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Abstract 

Diagnosed rtinoff was estimated from NCEP/NCAR reanalysis data for an 8-year 

period from 1987 to 1994. Bonan's land surface mode1 (LSM) tvas run for the snme 

period coupled to YCAR's CChI3. Comparisons between the diagnosed and simu- 

Iated runoff indicate that, the runoff parameterization in the original LSSI cannot 

produce a reasonable diagnosed horizontal distribution of runoff. which is irriportant 

to the model climate. One of the possible reasons is the exclusion of topographic 

effects in the original runoff parameterization. Therefore, based on previous research 

results on river re-distribution models, a modification on the original runoff parame- 

terization was proposed and implemented in the original LSM. This modification tias 

two aspects: firstly, the topographic slopes cause outflows from higher topography 

and inflows into the lower topography points; secondly, topographic slopes also cause 

decrease of infiltration a t  higher topography and increases of infiltration at  lower 

topography. Then changes in infiltration result in changes in soil moisture, siirface 

fluxes and then in surface temperature. This mechanism is very clearly demoiistrated 

in the point budgets analysis at  the Andes Mountains vicinities. Analysis from a re- 

gional scale perspective in the Canadian GEWEX basin, the Mackenzie River basin. 

shows that the modified runoff parameterization can generate an expected horizontal 

distribution of total runoff which is much closer to the horizontal distribution of the 

observed and diagnosed runoff, and which is much more consistent with topography 

and thus very easy to 

over the original LSM. 

tive shows many very 

explain physically. This represents a significant improvement 

More importantly, very detailed analysis from a global perspec- 

encouraging improvements introduced by the modified model 



over the original model in simulating basic atmospheric climate properties such as 

tliermodynamic features. precipitable water? net water exchange! and precipitation. 

The modified mode1 somehow corrected sorne deficiencies evident in the A G C U  A11 

of these improvements in the atrnospheric climate simulation illustrate t hat the in- 

clusion of topographic effects in the LSM can force the AGCXI to produce a more 

realistic model climate. Analysis also shows that the modified model may improve the 

atmosphcric CO2 simulation which is very important to global environmental stiidies. 
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Chapter 1 

Introduction 

Hydrological processes are attracting more aricl more interest frorri the global clirnate 

rnorlelling communi t .  Runoff is one of the mos t important hylrological praccsses 

aticl is included in most land surface models. 

1.1 A Brief Review of Previous Studies 

The development of land surface parameterizations has been rapid in recent years. 

Tliese iriclude the biosphere-atmosphere transfer scheme (BATS) (Dickinson ct al. 

1993) . the simple biosphere mode1 (SB)  (Sellers et al. 1986). the simplified SiB 

(Sue et al. 1 991), the biological ecological system transfer mode1 (BEST) (P. ttman 

et al. 1991). SECHIBA (Ducoudre et al. 1993). the Canadian land surface schcme 

(CLASS) (Verseghy 1991: Verseghy et al. 1993) and the most recently developed land 

surface mode1 (LSM) (Bonan 1996b) at the National Center for Atmospheric Research 

(NCAR). Readers can find a brief review of these parameterizations in Bonan's papers 

(Bonan 1995, 1996b). 

Along wit h the rapid development of t hese land surface paramet erizations. the 



\-crification of these rnodels is clearly important. Bonan's LSM was chosen for this 

stiicly for the following reasons. 

I t  w a  the latest-clevelopeci land surface mode1 based or1 other tnuclels when this 

study began: It has niore sophisticated physics package wtiich includcs more 

realistic interaction between different processes. It Ilas higlier resoliition soi1 

nioclel (6-laver) tiian others (3-I-er or 1-laver): It is widely iisecl in the climate 

rtiodelling community: 

It is freely available for downloading. On the coritrary. it is ver- clifficiilt to get 

o t her rnodels for free. 

Although Bonan's LSXI has many advantages over othcr schenies. it docs riot 

incliidc the lateral water fluxes catised by topography. nhich will bc called ttie topo- 

grapliic effects in tiiis study. This is confirmed bu our verification rrsiilts. 

Slost past studies tried to verify runoff parametcrizatioris usirig tiylrological data 

siich as river flows. Liston et al. (1994) and Sliller et al. (1994) wrified some 

ot her runoff parameterizations by coupling river routing niodeis irito atniosplirric 

global circulation models ( AGCMs) and comparing the siniulated river flotvs \rit h 

the .*obserwd1' a t  monthly time scale. Bonan (1996a) compared his CC112 (SCAR's 

Corriniunity Climate !dodel version 2) riinoff output directly wit h the "observecl" river 

flows while he also mentioned that the amplitude and timing of the simiilated riinoff 

are not necessarily the sarne as the "observeci". 

In tliis study. verification of the runoff parameterization is conducted by iising 

bot h hydrological and atmospheric observational data. Different from previous st uciies 

which only discuss the area-integated quantities (Le. a single number for a big basin). 

this study ernphasizes the horizontal distributions of hydrological variables. which we 

think are more important to the mode1 climate. 



Most river routing models include the lateral water fluxes caiised by topography. 

But it seems more work is needed for the land surface models for .\GChIs. Siniilar 

rnodifications are being proposed for the WAT-CLASS mode1 (Soulis 2000). a corn- 

bination of the WATerloo FLOOD forecast model (WATFLOOD) developecl a t  the 

Criiversity of Waterloo. and the CLASS rnodel of the MSC. The \\*ATFLOOD rnodel 

is a very high-resoiution hyàrological model. So. the \VAT-CLASS is still in the  cate- 

gory of river routing model which is very expensive to run when coiipled to an .\GCSI. 

To avoid the expensive coiipling wit h a river routing model. t his stiicly iritroduccs the 

topographic effects directly into the runoff parameterization of the LSM 

1.2 Objectives of This Study 

Lérification of Bonan's LSlI by comparing the simiilateci with the diagnosecl total 

runoff from XCEP/XCXR reanalysis data reports a problem that Bonan's LShI does 

not include the lateral water crchange between neighbouring grid cclls caused hy 

topographic slopes. The main objective of this thesis is to propose a modification 

to fix this problem and eventually to improve the original niodel in siniiilating thcse 

aspects. The modification will make the LSM physically more realistic. and further- 

more. the improved LShI will expectedly force the AGCM to giw a more realistic 

clirnate. Improvements and deficiencies brought by the modification mil1 be iclentified 

by comparing the modified mode1 results and the original model results. 

1.3 Structure of the Thesis 

The above objectives also determined the structure of t his t hesis. Following t his 

introduction, Chapter 2. provides a brief description of the original runoff parameter- 

ization in Bonan's LSM. Verification results for this LShI are provided in Chapter 3. 



Detailecl description on the XCEP/'iCAR reanalysis data and model configurations 

are also given in Chapter 3. The summary of Chapter 3 describes a problern with 

Bonan's original runoff parameterization scheme: namely the exclusion of the lateral 

nater fliixes caused by topography Based on this concliision. Chapter 4 proposes a 

modified runoff parameterization and its implementation. In Chaptpr 5. to quantify 

t tie improvement of the runoff simulation baçed upon this modification and its impact 

or1 regional and global climates. the modified model resiilts are compared with the 

original moclel results and some previous resuits of others. Sigriificance check is also 

conducted in Chapter 5 by T-test and power spectriim analysis of atmospheric wnves. 

Conclusions and discussion are offered in Cliapter 6. 

1.4 What's New in This Study 

Cornpared 116th previous studies. this stiidy is new in the Following respects: 

1. Because of the difficulty in obtaining the horizontal tlistributiori of runoff from 

observational hydrological data. the first step of this study consists of a pio- 

neering attempt in the field of estirnating the horizontal distribution of riinoff 

from atmospheric data (Cho and Liu 2001); 

2. The above horizontal distribution of runoff from atrnospheric data ivas used to 

verify the runoff parameterization in a land surface model (LSLI). This is the 

first tirne this has been attempted to our knowledge (Cho and Liu 2001): 

3. For the first tirne. topographic effects have been introduced directly into a 

runoff parameterization in a LS51 (Liu and Cho 2001 b): instead of by expensive 

coupling of a river routing model as in most previous and ongoing studies. 



4. Detailed analysis shows that topography does have a very important impact on 

regional and global climat es by modifying the horizontal dist ribiitions of riinoff 

ancl infiltration. Fiirthermore? the niodified rnodel presents rnany encouraging 

improvements over the original rnodel. on simulations of hydrological processes. 

climate processes, environmental processes, and the interaction among t hese 

processes. 

5. This study could be a significant contribution to the central objective of the 

Canadian GEWEX (1IAGS) project. i.e., understanding aiid rriodelling high 

latitude m t e r  and energy cycles (Cho and Liu 2000). 



Chapter 2 

The Runoff Parameterization in 

the Bonan LSM 

2.1 Introduction 

.As shown in Figure 2.1. Bonan's LSSI parameterizes interception. throiighfall. snow 

accumulation and melt. infiltration. surface runoff. subsurface runoff/clrainagc. and 

reclistribiition within the soil column to simulate canopy water. snow water and soil 

water. .Ml Auxes and pools of water are in units of kgm-' or mm. 

Precipitation first falls ont0 the vegetation (trees. grass. etc.) as shocvn in Figure 

2.1. Part of the precipitation is intercepted by the vegetation and becomes canopy 

water. The remaining part of the precipitation goes through the vegetation and 

reaches the ground as throughhll and stemflow. Some of the canopy water returns 

back into the atmosphere by ewporation and transpiration (or. collectively called 

evapotranspiration). The total water on the ground surface is the summation of the 

t hroughfall. stemfiow and snowmelt. Part of this water goes back to the atmosphere 

by evaporation. The remaining ground surface water tries to saturate the soil first 



by infiltration. After the soil is saturated. the leftover of the grotind surface water 

will flow into rivers or lakes as surface runoff. The infiltrated water into the ground 

forms the so-called subsurface runoff (or drainage. or underground Aow in previous 

textbooks and papers). Total runoff is simply the sum of surface runoff and subsurface 

riinoff. This is a simplified explanation of the water cycle s h o w  in Figure 2.1. In 

fact. the formation of runoffs could be very complicated as readers cari finti in tlic 

riext section. 

In Bonan's LSII. vegetation structure is de fined t q  tinicvarying Ira£' ilrici stem 

areas and t ime-invariant canopy height. root profile. leaf dimension' car bon and nit ro- 

gen. For cletails about the treatment of vegetation in the model. readers are referred 

to Bonan (1996b). Ncxt me 11411 focus on the treatments of infiltration. surface riinoff 

and siibsurfacc riinoff in Bonan's LSU. 

2.2 Infiltration and Surface Runoff 

The liquid water a t  the soi1 surface (i.e.. throughfall. snow melt. dew) cither infiltrates 

into t,he soil colurnn qi,p (mms- ')  or is lost as surface runoff (rnms-'). Ignoring. 

for t. he moment, spatial heterogenei t~ surface runoff (mms- ' ) is 

P + Q  for s 2 1 and P > O 

P + Q -  f *  f o r s i 1 . Q z  f 8 . a n d P > 0  

PtQ- f *  f o r s d . Q <  f0.and P > I ' - Q  

where P is throughfall (mms-'). Q = q,,il + qrdcw (rnms-'). q,,lt and %de, are snow 

rnelt and dew respectively; s = 2 is tlie water content of the first soil Iayer relative 

to saturation. and f *  is the infiltration capacity (mmsmL)  which depends on S. -111 

the surface water (P + Q) is lost as Dunne runoff when the soil is saturated (s 2 1). 

Horton runoff occurs when the soil is not saturated ( s  < 1) and when P + Q > /'. 
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Figure 2.1: Schematic diagram of the na te r  cycle in Bonan's LSU. (regenerated from 



This happens for two reasons: when Q > j* . P + Q > f '  for al1 P > 0: and rvhen 

Q < /*. P + Q > /' when P > /' - Q. For non-soi1 surfaces. R = O. Infiltration is 

i = P + Q - R .  

Spatial heterogeneity is introduced in two ways. First. the aican rate of the 

t liroiighfall differs between the regions k, and (1 - k,). 

where qprcl and qprcc are large-scale and convectiw-scale precipitation rates respec- 

tively. k, is a constant with a d u e  of 0.6. 

Second. P and s have stochastic spatial distributions sirnilar to Entekiiabi and 

Eagleson's (1989). Pitman et a1.k (1090. 1993). Dolman and Gregory's (l!XI?). and 

.Johisori et a1.k (1993) work with precipitation and Entekhabi and Eaglcsoii's (1989) 

and Johnson et al.3 (1993) work with soil water as 

where P is the average throiighfall (mm&) for the region k, or (1  - k,) aiid .i: is the 

average S. Consequently 1 and R are solced separately for each region assiimirig ari 

exponential distribution of throughfall and soil water within the region and a constant 

rate of snow melt and surface dew. Total surface runoff q,,, and infiltration qanfl are 

the weighted sums of the two regions. 

Runoff for each region is given by 



where s~ is the value of s at which Q 2 f '. The first term is the Dunne runoff for 

the area s > 1. The next two terms are the Horton runoff for the area O 5 s < 1. 

The solution for R requires a physically realistic infiltration capacity that is easily 

integrated mith respect to S. As in Entekhabi and Eagleson (1989) 

- ( d v / d s )  atiere kSat is the satiirated hydraulic concluctivity (mms-l ). c = ev;~luated 

for s = 1. (L. is the soil rnatrix potential (mm).  and A q  = lOOmm is tlie tliickness o f  

the first soil layer(Figi1re 2.2). with hyciraulic properties definecl at cleptli kI. The 

value of s at  which Q 3 f '  is sq = Q - k ' a t ( 1 - u )  
kdot  u - Expressions for k,., and i= arc givcn 

<as 

The solution for R is R = RI + R2 + Ra, where RI is the Diirine riirioff from the 

area wi t h S 2 1 and P > 0. namely 

R2 is t h e  Horton runoff from the area SQ 5 s < 1 (i.e.. s < 1. Q 2 /' aiid P > 0. 

namely 

and R3 is the Horton runoff from area O 5 s < SQ (i.e.. s < 1. Q < f*) and P > / * -Q. 

namely 



Figure 2.2: Schematic diagram of the six-layer soi1 profile. Thermal properties (teni- 

perature T,; thermal conductivity kii volumetric heat capacity G) are defined at  the  

center (depth z i )  of a l a p r  with thickness The hydraulic properties (volurnetric 

water content B i ;  hydraulic conductivity kir and matrix potential ui) are also defined 

at depth zi. 



With Q = O. s q  = 1 and this equation reduces to Equation (15) in Eritekhat~i and 

Eaglcson (1989). This runoff pararneterization differs from Entekhabi and Eagleson 

(1989) in that it ailows for a constant rate of snow melt and surface dew. It cliffers 

lrom Pitman et al. (1990. 1993) in that only throughfall? not the net flux of water at 

the surface. has an exponential distribution. 

