 10. Irrigated Crops 

2. Short Grass 11. Semi-Desert 

3. Evergreen Needle Leaf Tree 12. Ice Cap/Glacier 

4. Deciduous Needle Leaf Tree 13. Bog or Marsh 

5. Deciduous Broad Leaf Tree 14. Inland Water 

6. Evergreen Broad Leaf Tree 15. Ocean 

7. Tall Grass 16. Evergreen Shrub 

8. Desert 17. Deciduous Shrub 

9. Tundra 18. Mixed Woodland 

For the standard T42 resolution, the land cover data set is derived by associating 

one of 18 data types with the vegetation types of Olson et al. (1983). A global map 

of this data set at T42 resolution is shown in Figure 7.1. The T42 resolution has 

128 x 64 or 8192 grid points over the globe. The two values in parenthesis next to 

each land cover classification represent the number of total grid points in the same 

category over the globe and the fraction of earth occupied by the land cover type. 

The figure shows that short grass is the most widely prevalent ecotype over the 

land, covering 5% of the earth's surface area. The ice cap has more than double 

the number of grid points compared to the short grass, but its areal coverage is 

approximately half, as most of the ice cap is in the polar regions where the width of 

the grid box is reduced. The other two dominant categories are the evergreen broad 

leaf and the semi-desert which covers 2.81% and 2.75% of the earth respectively. 

There are five categories whose global coverage is less than 1 %. The irrigated crop 

has only 7 grid points over the globe covering only 0.11% of the earth's surface. 

The bog, evergreen and deciduous shrubs cover 0.57%, 0.81% and 0.87% of the 
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FIGURE 7.1 
CCM2-BATS VEGETATION DATA 
128 x 64 GRID (2.81 DEGREE) 

• TUNDRA (221, 1.78%) 

• DESERT (86, 1.08%) 

II TALL GRASS (115, 2.02%) 

• EVRGR BROADLEAF (155, 2.81%) 

III DECID BROAD LEAF (62, 1.07%) 

D DECID NEEDLELEAF (125, 1.10%) 

I;~:};I EVRGR NEEDLELEAF (191, 1.93%) 

D SHORT GRASS (317, 4.99%) 

~. MIXED FARMING (167, 2.42%) 

• MIXED WOODLAND (146, 1.92%) 

• DECIDUOUS SHURB (58, 0.87%) 

F~~~I EVERGREEN SHURB (52, 0.81%) 

ks:~{,'l OCEAN (5443, 70.91%) 

D INLAND WATER (0, 0.00%) 

Ili~1 BOG/MARSH (39, 0.57%) 

ICE CAP/GLACIER (839, 2.74) 

• SEMI-DESERT (169, 2.75%) 

III IRRIGATED CROP (7, 0.11%) 
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globe respectively. The inland water which is reserved for modeling lakes, has not 

been implemented in CCM2. 

Role of Parameterization in BATS 

Like any other land surface model, parameterization plays a central role 

in BATS. It is not only essential for computation in various processes, but also 

differentiates between various land covers and soil types used in the model. The 

accuracy of the parameters is certainly a highly important factor in the model struc

ture, but the scarcity of observatioal data compatible with the model parameter 

has made it difficult. Considerable uncertainty associated with parameterization 

exists in BATS because of poor or insufficient observations of required parameters. 

Uncertainty is also associated with certain parameters in a land surface scheme 

(Henderson-Sellers 1992). The BATS uses three types of parameters which de

pend on: (a) land cover/vegetation type, (b) soil classification and (c) soil color 

category. Table 7.2 shows the values of various parameterization associated with 

the land covers types. The major application of each parameter in the model 

framework is briefly described below. 

The most important parameter in the model is surface roughness length 

(zo), which describes the efficiency of surface-atmosphere transfer of energy and 

the momentum. At a given level, the surface roughness can be characterized by 

the average height and the density of various roughness elements, the character

istic shapes and the dynamic' response characteristics (Arya, 1988). An effective 

roughness length is defined to take account of the subgrid scale variability by as

suming that the local friction velocity is the same above a patchwork of areas of 

different roughness lengths. The current values of Zo in the model are taken from 

the existing literature. They vary from less than a few mm over ocean to a couple 

of meters over evergreen broad leaf canopy. In BATS, the roughness length is used 

in computing: (a) the neutral drag coefficient, (b) the partition of the vegetation 



Table 7.2 Vegetation/Land Cover Parameters 

PARAMETER 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

Max vegetation fraction f1Jeg 0.85 0.80 0.80 0.80 0.80 0.90 0.80 o 0.60 0.80 0.10 o 0.80 0 o 0.80 0.80 0.80 

Vegetation cover at 2690 K 0.25 0.70 0.70 0.50 0.50 0.40 0.50 o 0.40 0.20 0 o 0.40 0 o 0.60 0.50 0.60 

Roughness length (m) 0.06 0.02 1 1 0.8 2 0.1 0.05 0.04 0.06 0.1 0.01 0.03 0.0024 0.0024 0.1 0.1 0.8 

Displacement height (m) 0 0 0 9 9 18 0 0 0 0 0 0 0 0 0 0 0 0 

Total soil layer depth (m) 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 10 

Rootzone soil layer depth (m) 1 1 1.5 1.5 2 1.5 1 1 1 1 1 1 1 1 1 1 1 2 

Upper soil layer depth (m) 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

Water extracted by upper layer 0.3 0.8 0.67 0.67 0.5 0.8 0.8 0.9 0.9 0.3 0.8 0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Min. stomatal resistance (sjm) 120 200 200 200 200 150 200 200 200 200 200 200 200 200 200 200 200 200 

MaximumLAI 6 2 6 6 6 6 6 0 6 6 6 0 6 0 0 6 6 6 

MinimumLAI 0.5 0.5 5 1 1 5 0.5 0 0.5 0.5 0.5 0 0.5 0 0 5 1 3 

Stem area index 0.5 4 2 2 2 2 2 0.5 0.5 2 2.0 2 2 2 2 2 2 2 

ljJD1ea/ (m- 1/ 2) 10 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 

Light sensitivity factor (m2 jW) 0.02 0.02 0.06 0.06 0.06 0.06 0.02 0.02 0.02 0.02 0.02 0.Q2 0.02 0.02 0.02 0.02 0.Q2 0.06 

Veg. albedo for>. < 0.7 /-Lm 0.10 0.10 0.05 0.05 0.08 0.04 0.08 0.20 0.10 0.08 0.17 0.80 0.06 0.07 0.07 0.05 0.08 0.06 

Veg. albedo for>. > 0.7 /-Lm 0.30 0.30 0.23 0.23 0.28 0.20 0.30 0.40 0.30 0.28 0.34 0.60 0.18 0.20 0.20 0.23 0.28 0.24 
--_.- -

1 Crop/Mixed Farming 2 Short Grass 3 Evergreen Needleleaf 4 Deciduous Needlcleaf 5 Deciduous Broadleaf 6 Evergreen Broadleaf 

7 Tall Grass 8 Desert 9 Tundra 

13 Bog/Marsh 14 Inland Water 15 Ocean 

10 Irrigated Crop 

16 Evergreen Shrub 

11 Semi-Desert 12 Ice Cap/Glacier 

17 Deciduous Shrub 18 Mixed Woodland tv 
o 
tv 
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covered with and without snow and (c) the average wind speed employed in the ex

change coefficient for potential evaporation over the heterogeneous grid with bare 

soil, vegetation and snow. 