This runoff parameterization was found to give too much surface runoff. resulting 

in dry soils. when coupled to a .-\GCSI (Bonan l996b). The Diinne runofi* was adj iisteci 

as P + Q - kSut for s 3 L and P > k,$., - Q' resulting in 

(P + Q - ksat)fp(P)cfPfs (s) ds = Pexp(  Q - k,,t 1 
P 

- ) (2.10) 
S 

for Q < kSut and 

for (2 > kat. This adjtisted Dunrie runoff greatly reduces siirhce riinoff conipared 

tvit h t hc standard met hod. 

2.3 Soi1 Water 

Soi1 water is calculated from the conservation equation 

where O is the volumetric soi1 water content (rnm3mm-3). A2 is the soil thickness 

(mm).  At is the time step (seconds). e is the evapotranspiration loss (rnms-'1. and 

qz and qo are R u e s  of water (mns - ' )  into and out of soil (positive in the uptvards 

direction). Vertical water flow in an unsaturated porous media is descrilied by Darcy's 

lam as 



where k is the hydraulic conductivity (rnrns-') w is the soil matrir potential (mm),  

ancl ,- is height (mm) above some datum in the soil column. Setting e = O. so ttiat 
A0 - = - (  i . .  = - results in the Richards eqiiation a: 

This equation. with e = q,,,, + qlran (Le.. soil evaporation and tratispiration) ilnd 

with the boiindary conditions of qinli  as the Riis of water into the soil and gravitatiorial 

drainage qdral = k as the Aux of water at  the  bottom of the soil coliirnn. is iiiirnerically 

implemented for a sislayer soil to calciilate soil water. For irrigatcci crops. soil Iayers 

to a depth of 1 m are kept saturatcd during the groiving season (Le.. alicn lcaf arca 

inclex is greater than zero). Corisequently. soil water is conscrved only for noiiirrigated 

soils. where 

2.3.1 Hydraulic Properties 

The hydraulic conductivity k and the soil matrix potentinl w var- with 9 ancl soil 

testiire based on the work of Clapp and Hornberger (1975) and Cos- ct al. (1984). 

For the ith Iayer. 

where si = &. Cosby et al. (1984) empirically related the Iiydraulic coriductivity 

at  saturation k,,, (rnns-'). the matrix potential at saturation (mm).  the water 

content at  saturation (i.e. porosity), and b to %'osand and %clay as in equations 

x and y. And 



From the definition of (i~, the water content when the soil is clry and the 

optimal water content for evapotranspiration O,, . whicti are used in the calculation, 

are 

2.3.2 Numerical Solution 

-4s with soil teniperatures, the soi1 column is discretized into six lqers with thickness 

A,-, of 100, 200, 400. 800, 1600. and 3200 mm (Figure 2.2). Hydraulic propwties (Le.. 

water content 8, [mm3mm-3]: hydraulic conductivity kt [mrns-l]: tiiatris potcntial 

c,-, [mrn]) are defined at the center of each layer with depth z, (rrrm) (Figure 2.1) .  

.Analogous to the soil heat flux. the Rux of water <ii (mms- ' ) betwren \-ers i and 

where with zi - Z*+L = (Azi + At;+L)/? . 
2(vi - w i + ' )  + (At; + AZ,,~) 

qi = -[ 1 

These equations are derived? with reference to Figure 2.2' assuming the w t e r  Aux 

from the ith layer (depth z, ) to the interface between the ith and the (i + l ) l h  l q e r  

(depth 2, + 0.52,) equals the nrater flux from the interface to the (i + Qth layer (depth 



nhere mm is the interface matrin potential and 2, is the interface deptli. 

The mater balance for the i th  laver is 

cg and k are non-linear functions of 0 (last section) so that q, = f (O,:  BI,1). with qi 

whcrc q: is the nater flux evaluated at the beginning of the tinie step. t h  tvater 

balance for the it" Iqer  is substitution of the above equation into the rvater hülancc 

a(ii < l  A; aqi [z - ûs, - at]nOl + [ ] n e i +  gai+ 1 (2.27) 

nhich is a tridiagonal system of equations for AB. If  set 

From the definition of k, and w,, we have 



The boundary conditions are 

l 
Qi-1 = -(lin f l  for the first soi1 Iayer ( i  = 1) 

qi = -ki for the bottom soi1 layer ( i  = 6) 
- et - q + q for the first soil layer ( i  = 1) 
- et - fltranri for other soi1 layers 

The last two eqiiations mean that surface evaporation is rcmoved frorri the first soil 

Iqe r  and transpiration is removed from each soil lwcr in proportion to the relative 

root abundance r,. The w t e r  balance for the first soil laver ( i  = t) is. tlicrefore. 

arid 

For the bottom laver (i = 6). 

so that the water balance for tliis layer is 

The subsurface runoff/drainage is 



Chapter 3 

Verification of Bonan's Runoff 

Parameterizat ion 

In this chapter. the atmospheric mcthod to diagriose riinoff will first be revicwcd. 

A "bug" in some previoiis stiiclics is reported and correctecl iri  tliis stiidy. This is 

followed by the data used in this study and the verification resolts. The Iiist section 

wiil be the surnmary and a probleni in Bonan's original runoff pararneterizatiori will 

be reported, which will be the ba i s  for the nert chapter. 

3.1 The Atmospheric Method t o  Diagnose Runoff 

It is well known in the field of climatology that rnoisture Aux divergence gives water 

balance information t hat can complement the traditional hydrological data sucli as 

precipitation, evaporation and runoff/discharge (Peixoto and Oort. 1983). The ba- 

sic concept of using atmospheric data to estimate the terrestrial water balance aas 

first presented by Starr and Pekoto(1938). The application of tliis concept to re- 

gional studies (Rasmusson, 1968) or a region and period with special obser~ations 



(Peixoto. 1970). has been troublesome because there were only a few scattered ob- 

servation stations of upper air soiindings (Bryan and Oort. 1984). Briibaker et al. 

( 1994) interpolated t hese upper air-sounding data  ont0 a regular grid and arialyzed 

t lie atmospheric moist ure Buxes over Sort  h and South Imericas. Rasnitisson( 1977) 

suggested t hat t his niet hod to cstimate the regional water balance usirig moist ure 

Aus divergence should be usekil and accurate for climatoIogica1 estinlates ovcr re- 

gions larger than 106km2 and over monthly or longer periocls. mith the operational 

rawinsonde network and the observational schedules. Since 1980. objectivcl analysis 

chta  have been prepared in the contert of prescribing initial arid boiinclary condi- 

tions for daily numerical weather forecasting using various models ancl observational 

data.  In recent years. re-analysis data such as the ECUWF and the NCEP/SC.AR 

re-analyses data  are available with much more iniproved spatial resolution ancl more 

reccnt analysis techniques. Tlierefore. it is wortti applying sucti atrnospheric da ta  to 

the estimation of water balance in river bains .  

.As stated by Oki et al. (l993). another aclvantage of the atmosptiwic w t e r  balance 

mettiod is its good global availability. It is not easy to collect tliscliarge/river How 

data  and cover al1 the continents. Even though the spatial density of the ol~servational 

netaork varies arnong regions. the atmospheric data. especially the nerv re-analyses 

data. cover the whole wvorld. 

.As formulated by Peisoto(1973). .\lestaIo(1983) and ottiers. the rate of change of 

m t e r  vapor. II'. in an atmospheric column is given by 

where E is the evapotranspiration; P precipitation: And 0 is the vertically integrated 

moisture flux given by 



where q is the atmospheric specific humidity, V is the wind vectoro and p , ~ ,  and p,, 

are the surface pressure and the pressure on the top of the atmospherc. 

The corresponding espression for thc soi1 coltimn is 

where S is the coluinn water content of the soil-ocean-cryosphere and: is tlic lateral 

transport of water. The divergence of this transport could be cornplicatcd because 

it includes both surface runoff and siibsurface floms in terrestrial regions and the 

cidvection of ice and water in the ocean. It is the total riinoff to the best uf our 

knowledge, Le. the sum of surface runoff and stibsurface runoff. 

If me integrate Eqs. (3.1) and (3.2) for a long tinie period. coniparccl with otlicr 
art. ternis. the contributions of j&,, ,dt and J&i,, gdt are negligible. Tliercfore. 

we obtain the approximation of runoff R expressed bjt the atmospheric nioisriire Hiix 

con/divergence as 

R zz 1 v f d t  = ( P -  E)dt 
l m g t  tme longtirne 

or for short 

This is the equation we will use to verify the runoff parameterization. 

The Sational Center for Environmental Prediction ('YCEP) / National Ccnter for 

Atmospheric Research (NCAR) reanalysis data from 1987 to 1994 were used for the 

verification. A brief description about the data can be found in section 3.2.2: and for 

details about the NCEP/NCAR reanalysis data. readers are refened to Kalnay et al 

(1996). 



3.2 Topography and the Green Theorem 

This section reports a "bug" in some previous studies on estimating atiriospheric 

rnoisture flux con/divergence using Green Theoreni. Simple calciilation resiilts show 

in this section support oiir correction of the "bug". 

3.2.1 Introduction 

The Green Theorem(Danie1son 1997) on a doniain is 

J J  Jouter Jinner 

Kliere 0 is any vector. 6 is an otitiard pointing unit vector normal to tlie dornain 

hoiinclaries. clS is the area element in the integration domain and dl is a line segment 

of the domain boundaries. On the right hand side(RHS) of (3.6). the siihscripts 

of the line integration "outer" and "inner" indicate the outer and iriner boiinclaries 

respectivcly. On a simply connected plane. or on a miiltiply connectecl plane witli 

iiniforrn distribution of 0 along the inner boundnry, the second linc integration or1 the 

RHS of (3.6) is zero provided that the inner boundaries are closed loops. Otlierwise. 

the line integration along the inner boundary has to be considered. i.e.. siibtracted 

from the line integration along the outer boundary. This is the case ctrlien (3.6) mas 

used for real-tirne observational data over corn plex topography. 

This theorem has been widely used in the calculation of flux divergence in atmo- 

spheric science for its simplicity(Wa1sh et al. 1994, Serreze et al. 1993). For real-time 

at mospheric observational data, the lower vertical levels often intersect ivit h corn ples 

topogaphy. Equation (3.6) then becomes an integration over a multiply connected 

domain. Nonuniformity is a typical feature For most atniospheric variables. There- 

Fore. both ternis on the RHS of (3.6) should be considered. To illustrate this point. 



we will use Green Theorem to calculate moisture flux divergence over the SIackenzic 

River Basin (&[RB). The MRB was proposed as one of the intensive stiicly areas in 

Cilnadii for the international Global Water and Energy cycle EXperitnent (GEWES).  

The area has a rather cornplex terrain with the Rocky Mountains on the w s t  side of 

the basiri. 

3.2.2 Data and Methodology 

Tlie SCEP/'iC.AR reanalysis data (Kalnay et al 1996) in 1994 ri*ns uscd for this st~idy. 

The resolution for this data  is 2.:" x 2.5' with 8 pressure levels in tlw wrtical from 

lOOOhPa to JOOhPa. Figures 3.1 and 3.2 show the horizoritnl computatiori arca. Tlie 

framr ABCDEFGHA encloses the SIRB. The contour lincs ncre tlrawri for o = 4/P ,  

(Figure 3.1 for lOOOhPa and Figure 3.2 for 925hPa). where Pk is the  prcssiire ori the 

ciirrent level. and P, is the siirface pressure at t tiat point. If  o > 1. the gritl is 

underground. From Figure 3.1. nearly al1 of the calculation area is iinclergroiiricl on 

the 1000hPa pressure surface. On the 92JhPa surface. the iinderground iircii is framed 

by the polygon IBCDQPONSILKJI in Figure 3.2. The changes in the iinclergroiind 

area on these two levels are slight from month to month. 

To avoid errors generated from the numerical models. instearl of the forecasts 

(at  3-hour or 6-hour intervals), this study used only the analysis data  at 00:00G11T 

and 12:OOGIvIT. when upper atmospheric observation is amilable. The calcuiatiori 

was done under the assumption of steady conditions between these two times. Le.. 

no diurnal changes were counted. Consequently, horizontal moisture fliix divergence 

over the hIRB was calculated twice a day a t  00:OOGMT and 12:00G!dT. Horizontal 

rnoisture flux con/divergence on a pressure level is defined as v -6 = ~ . (q r ) .  nhere 

q is the specific hurnidity and is the horizontal wind vector. Then equation (3.6) 



Figure 3.1: Cornputational area with o contours (with intervals of 0.01) on lOOOhPa 

surface. Polygon ABCDEFG.4 Frames the Mackenzie River Basin(MRB) 



Figure 3.2: Computational area with 0 contours (with intervals of 0.01) on 923hPa 

surface. Polygon ABCDEFGA frames the Mackenzie River Basin(MRB) and area 

framed by polygon IBDQPONMLKJI is underground. 



can be written as 

Before the caiculations of rnoisture flux divergence, the data  nas preprocessed 

\)y pit t ing q to zero il q < O (for only a few points a i t h  errors generated from the 

reanalysis procedure). and setting u. u and q to zero if  o > 1 (for the  uriclcrppund 

points j .  

To tlcmonstrate the efTects of topogrnphy. three metliods were used to cstiniatt! 

horizontal moistiire Rus divergence. 

Method 1 Calculatc the RHS of (3.7) on each level to obtairi the line intcgratiori on 

cach level (LI ) ,  and then calculate the vertical integration of (LI) , .  

Note that. to account for the topographie effects of the Rocky 1Iountains. both 

line iiitegrals on the RHS of (3.7) on the first level lOOOhPe were set to O 

because. as shown in Figure 3.1, the whole computational area is untlergroiind. 

On the second level a t  925hPa (Figure 3.2). the computational area is tnultiply 

connccted. i.e.. there are both inner and outer boundaries. The line integral 

on the second level 925hPa was calculated as the difference bettveen integrals 

dong  the outer and inner boundaries represented by polygons ABCDQEFGHX 

and 1BCDQPO.iblLKJI respectively. This is equivalent to the line integration 

d o n g  AUKLSIXOPQEFGHA. 

Method 2 Calculate the moisture divergence using O.(&) on each level first. then 

calculate the LHS area integral of (3.7) on each level to obtain (AI),. and last, 

calculate the vertical in tega t  ion of (AI),. 
1 r300hPa 



Note. the area integration on the first Ievel lOOOhPa was set to O for the same rea- 

son as in the previous method. The area integration on the second level 923tiPa 

rvas calculated only over the above-ground area circled by AIJIiLIISOPQE- 

FGHA in Figure 3.2. hccording to (3.7): this sliould be eqiial to I I  in theory. 

For levels higher than 925hPa. the area integration was calculated over the 

region circled by ABCDEFGHA in Figure 3.1. 

Method 3 First, vertically integrate gu and gu.  the componeiits of qi' as in \\alsli 

et al. (1994) and Serreze et al. (1993). 

ttien calculate the area integration or1 the RHS of (3.7) dong  tlie miter boiirida- 

ABCDEFGHA in Figure 3.1. 

This method. although it appears to have included the effects of topography by 

setting the values of u, u o  q and moisture flux to zero underground. cannot include 

the eRect of topography completely because the values of horizontal rnoist ure fluxes 

nere left unchanged in regions above the rnountains. At the topographic surface. 

although the normal components of rnass or moisture fluxes should be zero. their 

horizontal components may not be zero becatise of the slopes of ground surfaces of 

the rnountains and the nonzero values of their tangential components. Therefore. to 

cornpletely include the effects of topograph. Method 1 should be used. 