The maximum fractional vegetation (0" max) describes the maximum fraction 

of the model grid that may be covered with vegetation through annual cycles. An

other parameter (6.0" f) represents the difference between the maximum fractional 

cover and the fractional cover at 269°K. Both of these parameters are used in 

BATS to calculate the seasonally adjusted vegetation cover over the grid through 

the sub-surface temperature variation. The value of O"max varies from 0.90 over 

evergreen broad leaf forest to 0.10 over semi-desert. A majority of the vegetation 

classes are set to 0.80. The range of 6.O"f extends from 0.60 (for crops) to 0.10 (for 

semi-desert and needle leaf trees). Most of these values are based on an educated 

guess. 

The minimum stomatal resistance (rsmin) is a sensitive parameter in the 

model due to its direct influence on canopy transpiration. But due to a lack of ob

servational data, all vegetation are set to 200 s m-l, except for crops 120 s m-land 

the evergreen broad leaf trees 150 s m- l . 

The leaf area index (LA!) is the projected area of transpiring surface per unit 

area of vegetated ground. It is a function of the ecotype and season. In BATS, the 

LA! varies between the maximum and minimum prescribed values depending on the 

sub-surface temperature. The maximum value of LAI is set to 6 for most vegetation 

except for the short grass which is set at 2. The minimum LAI ranges from 0.5 for 

short/tall grasses, mixed farming, tundra, semi-desert to 5.0 for evergreen needle 

leaf, evergreen broad leaf and evergreen shrub. The LAI is used to calculate the 

transpiration, radiation absorption, and canopy temperature. 

The stem area index (SA!) is the projected area of non-transpiring surface, 

including dead vegetation. Its value ranges between 4 for short grass to 0.5 for 

mixed farming and tundra. The SAl along with the LAI is used to computed the 

wet and dry fraction of the canopy. 
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The inverse square root of leaf dimension (D f) is used to compute the trans

fer coefficient over the canopy. D f is the characteristic leaf dimension in the direc

tion of wind flow. The value of 1/ .Jl5f is set to 5 for most of the ecotype except 

over mixed farming where it is 10. 

The displacement height (D) is the height above the roughness length where 

the wind speed goes to zero. It is used in the neutral drag coefficient computations 

and to define the reference height, which is 10 m above the displacement height. 

Only large trees are assigned non zero values to this parameter. The D is set to 

9 m for deciduous needle leaf and broad leaf trees and to 18 m for evergreen broad 

leaf trees. 

The depths of three soil layers (upper soil, root zone and total) are used to 

store the soil water. Both the upper and the root zone soil layer share the same 

incident precipitation, drip from foliage and surface evaporation, while they have 

different transpiration rates because of different distribution of roots. The depths 

of the upper soil and the total soil layers are 10 cm and 10 m, respectively, for 

all land covers. The depth of the root zone layer is set to 1 m for most of the 

vegetation, except for needle leaf and broad leaf trees where it is assigned as 2 m. 

Another highly important parameter is the fraction of root in the upper soil 

layer (Rt ). This parameter is used to compute the maximum transpiration from 

the upper and root zone soil layers that plant can sustain under the given soil 

moisture conditions. Over tundra, 90% of the water is extracted from the upper 

soil layer whereas for mixed farming and irrigated crops, only 30% of the water is 

extracted by upper layer roots. 

The light dependence of stomatal resistance (Ie) is employed in calculat

ing direct and diffused solar fluxes over the canopy layers. Its value is assigned 

0.02 m2W- 1 for most of the vegetation types, except tall trees where it is set to 

0.06 m2W-1 . 

The vegetation albedo to shortwave (,\ < 0.7 J.Lm) and to longwave (,\ > 
0.7 J.Lm) influences the amount of net radiation over the grid box as well as the 
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solar energy absorbed by the vegetation. The maximum solar flux for the visible 

wavelength (.\ < 0.7/Lm) is absorbed by the evergreen broad leaf trees (1- asw = 

0.96) while a maximum of visible solar radiation is reflected by the ice cap (asw 

= 0.80). The bog/marsh absorbs 82% of the incoming solar radiation for near 

infrared wavelength (.\ > 0.7/Lm), whereas the ice cap reflect back 60% of the near 

infrared energy. 

There are also some soil related parameters in the model which are func

tions of the input indices of soil color and soil texture. These parameters are: (1) 

the soil porosity ¢ (fraction of voids in soil) which is used to calculate the max

imum soil diffusivity and the surface and sub-surface runoffs, (2) the soil wilting 

moisture (fraction of water content at permanent wilting) is employed in the tran

spiration rate, (3) the ratio of field capacity to saturated water content, which is 

used in computing the surface runoff over the irrigated land cover, (4) the Clapp 

and Hornberger diffusivity parameter (f3) needed to compute the maximum soil 

diffusivity and diffusive fluxes between soil layers, (5) the ratio of soil thermal con

ductivity to that of loam, which is applied in ground temperature computation and 

(6) the soil albedo, which determines the albedo over the bare soil. Only the last 

parameter depends on the soil color while all others are a function of soil texture. 

Sensitivity Experiments 

To investigate the sensitivity of the ecotypes, a series of tests were conducted 

using both off-line and on-line versions of BATS. The off-line experiments pointed 

out the ecotypes which may be merged into other classes, while the on-line studies 

evaluated the global impact of the changes in land cover types. The next sections 

describe the procedure and the results of the experiments. 

Methodology 

• A site was selected for each land cover/vegetation class from the vegetation 

dataset at T42 resolution (as shown in Figure 7.1). For off-line runs, the 
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atmospheric forcing dataset at each site was generated by simulating the 

CCM2 coupled with BATS . 

• At each site, the off-line version of BATS was run for a minimum of 10 years 

or until the soil moisture in the total layer was stabilized and the net change 

in the total soil water was less than 1 mm over the year. 

• The land cover type over each site was replaced with all appropriate sub

stitutes and the model was rerun with same input forcings as used in the 

control case. The sensible and latent heat fluxes were compared for annual 

cycle. If these were within close range of the control case, the land cover 

type may be replaced. 

o To examine the global scale impact with the change of land cover types, 

CCM2-BATS was rerun with revised land covers. The annual and monthly 

water and the energy fluxes were compared over regional and continental 

scales with the control case. 

Site Selection 

To examine the sensitivity of land cover type in the off-line version of the 

model, a series of experiments was conducted over sixteen locations over the globe. 

Each site represented one land cover type. Two land covers, ocean and inland 

water were not included in the study, as they are irreplaceable. Figure 7.2 shows the 

location of these sites over the globe. The site selection is based on the criteria that 

a large neighborhood around each location has similar vegetation characteristics. 

The two land covers, irrigated crops and marsh have sparse grid points and do not 

have any particular location of concentration. 