In the calculations, central differencing was used for Iiorizontal derivativcs. Ares 

integration was calculated by multiplying the grid ce11 area (2.5" x 2.5' ) by t hc average 

of tlie 4 corner values surrounding this area. The expression for the vertical integration 

uscd above can t>e written as 

wtierc -4 is (LI),. (d l ) ,?  or qu and qv for n = 1.2 and 3: 1 is the vertical Icvrl nu~r ihcr  

rangitig frorri 1 to 8: and pl is the pressure on the correspot~cling level. 

3.2.3 Results 

The vcrtical profiles of horizontal moisture flux divergence over MRB for the year 

1004 are shonri in Figure 3.3 according to the three mcthods outlined above. One 

<an see from Figure 3.3 thato the most significant differences corne Frorn the lowcr 

levels. 1OOOhPa and 925hPa. which intercept with the Rocky hloiintains. Concerning 

the lowest 2 levels. the longer the integration tirne. the less the ciifference be twen the 

tliick solid line and the thin solid line. Le.. the better the approximation iising Green 

Tlieorem. In the one-time profile (labeled as h g .  16! 94). the difference betmen 

theni is the largest: while in the yearly-integrated profile (labeled as 1994). these two 

are nearly equal. But the integration time does not reduce the difference between the 

dashed line and the two solid lines at all. which was rnainly caused by the topographic 

effects. 

The effects of topography can also be found from the results of I I .  i2 and I3 

defined in section 3.3.2. Values of these integrals are listed in Table 3.1. Even for 

the one-year long tirne integration, one can still find that the difference between f3 

and Il is larger than that between I2 and I l .  The difference between f i  and I2 is 



Fi y r e  3.3: Yertical profiles of horizontal moisture flux con/divergence ( x l0'fig) 

over SIRB? for monthly (the first 12 panels), a single time a t  00:OOGMT on August 

16 ( x  103Kg). and the whole year ( x  10°K of 1994. as labeled. The tliick solid line 

is (LI),: the difference between the 2 terms on the RHS of (3.7). which i-as used t o  

calculate II: thin solid line is (AI), used to calculate r2; and dashed line \vas obtained 

by calculating only the first term on the RHS of (3.7). 



Table 3.1: Cornparison of line and area integrations from 00:OOGSIT January 01 to 

12:OOGhIT December 31. 1994 in MRB, in the unit of rn3 

0.59 E 11 rr?. representing the error due to different calculations of t lie same quantity 

t~ecaiise these two rnethods should give identical resiilts theoretically The clif£'erençe 

between Ii and h is l.-l4Ellrn? representing the effects of topography. Comparisori 

of mith Il is more useful for the purpose of this study because. as rnentioried al~ove. 

'\[ethoci 3 for G cannot completely include the topographic effects as in hlcthod 1 for 

Il. This concludes that  Slethod 3 is most %tiggy". 

Therefore. when using Green Theorem to calculate Hus divergerice over comples 

topography, one should. as in Slethod 1. crirry out line integration along both oiiter 

and inner boundaries and subtract the inrier line integration froni the outer line 

iritegration on the calcuiation level. 

3.2.4 Summary 

When calculating the total horizontal moisture €lux divergence in an air column over 

cornplex terrain. Green Theorem should be used only on eacfi level in the vertical. 

And the inner line integral has to be subtracted from the outer line integral if there 

are mountains intercepting the lower levels. If calculating only the line integral d o n g  

the outer boundary, one is vioiating Green Theorem and cannot completely include 

the effects of topography. Results of calculations using NCEP/XChR reanalysis da ta  
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demonstrate this conclusion. 

3.3 The Numerical Mode1 

The rtinoff'parameterization to be verified is the one included in Bonan's Land Siirface 

'\Iode1 (LSbI) Version 1.0 (Bonan 1996b). This LSU is a blend of the ccological 

processes found in many ecosystem rnodels. hydrological processes found in rnany 

hydrologie models. and the surface Ruses common to the land surface motlels iiseci 

with atmospheric models. Our interest in this study is in hydrological processes in 

this s t u d .  A dctailed description of the hydrological component in the LSSI can bc 

found in Chapter 2 and Bonan (1996b). 

An 011-line method was chosen to perform the rerification. i.e.. t tic LShI \vas cou- 

pled to a GC'rl. SCAR's Community Climate Mode1 version 3 (CCS13) (.Jcffery c!t al. 

1996: Tliornas et al. 1996) was used as the AGC!vI in the curretit stiicly. For a dctailcd 

description of these two models. readers are referred to the corresponding reference 

nicritioned above. Briefly. CCiII3 is a spectral general circulation nioclcl wtiicli is. in 

this study. configured a t  T42 resolution (approsirnately 2.8" x 2.8" transforrri grid). 

This model has 18 vertical levels with the model top a t  2.9hPa. It uses prescribed cli- 

rnatologically varying sea surface temperature (SST). prescribed surface albedos. and 

prescribed surface wetness. Radiation calculations are only performed every rriodel 

hour. CC113 uses a 20-min time step and the coupled LSM use a 10-min tirne step. 

3.3.1 Initial and Boundary Conditions 

Initial and boundary data  sets used for the current study are listed in Table 3.2. Al1 

data  sets nere downloaded from NCAR's anonymous ftp site. Interested readers are 

referred to the README files for the data sets on NCARos anonymous ftp site. The 



Table 3.2: Initial and boundary data  sets for the T42 CCSI3/LSSl rnodels 

1 Mode1 ( Initial Conditions Boundary Condit ions 

tinie-invariant time-variant time-invariant 

(TOPO) (SST) (ozone) 

ciirrent verification is based on T-12 CC'\I3/LS'II runs because the Tl2 resolutioti 

rcpresents a 2.8' x 2.8" horizontal grid system. whicli is thc closest to the 2.5" x 

2.5' rcsolution used for the NCAR/SCEP rcanalysis data. This ;illows the best 

coniparability between the diagnosed and the mode1 results while recpiring reasonable 

computing resources. 

SEP l .amip.T42.0596 is the initial dataset for CCM3. SEP 1 nicaris t h  data 

clirnütologically represents the condition on September 1. The exact year for the 

simulation will be determined by the prescribed Sea Surface Tetnperatiirc (SST) data 

narned as T42.Dec1949-hIay1995, which contains the monthly mean of SST frorn 

December 1949 to May 1993 with 12 monthly means per F a r .  But for this s tudy 

ive only use a 10-year period From September 1984 to December 1994 because data  

at  hand for diagnosed analysis begins with the p a r  1987. Therefore the total length 

of the mode1 simulation is 10.5 years with the first 2.5 p a r s  as the spin-up for the 

CCSI3/LSXI. The remaining 8-year simulation result will be used for oiir analysis. 

i.e. from January 1987 to December 1994. 



The time-invariant boiindary condition data  tibds.T42.0596 contains the stan- 

dard deviation of topography. And ozn.T42.0596 contains the climatologicnl niorit hl- 

means for 12 rnonths. The model rvill reuse this ozone data  for 12-month loops. 

The boiindary condition file for the LShI, SC;RFDAT.T43.0596. contains the lat- 

itude. longitude, surface type, soi1 coior. percent sand. percent silt. percent cl-. 

percent lake. and percent wetland. Arbitrary initial conditions iv~as iised for the LSM 

because. according to Bonan (1996a). for long time simulations. thcre is not much 

difference between runs with and without the assumption of specific initial conditioiis. 

3.3.2 CCM3/LSM Runs 

The model simulation starts on Septeniber 01. 1984. After the first 1-cl- initial run. 

a 486-day restart riin and a l-year restart run finished the 2.5-year spin-iip riin on 

.Janttary 01: 1987, the starting time of oiir XCEP/SC.-\R reanalysis data. Ttien. eight 

Lyear runs were completed for verification of thc runoff parameterization. 

3.4 The Verification Results 

Verification was conducted a t  a global scale and in 5 major hasins over the rvorld. 

the Mackenzie River basin and the Mississippi River basin in North -inierica. the 

Amitzon River basin in South America, the ALPS mountains area in Europe alid the 

Yangtze River basin and the Tibet Plateau area in Asia. Concerning the length of 

the thesis. only the results in the Mackenzie River basin and the Mississippi River 

basin will be shown in detail. However, brief descriptions of the other b a i n s  will be 

provided in the section discussing global scale verification. In this section. results rvill 

be presented in an order of descending scale, Le.? beginning with the global view. and 

thereafter focusing upon a more detailed discussion of the results for North America 



and. finally in even greater detail on the Mackenzie River Basin itself. 

Before discussing the verification, anniinl averages of typical variables (inclutling 

runoff) For our byear. 4-yar. 5-year. 6-yar. F o a r  and 8-year resiiits were conipared 

at both global and basin scales. 1 found there is little difference ûniong the iinnual 

averages of 3-par. 4-year. 5-year. 6-year. 7-year and & y a r  resiilts. This iiidicates 

that the mode1 is climatologically stable and that the 8-yar  period is long enoiigli to 

mable the verificat ion to be performed. 

3.4.1 Verification Results at the Global View 

Ttir 8-year integrated diagnosed riinoff presented in Figure 3.4 has a w r -  faniiliar 

horizontal distribution pattern. There is a high band around the eqiiator ni th low 

bands a t  its north and south sides. This iniplies that at the eqiiator. precipitiition 

esceeds evaporation. This pattern is consistent with many previoiis resiilts. siich as 

those of Oki et al. (1993) based iipon EC.\IWF reanalysis data and of Trcnbcrth and 

Gtiillernot (1996) based upon NCEP/ SCAR reanalysis data. It is also cotisistent 

{vit h classical results for global climatology (Gill 198%). 

In terms of hydrologu. there is. of course. no runoff over oceans or othcr !vater 

covered regions. Therefore, hereafter. n e  will disciiss only the results owr  land. 

The absolute values of the estremes range from several to '20 meters in Figure 3.4. 

ttiat is to say the annual runoff has a maximum of 25Ocm. In Figure 3.4. estremes can 

be found at major river basins. The most significant one is in the Aniazon River Basin 

tvith a high of 18.38m for the 8-year time integrated runofF. There is another high of 

over 12m just to the south of the Amazon River Basin at the east side of the Andes 

SIountains. and one more high of over 8m at  the east side of the Andes !dountains at  

the sout h-rnost point of South America. In North hmerica. the diagnosed resiilt gives 

a most significant of 13.86rn a t  the west coast around the border bettveen the CS and 



Figure 3.4: 8-year accumulation of diagnosed runoff(ni) at a global view. 

Canada. This one is at the western side of the Rocky Mountains and is associateci 

with strong moisture convergence by the local weather system. .-\ctually, there are 

also high bands along the east side of the Rocky Mountains at the llackenzie River 

Basin and the Mississippi River bains. but they do not show up in this global view 

because of the relative high values elsewhere. The. will be discussed in details later. 

In Africa, to the south of the desert region in the North Africa. there is a high 

band in the central part of the whole .\frican region dong the river systems such as 

Nile. Congo, and Zambezi, etc. The highest runoff of over 4m is diagnosed at the 

tropical rainforest region in Central hfrica. There are also 3 more highs at  Nile in 

Sudan. Central African Public and South Angola. 

In Asia, a high over 8m was diagnosed in India and a high over .Lm is locaced at 

the Sichuan basin in China. Very weak runoff was diagnosed for Australia. 

Next, let us take a look at the CCM3 T42 simulated mnoff at a global viea (Figure 

3.5). .At an overdl look, the mode1 can reproduce the horizontal distribution pattern 



Figure 3.5: 8-year accumulation of the original CCBI3/LSSI simulated runoff(m) at 

a global view. 

of the diagnosed runoff over land. The model does not produce runoff over water. It 

can generate high runoff bands at most major bains. The mode1 produced a 13.7m 

high at  the West coast of North America around the US and Canada borders. The 

difference from the diagnosed high is, the model-generated center is located over land 

but the diagnosed one is a little bit shift to the west and over the sea. At .-\rnazon 

River Basin, a high of over 24m was generated by the model at  the sirnilar location as 

in the diagnosed result with a value of 18.36m. The other 2 highs in South America 

have values of 19.lm and 8.lm corresponding with the diagnosed 12m and 8m. But 

detailed analysis shows that the locations of the model-produced highs are located 

closer to the mountain tops. In Africa, a high band at  the similar location as in the 

diagnosed result was obtaîned at  the central part of Africa with a value of 1.5.Tm. 

In Asia: a high over 12m in India and a high band along the Yangtze River with a 

maximum of 196.7rn at  Sichuan Basin, China can be observed in the modeled runoff. 
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There are also some weaker highs over the islands between Asia and Australia. 

According to the above discussion, the model can generate the overall pattern of 

the diagnosed runoff. Relative high runoff bands agree well between the diagnosed 

and modeled results in most of the regions. But, obviously, the model generally 

overestimates the runoff in nearly al1 regions. and even gives wrong runoff in Sichuan 

Basin. China with a value of 196.7m, and at another point at  the test  coast of the 

CS with an unreasonably large value of 229.3111. 

To better verify the pararneterization, detailed cornparisons will be done at smaller 

scales at 2 regions, the Xorth America and the Mackenzie River Basin. Cornparison 

will be made for either b a i n  scale area integrals, same as in other previous studies. 

or for horizontal distribution ivhich is more important for the verification and model 

climates, or both. 

3.4.2 Detailed Verification Results in North America 

The diagnosed and rnodeled runoff in North America is shown in Figures 3.6 and 

3.7 respectively. To retain more realistic information, weaker smoot hing (5-point 

smoothing) was done on the diagnosed results for this region. That is s h y  the absolute 

values of the diagnosed extremes are larger than in the global view in last section. 

This will not affect our conclusions. 

In this closer look at the diagnosed result in Yorth hmerica? one can see an over- 

-hn high bands between the Rocky 4Iountains and the MRB. Canada and in the 

hlississippi River Basin at  the east side of the Rocky Mountains, the CS. Another 

high in Mackenzie River Basin is at its bottom, around the Great Slave Lake. with 

a value of over 8m. \\ihile. in the modeled runoff (Figure 3.7), even the contours 

were drawn with a in teml  of lm,  still no high bands were caught between the Rocky 

Mountains and the Great Bear Lake, or a t  the basin bottom in Mackenzie River 
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Figure 3.6: û-year accumulation of diagnosed runoff(m) in North America. 



Figure 3.7: û-year accumulation of the original CCiLI3/LSM simulated runoff(m) in 

Xort h America. 



Basin. On the contras: a low of O.lm was produced by the model at  the bottom of 

the 41RB. -4 3.2m high can be observed in the Mississippi River Basin corresponding 

wi t h the over-4m high in the diagnosed resul t . O bviously, the model underes t imated 

the runoff over these regions. 

The high bands a t  the maritime agree well between the diagnosed and the modeled 

riinoff. 

If iooking the diagnosed runoff in Figure 3.6 from West to e s t .  one can find there 

is a sort of oscillation. This is probably the Gibbs oscillation (Pinsky 1991) caused 

by topography, which can be seen also in other bains.  