Atmospheric Forcing Dataset 

To provide the atmospheric forcings over each site, CCM2 coupled with 

BATS was run for one year and a dataset for the following fields was collected at 

20 minute intervals. 
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FIGURE 7.2 
BATS LAND COVER SENSITIVITY 

SITE LOCATIONS 

09 TUNDRA - ANCHORAGE (ALASKA) 

08 DESERT - TABELBALA (ALGERIA) 

07 TALL GRASS - N DELE (CEN. AFRICAN REP) 

06 EVRGR BROADLEAF - MANAUS (BRAZIL) 

05 DEcm BROAD LEAF - ZOMBA (MALAWI) 

04 DEcm NEEDLELEAF - OKHOTSK (USSR) 

03 EVRGR NEEDLELEAF - PORT HARDY (CANADA) 

02 SHORT GRASS - KERMAN (IRAN) 

01 MIXED FARMING - TOPEKA, KANSAS (USA) 

18 MIXED WOODLAND - MACON, GEORGIA (USA) 

17 DECIDUOUS SHRUB - FRANCIS TOWN (BOTSWANA) 

16 EVERGREEN SHRUB - CHARLEVILLE (AUSTRALIA) 

15 OCEAN 

14 INLAND WATER 

13 BOG/MARSH - CORUMBA (BRAZIL) 

12 ICE CAP/GLACIER - GOTHAB (GREENLAND) 

11 SEMI DESERT - LAS VEGAS, NAVADA (USA) 

10 IRRIGATED CROP - BAGHDAD (IRAQ) 



208 

1. Air temperature (Tair) 

2. Specific humidity (qair) 

3. Precipitation (Ptota!) 

4. Wind components (u, v) 

5. Surface pressure (Psfc) 

6. Zenith angle (() 

7. Downward radiation flux at surface (F;w + FL) 

The temperature, specific humidity, and wind components were taken at the 

middle of the lowest layer of the model which, on the average, is 65 m above the 

ground surface. 

Results of Off-Line Simulations 

At each site, the ecotype was replaced with all possible substitutes, with no 

change in atmospheric forcings over the site. The simulations were conducted for 

enough time to stabilize the soil moisture. The annual change in total soil water 

was restricted to less than 1 mm. In the model output, the monthly water balance 

(total precipitation, evapotranspiration, ground evaporation, surface and ground 

runoff) and the monthly average of energy fields (total surface radiation input, 

surface fluxes, Bowen Ratio) were compared with the control case. It is important 

to emphasize that the objective of this study is to examine the redundancy of the 

ecotype in the on-line version of the model, where the main interest is in the surface 

heat fluxes. For off-line studies over a small area, the changes in the transpiration 

from the dry canopy, the evaporation from the wet canopy and ground evaporation 

are important on a local scale. But in the GCM grid scale, the only thing that 

matters is the total moisture flux transported to the lowest layer of the model. 

The changes in individual components of the latent heat flux are not crucial in the 

current formulation of CCM2. 

The deciduous needle leaf trees only exist in northern Asia between 50-

70° latitudes where the average annual observed rainfall is 350-400 mm. The 

winters are extremely cold and dry. The site for this ecotype was selected at 
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59°N and 143°E around Okhotsk in Russia. CCM2 predicts 950 mm of annual 

rainfall over the grid. The land cover was replaced with the evergreen needle 

leaf tree. The model output along with control case is shown in Figure 7.3a. 

The solid lines represent the simulation with the original land cover, while the 

dashed lines show the run with the substitute vegetation. There is some difference 

between the evapotranspiration and the ground evaporation in the two cases, but· 

the latent and sensible heat fluxes and the Bowen Ratios are quite close. The 

vegetation parameterization in Table 7.2 shows that the only significant difference 

between the evergreen and deciduous needle leaf is their winter vegetation cover 

and minimum leaf area indices. Both of these factors should display a significant 

difference during spring. The spring precipitation and solar radiation over northern 

Asia are relatively small, a 20% change in canopy does not show any big difference 

in the surface heat fluxes. In summer, both evergreen and deciduous needle leaf 

tree have the same parameterization. The results of this test suggest that the 

deciduous needle leaf category in BATS can be replaced by the evergreen needle 

leaf tree. Conversely, the question may arise: can the evergreen needle leaf class 

be replaceable by the deciduous needle leaf tree? 

The evergreen needle leaf trees exists between 40-70° latitudes in northern 

Europe, north-western United States and Canada. Except for the northwestern 

coast of the United States and Canada, which are quite wet in winter, this ecotype 

does not receive any precipitation in winter. However, in warm seasons (May

October) it receives about 400-500 mm of rainfall over most of Europe and the 

United States. The site selected for this vegetation is in British Columbia (Canada), 

where the summer is dry and the winter is quite wet. This site was specifically 

selected to see the impact of winter precipitation on the change in vegetation type. 

The results of simulation are displayed in Figure 7.3b. It shows that the winter 

evapotranspiration decreases significantly in the winter, as the LAI and the fraction 

of canopy shrink for deciduous needle leaf trees. But the loss of evapotranspiration 

is compensated by the gain in the ground evapotranspiration. The latent heat and 

sensible heat fluxes do not show any major change. The Bowen Ratios of the two 
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FIGURE 7.3a 
DECIDUOUS NEEDLELEAF TREE 
OKHOTSK (RUSSIA) [59N,143E] 
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FIGURE 7.3b 
EVERGREEN NEEDLELEAF TREE 

PORT HARDY BC (CANADA) [50N.127W] 
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runs are similar. However, this category is not changed or modified. Rather, the 

deciduous needle leaf classification is merged into it. 

The major. differences between the desert and the semi-desert are the LAI 

and the summer vegetation fraction, which is 10% over semi-desert and none over 

desert. The question is: how much of this 10% vegetation cover is important over 

the region which normally has very little rain and high radiation during summer? 

To answer this question, two sites were selected, the one in Algeria, northern Africa 

and the semi-desert in Las Vegas (Nevada) USA. The CCM2 simulates 475 mm of 

annual rainfall over Las Vegas and 128 mm over the desert site. By replacing the 

semi-desert with the desert over Las Vegas, the 42 mm of annual evapotranspiration 

(in Figure 7.4a) was reduced to zero. At the same time the ground evaporation 

was increased to compensate for the loss of evapotranspiration. The latent and 

sensible heat fluxes and the Bowen Ratio do not show any significant change. The 

loss of transpiration also appears in increased root zone moisture. 

The replacement of the desert by the semi-desert over Algeria, increased 

the annual evapotranspiration from 0 to 36 mm (see Figure 7.4b). This amount 

is quite significant considering the annual rainfall of 128 mm over the grid. The 

maximum difference in latent heat flux increased to 4 W m -2 in February, when the 

site received 62 mm of rainfall. The difference in sensible and latent heat fluxes is 

quite negligible. It appears that both desert and semi-desert classifications may be 

substituted by each others, but introduction of vegetation over a desert area may 

give more of an error than ignoring the role of a small fraction of vegetation over 

semi-desert. 