3.4.3 Detailed Verification Results in the MRB 

The most detailed discussion is in the MRB becaiise this study \vas first proposed 

for the Mackenzie Ares GEWEX Study (LI-GS) (Krauss 1995). Discussion in this 

section will be focussed on two aspects, the basin scale area integrals of runoff and 

the horizontal distribution of runoff in the ILIRB. 

The 8-year CCM3 simulation results are consistent with Bonan (1996a) in terms 

of area integrals of runoff (comparing the last 2 columns in Table 3.3). Cornparison 

between the diagnosed and simulated runoff indicates that the area integration of 

model simulated runoff rate (rn3s-') and accurnuiated runoff (m3) in the 31RB are 

very close to the diagnosed results from NCEP/NC.-\R reanalysis data in the same 

region. From Table 3.3, one can also find, in terms of the annual time-integrated 

runoff. our model result is 5.5 x 10~'rn~/yeur, which is very close to Bonan7s result. 

is 5.2 x l0l1m3/year. Liu et al (2001) also concluded for the 1994-1993 water year 

that the area integrals of the diagnosed runoff are in very good agreement with pre- 

vious results by using other observational data in the Canadian GEWES study area 

(Stewart et al 2001). 



Table 3.3: Coniparison between diagnosed and CChIJ/LSM simulated runoff ' ' 
ln the 

IIRB, area integrals 

1 Items cornpared 1 Diagnosed 1 LSM/CCM3 simulated 

1 Averaged Runoff 1 I --- Cho and Liu(2001) 

(8-year run) 

1 rate (mQsL) 1 19134.88 1 17692.11 1 16645.00 

Bonan(199Ga) 

(S-year run) 

* Tliis riumber tvas calculated according to the averaged runoff rate in Boiian's paper 

(Bonan 1996a) 

Total runoff 

( x 10"m3) / 4-83 1 1.10 

Horizontal distribut ion of runoff is much more important t han the area-integration 

( a  single number) to verify a model. Diagnosed and simulated horizontal distributions 

of runoff in 'YLRB are shown in Figures 3.8 and 3.10 respectively. Wien comparing 

Figures 3.8 and 3.10. one can easily conclude that. the diagnosed horizontal distri- 

bution pattern of runoff is reasonable with a high band between Rocky Slountains 

and the Great Bear Lake, and another over the Great Slave Lake a t  the bottom of 

the SIRB. This diagnosed runoff horizontal distribution pattern is also very sirnilar 

with the observed (Figure 3.9) in this area (hlatthews and hlorrow 1995). Again. 

possible Gibbs oscillation exists in Figure 3.8. If drop the negative band caused by 

Gibbs oscillation. the whole MRB is dominated by positive runoff in the diagnosed 

result with high bands between the Rocky Mountains and the Great Bear Lake. and 

2.59 

at the basin bottom. 



Figure 3.8: 8-year accumulation of diagnosed runoff(m) at the SIRB. 



Figure 3.9: The observed average annual runoff (cm) over Canada. (Courtesy of 

hlatthews and Morrow 1995) 



Figure 3.10: 8-year accumulation of the original CClyI3/LSM simulated runoff(m) at 

the URB. 



On the contrary, the current runoff parameterization in LSi\I/CChI3 cannot gen- 

erate the observed horizontal distribution pattern of runoff. and even. gives an un- 

reasonable horizontal distribution a t  least in the MRB because. (1) the rnodel gives a 

minimum runoff center over the Great Slave Lake, where there is a maximum center 

in the diagnosed result; (3) ,  the mode1 did not prodiice any high band between the 

Rocky Mountains and the Great Bear Lake. This is very unlikely. 

Figure 3.11 shows the difference between the sirnulated and the diagnosed runoff 

in the 'VIRB. Obviousiy, the current runoff parameterization underestimatecl runoff 

between the Rocky Mountains and the Great Bear Lake. and over the Great Slave 

Lake at the bottom of MRB. Again, if we drop the possible Gibbs oscillation nicn- 

tioned above. the current runoff parameterization underestimated the riinoff in the 

whole MRB. After comparing our results and the topography in SIRB (Figure 3.12). 

and understanding the current runoff parameterization. one cari concludc t h  the 

tinreasonable horizontal distribution pattern of runoff from the mode1 is possibly due 

to its exclusion of topographic effects. Lateral water fluxes cnused by topographic 

dopes no t only affect the horizontal redistribution of runoff, but also tlirectly affects 

the infiltration capacity of the soil. Slodification on these 2 aspects is expected to 

iniprove the runoff parameterization on simulating the horizontal distribution pattern 

of runoff, and thus improve the AGCM simulated rnodel climate. 

3.5 Summary - A Problem of the Current Scheme 

Diagnosed runoff was estimated from NCEP/NC.AR reanalysis data  for an 8-year 

period from 1987 to 1994. Bonan's LSM was run for the same period coupled to 

NCAR's CCM3. Comparisons between the diagnosed and simulated runoff from the 

rnodel indicate that, a t  a global view, the runoff pararneterization can reproduce the 



Figure 3.1 1: Difference between the û-year accumulations of simulated and diagnosed 

runoff (m) in the h1R.B: RCCM3 - Rdiagnoscd. 
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Figure 3.12: Topographie height (rn) in the MRB resolved by the CChI3 with T42 

resolut ion. 



general horizontal distribution pattern of the diagnosed runoff but with substantial 

owrestimates in some regions and underestimates in others. Closer look at  the North 

Ainerica and the MRB shows that. the area integrals of runoff are fine in the MRB. 

but the runoff parameterization cannot reproduce the reasonable diagnosed horizon- 

tal distribution of runoff. which is more important to the model climate. One of the 

possible reasons is that topographic effects are not included in the ciment runoff pa- 

rarneterization. Lateral water fluxes caused by topographic slopes not oniy affect the 

horizontal redistribution of runoff. but also directly affects the infiltration capaci ty of 

the soil. 'vlodification on these 2 aspects is expected to improve the runoff parameter- 

ization on siniulating the horizontal distribution pattern of riinoff. and thus improve 

the .AGCM simulated model climate. 

The~ret ical ly~ negative runoff is possible. actiially. in climatology. a t  niost of the 

time, evaporation is larger than precipitation. and then according to our spprosi- 

riiation in section 3.1, there will be negatire runoff. But the current LS'rI does not 

allow negative runoff. This is not consistent with t h e o .  Modification of the runoff 

paramet erizat ion will also allow riegat ive runoff in the model. 

Another finding in this chapter is that, possible Gibbs oscillation exists in both the 

NCAR/NCEP and the ECMWF reanalysis data. This is also foiind in other places 

siich as Mssissippi River Basin and South America. 



Chapter 4 

Modification on Bonan's Runoff 

Paramet erizat ion 

4.1 Effects of Topography on Surface Water Re- 

distribut ion 

4.1.1 A Qualitative Explanation 

.As concluded in last chapter, Bonan's runoff paranieterization sctieme cloes not include 

t lie topographic effects which are very important to the surface water redistribution 

and soil moisture, and thus very important to both the land surface clirnate and the 

AGCM climate. The topographic effects on the redistribution of surface water are 

illustrated in Figure 4.1. 

The remained water on the ground surface from precipitation and snowmelt is 

divided into three parts: evaporation back to the atmosphere, infiltration into the 

soil, and surface runoff into rivers and lakes. Here we emphasize on the impact of 

topographic slopes on surface runoff and infiltration. O bviously, water redistribut ion 



is also greatiy affected by vegetation and soil type. This study assumes tliat these 

t:ffects are already treated properly. 

Changes in infiltration will also change soil rnoist ure and thus the evaporation. 

This chain reaction will change the AGCM climate starting with the change in surface 

evaporation as described in the next chapter. 

A surface 

infiItratio 
( \ runoff - lake 

runoff 

Figure 4.1: Schematic showing the effect of dope. 



As shown in Figure 4.1. the steeper the slope, the more difficult for the precipi- 

tation ivnter to st- on the slope, the less opportunity for the water to infiltrste into 

the soil. Therefore? qualitativelu, topographie effects should be very important to the 

riinoff redistribution and thus to t hc .AGCL1 climate. 

4.1.2 Quantitative Formulation 

First of all. ive will determine the lateral water Huxes caused by topography For a 

giren grid ce11 in the mode1 (Figure 4.2). differences in topography betaeeri ncighbor- 

irig grid cells will resuit in lateral inffows or oiitflorvs in every possible direction. For 

simplicity. only the four main directions will be consiclereci in this stiidy. Subscripts 

of the mater Row F: X, S, E and IL' represent the four main directions: riorth. south. 

east and west. respectively: siibscripts i and O denote inflow and outflow. respectiveiy: 

or for sirnplicity. we can used Fi, F2, r3 and FFI to represent the net lateral fiuxcs 

caused by topography in the four main direction. 

Wit h the consideration of lateral water Buses caused by topography. the riewly 

proposed surface runoff rate qmer and infiltration rate gin,[ should be calculated by 

wtiere qher and qk,, are the surface runoff rate and infiltration rate caiculated by 

the original Bonan's land surface scheme; qjl,, is the lateral water flux caused by 

t o p o g r a p .  It is determined by the nert expression 

where 



Figure 1.2: Schematic showing the lateral mater tluxes in the main 4 directions. The 

lotvercase subscripts i and O denote inflow to and oiitflow from the local grid cell. 

respectively. The uppercase subscripts IV. E? S and :V represent the four main 

directions west. east. north and south. respectively. The net lateral Buses in (4.4) 

are defined as: FI = Filv - F,,v: F2 = F i c y  - FoLv: F3 = Fis - Fos and F4 = FiE - ZE.  



if iising Fk to represent the net water fluxes in each of the four main directions. with 

-4 as the area of the grid ce11 concerned. In one direction. only one of the inflom or 

outflow is possible a t  a given tirne. 

Sliller(l994). Coe(1998) proposed an espression for the outflow in iiis river roiiting 

mode1 as. in one direction: 

whcre I V  El and IVEd are the water elevations of the local grid ce11 and the downstream 

grid cell. respectively: d is the grid size. and u is the flow speed betnecn neighboring 

grid cells defined as 

Iierc s is the slope deterrnined by the elevation difFcrence (A-) between neighboring 

grid cclls and the grid distance d (Figure 4.3). so is called critical dope aricl set to a 

constant of 0.00005. The constants s(l and 0.35 depend on the horizontal rcsoliition 

of the mode1 and were chosen more empirically than physically (Xliller 1W.L). 1x1 the 

current study, as a result of oiir many experiments, 0.35 has been changed to 0.0033 

to allow 0.15 < u < 5 (Miller 1994: Coe 1998). This empirical condition tielps to 

restrict the lateral water fluxes to a proper magnitude. 

In previous studies (SIiller 1994; Coe 1998): the above equation was used to cal- 

d a t e  outflows only. According to this equation. the outflom from the local grid ce11 

to the downstrearn grid ce11 is determined by two factors: 1) the local water elevation 

IVEi must be larger than the downstream water elevation IVEd: otherwise. no out- 

flows: 2)  if condition 1) is satisfied. the magnitude of outflows will also be controlled 

by the ratio of the dope-determined u and the doivnstream distance d (gricl size). 

Hosever. inRows and outflows are relative to the grid cells discussed. In magni- 

tude. outflows from the local grid ce11 to the domstream grid ce11 is actually, on the 



Figure 4.3: Schematic shotving the calculation of dope betn-een neighboring grid cells. 

Plottetl are two neighboring grid cells in the CChIJILSbl. with 21 as the topographic 

tieight of the left grid cell, and 22 of the right hand side grid cell: A: = zl - z2 is the 

difference in topographic height between this two grid cells. The dope s is calciilated 

in the dotted triangle with Az and d as its two sides, Le.' s = k l d .  



contrary? inflows to the downstream grid ce11 from the local grid cell. Therefore. the 

ahove equation should apply to not only outflows. but also inflows. In this stiidy the 

above equation is modified to 

.1BS[(WE1 - IITEd)A]f  outflom. when (IVEl - II'Ed).4 > O and u > O 

Fk = .- lBS[(WEl - \k'Ed).4]: inflow, when (IVEl - \i'Ed).A < O aiid i r  < O 

O no fluxes! in other cases 

where sign ABS represents the absolute value of the bracket. The magnitude of 

infiow or outflows will be determined by the difference of watcr clevation a ~ i d  the 

ratio of rr arid d. The nature of the lateral water flus (inflom or oiitflow) is deterrniiiecl 

hy i r  or the topographic height. When water elevation of the local grid cc11 is larger 

than t hai of the downstream grid cell. and the local grid ceil has higher topography. 

i.e. u > 0. ttiere will be oiitflows from the local to the downstream grid cell: whcn 

watcr elevation of the local grid ceIl is smaller than that of the downstream grid cell. 

and the local grid ce11 lias lotver topography. i.e. n < O? then there will he iriflows to 

the local from the "domnstream" grid cell: There is no lateral witcr fluses in otlier 

cases. 

Iieeping in mind that u controls the nature of the lateral water fluses. i.e.. infiow 

or outfiow. the above equation set can be simplified to one equation for both inflows 

and outflows? as 

In ecpation (4.7): the value o f  the square bracket is actually the area integral of the 

water elevation difference between the local and the downstream grid 4 1 s .  In the 

current s t u d l  

equation (4.7) 

the grid ce11 area is not a constant. Therefore a more precise form of 



\Vater elevation IVE is defined as the summation of the water depth h and the land 

eleration 2 as in Hornberger et al. (1998). i-e. IVE = h + 2. Then. Equation (4.8) 

cari be rewritten as 

where A(h.4) and A(2.4) denote the difference of area-integrated water deptli and 

land elevation. respec tivel- betmeen the local and downstreani grid cells. 

The water dept h difference between the local and t hc cloanstrearn grid cclls. 

A(h.4) can be related to the time-area-integrateci surface rurioff R' froni the orig- 

inal nioclel. i.e. surface runoff is the main factor to change the water deptli h in its 

grid cell. The water depth of a studied grici ce11 c m  he expresseci as 

where R' is defined by the model-generated surface runoR rate qk,,, 

mode1 and ms-' in this calculation) as 

R u = /  / qkerd;ldt z q&4t 
model tzme over the grid ce11 

where t is the total model time up to the point of the adjustment. 

(4.12) 

So we have the 

water depth difference between the local and the domnstream gricl cells as. 

where the subscripts 1 and d denote local and downstream. respec tively. Therefore. 

in one main direction. the lateral water flux rate to/from the local grid ce11 ( r n ' . ~ - ~ )  



After Fk is calculated in al1 of the four main directions. the net lateral water flux 

rate for the grid cell. qjluZ ( m r n ~ - ' ) ~  can be estimated by equation (4.4). Finally. the 

surface runoff rate q:.., (mrns-') and the infiltration rate q:,,, (nlnts-l) generatecl 

t- the original mode1 are adjusted accordingly to tbeir riew values q.,:,, and q,,11 

respectively in the modified mode1 by equations (4.1) and (4.3). 