The irrigated crops have only seven grid points over the globe and cover only 

0.11 % of the earth. The closet substitute to irrigated crop is bog/marsh. Figure 7.5 

compares the off-line results of this replacement. The root zone moisture is much 

higher in the marsh case, as compared to the irrigated crop. Table 7.2 shows that 

irrigated crops extract 30% of their water from the upper layer, whereas the marsh 

extracts 50% and hence its root zone water is less depleted. But excessive demand 

from the upper soil layer also makes it relatively drier and reduces its ground 
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FIGURE 7.4a 
SEMI - DESERT 

LAS VEGAS - NEVADA (USA) [33N,44E] 
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FIGURE 7.4b 
DESERT 

TABELBALA (ALGERIA) [29N,3W] 
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FIGURE 7.5 
IRRIGATED CROP 

BAGHDAD (IRAQ) [33N,44E] 
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evaporation and canopy evapotranspiration. Both sensible and latent heat fluxes 

show some difference, but as the number of the grid points in this replacement are 

very few, their total impact will be almost negligible. 

The next two ecotypes which were tested for replacement are the deciduous 

and the evergreen shrubs. The deciduous shrubs can be anywhere on the globe, but 

the evergreen shrubs are primarily concentrated in Australia with a few locations 

in other continents. Table 7.2 shows the difference in parameterization between 

the two ecotypes. One difference is the vegetation fraction at 269°K, which is 60% 

for evergreen shrubs and 50% for deciduous shrubs. This may show some change in 

canopy transpiration during winter. The other difference is the vegetation albedo, 

which is slightly higher in the case of deciduous shrubs. The deciduous shrubs may 

absorb less solar radiation and their transpiration rates may be slightly reduced. 

Apparently, this difference was not evident when the two ecotypes were replaced 

with one another. The replacement of evergreen shrub by deciduous shrub over 

the Charleville site in Queensland Australia did not show any noticeable difference 

between the two ecotypes (see Figure 7.6a). All moisture and energy fields are very 

comparable in the two simulations. 

In another experiment, deciduous shrub was replaced by the evergreen shrub 

over Francis Town in Botswana, which has more than 2000 mm of annual rainfall. 

Again, the change in land cover type did not show any significant change (see 

Figure 7.6b). The evergreen shrubs, which mostly exist in Australia, were replaced 

by deciduous shrubs. 

Finally, the mixed woodland which exists over northern Europe, the eastern 

and northern United States, eastern China, and Central America, was replaced by 

deciduous broad leaf trees over Macon, Georgia (USA). The differences between 

the two ecotypes (as shown in Table 7.2) are only in the 10% vegetation faction in 

winter, the minimum leaf area index and the vegetation albedo. Apparently, the 

results of the replacement, as shown in Figure 7.7, did not show any sensitivity 

to the difference in the parameterization. Hence, the mixed woodland class was 

replaced by the deciduous broad leaf trees. 
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FIGURE 7.6a 
EVERGREEN SHRUB 

CHARLEVILLE (AUSTRALIA) [26S.146E] 
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FIGURE 7.6b 
DECIDUOUS SHRUB 

FRANCIS TOWN (BOTSWANA) [21S.27E] 
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FIGURE 7.7 
MIXED WOODLAND 

MACON, GEORGIA (USA) [33N,84W] 
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Modified Land Covers 

Based on the results of the off-line studies, five of the vegetation types were 

combined with other classes, while one category (i.e. inland water) was eliminated, 

as it was never implemented in the model. The following twelve land covers were 

singled out and could not be merged further. 

Table 7.3 Modified vegetation/land cover types in BATS 

1. Crop/Mixed Farming 7. Desert/Semi-Desert 

2. Short Grass 8. Tundra 

3. Needle Leaf Tree 9. Ice Cap/Glacier 

4. Deciduous Broad Leaf Tree 10. Marsh/Irrigated Crop 

5. Evergreen Broad Leaf Tree 11. Ocean 

6. Tall Grass 12. Shrub 

Global Response to Revised Land Covers 

The modified land covers were replaced in the CCM2-BATS vegetation 

datasets. The model was rerun with a revised vegetation classification for the 

months of January, April, July and October and the results were compared to the 

control simulations. This section describes the global response to the change in 

land covers. 

Deciduous Needleleaf to Evergreen Needleleaf 

Deciduous needleleaf trees are mostly located over northern Russia where 

the average January temperature is below 30° C. Changing deciduous needleleaf 

to evergreen needleleaf primarily modifies three parameters in BATS, as shown in 

the following table. 
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Differences in BATS Vegetation Parameter 

Parameter Deciduous Needleleaf Evergreen N eedleleaf 

Vegetation at 269°K 0.50 0.70 

Displacement height (m) 9.00 0.00 

Minimum LAI 1.00 5.00 

Table 7.4 shows the impact of land-cover type replacement during four sea

sons. In January, an increase in winter vegetation cover or LAI does not show any 

noticeable change since the solar flux over such a high latitude is very small and all 

the canopy is covered with snow. In Ap-ril, which is spring time over Russia, the 

increased vegetation fraction reduces the surface albedo and brings 13.5 Wm-2 of 

additional solar radiation to the surface. In fact, the total cloud cover is reduced by 

4% and the sensible heat flux increases by 11 Wm-2 and an additional 4 Wm-2 of 

radiation energy becomes available at the ground surface which slightly increases 

the surface temperature and the average water equivalent snow cover from 58 mm 

to 67 mm. The reduced surface moisture flux decreases the rate of precipitation 

from 1.5 mm day-l to 1.4 mm day-l. 

In July, replacing deciduous needleleaf with evergreen needleleaf changes 

only displacement height, in terms of vegetation parameterization. And as ex

pected, the on-line simulations show very minor changes in model output fields. 

In October, when the average skin temperature is -5°C, the net surface flux is one 

third of the radiation during April, as 72% of the atmosphere is covered with thick 

clouds. A slight reduction in surface temperature increases the surface moisture 

flux and the rate of precipitation. 

Irrigated Crops to Bog/Marsh 

As mentioned earlier at T42 resolution the irrigated crops have only seven 

grid points out of 2749 land points and six of them are scattered in the Northern 

Hemisphere. Hence, replacing irrigated crops with any other cover is not expected 



Table 7.4 CCM2-BATS Results for Change of Deciduous Needleleaf to Evergreen Needleleaf 

Deciduous Evergreen Deciduous Evergreen 

Needleleaf Needleleaf Change Needleleaf N eedleleaf 

Fields January April 

Net Surface Solar Flux (Wm- 2
) 10.28 10.03 -0.25 129.25 142.81 

Latent Heat Flux (Wm- 2 ) 1.42 1.77 0.35 35.84 34.34 

Sensible Heat Flux (Wm- 2 ) -11.69 -8.99 2.70 13.23 24.28 
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to produce any noticeable change over the globe. The following parameters are 

modified in BATS vegetation by replacing irrigated crop to bog/marsh: 

Differences in BATS Vegetation Parameter 

Parameter Irrigated Crops Bog/Marsh 

Vegetation over at 269°K 0.20 0.40 

Roughness height (m) 0.06 0.03 

Water extracted by upper layer 0.30 0.50 

Veg. albedo for A < 0.7 JLm 0.08 0.06 

Veg. albedo for A > 0.7 JLm 0.28 0.18 

As both irrigated crops and bog/marsh have a continuous supply of evapo

transpiration, most of the input radiation is consumed in evapotranspiration and 

a small fraction of energy is available in the form of sensible heat flux, with the 

Bowen Ratio around 0.1. The results of on-line simulations are listed in Table 7.5. 

The important difference between the two vegetation types is vegetation albedo, 

which is smaller for bogs as compared to irrigated crops. All four months in the 

table show an 5-8% increase in net solar flux at the surface, which increases sensi

ble heat flux and consequently the Bowen Ratio, for all four months. Except for a 

small decrease in January, all other months show an increase in skin temperature. 

The change in precipitation is quite small-less than 0.1 mm day-l during any of 

four months analyzed in the table. 

Semi-Desert to Desert 

There are 169 semi-desert grids in the model at T42 resolution and except 

for 30, all of them are located in the Northern Hemisphere. A major part of 

the semi-desert lies in northern Africa and the Middle East with a few grids over 

northern China and the Southwest United States. In the Southern Hemisphere, 

half of the semi-desert grids are located at the southern tail of South America. The 

replacement of semi-desert by desert modifies the following parameters in BATS: 



Table 7.5 CCM2-BATS Results for Change of Irrigated Crop to Bog/Marsh 

Irrigated Bog/ Irrigated Bog/ 

Crop Marsh Change Crop Marsh 

Fields January April 

Net Surface Solar Flux (Wm- 2 ) 133.11 139.37 6.26 239.65 255.18 

Latent Heat Flux (Wm- 2
) 56.15 55.97 -0.18 114.86 110.14 

Sensible Heat Flux (Wm- 2
) 7.21 13.45 6.24 27.50 40.17 

Bowen Ratio 0.13 0.24 0.11 0.24 0.36 

Skin Temperature (0 K) 276.25 275.85 -0040 287.05 288.20 

Precipitation (mm day-I) 1.81 1.83 0.02 1.75 1.66 

Fields July October 

Net Surface Solar Flux (Wm- 2
) 269.88 290.45 20.57 191.51 202.11 

Latent Heat Flux (Wm -2 ) 149.02 152.35 3.33 89.78 86.75 

Sensible Heat Flux (Wm- 2
) 19.81 30.55 10.74 10.96 21.25 

Bowen Ratio 0.13 0.20 0.07 0.12 0.24 

Skin Temperature (OK) 298.65 299.35 0.70 287.64 288.96· 

Precipitation (mm day-I) 0.62 0.70 0.08 0.75 0.79 

Change 

15.53 

-4.72 

12.67 

0.12 

1.15 

-0.09 

10.60 

-3.03 

10.29 

0.12 

1.32 

0.04 

~ 
~ 
~ 
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Differences in BATS Vegetation Parameter 

Parameter Semi-Desert Desert 

Maximum vegetation fraction 0.10 0.00 

Vegetation over at 269°K 0.00 0.00 

The substitution of semi-desert by desert essentially results in loss of vege

tation and change in surface albedo, especially during summer time. The results 

of the on-line simulation in Table 7.6 shows that removal of vegetation raises the 

surface albedo, but the increase in net surface solar flux is less than 1 Wm-2 ex

cept for July when it is 1.4 Wm-2 • All four months analyzed in the table, show 

a net reduction in latent heat flux by 1-4 Wm -2, which essentially increases the 

Bowen Ratio and decreases the model precipitation. The most dominant change ap

pears in July, when the average simulated rainfall decreases from 1.5 mm day-l to 

1.3 mm day-l which is equivalent to a 15% reduction. This difference may be 

significant over the regional scale but not over the global scale. 

Evergreen Shrub to Deciduous Shrub 

Almost two-third of all evergreen shrub grids are located in Australia, while 

most of the remaining lies in North America. The substitution of evergreen shrubs 

by deciduous shrubs results in modification of the following parameters in BATS: 

Differences in BATS Vegetation Parameter 

Parameter Evergreen Shrub Deciduous Shrub 

Vegetation over at 269°K 0.60 0.50 

Minimum LAI 5.00 1.00 

Veg. albedo for ,\ < 0.7 /-Lm 0.05 0.08 

Veg. albedo for ,\ > 0.7 /-Lm 0.23 0.28 

Changing evergreen to deciduous shrubs primarily increases the surface 

albedo, which decreases the amount of solar radiation over the surface between 

6-8 Wm-2
• A major fraction of this decrease, 4-6 Wm-2 , is contributed by the 



Table 7.6 CCM2-BATS Results for Change of Semi-Desrt to Desert 

Semi-Desert Desert Change Semi-Desert Desert Change 

Fields January April 

Net Surface Solar Flux (Wm- 2
) 140.61 139.84 -0.77 207.37 206.48 -0.89 

Latent Heat Flux (Wm- 2 J. 32.42 31.33 -1.09 37.72 35.96 -1.76 

Sensible Heat Flux (Wm- 2
) 26.45 27.35 0.90 55.98 53.94 -2.04 

Bowen Ratio 0.82 0.87 0.05 1.48 1.50 0.02 

Skin Temperature CO K) 280.07 279.41 -0.66 290.67 291.16 0.49 

Precipitation (mm day-I) 1.45 1.33 -0.12 1.47 1.28 -0.19 

Fields July October 

Net Surface Solar Flux (Wm-2) 215.40 213.98 -1.42 170.13 169.85 -0.28 

Latent Heat Flux (Wm- 2
) 35.46 30.22 -5.24 34.39 30.22 -4.17 

Sensible Heat Flux (Wm- 2
) 68.76 68.36 -0.40 43.01 43.52 0.51 

Bowen Ratio 1.94 2.26 0.32 1.25 1.44 0.19 

Skin Temperature CO K) 300.10 300.63 0.53 290.76 291.46 0.70 

Precipitation (mm day-I) 1.50 1.29 -0.21 1.14 1.14 0.00 
-

I 

t-.:) 
t-.:) 
O'l 
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loss of sensible heat flux which is reduced during all four months, as shown in Table 

7.7. The greatest decrease in water vapor flux is noticed in January (which is sum

mer time in Australia), caused by the 0.85°C decrease in skin temperature and the 

lower values of LAI. However, the change in precipitation is only 0.02 mm day-l in 

January. A maximum decrease of 0.33 mm day-l in the precipitation was observed 

during October, which may be caused by the moisture transport and vapor adjust

ments in model layers. 

Mixed Woodland to Evergreen Needleleaf 

The mixed woodland is a mixture of various tall vegetation such as ever

green needleleaf and deciduous broadleaf. About 92% of mixed woodland trees are 

located in the Northern Hemisphere, especially over western Europe and the east

ern United States, between latitudes 25-60 0 N. The change from mixed woodland 

to evergreen needleleaf will modify the following parameterizations in BATS: 