4.2 Implementation of the Modified Scheme 

4.2.1 The Simple Numerical Regime in Bonan's LSM 

Bonan's LShI is a ver- cornprehensive mode1 in terms of physics proresses. But its 

numerical rcgirne is very simple. It is actiially a single-point one-dimensional model 

becaiise it does not have any consideration of the interaction betwcen neigliboring 

GC1I/LS'YI grid cells. .\Il calculations are on its 6009 so-called su bgrids. 

At the beginning of the LSll run. the initial conditions are interpolatecl frorn a 

123 x 64 regular horizontal grid system ont0 the 6009 irregular predefined land points. 

or siihgrids. During the LSM integration. the model integrate ancl solve any eqiiation 

for the 6-lqer  soi1 model point by point (of the 6009 points). Whcn t hc model is üsked 

to output. variables are again transferred ont0 the regular 125 x 64 grid system. by 

using gaussian weighted summation. 

4.2.2 Implementation of the New Scheme 

For simplicity. the implementation of the modification will follow the original numeri- 

cal regiirie. No effort has been made to  modify the numerical algorithm. .A subroutine 

(narned s1p.f) was plugged into the mode1 as seen in the Row chart(Figi1re 4.4) to do 

the adjustment of runoff and infiltration caused by topography. Ftinctions of the 

subroutine s1p.f are illustrated in Figure 4.5. 



Figure 4.1: Flowing chart showing where the subroutine s1p.f is plugged in. 



In Figure 4.4. the big dashed frame encloses the prima- subrotitines relatecl to 

the hydrological processes. Strings in the frames are subroutine names. The AGCII 

CC113 calls Bonan's laiid surface model(LS1I) ewry time step. Siibroiitine 1smdrv.f 

is callecl first by CCSI3 to drive the LSM. Subroutine 1sm.f is the main routine 

for LSSI. Subroutine canh2o.F calculates canopy water: snoh2o.F calciilatcs snow 

water: infl.F calculates surface runoff qmCr and infiltration q,.jr: s1p.F acljiists (lover 

and qlnfi according to the calculated lateral water fluses caused by topograpliy: and 

tlie adjusted rl,,, and q,,,i are passed to subroutinc soih2o.F to calciilate soi1 water 

and sub-surface riinoff / drainage by solving a tridiagonal system of eqiiations. 

As shown in Figure 4.5. siibroiitine s1p.F commits scveral t a k s .  It reacis in the 

topographie height first. mhich is iised to calciilate the sloprs s betaeen neightmririg 

gricl cclls. Then flowing speeds u in the four main directions are estirnnted by Eqiiatioii 

(4.6). After the s a t e r  elevation difference d W E  is determinecl. if u and d i ' E  have 

the snme mat hematical signs. then inflow or outflom rate qji, , ,  is calculated: otherwise 

there is no outfiow from or inflow to the local grid cell. i.e.. qpuZ = O. Firially. the 

siirfiice runoff rate qm,, and infiltration rate q,,fi are modified by the calculated lnteral 

nater fliix rate qliuz according to equations (4.1) and (4.2). 



1 topo height 1 

calculat ing 
slopes 
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flow speed '-4 
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Figure 4.5: Flowing chart showing the functions of the subroutine s1p.f. 



Chapter 5 

Impact of the Modification on 

Climat es 

*Alter thc nioclification was cocled in the niodel as clcscribecl in last chp tc r .  ariottirir 

sirnilar run of the modified CChL3/LS'\I (tlie modified mode1 liereafter) rvas con- 

tliicted. The configuration of the rnodified model run was esactly the sanie as ttic 

one in Chapter 3. except the modification oii the riinoff pararneterizüti«ri proposecl 

in Chapter 4. Another eight-year run (1987499.1) ivas conducted for the modified 

model after the spin-up (two and half ycars). Cornparisons will be in a regiorial scalc 

(in the MRB, the base for the Cnnadian GEWEX) and global scale. 

This chapter includes four sections. First. the impact of the modification on the 

land surface climate will be discussed from a regional perspective: second. the impact 

of the modification on the atmospheric climate from a global perspective: tliird: tlie 

potential impact of the modification on the environment: and the last section will be 

significance check on the modification by T-test and power spectrum anülysis on the 

atrnospheric aaves, and comprehensive explanations of the complicated impacts the 

modification brought to the .AGCM climates. 



The first section will begin with the changes i n the surface riinoff introcluced by the 

modification. And then changes in ground evaporation. infiltration and soi1 moist ure 

wili be ciiscussed. The Canadian GEWEX research basin, the .CIRB. [vas chosen for 

the tiiscussion in this section from a regional climate perspective. The second section 

will include the impacts of the modification on surface terriperature. ttwperatiirc iri  

the atrnosphere. atmospheric huniidity and precipitation. SIost of t hc disciissiori in 

this section ail1 be conclucted Ironi a giobal perspective so t tiat ive cari rriake proper 

coniparison a i t h  previous research results by otbers to rccognize itnprovenieiits or 

deficiencies the modification introduced. Detailed point budgets analysis mil1 also be 

condiic ter1 in the Andes Mountains vicinit ies. The t hird section will illust rate iiow 

the modification impacts the fliis of CO2 in the land surface niodel frorn a global 

perspective. To check the significance of the improvcment the modificatioii t~roiigtit. 

T-tcsts on some typical variables and p o w r  spectriim analysis ori Ixuic atrnosptic~ric 

waves are conducted in the 1 s t  section. 

5.1 Impact on the Land Surface Climate 

5.1.1 Surface Runoff 

The first moaidcation put into the mode1 is on the surface runoff parameterization. 

Therefore it is quite natural to first check out the changes in surface riinoff introducecl 

by the modification. Figure 3.1 is a cornparison plot for total surface runoff simiilated 

b the original (upper panel) and the modified models (lower panel) for the period 

from January 1987 to January 1995. For al1 the future horizontal distribution plots in 

this section, the shaded background is the topographie height resolved by t,he CC113 

T42 resolution. 

The  original mode1 gives a maximum of 70 mm near the mountain tops and another 
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ceiiter of 13 mm. It is very difficult to explain physically why the rniisima occiir at  

those locations. However. the modified mode1 gives a quite terrairi-following pattern 

of surface runoff. negative bands along the mountain tops and positire bands dong  

the mountain feet a t  both sides (west and e u t )  of the mountains. espwiiilly an over- 

25Onini high a t  the east side of the moiintains. This pattern is what is cspecteci and 

vcry easy to tinderstand. Topographic slopes cause outfloms froni higher topograp tiy 

(moiintain tops) and inflows into the lomer topography points (moiintain fcct ) . Tlic? 

surface riinoff is niore likely to accumulate a t  the mountain feet. This pattrrri will 

also improre the pattern of the total runoff which ni11 be discussed in Figiirc 2.4. 

Infiltration 

Xnothcr modification made to the model is the üdjiistment of infikratiori. Tlic irifil- 

tration \vas adjusted with the same algorithm as described in Chüpter 4. Figure 3.2 

shows a cornparison between the original and the rnoclified model siniulatetl infiltra- 

tion. The modified model gives an overall reduced estimation of the infiltration owr  

the tvhole domain and a low tongue (featiired bu the 3000mm contour) at t h  east 

sicle of the mountains. The highs over 13000nim in the original model at  the w s t  

coastal area were reduced to over-11000mm in the modified rnodel. The 4000rnni 

contour a t  the east side of the mountains in the original mode1 result nas  p~ishetl to 

right over the mountain tops in the rnodified model result. This pattern is also nha t  

is expected and easy to understand. The topographic dopes rnake it more diffictilt 

for the water to stay on the slopes and thus less tvater infiltrates into the soi1 on the 

slopes. 



Original 

15-ow 1 4 5 ~  1 4 0 ~  13-5w 1 3 0 ~  1 % ~  1 2 0 ~  1 1 5 ~  1 1 0 ~  1 6 5 ~  

Y odified 

Figure 5.1: Total surface runoff(mm) simulated by the original (upper panel) and the 

rnodified models (lower panel) for the perïod from January 1987 to January 1993. The 

shaded background is the topogaphic height resolved by the CCM3 T42 resolution. 



Original 

1 5 0 ~  1 4 5 ~  14-ow 13-5w 13'0~ 1 % ~  1 2 0 ~  1 1 5 ~  1 1 0 ~  1&w 

M odi fied 

Figure 5.2: Total infiltration(mrn) from January 1987 to January 1993, cornparison 

between the simulated fields by the original and the modified models. 



5.1.3 Sub-surface Runoff and Total Runoff 

As described in Chapter 2, in Bonan's LSiLI (Bonan 1996b), infiltration \vas used as 

the boundary condition to solve the soil hydraulic properties including the su b-surface 

runoff and soil moisture we are most iuterested in. In this section. let's first discuss 

how the changes in the surface runoff and infiltration will affect the sub-surface runoff 

and then the total runoff. 

A cornparison of the sub-surface runoff /drainage simulated by the original and 

moclified models is plotted in Figure 5.3. Similar to the infiltration pattern in Figure 

5.2. the low band at the east side of the mountains was widened and extends more 

north-westward than in the original model result, and with a larger magnitude at 

the lotv center (400mm) than in the original mode1 result (200mrn). IIeanwhile: 

the maxima a t  the west coast were reduced from 12000rnm to llOOOmm a t  similar 

locations. The northwestward extension of the low band at  the east slope of the 

mountains is mainly due to the low tongue of infiltration there (Figure 5.2) introduced 

by the modification. Infiltration is used as the boundary conditions in the six-layer 

soil model to solve the soil hydraulic properties. especially the sub-surface runoff. 

One can easily End this by comparing the horizontal distribution pattern of the sub- 

surface runoff and that of the infiltration, which are very similar. More precisely. 

infiltration was used by the six-layer soil model as the only water supply into the soil 

colurnn from the interface between the atmosphere and the soil. Therefore, it is quite 

straight fonvard that the decrease of infiltration means decrease of water input into 

the soi1 model, which results in less sub-surface runofffdrainage; or vise versa. 

Total runoff is simply the sum of surface runoff and sub-surface runoff. -4s plotted 

in Figure 5.4, the original model gives a low band at  the east side of the mountains. 

And the mnoff increases with the topographie height to the mountain tops. This 

pattern is not quite physically consistent with the topogaphy as discussed in the 
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Original 

I ~ O W  14$W 14.0~ 1 % ~  130~ 12'5~ 12bw 1 1 5 ~  ll0w lOjw 

Modified 

Figure 5.3: Total drainagel sub-surface mnoff (mm) for the period from January 1987 

to January 1995, cornparison of the simulated fields by the original and the modified 

models. 
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verification results in Chapter 3. 

The modified model generated a quite different pattern for the total runoff corn- 

pared with that from the original model. High bands a t  the mountain feet a t  both 

west and east sides and a low band along the mountain tops. The low band a t  the east 

side of the mountains in the original mode1 becornes a wide high band in the modified 

model. The maxima of over 12000mm at  the west coast from the original rnodel were 

redirced to about 10000mm. These decreases are due to the decrease in the sub- 

surface runoff. The low band along the mountain tops is mainly due to the negative 

band in surface runoff a t  the same locations caused by the topography-introduced 

lateral outflows at  the surface. This pattern is what is expected. 

Comparing the horizontal distribution pattern of total runoff given by the niodified 

niodel with the diagnosed (Figure 3.8) and the observed (Figure 3.9) patterns, one 

should be convinced that the modified model can generate a horizontal distribution 

pattern of total runoff, which is much closer to the diagnosed and the observed, 

and which is much more consistent with topography and thus very easy to explain 

physicall. 

5.1.4 Evaporation 

The above analysis on runoff has concluded that the modification improved the runoff 

simulation in the model. The changes in runoff and infiltration must have an impact 

on ground evaporation, another important variable in both climatology and hydroiogy. 

Ground evaporation is very season sensitive. For more season-sensitive variables. 

analysis will be conducted in two representative seasons, summer and winter, which 

will be represented by August and January, respectively in this study. -4 general 

discussion on sensitivity of the modification to time scales will be given in section 

5.2.3. 
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Figure 3.4: Total runoff (mm) for the period from Januarq- 1987 to January 1993, 

cornparison of the simulated results by the original and modified models. 
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Plotted in Figure 5.5 is the ground evaporation in the summer of 1994. Little 

difference can be found at the west coast between the results simulated by the original 

and the modified models. However, at the lee side of the mountains? the high band 

extends more to the northwest with a higher center (over 100 W/m2)  compared 

with the original mode1 result (over 80 W / m 2 ) .  The ground evaporation along the 

mountain tops is substantially reduced by over 20Wrn-' in the modified model result. 

This is mainly due to the drier soi1 at the mountain tops and slopes (Figure 5.7) in the 

modified model. While in winter (Figure 5 .6) ,  ground evaporation slightly increased 

dong the mountain tops possibly due to the warmer temperature in corresponding 

area in the modified model than in the original model (Figure 5.12) when the soil 

wetness was not changed much (Figure 5.8). The most significant increase in ivinter 

was found at  the east side of the mountains with a maximum of over 60Wrn'~ in 

the modified model result? whereas it is 5 ~ C V r n - ~  in the original model result. There 

are two reasons for this increase: more wctter accumulation a t  the mountain foot 

increased the soi1 moisture; the tvarmer temperature in the corresponding area in the 

modified model than in the original model is favorable for evaporation (Figure 5.12). 

hleanwhile, the evaporation at the West coast is also slightly increased by the modified 

mode1 due to more water accumulated at the mountain foot. 

5.1.5 Soi1 Moisture 

Changes in infiltration will definitely affect the soil moisture. The first variable me 

will check is the evaporation soil wetness, which is a very good indicator for the first 

soil layer wetness (Bonan 1996b). Plotted in Figure 5.7 and 5.8 are the evaporation 

soil wetness for the summer and nrinter seasons, respectiveiy. 

In summer (Figure Li), the first soi1 layer is much drier over the areas, where 

the infiltration is substantially reduced in the modified rnodel (Figure 5.2) than in 



Original 

Modified 

Figure 5.5: Ground evaporation(Wm-2, in Xugust 1994, cornparison between the 

simulated fields by the original and the modified models. 
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Original 

Figure 5.6: Ground evaporation(CVrn-2, in January 1995, cornparison between the 

simulated fields by the original and the modified models. 
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the original model. The modified mode1 gives a very obvious dry band along the 

mountain tops and the on the slopes, and wet bands along the mountain feet at  each 

side of the mountains. However, nearlÿ no difference can be found in the horizontal 

distribution of the soil wetness in winter (Figure 5.8), except that the wet center 

at  the east side of the mountains has a 0.1 higher value and, slightly wetter soil is 

found at  the south-east corner of the domain. The most possible reason for rhe slight 

cfianges in winter is that the soil is frozen in this area during winter. 

. h o  ther variable previous researchers usually checked is the root soil water. which 

is an integral of the total water content in a soil column. However. Figures 5.9 and 

5.10 show very slight difbence (featured by the 0.3 contour) between the modified 

rnociei result and the original model result. This means that the modification does 

significantly affect the soil wetness a t  shallow soil layers (Figure 5.7). but does not 

affect the total water content in the soil column as a whole. This seems a puzzle. But it 

is ver- easy to understand when one compares the infiltration and drainage/subsurface 

runoR (Figures 5.2 and 5.3 ). The increased infiltration into the soil a t  the top of the 

soil colurnn generated more drainage out of the soil at the bottom of the soil column, 

which keeps the total water content in the soil colurnn ncarly unchanged. This is 

determined by the mechanism of the soil model. 