Differences in BATS Vegetation Parameter 

Parameter Mixed Woodland Evergreen N eedleleaf 

Vegetation over at 269°K 0.60 0.70 

Roughness Length (m) 0.80 1.00 

Root zone soil layer depth (m) 2.00 1.50 

Water extracted by upper layer 0.50 0.67 

Minimum LAl 3.00 5.00 

Veg. albedo for .\ < 0.7 /Lm 0.06 0.05 

Veg. albedo for .\ > 0.7 /Lm 0.24 0.23 

This replacement in land-cover reduces the vegetation albedo by only 1%, 

and modifies the surface solar radiation by a small amount (see Table 7.8). The 

increase in roughness length and minimum LAl increase the surface water flux 

by 9.2 Wm-2 (7%) in July, the change in model precipitation is relatively small, 

0.25 mm day-l(or 4%). During October and January, when the solar radiation at 



Table 7.7 CCM2-BATS Results for Change of Evergreen Shrub to Deciduous Shrub 

Evergreen Deciduous Evergreen Deciduous 

Shrub Shrub Change Shrub Shrub 
----

Fields January April 

Net Surface Solar Flux (Wm- 2 229.83 222.62 -7.21 194.18 187.98 

Latent Heat Flux (Wm- 2
) 64.36 59.48 -4.88 52.83 53.89 

Sensible Heat Flux (Wm- 2
) 79.71 74.39 -5.32 54.18 47.61 

Bowen Ratio 1.24 1.25 0.01 1.03 0.88 

Skin Temperature (0 K) 290.59 289.74 -0.85 289.81 289.06 

Precipitation (mm day-I) 2.29 2.27 -0.02 1.62 1.51 
---

Fields July October 

Net Surface Solar Flux (Wm- 2
J 187.41 179.80 -7.61 217.90 212.31 

Latent Heat Flux (Wm- 2
) 43.92 42.50 -1.42 56.76 55.06 

Sensible Heat Flux (W m -2 ) 47.21 41.68 -5.53 71.25 67.32 

Bowen Ratio 1.07 0.98 -0.09 1.26 1.22 

Skin Temperature CO K) 287.54 287.52 -0.02 290.99 291.28 

Precipitation (mm day-I) 0.94 1.03 0.09 2.79 2.46 

Change 

-6.20 

1.06 

-6.57 

-0.15 

-0.75 

-0.11 

-5.59 

-1.70 

-3.93 

-0.04 

0.29 

-0.33 

t-.:l 
t-.:l 
00 
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the surface is low, simulated skin temperature and precipitation rises by a small 

fraction, in spite a small decrease in surface latent heat flux. 

Net Change Over the Land 

The combined impact of all the replacements in land covers may not be 

very simple as some of the modifications counteract each other in their effect on 

the model fields. For example changing irrigated crop to bog/marsh reduces the 

surface albedo and increases the surface solar flux while the change of evergreen 

shrub to deciduous shrub makes a change in the opposite direction. How will 

the model respond to all these modifications in vegetation parameterization, along 

with atmospheric advection which transports these change to much larger scales 

and what about the physical adjustments of moist convection, dry adiabatic and 

stable condensation that strongly impact the regional climate? 

The net effect of all the vegetation replacements over land in the Northern 

Hemisphere is summarized in Table 7.9. It shows that the maximum change of 

1.0 Wm-2 in surface solar flux is observed in April, caused by the replacement of 

deciduous needleleaf trees by evergreen needleleaf over northern Russia. In fact, 

the solar radiation over Asia increases by 2 Wm-2 • On the other hand, removal 

of vegetation from semi-desert and replacement of evergreen shrub by deciduous 

shrub reduces the solar flux by 0.82 Wm-2 over the Northern Hemisphere. The 

maximum change in cloud cover is less than 0.6% observed in both April and 

October. The maximum increase in sensible heat flux is observed in January over 

northern Africa where semi-desert is converted into desert, and northern Russia 

where replacement of deciduous needleleaf by evergreen increases the sensible heat 

flux. A maximum drop of 1.41 Wm-2 in surface evapotranspiration is noticed in 

October, caused by the replacement of semi-desert over northern Africa and the 

change of mixed woodland to evergreen needleleaf over North America. A small 

increase of 0.06 mm day-l in model precipitation is observed in October, which 

is equivalent to a 1.7% increase over the land in Northern Hemisphere whereas a 

decrease of 0.08 mm day-l in January is equivalent to 4.5% of the monthly rainfall. 



Table 7.8 CCM2-BATS Results for Change of Mixed Woodland to Evergreen Needleleaf 

Mixed Evergreen Mixed Evergreen 

Woodland Needeleaf Change Woodland Needleleaf 
_._---_._---

Fields January April 

Net Surface Solar Flux (Wm- 2 ) 82.73 84.42 1.69 192.68 192.20 

Latent Heat Flux (Wm- 2
) 36.25 37.14 0.89 81.57 81.64 

Sensible Heat Flux (Wm- 2
) 5.55 5.80 0.25 23.53 24.79 

Bowen Ratio 0.15 0.16 0.01 0.29 0.30 

Skin Temperature t K) 266.97 267.62 0.65 283.69 283.50 

Precipitation (mm day-l) 2.93 2.77 -0.16 4.11 4.38 

Fields July October 

Net Surface Solar Flux (Wm- 2
) 250.27 250.27 0.00 124.42 126.88 

Latent Heat Flux (Wm- 2
) 131.91 141.11 9.20 65.08 66.65 

Sensible Heat Flux (Wm -2 ) 46.78 40.73 -6.05 7.94 4.35 

Bowen Ratio 0.35 0.29 -0.06 0.12 0.07 

Skin Temperature CO K) 298.21 297.67 -0.54 283.62 283.80 

Precipitation (mm day-l) 5.61 5.86 0.25 3.66 3.56 
_ ... -

Change 

-0.48 

0.07 

1.26 

0.01 

-0.19 

0.27 
-

2.46 

1.57 

-3.59 

-0.05 

0.18 

-0.10 

t\,j 
C.;) 
o 



Table 7.9 Net Impact of Vegetation Change over Land in Northern Hemisphere 

Mixed Evergreen Mixed Evergreen 

Woodland Needeleaf Change Woodland Needleleaf 

Fields January April 

Net Surface Solar Flux (Wm- 2 ) 88.41 88.90 0.49 192.49 193.49 

Total Cloud Cover (%) 57.48 57.54 0.06 49.67 49.06 

Latent Heat Flux (Wm- 2
) 27.96 28.29 0.33 62.33 62.29 

Sensible Heat Flux (Wm- 2
) 8.28 9.08 0.80 38.05 37.94 

Bowen Ratio 0.30 0.32 0.02 0.61 0.61 

Skin Temperature CO K) 268.14 267.81 -0.33 283.86 283.93 

Precipitation (mm day-I) 1.76 1.68 -0.08 3.50 3.50 

Fields July October 

Net Surface Solar Flux (Wm- 2
) 241.94 241.12 -0.82 128.81 129.10 

Total Cloud Cover (%) 45.25 45.56 0.31 49.35 48.79 

Latent Heat Flux (Wm- 2
) 100.00 99.95 -0.05 50.88 49.47 

Sensible Heat Flux (Wm- 2
) 58.96 58.47 -0.49 18.57 18.18 

Bowen Ratio 0.59 0.58 -0.01 0.36 0.37 

Skin Temperature CO K)' 298.41 298.37 -0.04 283.51 283.80 

Precipitation (mm day-I) 5.19 5.24 0.05 3.50 3.56 

Change 

1.00 

-0.61 

-0.04 

-0.11 

0.00 

0.07 

0.00 

0.29 

-0.56 

-1.41 

-0.39 

0.01 

0.29 

0.06 

t-,j 
e,.:) 
I-' 
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It was also noticed that the major fraction of the changes in model fields occurred in 

the regions where the vegetation was changed, while the changes in other locations 

were relatively small. 

Conclusions 

Although the results of this study indicate that the land covers in the on-line 

BATS version may be reduced from eighteen to twelve, there are many factors that 

must be given consideration. 

• The distinction between various ecotypes is based on a number of param

eters associated with the vegetation classification (shown in Table 7.2). In 

the absence of any observational datasets, the values assigned to many of 

these parameters are nearly the same and do not differentiate between the 

vegetation types. Also, some of the assigned values are based on best guesses 

and approximation. But in the last 10 to 15 years there have been many new 

developments in conventional and satellite datasets which can improve most 

of these parameters. If these parameters were updated with the available 

information, the results of this study might be different. 

• The formulations of some of the processes in the BATS model are also in 

need of some improvements. For example, in the current setup the fraction 

of vegetation over a grid is a function of the sub-surface temperature and 

it attains its maximum value when the sub-surface temperature reaches 

25°0. This means that if there is a rain during summer over the semi-desert 

area after a long dry season, the model will immediately start producing the 

evapotranspiration based on the maximum vegetation cover. In reality, there 

may not be any vegetation left after prolonged dry soil moisture conditions. 

Some of the empirical expressions used in the model (e.g. surface and sub

surface runoffs expression) may be improved using the new datasets. 

• The above sensitivity experiments were performed over much larger time 

and spatial scales than the site experiments. These ignore the changes in 
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evaporation from wet canopy, transpiration from the dry fraction of canopy 

and ground evaporation, which may be important in a study over a small 

area. Also over a short time simulation, the results may not be similar to 

the ones obtained over the monthly averages. In reality, each land cover 

has its own individuality and special characteristics, but the formulations 

and parameterizations in the model do not make a great distinction between 

some of these ecotypes. 
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CHAPTER EIGHT 

SUMMARY AND CONCLUSIONS 

The primary objectives of this dissertation are to examine the improvement 

in the simulation of precipitation by using: (a) a high resolution model and (b) 

a highly physically-based land surface scheme. Precipitation is a critical input 

parameter to the hydrological system over the land surface and its realistic estimate 

is very crucial to the hydrologist and to the land surface modeler. In global climate 

models, rainfall is the most complex ingredient of the atmospheric system and it 

comes out as a by-product of other processes. Its spatial and temporal distribution 

depends on physical processes and on the model resolution. 

To investigate the impact of the horizontal resolution on the simulated fields, 

six versions of NCAR's latest Community Climate Model (CCM2) with spectral 

truncation, (R15, T21, T31, T42, T63 and T106) are analyzed. The coarsest reso

lution employed in these experiments has a 7.5°x4.5° grid size (700 km x 500 km 

at mid latitude), while the finest resolution has 1.1°x 1.1 0
, which is equivalent to 

125 km x 88 km at 450 latitude (see Table 4.1). The simulations are conducted 

for periods of 4-20 years and the January and July climates averages are used. To 

study the effects of improved land surface scheme in the model, the following two 

runs of the model are compared: the coupling of BATS to standard model and the 

revised version of CCM2 with modified optical properties for clouds. 

Impact of Changing Horizontal Resolution 

It is believed that the increase in the model resolution results in a better climate 

simulation. However, the refinement of the model resolution is complicated by 

many factors which directly or indirectly affect its performance . 

• The refinement of the model resolution does not only reduce the horizontal grid 

size but also the model time step. The smaller time step adds further accuracy 
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to the simulation, although the cpu time increases approximately by a cubic 

power of the ratio of change in the model grid size. Therefore, the computation 

is slower. The cloud and the convection processes, which need much smaller 

spatial scales, are expected to perform better at a finer resolution. But the 

relationship between the grid size and various parameterizations in the model 

is not fully understood. Therefore, it is difficult to evaluate the improvement 

brought about by individual components of the modeL 

• The increased resolution of the model improves the definition of the major 

mountain ranges and the average surface topography of lands and oceans. At 

a high resolution, the change in surface orography influences the surface pres

sures which generally increase over the ocean and decrease over the land. The 

adjusted surface pressures over the sea surface levels simulate more closely the 

position and magnitude of the observed pressure systems. 

• At a high resolution, taller mountains obstruct more water convergence from 

ocean to land, by reducing the specific humidity and the total precipitable 

water over land. The average decrease in the column of water over land in 

the Northern Hemisphere in July is 17% lower at T106 resolution compared to 

T42. This drastically cuts down the cloud coverage over land. To maintain the 

global cloud fraction constant and allow cloud development at a low relative 

humidity, the threshold of the relative humidity in the cloud parameterization is 

reduced from 95% at T42 to 80% at T106 resolution. This keeps the global cloud 

coverage unchanged, by increasing it further over the ocean which is already 

15% higher than the ISCCP dataset. Consequently, the land cloud coverage is 

reduced by more than 10% over some regions. 

• A major problem in CCM2 is the excessive surface radiation, which is up to 

50-100 Wm-2 higher than the SRB dataset over vast areas in the summer 

hemisphere, especially over the land. At a high resolution, in summer, the 

Northern Hemisphere land receives, on average, 34 W m -2 of excessive radiation 

above that of the SRB data. At T106 resolution, the lower clouds over land 

reduce the planetary albedo. Therefore, additional solar radiation becomes 
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available at the surface, which changes the surface radiation budget and the 

surface energy fluxes. The Bowen Ratio increases over all land regions at a 

high resolution . 

• All resolutions of the model overestimate the precipitation. One obvious source 

of precipitation error is the radiation field. Compared to the observed dataset, 

the standard T42 resolution over-predicts the rainfall by 71 % in July over the 

Northern Hemisphere land. The error margin reduces to 42% at T106 reso

lution and to 30% with the revised RCCM-BATS model. It is interesting to 

note that T106 predicts more radiation error compared to T42 resolution but 

the magnitude and spatial distribution of the rainfall prediction is better. The 

reduced biases may be associated with: (a) a lower specific humidity in the 

model especially over land, (b) smaller spatial scales that enhance the perfor

mance of convective processes, (c) a better computation at a reduced model 

time step. The high resolution model also improves the fraction of land in dry 

and wet regions and simulates the arid regions better. The convective-to-total 

precipitation ratio is reduced over all land regions as the resolution increases. 

Another factor in the high resolution model is the increased precipitation over 

the ocean, which is caused by the obstruction of vapor convergence toward land 

by taller mountains . 

• The Northern Hemisphere shows the influence of resolution changes over the 

land surface. By changing the resolution from T42 to T106, the total simulated 

cloudiness decreases over land in the Northern Hemisphere by 5.8% in July 

and to keep the global average constant, it increases over the ocean by 1.4%. 

However, the regional variations in total cloud coverage over the continents are 

much larger. The cloudiness is reduced by 14% over the Himalayas, 11% over 

northern Africa, 8% over Europe, 7% over southern Africa and 7% over the 

United States. The reduced cloud cover allows as much as 4.6 Wm-2 of addi

tional solar radiation to reach the land surface. At the same time, the surface 

energy balance is also affected by the shift in both upward terrestrial and down

ward atmospheric infrared emissions. The reduction in downward atmospheric 
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emission is as much as 16 Wm-2 due to the loss in cloud cover and to the lower 

atmospheric temperatures caused by the reduced convective heating. The up

ward terrestrial emission is lowered by 6.5 Wm-2 as a consequence of 1.2°C 

reduction in the surface temperature over the entire land mass in the North

ern Hemisphere. The increase in the net solar flux at the surface is dominated 

by the decrease in the downward longwave radiation. Consequently, the land 

surface lost about 5 Wm-2 of net downward radiative flux . 