-411 the above conclusions will be further confirmed by the point budgets analysis 

presented in subsection 5.2.2. 

The above analysis on horizontal distribution has concluded that the modification 

in the runoff parameterization can generate a runoff horizontal distribution pattern, 

which is rnuch closer to both of the observed and the diagnosed patterns than the 

original model did. Along the higher topography (especially on slopes). infiltration 

was reduced, and thus the soil moisture in the top soil layer was reduced too. But 

the integral water content in the whole soil column was not changed because the 
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Figure 5.7: Evaporation soi1 wetness (fraction) in August 1994, comparison be tween 

the simulated fields by the original and the modified models. 
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Figure 5.8: Evaporation soi1 wetness (fraction) in January 1995, cornparison between 

the simulated fields by the original and the modified models. 
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Figure 5.9: Root soi1 water(fraction) in ..\ugust 1994, cornparison between the simu- 

lated fields by the original and the modified models. 
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Figure 5.10: Root soi1 water(fraction) in January 1995, comparison between the sim- 

ulated fields by the original and the modified models. 



CH. 5. IMPACT OF THE MODIFIC.4TION ON CLIhIATES 76 

increase (decrease) of the drainage out of the soil at the bottom of the soil coiiimn 

balanced the increase (decrease) of the infiltration into the soil at  the top of the 

soil column. Corresponding changes were found in ground evaporation, i.e.. in areas 

where infiltration reduced. evaporat ion reduced; in areas where infiltration increased, 

evaporation increased too. 

Now it is tirne to ask how these changes affect the atmosphere. In oext section, 

changes in the atmospheric climate caused by the modification will be disciissed. 

Some of the conclusions will explain the conclusions in this section. For exaniple. the 

ground evaporation also depends on the ground temperature except the soil moisture; 

i.e. keeping the soil moisture as a constant, the warmer the ground, the higher the 

ground evaporation: or vise versa. Readers will find that the conclusions froni this 

section and those from the next section are consistent with each other. 

5.2 Impact on the Atmospheric Climate 

5.2.1 Surface Temperature 

As in other studies (Bonan 1996a, and many others), we begin the cornparison with 

the surface temperature. In summer (Figure 5. I l ) ,  the modified model significant ly 

warmed up the mountain tops and even the lee side of the mountains. This can 

be found by cornparing the 278K and 284K contours between the original and the 

rnodified model results. .As a result, at the east side of the mountains the m r m  ridge 

tvas strengthened. In nrinter (Figure 5-17), significant warm-up can also be found 

along the mountain tops and the north part of the domain. The warm-up along the 

mountain tops is featured by the 261K and 264K contours. 

One of the directly related variables to the surface temperature is the latent heat 

Rux from the ground. In Figures 5.13 and 5.14 are the latent heat flux cornpansons 
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hetween the original and the modified models at the same times. It is quite obvio~is 

in siirnrner (Figure 5.13) t hat the rnodified mode1 substantially reduced the latent 

k a t  flux along the mountain tops where the surface temperature was ivarmed iip by 

the modified model. 

These conclusions are consistent wit h Bonan's general conclusions in Bonan (1 996a). 

Le.. "infiltration reduced. resulting in drier soil and less latent heat flux ancl thiis 

warmer ground stirface." While in his Table 6. conflict data were presented for the 

Mackenzie River basin: for the four seasons, the surface temperature in wiriter. and 

6 1 1  decreased, unchanged in summer and slightly increased in spring. and the iiririual 

average decreased. As an explanation for this conflict, he just mentioned that. in 

basins where soil was very wet (Mackenzie. Yukon Kolyma), infiltration decreasecl 

and the soil dried. Latent heat flux decreased during the summer. but the soils 

w r e  wet enough that surface air temperatures did not significantly increase ( Borian 

1996a). Higher consistency of Our data with Bonan's general concltision iniplics that 

the modification made in this study did iniprove the LShI's performance. This will 

be more clearly confirmed by the point budget analysis in the next subsection. 

However. in winter (Figure 5.14), nearly no changes were found in the latent k a t  

Bus between the rnodified and the original model results, but the surface temperature 

was still warmed up by the modified model along the mountain tops. This rerninds one 

that surface soil rvetness and latent heat flux are not the only two factors nffecting 

the surface temperature. Of course, the upper atmospheric structure and general 

atmospheric circulations also play an important role on the surface fields. Orle will 

find out in section 5.4 that this winter warm-up is very possibly related to the changes 

in the general atrnospheric waves caused by the modification. 
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Original 

Figure 5.11: Surface temperature(K) in August 1994, cornparison between the simu- 

lated fields by the original and the rnodified models. 
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Figure 3.12: Surface temperature(K) in January 1995, cornparison between the sim- 

ulated fields by the original and the modified models. 
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Figure 5.13: Surface latent heat flux (Wm-*) in August 1994. cornparison between 

the simulated fields by the original and the modified models. 
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Figure 5.14: Surface latent heat flux (Wm-2) in January 1995, cornparison between 

the sirnulated fields by the original and the modified models. 



CH. 5. kViP.4CT O F  THE MODIFIC.4TION ON CLIMATES 

Table 5.1: Locations and topographic features of the three points chosen for point 

budgets analysis. 

Points Location Latitude Longitude Topographie Height (m)  

X at  mountain top 20.938 6 7 . W  3075.69 

B on lee slope 20.93s 64.7W 2301.85 

C a t  mountain foot 20.93s 59.1W 32.57 

5.2.2 Point Budgets Analysis 

To further clarify the conclusions obtained frorn the horizontal distribution analysis 

in last subsection, surface energy and moisture budgets analysis will be conducted for 

single points. Three points in the Andes Mountains vicinities in South America are 

chosen for the point budgets analysis for the next three reasons. Firstly, significance 

test shows that changes brought by the modification in this region are much more 

significant t han in the LIRB region (Figure 5.43) ; secondly, the Andes Mountains 

have a much simpler geographic features, with a narrow east-west extension and an 

almost south-north line, which is most suitable to explain thc physical mechanisrn of 

the modification; and finally, analysis of more regions can be supplementary proof of 

improvements the modification brought. 

The three points w r e  chosen along the latitude where the highest topography 

of Andes occurs, and where the changes by the modification are significant. Their 

locations and topographic features are listed in Table 5.1. Point A is at  the Andes 

Mountain top with the highest topographic height of 3075.69m: Point C is a t  the 

rnountain foot with the lowest topographic height of 32.57m; and point B is a t  the 

middle of the lee dope with a topographic height of 2301.85m. 

The mean values for the four three-month seasons and for the year are calculated 



for the important budget terrns responsible for changes in surface energy and moisture. 

They are listed in Tables 5.2. 5.3 and 5.4 for points A, B. and C, respectirely. The 

first 6 columns are for surface moisture budget analysis; and the last three colurnns 

are for surface energy budget (or temperature) analysis. Note. not al1 the budget 

terms are configureci to be output in the model riins. Terms listed in these tables are 

bascd on available model outputs. 

At point A (Table 5.2): because of the lateral water outflow caused by its higher 

topography than its neighbouring grid cells. infiltration and total runoff are signifi- 

caritly reduced by the modification for al1 seasons and the annual aïerage. The most 

rctliiction in infiltration occurred in the Sout hern Hemisphere Summer (D.J F) by 

about 5 mrn/clay. In the soil water budget equation in Bonan's LShI (Bonan 1996b). 

infiltration is a dominant term for water supplies to the soil: therefore. the significant 

rcduct ion of infiltration caused significant reduction in root zone soil water (RS\V 

column). More significant reduction was found in the first soil laver wetness (SCVl 

column). The dried soi1 by the modified model resulted in less groiind evaporation 

(EV.1 column). The reduction of precipitation is definitely related to the reducecl 

groiind evaporat ion, but it is also related to ot her complicated upper atrnosplieric 

processes. 

Surface latent and sensible heat fluxes are the most important terrns in the sur- 

hce  temperature calculation by the surface energy budget equation in Bonan's LSM 

(Bonan 1996b). Bonan (1996a. 1998) gave the reduced latent heat flux as the only 

reason for the warmer surface temperature. Besides the consistency with Boiian's 

previous result on .'reduced infiltration causes drier soil and less latent heat flus and 

thus warms up the surface", here nie added another reason for the warmer surface 

temperature: the increased sensible heat flux (SHX column). These resiilted in about 

a 1 - 2K warmer surface temperature at point -1. 



Table 5.2: Point A at  the rnountain top: rnean infiltration (IKF, rnrn/day). total 

runoff (RUN. mm/dav). ground evaporation (Ely-A, mmlday), total precipitation 

(PRE, mm/day), root zone soil water (RSW, fraction), the first soil layer wetness 

(SU.1. fraction), latent heat flux (LHS, rnmlday), sensible heat flux (SHS. mm/day). 

and the surface temperature (TSA, K) for the four three-month seasons. Top nunibers 

are for the original rnodel: bottorn nurnbers are for the modified modcl. 

. . 

I'IF RUN E L  PRE RSW SCV1 LHX SHS TS.4 

SON 1.03 0.88 0.95 1.11 0.20 0.26 1.34 2.35 283.79 

0.17 -6.64 0.15 0.59 0.17 0.04 O .  2.86 '285.60 

On the contrary, at  point C (Table 5.4) at  the rnountain foot. because of the 

lateral water inflow caused by its lower topography than its neigtibouring grid cells. 

infiltration and total runoff are significantly increased by the modification for ail 

seasons and the annual average. The most increases in infiltration and runoff occurred 

in the Southern Hemisphere Winter (JJX) by about 1.1 m m / d q  probably due to 

the increased precipitation in this season. Except this season. precipitation in other 

seasons and the annual average are slightly reduced (by 0.1 mm/day for the annual 

mean). Changes in the root zone soil water are minor at this point probably due to 
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the h c t  that soil a t  this low topography has higher water content (or higlier ~ a t e r  

table) a t  most of the time. Somehow, this can be verified by the smaller magnitude 

of changes in the infiltration and runoff than at  point -4. Again more significant 

increases can be found in the first soil Iayer wetness ( S W ) .  Increased soil wetness 

caused increases in groiind evaporation. 

As a result of the increased ground evaporation. latent heat Hus increaseci. and 

togcther with the slightly reduced sensible heat flux (SHX). cools clown the surface 

tcmperature at this mountain foot point, by 1 - X for most seasons and 1.1Ii for the 

VCiW. 

Terms listed in Table 5.3 for point B generally have the same features as thosc for 

point .l but with smaller magnitudes of changes. This is determined by its geograpliic 

location. between points A and C. but closer to -4. Point B receives infiows from 

iipstream grid cells (incliiding A)  and generates oiitflows to the doanstrenni points 

(incliiding C). The results in Table 5.3 shows that in most seasoris and the anriiial 

average point B gives net lateral water outfiows as point A. Therefore, al1 conclusions 

for point .A are also applicable to point B. 

In summary, the point budgets analysis conducted in this section more clearly 

confirmed the conclusions we got from the horizontal distribution analysis at  anot her 

geographic location. And Our conclusions are consistent with previous works (Bonan 

1996a: 1998) but wit h a more detailed esplanat ion. 

5.2.3 Sensitivity to  Time Scales 

So far. the analysis on the surface temperature is mainly based on the monthly means 

output from the rnodels. Now. before any further discussions on the impact of other 

climate variables, it is useful to check out a t  which time scale(month1y. seasonal or 

annual) the mode1 is most sensitive to the modification. 



Table 5.3: -1s in Table 3.2, but for Point B on the mountain dope. 

INF RUN EVA PRE RSW SCVl LHX SHX TSA 

Table 5.4: .AS in Table 5.2. but for Point C at the mountain foot. 

INF RUN EVA PRE RSW 1 LHX S H S  TSA 

DJF 5.06 0.23 3.80 5.23 0.31 0.69 3.50 1.93 301.79 

5 1.04 4.16 4.90 0.32 0.75 4.34 1.66 301.69 



We still take the surface temperature as an example and compare the seasonal 

rneans (Figure 5.15) and the annual means (Figure 5.16) with the niorithly nieans 

(Figures 5.1 1 and 5.12) given in the last section. 

Cornpared with the monthly means shown in Figure 5.11. the seasonal nieans. 

taking summer for an example. give the same pattern with weaker narrri-up. But 

significant difference can still be found betmeen the original and the niodifietl niodel 

rcsults at seasonal time scale. The least difference was found in the annual averaged 

surface temperature (Figure 5.16). in mhicli one can find nearly no ciifference h c r w ~ e n  

the original and modified model results. except the 260K and the 262K contours at 

the north-eut corner of the domain. 

Ttierefore. from a regional scale perspective. the model is most sensitive to thr 

rnociification at the rnonthly time scale. less sensitive at seasonal scale arid least 

sensitive at the annual time scale. 

Cornparisons between the two models' results for consecutive yars '  arinual aver- 

ages (not shown) show that the impact of the modification is getting wcaker wlieri 

tirrie scale increases. However. the impact still visibly exists. This implies that. froni 

a regional scale perspective. the modification does changed the model climate at even 

seasonal and annual time scales. The changes at monthly tirne scale are not noises. 

From the T-test results in section 5.4. one can easily find that. in a global view. 

even the annual averaged surface temperature (for 8 p a r s )  is significantly changed 

by the modification in many regions. especially in vicinities of high topography. 

5 -2  -4  At mospheric Temperat ure 

In last section: from a regional scale perspective, the model result analysis has con- 

vinced that the modification in the runoff parameterization does have important im- 

pact on the surface climate. Now' from a global perspective. letk see mhat tiappened 
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.re 5.15: Seasonal surface temperature (K) for summer (June, July an( 

hereafter), cornparison between the simulated fields by the original and 

models. 

i August. 

the mod- 
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Figure 5-16: i\nnual average surface temperature (K), cornparison between the sim- 

uiated fields by the original and the modified models. 
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to the basic thermodynamic structure after the modification is added into the model 

by checking the zonal averages of atmospheric temperature and specific humidity. 

Two of the most basic of al1 climate properties are the structures of the tempera- 

ture and rvater vapor fields. To interpret the simulation quality of these fields. Hack 

et al. (1998) compared them (from the original CC'VI3/LSM) to the XCEP/NCAR 

global teanalyses (Kalnay et al. 1996). As a continuation of his studies, we will 

compare our modified model result to Hack's results (Hack et al. 1998) to recogiiize 

improvements or deficiencies of the modified model. 