.. The increased cloud cover over the ocean reduces the solar flux by 5.1 Wm -2 and 

the cooler atmospheric temperature reduces the downward atmospheric emis

sion by 1.6 Wm-2 • The upward longwave emission does not change over the 

ocean, where the sea surface temperatures are prescribed in the model. Be

cause of the increase in cloud cover, the total surface energy is reduced over the 

ocean surface by 6.7 Wm-2 • This reduction in the surface e11ergy is without 

any change over the sea surface. The impact of the reduced radiative energy 

is quite different over the land as compared to the ocean surface. Less surface 

energy and cooler surface temperatures reduce the latent heat and increase the 

Bowen Ratio over the land. Although the surface temperature does not change 

over the ocean surface, the latent heat flux is increased due to the decreased 

specific humidity at the bottom layers of the model. 

Vapor Convergence and Moist Convection 

• An important implication of the higher resolution in the model is the reduction 

of precipitation over land by a significant amount, while it increases over the 

ocean. This outcome results from the changes in large scale circulation patterns 

and the reduced vapor carried from ocean to land in a high resolution model. 

The taller mountains in a high resolution model play an important role in mod

ifying the vapor flux over the land surface. The ratio of surface evaporation to 

the total precipitation is around 70% over the land in the Northern Hemisphere. 

This implies that 30% of the precipitation is supplied by the oceans to the land. 
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Four continental regions that are connected to the ocean (Africa, Australia, 

South America and the United States) and three inland regions (the Sahara, 

Amazon and Himalayas) are analyzed for January and July climate conditions. 

With the exception of the South American continent in January, a significant 

reduction in the regional vapor convergence is observed over all the regions at 

a high resolution. The variation in precipitation (increase or decrease) follows 

the same trend as the vapor convergence over all regions for both January and 

July climates. The Amazon showed less dependency on water import due to 

a strong recycling of the rain water over the region. The ratio of the change 

in precipitation to the change in water influx is higher in winter compared to 

summer, when convection becomes a major contributor to the rainfall. This 

comparison is based on the mean water flux and does not include the eddy 

water fluxes. The multi-years fields of wind, specific humidity and precipitation 

are used in the computations. The study clearly demonstrates the impact of 

resolution on water convergence and its strong correlation with the changes in 

the precipitation field over all regions included in this analysis . 

• It is also observed that the stable condensation over the land increases at the 

higher resolution in spite of a consistent decrease in the total precipitation. The 

analysis of the moist convective adjustment in the model shows that in a drier 

atmosphere, the contribution of the convective precipitation decreases more 

than the corresponding changes in the specific humidity. The magnitude of 

the overshoot parameter in the moist convection parameterization increases in 

drier conditions and more water is transported upward. This increases the large 

scale precipitation, while the total precipitation declines. The role of relative 

humidity in the simulation of convective and stable condensation is examined 

in the moist convection parameterization of the model. 

Impact of Advanced Land Surface Scheme 

The role of a land surface scheme is to split realistically the input energy and 

water fluxes at the surface based on the surface and atmospheric conditions. The 
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performance of the land surface scheme is limited by the radiative and moisture 

inputs from the atmospheric model. No matter how adequate a land surface scheme 

is, any bias in the heat and water forcings will be reflected in their output fluxes. 

The global climate models use very simple parameterizations for the land surface 

processes. The standard CCM2 does not have soil water conservation or water 

balance over the grid scale. The inclusion of BATS can greatly improve the land 

surface conditions. 

• An example of the impact of the land surface scheme on regional climate sim

ulation is given for the Sahara in July. In the standard model, the ratio of 

evaporation to precipitation is 0.4 at R15 resolution, which means 60% of the 

rainfall water contributes to runoff. On the other hand, the same ratio goes 

up to 1.20 at T106 resolution, which implies that the ground has enough soil 

moisture to maintain the required evaporation rate. In reality neither runoff 

nor excess soil moisture is possible over a desert in summer where the surface 

average temperature is above 300° K. The BATS coupled model preserves the 

water balance and keeps this ratio almost near unity, i. e. 0.99. The regional 

temperature of the BATS coupled model is 6-7°C cooler than the standard 

model and within 0.3°C of the measurements. This shows how accurately the 

land surface scheme can predict the regional climate . 

• The RCCM-BATS model, which increases the optical thickness of the sum

mer clouds, substantially reduces the overestimate of surface radiation from 

34 Wm-2 in the standard model to only 8 Wm-2 over land in the Northern 

Hemisphere. This helps reduce the large discrepancy obtained in summer pre

cipitation. Compared to the standard model, the precipitation bias is reduced 

from 71% to 30% over the Northern Hemisphere, 86% to 22% over the United 

States, 67% to 15% over Europe and 60% to 0.5% over Australia. 

Sensitivity of Land Cover Types in BATS 

To investigate the sensitivity of the ecotypes, a series of tests are conducted 

using both off-line and on~line versions of BATS. The off-line experiments over 
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sixteen sites point out the ecotypes which may merge into other classes, while 

the on-line studies evaluates the global impact of the changes in land cover types. 

Comparisons of surface energy fluxes are made with revised vegetation covers to 

the control cases. The studies shows that land covers may be reduced from eighteen 

to twelve. But there are many important factors that should be considered with 

such changes in the land cover types. 

• The distinction between various ecotypes is based on a number of parameters 

associated with the vegetation classification. In the absence of any observational 

dataset, the values assigned to many of these parameters are nearly the same 

and do not differentiate between the vegetation types. Some of the assigned 

values are based on the best guesses. But in the last 10 to 15 years there have 

been many new developments in observational and satellite datasets which can 

improve many of these parameters. The formulations of some of the processes in 

the BATS model also need some improvements. Some of the empirical expres

sions used in the model may be improved using the observational and remote 

datasets. The sensitivity experiments are performed over much larger time and 

spatial scales. They ignore many of the factors which could be more important 

over a smaller region. In reality, each of the land covers has its own individual

ity and special characteristics, but the formulation and parameterization in the 

model do not make any distinction between some of the ecotypes. 

Recommendations 

• The current cloud parameterization in the model shows serious drawbacks in 

response to the changes in specific humidity. The cloud amount should be 

defined through the large-scale budget equations for cloud water content and 

cloud air. The formation of cloud cover should be linked with the large scale 

ascent, boundary layer turbulence, diabatic cooling and horizontal transport of 

water vapor. 

• The parameters associated with vegetation classification in BATS must be up

dated with the available satellite and observational datasets obtained during 

the last 10-15 years. 
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• The advanced land surface scheme BATS, which significantly improves the land 

surface simulation, should be implemented as default to the standard model. 

The scheme is quite efficient in computations and adds only 5-6% cpu time to 

the global climate simulation. Also the RCCM-BATS algorithm which modifies 

the optical thickness of the clouds should be adopted in the standard model 

since it reduces the excessive radiation in the model. 
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