Figure 5.17 shows the original CCM3/LSM seasonal winter (December. . h u a -  

and February, DJF hereafter) and summer (JJA) zonal averages of temperature differ- 

cnce from the respective NCEP climatolog. As Hack et al. (1998) concluded. overall, 

the original CCMJ/LSM does a very good job of reproducing the analyzed thermal 

structure, where the simulated temperatures are within 1-2K of the analyzed field 

for the domain bounded by the SON and SOS and 200mb. The original CCSI3/LSSI 

eshibits a weak warm bias in the low to middle portion of the tropical troposphere: 

and it poorly simulates polar tropopause temperatures which can be 10-14 I< colder 

than analyzed. Cold polar tropopause simulations have been documented to be a 

pervasive problern in atmospheric general circulation modeling (Boer et al. 1992). 

Tropical upper troposphere temperatures are also pooriy simulated by the original 

CCSI3/LS'VI. Both seasons exhibit a zonal-mean cold bias of between 3K and 4 K  at 

the tropical tropopause. And the simulated temperatures at  high latitudes in the 

lower troposphere are colder than analyzed. 

In the cornparison between Our modified model simulated temperatures and the 

original model simulated temperatures (Figure S.18), in winter? the modified mode1 

improved much on the simulated temperature at middle and high latitudes in the 

whole troposphere, by giving a over 1.2K warmer center a t  the lower troposphere and 



another over 1.ZK warmer center a t  the upper troposphere. At the upper troposphere 

(around 60N. lOOrnb), the modified rnodel reduced the warm bias in the original 

rnodel by 0.2K. In the tropical upper troposphere. the modified rnodel improved the 

temperature simulation by OAK. Another improved area is in the middle troposphere 

between 30N and 30s. where the modified model slightly cools down the warm bias 

in the original model, with the most significant correction (0.31i) a t  30s between 

GOOhPa and %OhPa. A slight warming can also be found in the middle troposphere 

at the south polar area. where the modified model reduced the cold bias in the original 

model by over 0 .2K But the modified model slightly increased the cold bias in the 

upper troposphere at the south polar region by about 1K. 

In summcr. similar with in winter. the most significant improvement is foiind 

again in the north polar region but in the middle and lower troposphere. ni th a 

niauimum correction of over 0.6K. Another over 0.6K correction is foiind in the upper 

troposphere at  the south polar area. where the modified model reduced the cold bias 

ir i  the original model by about 0 . K  The warm bias in the middle and lower tropical 

troposphere was also slightly reduced by the modified model by 0.1-0.2K. again with a 

maximum at  30s between 6OOhPa and 2OOhPa as in winter. The most exciting point 

here is that the 0.6K correction at  the upper troposphere a t  the south polar area 

shows that the modified model also corrected the "cold polar tropopause simulation" 

by 0-GK. a pervasive problem in many r\GC;LIs claimed by Boer et al. (1992). This 

correction is a t  an over 80% significance level as shown in section 5.4. Hoivever. the 

modified model slightly increased the cold bias in the lower troposphere a t  the south 

polar region. 

The T-test results s h o m  in section 5.4 will show that most of the changes men- 

t ioned above are significant . 



Figure 5.17: Cross section of the seasonal zona1 averages of atmospheric tempera- 

ture(K) for Rrinter (D.JF) and sumrner (JJA), plotted is the difference between the 

original CCMJ/LSM result and NCEP/NCAR reanalyses. (Courtesy of Hack et al. 

1998) 
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Figure 5.18: Cross section of the seasonal zond averages of atmospheric tempera- 

ture(K) for winter (DJF) and summer (JJA)? plotted is the difference between the 

original CCMS/LSM result and the modified mode1 result, Le. MODEL.modi/ied - 
MODE L,@. 



5.2.5 Atmospheric Humidity 

The zonally averaged cross sections of specific hurnidity differences between the orig- 

inal CCSI3/LSM and the NCEP/?IC-AR reanalyses climatology are sliown in Figure 

5.19. When compared against the NCEP analysis, the original CC'.l3/LSSI sirnu- 

lated moistiire distribution appears to be in a reasonably good agreement. There is 

widence of a rneridionally broad low-level dry bias on the order of 1 g/kg in both 

D.JF and J J A .  with a weak moist bias in the ITCZ. The largest ciifference appears 

poleward of 303 during .JJA ahere a pronouncecl dry bias extends up through the 

niiddle troposphere. with mavimum values of 3.5 g/kg at 35N near the surfacc (Hack 

et al 1998). 

Figure 5.20 shows the zonally averaged cross sections of specific humidity ciiffer- 

cnces between the original and the mociified CCSI3/LSMs. In winter (DJF). the niost 

obvioiis improvement is found between 15s and 30s at lower troposphere. mlirre the 

moclified model reduced the moist bias in the original model by over O. Eg/kg. Be- 

tween the eqtiator and 30X the modified rnodel also slightly reduced the moist bias 

a t  the lower troposphere. X slight reduction of the dry b i s  in the original mode1 can 

also be found a t  the polar regions. Hoaever. the modified mode1 slightly incrcascd 

the moist bias a t  the middle tropical troposphere. 

In sommer (JJA),  the rnodified model reduced the moist bias up to 0.13 g/kg over 

the equator and the area between 20s and 30s a t  the lower troposphere. The dry 

bias at (10s. 600 hPa) and (15X: 850 hPa) is also reduced by the rnodified model by 

over 0.03 g/kg. At regions around (SON, 700 hPa) and (ES' 850 hPa),  the modified 

model reduces the dry bias by over 0.06 g/kg. Hoivever, the modified model presents 

no correction on the big dry bias between 3 0 s  and 60N in the original model. 

Significance check results on these changes in specific humidity brought by the 

modification can also be found in section 5.4. 



Because of the uncertainties in any single analysis of the water vapor field as 

clcscribed in Hack et al. (1998), he also compared the original CChIS/LShf with 

t lie S a t  ionnl Aeronau t ics and Space Administration (SXSA) Water Vapor Projec t 

('i\XP) precipitable nater climatology, the vertical integral of the specific Iiiimidity. 

Figure 5.21 shows the zonal- and seasonally averaged precipitable water for the orig- 

inal CCSIS/LShf. CCSI3/LSM, NVAP and NCEP (Hack et al. 1998). This figure 

shows a siniilar meridional bias in the JJA meridional distributiori of water vapor. 

whcrc a pronounced Northern Hemisphere dry bias is clearly indicatcd by the NVAP 

data. exceeding ~ k ~ r n - ~  (or 5 mm) over most of the region between the eqiiator ancl 

40s. 

Because the precipitable water is clefined as the vertical integrd of the specific 

humidity. changes in the vertical structure of specific humidity niade by the modifieci 

mode1 do not necessarily result in much difference iri the zoiial- and seasonally aver- 

aged precipitable water between the modified mode1 and the original model (Figure 

5.22). But slight improvement is still visible. In ninter. the moclified model simiilatcd 

precipitable water is closer to the XVAP climatology at  poleward of 20N. he twen 

5 and 15S, and between SON ancl ïOK. In sumrner, the niodified mode1 gives Iletter 

result a t  regions of poleward of -EN, ITCZ. and between 30s and SOS. 

The horizontal distribution of the precipitable water simulated by the original 

model. and its difference from the NVAP dataset are s h o w  in Figure 5.13 and 2.22 

For DJF and JJ.4 respectively. The CCMJ/LSi\I produces relatively minor seasonal 

changes in the precipitable water distribution except over Amazon Basin, central 

Africa. and in vicinity of the Indian subcontinent. These seasonal excursions of the 

rneridional maximum in precipitable water are primarily responsible for the meridional 

shifts seen in the zonal mean. Despite relatively good agreement in the zonal mean 

values. there are sorne signifiant regional differences between the original niodel 



Figure 5.19: Cross section of the seasonal zona1 averages of specific humidity ( x  IO-" 

Kg/Kg) for winter (DJF) and summer ( U A ) :  plotted is the difference between the 

original CCMSILShI result and NCEP/NCAR reanalyses. (Courtesy of Hack et al. 

1998) 
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Figure 5.20: Cross section of the seasonal zona1 averages of specific hurnidity ( x  IO-" 

Kg/Kg) for winter (DJF) and summer (JJA), plotted is the difference between the 

original CC-VIJ/LSM result and the modified model result., i.e. ;bfODELmodtfied - 

-\.IO ~ E ~ m * , , n . l  
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Figure 5.21: zonal- and seasonally averaged precipitable water (Kgm-') for the orig- 

inal CCSIS/LSM, CCMZ/LSM? XVAP and NCEP for winter (DJF) and summer 

( J J A ) .  (Courtesy of Hack et al. 1998) 
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Figure 5.22: zonal- and seasonally averaged precipitable water (Kgm-')for winter 

(DJF) and summer (.JJh), the solid line is for the original CChIJ/LShI and the 

dashed line is for the modified model. 



simulated water vapor field and the NVAP. The DJF simulation shows a large spatially 

coherent dry region stretching from the southern Indian Ocean eastward through the 

South Pacific convergence zone (SPCZ). and a second feature extending across the 

cquatorial Atlantic. Northern Africa, and into Northern India. These differences 

typically erceed 6 mm. representing approximately a 15% - 20% error. Similar. Lut 

more severe, regional differences are seen in the J J . 4  simulation. The atmosphere 

over warm continental surface appears to be systematically d r y  exceeding 10 mm 

ovcr large areas. where these differences represent local errors of 30% or more. Even 

oceanic regions exhibit a significant dry anomaly, as seen in . J J h  over much of the 

wcsterri Pacific. 

Ttie tiorizontal distribution of the precipitable water siniulated by the modified 

model. and its difference from the original rnodel simulation are shotvn in Figure 5.24 

arid Z.26 for D.JF and . J J A  respectively. In the DJF simulation. the niost significant 

improrement çan be found in Australia by about 2.5mmo and the vicinities of the 

Tibet Plateau by Imm. There are also some slight improvements in other areas. In 

the summer simulation. the difference between the rnodified and the original models 

appears larger than in the ninter simulation hecnuse the modification is dircctly 

related to precipitation. The modified model gives very obvious correction in Sortli 

America at the east Coast of the United States, in China - Russia area. especially at 

the vicinity of the Tibet Plateau. in Central hfrica. e s t  part of Amazon basin and 

slight correction a t  the central equatorial area. These corrections reduce the errors 

cliscussed in the original model. 

From the above two graphs, especially the JJA precipitable m t e r  plot, one can 

easily find that the modified model basically gives less precipitable water over liigh 

topography (the Rockies, Andes: and Tibet Plateau) and more precipitable water at  

the feet of these high topography. Changes in other areas, especially over the ocean, 
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mi& be related to the changes in the atmospheric general circulations. whicli will 

be discussed in section 5.4. 

5.2.6 Evaporation and Precipitation 

The evaporation and precipitation fields illustrate the properties of water exchange 

betweeri the atmosphere and the underlying surface. The zonally and annually aver- 

aged evaporation rate and E - P are shown in Figure 5.27 (where a comparable global 

ot~servational dataset does not exist). For this period (198ï-Lg94). the evaporation 

curves show that the most vigorous transfer of water to the simulatecl atmospliere 

occurs between 30s and 70N. with m u i m a  around XiV, the ITCZ ancl 20s. This 

pattern is slightly different from a typical pattern from a long-term CC'II3 sitriulation 

. wliich exhibits wvcll-pronoiinced evaporation maxima near 20s and 20s (Hack et al. 

1998). However. the consistency between this study and previous stiidies on the pre- 

cipitation horizontal distribution for this periotl will convince readcrs that the mode1 

perforrns properly (see the simulated ENS0 response section). The modified model 

reduced the evaporation between SON and 30s. The enhanced suppression of ewpora- 

tion in the vicinity of ITCZ convection is a more realistic feature of the CChl3/LSSI 

simulation. showing good agreement with corresponding oceanic estimates (e.g.. see 

O b ~ r h u b e r  1988: Doney et al. 1998: Kehl  1998). 

Because of the reduced evaporation, the modified model also reduced the zonai 

annually averaged E - P (bottom panel in Figure 5.27) while keeping the same 

pattern as from the original model. The regions 20N - 70M and 1 3  - 30s  are 

well-ciefined source regions of total water. where the deep Tropics and extratropics 

represent regional sinks of total water. The modified model slightly reduced the source 

regions of total nrater. 

The zonally and annually averaged precipitation rate is s h o w  in Figure 5.28 
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Figure 5.23: Global distribution of precipitable water (Kgma*) simulated by the 

original CCMJ/LSM, for DJF (top panel) and the difference with respect to the 

NVAP analysis. (Courtesy of Hack et al. 1998) 
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Figure 5.24: Global distribution of precipitable water (Kgme2)  simulated by the 

modified CCM3/LSM (top panel), and the difference with respect to the original 

mode1 result, i.e. MOD ELmdified - MOD ELmi,nal (bottom panel), for DJF. 
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Figure 3.25: Global distribution of precipitable water (Kgrn-2) simulated by t tie 

original CCM3/LSM, for JJA (top panel) and the difference with respect to the 

SV.-\P analysis. (Courtesy of Hack et al. 1998) 
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Figure 5.26: Global distribution of precipitable water (Kgm-2)  simulated by the 

modified CCM3/LSM (top panel), and the difference with respect to the original 

mode1 result, Le. MODELmodidilied - hlIODELm,ipnal (bottom panel)? for JJA. 



for the original CCh13/LSbly modified CCMS/LSM and the Xie and hrkin (1996) 

analysis. Generally the original CC'Vf3/LSLI overestimates the precipitation rate 

escept at  the ITCZ as shown in the upper panel. While the modified model drags the 

curves doser to the Xie and Arkin (1996) analysis at  most of the Northern Hemisphere 

and some areas in Southern Hemisphere. as shown in the iower panel. The most 

significant improvement can be found between l5.I and 60N, and betiveen the equator 

a i c i  60s. 

As seen in the seasonal rnean(Figi1re S.%). the modified model significaritly re- 

cliicecl the evaporation between %OS and 30s: a t  the ITCZ, and between ION and -ION 

in DJF. and between 30N and GON in JJ.4. where the maxima occur for corresponding 

seiisons. This figure also shows some difference from Hack et al (1998). The rvapo- 

ration in the tropics is srnall for both seasons, especially in the JJh. when the peak 

is btittveen 30N and 60N. 

The seasonal zona1 averages of precipitation rate (Figure 5.30) shows similar pat- 

terns witli the annual rnean (Figure 5.28) with slightly bigger difference t h r i  tliat 

bctwecn the original CC'VI3/LSSI and the S ie  and Arkin (1996) analysis. Thc origi- 

nal riiode1 simulated precipitation rates are generally overestimated in most regions. 

cspecially in the midlatitude storm track regions. The modified model slightly im- 

prores the patterns by increasing (decreasing) the precipitation rate a t  the uncter- 

estimatetl (overestimated) areas by the original model (Figure 5.31). In D.JF. the 

rnodified model improved the precipitation rate in most of the region between 30s 

and 30K. In summer, besides for the tropics. improvement can also be found in the 

niidlatitude storm track areas. 

The changes to both evaporation and precipitation produce differences in the 

seasonal distribution of the net tvater exchange (E - P) at the surface between the 

modified and the original models (see Figure 5.32). Both the original and the modified 



models produced a weaker source of total water between 15s and 35s diiring the 

Sortliern Hemisphere winter months and a very strong source region between 30N and 

75s (luring the Sorthern Hemisphere summer months. The modified model slightly 

rodiicerl the strength of the source regions of total water shere  maxima occur. 

Figures 5.33 and 5.35 show the DJF and .J.J.-\ global distribution of precipitiition 

for tlic S ic  and Arkin climatology and the original CCm3/LSII siniiilatiori (Hack et 

al. 1998). The cornparison between the original ancl the modified models is sliown in 

Figures 5.34 and 5.36. Overall. the original CC.\13/LSXI does a very credible job of 

sitnulatirig the principal fcatures of t hc observctl precipitation distribiition (see cietails 

in Hiick et al. 1998). Homever. a number of significant biases are apparent in the 

original niodel si~nulated seasonal structures. In Figiirc 5.33. the original rnoclel givcs 

an anomaloiis precipitation maximum in the D.JF pattern. in the western tropical 

Pacific. positioned well north of the observecl prccipitation masiriiurxi. The rtiodified 

rnociel corrected it by about 3 nirn/day (Figure -5.34). Vigoroiis ITCZ convection 

cstencls too far e s t  in the Pacific Ocean. and convection in the Indiari Owari is 

positiotied too far to the north a i t h  evidencc of a double ITCZ not reflected in the 

ol~servational data. mhere the rnodified mode1 corrected it  agnin by 1 - 2 rrim/clay. 

iIcstern Pacific convection exterids too far south into nort hwestern Aust ralia, where 

the niodified model corrected it by 3 m m / d .  And the original model tends to lock 

precipitation over the Andes Mountains. a problem in many other AGClIs (Hack et 

al. 1998). But the modified model corrected it by 2 mrn/day. This improvenient is 

directly related to topographic effects? and illustrates that the modified LSSI with 

more detailed topographic effects included gives a more realistic AGCM climate. 

Other improvernents can also be found at other locations. such as the overestimate 

tail in the southern Indian Ocean. 



E-P 

Figure 5.27: Zonally annually averaged evaporation rate (mm/day) (upper panel) and 

E - P (IV m-2) (lower panel) simulated by the original(so1id line) and the rnodified 

models. 
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Figure .5.28: Zonally annually averaged precipitation rate (mmlday) for the original 

CChIJ/LSiLI and Xie and Arkin (1996) (Courtesy of Hack et al. 1998)' and the 

cornparison between the original (solid line) and modified models (lower panel). 
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Figure 3.29: Zonally and seasonally averaged evaporation rate (mm/day) for DJF 

and J J A  sirnulated by the original (solid line) and the modified models. 
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Figure 5.30: Zonally and seasonally averaged precipitation rate (mmlday) in DJF 
and .JJ.A. for the original CCMJ/LShl and Xie and hrkin (1996) (Courtesy of Hack 

et al. 1998). 
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Ire 5.31 : Zonally and seasonally averaged precipitation rate (mm/day ) in DJF 

J.J.4, for the original CC?V13/LShI (solid line) and the modified model. 
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Figure 5.32: Zonally and seasonally averaged net water exchange rate(E - P) (1Vmd2) 

for DJF  and JJA simulated by the original (solid line) and the modified models. 



In the original mode1 simulation. the J J X  distribution (Figure 5.35) shows erces- 

sive convective activity over central Xmerica erroneously extending eastward into the 

Caribbeati. with aeaker than observed precipitation in the eastern Atlantic. Slight 

irnprovement can be found in the modified niodel with a magnitude of about 1-2 

rriai/day a t  t tiese locations (Figure 3.38). There is also an anomalous precipi tation 

niasima over the Arabian Peninsula in the original model sirnulated precipitation, 

wlicrc the rnodified mode1 corrected it by about 2 mm/day. The moclified rnodel 

~ l s o  correctecl the unrealistic meridional separation of the ITCZ in the west-central 

Pacific giveri hy the original model. by a long high band of up to 3 mm/day in Figure 

3.36 (lower panel). The anomalous precipitation rnâuimuni in the north subtropical 

central Pacific nas corrected by the modifieci mode1 €y about 2 mm/day. Xriotlier 

iniprovement can be found around the Tibet Plateau. where the original mode1 gives 

ati anomalous precipitation maximum. and the modified rnodel corrected it by about 

2 nim/day. and gives more precipitation a t  the east side of the Plateau. This pattern 

is closer to the observed one. This is another example illustrating ttiat the inclusion 

of topographic effects into the LSM makes the AGCSI more realistic. 

5.2.7 Simulated ENS0 Response 

The AGCM sirnulated EXSO response can be illustrated by cxamining the longer- 

term average precipitation differences between a warm and cold event. an annlysis 

technique that  helps to mâuimize the obsenred response (Hack et al. 1998). Figure 

5.37 shows the seasonal differences between DJF 1957 and DJF 1989 (Le.. warm mi- 

nus cold event) For the l i e  and Arkin precipitation data and the original CCMS/LS'\L 

result (Hack et al. 1998). And the modified model result and the differences between 

the modified and the original models are shown in Figure 5.35. Cornparison between 
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Figure 5.33: Global DJF distribution of precipitation rate (mmlday) for the Sie and 

Arkin (1996) precipitation climatology, and as simulated by the original CCh13/LSM. 

(Courtesy of Hack et al. 1998) 
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Figure 5.34: Global DJF distribution of precipitation rate (mmjday) for the modified 

mode1 and the difference between the modified and the original models (lower panel). 
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Figure 3.35: Global JJA distribution of precipitation rate (mmlday) for the 'Cie and 

Arkin (1996) precipitation climatology, and as simulated by the original CCB.I3/LSLI. 

(Courtesy of Hack et al. 1998) 
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Figure 5.36: Global JJA distribution of precipitation rate (mmlday) for the modified 

mode1 and the difference between the modified and the original models (lower panel). 



the top panels of Figures 5.37 and 5.38 shows that the modified model can still repro- 

duce the main features of this ENS0 event as the original model does. This implies 

that the modification is physically consistent with other processes in the original 

mode1 and, the modifieci mode1 performs properly. The most obvious improvement 

by the rnodified model was found in the Indian Ocean. The original model gives a 

tiigh there. while the rnodified mode1 gives a low as in the observation. 

5.2.8 Annual Hydrologic Cycle 

Figure 5.39 shows the annual cycle of globally averaged precipitable water (represent- 

ing the storage of water vapor in the atmosphere), precipitation. and the difference 

between the evaporation and precipitation, for CChIZ/LSM, the original CCXIJ/LShl 

aritl the corresponding observational estirnates (Hack et al. 1998). The est irnates of 

precipitation rate are taken from Xie and Arkin (l996), who have constructecl global 

tlistrit~utions of monthly precipitation by combining data from gauge observations. 

several different satellite retrieval estimates and predictions from EChlWF opera- 

t iorial forecast model. Observational estimates of precipitable water are taken from 

the S\-AP, which combines water vapor retrievals from TIROS-N Operational Ver- 

tical Sounder (TOVS) and the Special Sensor Microwave/Imager (SS;LI/I) platforms 

wit h radiosonde observations (Randel et al. 1996). 

The CCSIJ/LSM simulation is systernatically drier than the NVAP estimates. In 

al1 cases, the global annual cycles shown in the first panel of Figure 5.39 are dominated 

by a stronger seasonal cycle in precipitable water over the Northern Hemisphere. The 

seasonal cycle in precipitable water is fueled by an imbalance in the globally nveraged 

evaporation and precipitation, where the precipitation term e-xhibits a similar seasonal 

peak during the Nort hem Hemisphere summer mont hs. The imbalance responsible for 

the annual cycle in precipitable water turns out to be very small, measured in fractions 



Figure 5.37: DJF8'ï-DJF89 (warm-cold) precipitation rate anomalies (rnm/day) for 

the Xie and Arkin (1996) precipitation climatology (top panel), and as simulated by 

the original CCM3/LSM. (Courtesy of Hack et al. 1998) 
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Figure 5.38: DJF87-DJF89 (warm-cold) precipitation rate anomalies (mrn/day) for 

the rnodified mode1 and the difference between the modified and the original models 

(lower panel). 



of a watt per square meter, as shown in the third panel in Figure 5.39 (mhere the 

ciirve labeled OBS is derived from the NVAP and Xie and Arkin datasets). 

The comparisons between the modified and the original model simulations of the 

annual cycles are shown in Figure 5.40. The annual cycles in this fi y r e  are very 

similar mith those shown in Figure 5.39. with slight differences. For example. the 

maximum for the precipitable water for this study is in August and September. instead 

of .July and -4ugust in Figure 5.39. The maximum of precipitation is in -4iigust for 

this period. instead of .July in Figure 5.39. which mas derived from a 15-year run 

(1979-1993). And conseqiientl- the turning point from source of total water to sink 

of total water was located in .August? instead of July in Figure 5.39. A11 these slight 

ciiffcrences are most possibly due to the shorter sarnple length (8 years) from the nem 

simulations than Hack7s (15 years). However. shorter time simulation can reflect the 

climatology of that specific period, while longer time simulation can be used to tierive 

more general climatology. 

Thc first panel in Figure 5.40 shows strong annual cycle in the precipitable water 

with a müvimum in hugust. The modified model slightly irnproved the original niodel 

t ietwen September and October. while it failed to improve the original model in other 

months. This is possibly due to the modification in the runoff parameterization is 

more effective when there is more surface water supplies during summer and fall. The 

annual cycle of precipitation rate (middle panel) has its mavimum in July and August. 

Khile keeping the observed pattern from Xie and Arkin (1996). the modified model 

slight ly improved the original model on the annual cycle simulation of precipit ation 

through the whole year except October. lnterestingly, Bonan (1998) himself compared 

his CChIJ/LSZVI simulated precipitation with Legates and Willmott (1990). instead of 

Xie and Arkin (1996): which claims substantial differences from Legates and Wiilmott 

(1990). The patterns of precipitation and evaporation determined the pattern of the 



riet water exchange E - P (third panel). The imbalance between evaporation and 

precipitation is a little bit larger than that presented in Hack's long time integration 

(Figure 5.39). And the pattern is very similar with that in Figure 5.39 with the 

tiirriing point hetween water source and sink moved to August by the precipitation 

peak. Hoivever? the modiEed model again improved the E- P annual cycle throiigbout 

the whole year. 

5.3 Potential Impact on the Environment 

Tlitl LSM simulates the exchange of CO2 from plant growth (photosynthetic CO2 

iiptake: maintenance and growth COÎ loss) and CO2 loss from microbinl respiration 

(i.c. decornposition) (Bonan 1996b). This is a very complicated process related to 

triany biociieniical processes. In this short section. we are not goirig to clisciiss the 

tlctailccl mechanism of the CO2 flux in the model. instead. we jiist rvant to find 

out the changes in the net CO2 flux between the land surface nrid the atmosphere 

the modification may introduced. compared mith the original mode1 result. Bonan 

(1998) and Craig et al. (1998) have concltided the efficiency and the importance of 

the inclusion of CO2 Bus into LSM coupled to AGCXls. 

Yote, only the net CO2 exchange between the land surface and the atrnosphere. 

not the atmospheric CO2, will be discussed because we did not have the oiitput 

of the atmospheric CO2 from Our -4GCXI. Craig et al. (1998) lias addressed the 

impact of the net CO2 exchange between the land surface and the atmosphere on 

the atmospheric CO2 simulation. M e r  finding out the changes the modification 

may introduced. compared with the original model result. we can try to figure out 

the potential impact of the modification on the atmospheric COz, and thus on the 

carbon cycle in our environment. 



Figure 5.39: Annual cycle of globally averaged precipitable water (mm), precipitation 

rate (mmlday), and the difference between the evaporation and precipitation (E-P) 

( Wrn-')  : for the original CCMJ/LSM, CCM2/LSM, and corresponding observational 

estimates. (Courtesy of Hack et al. 1998) 
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Figure 5.40: Annual cycle of globall- averaged precipitable water (mm), precipitation 

rate (mm/day), and the difference between the evaporation and precipitation (E-P) 

(IVrn-*), the solid line is for the original CC'I13/LSBI and the dashed line is for the 

modified model. 



Figure 3.41 shows the annual cycle (top panel) and the zonal- annually averages of 

net CO2 Ru?r(prn~lm-~) derived from the simulation for the period from January 1987 

to .Tanuary 1995. for the original (solid line) and the modified (dashed line) models. 

The inclusion of the topographic effects into the LS51 generates more CO2 flux into 

the atmosphere for the tvhole year cycle and on the mhole globe. with the general 

patterns iinchanged for either the annual cycle or the zonally annual average. The 

pol~ward zero values are due to the calculation of the COz flux in the LSM is done 

oriiy on land, not on ocean surfaces or frozen surfaces where no plants grow. This can 

be foiind in the seasonally averaged CO? flux horizontal distribution in Figure 5.42. 

Plotted in Figure 5.42 is the difference of the simulated C O  flux between the 

original and the modified models. In the Northern Hemisphere winter (D.JF), the 

motlified mode1 produces about 0.5 prnolrn-L more CO? flux than the original model 

in niost regions. At the mean time, the modified model produced more CO2 Rus than 

the original mode1 at  some areas in r\niazon basin. the top of the Andes hlountairis 

(cip to 3 pnolrn-'), and some areas in the Central Africa (up to 2 pnolrn-'): And it 

produced less CO2 flux than the original model at  the northeast of Australia (about 

1 pmolm-'). the east coast of south Africa (by about 2 Ctmolrn-2). and at  the lee 

side of the Andes in South America (about 2.5 pmolm-?). 

Slore significant changes can be found in the Northern Hemisphere summer (J.J.4) 

horizontal distribution (bottorn panel in Figure 5.42). The modified model substan- 

tially reduced the CO2 Eux in the eastern U.S. by abolit 1.5 pmolm-'; at  the down- 

stream side of the Amazon and the lee side of the Andes by 1.5 p d r n - * :  Other 

reduced areas (around 1 p r n ~ l r n - ~ )  c m  be found a t  the Mackenzie River basin in 

Sort  h America, Russia. around the Tibet Plateau, the Yellow River area. North Aus- 

tralia. and in Africa? etc. The most significant increase of the CO? flux given by the 

modified model is a t  the south foot of Wimalayas and over the south portion of the 



Rocky SIountains. y -  about 4 pmolm-'; Other increased areas are sorne areas iri the 

iipstream of the Amazon. and in the ALPS rnountain areas in Europe. 

In summary. compared with the original model result, the iriodified model pro- 

cliicccl more CO2 flux over higher topographie areas. less CO2 Rus over lower topo- 

graphie areas. when the modification on the runoff parameterization affects rriore on 

the nioclel clirnate in correspontling hemisphere. And changes in the net CO2 between 

the laricl surface and the atrnosphere must have an impact on other lower houndary 

I q c r  mriables through very cornplicated biochemical mechnnism (Bonan 1996b: Bo- 

rian 1998). and further have an impact or1 the atmospheric CO? clistribiitiori (Craig 

r.t al. 1998). ttius must affect the carboii cycle in the global environment. 

Craig et al. (1998) concliicled that errors in temperatiirc ;iricl prccipitatiori sirriiila- 

tions cause anomalies in the atmospheric CO2 field. Our analysis on ternperatiirc and 

precipitation simulation in 1 s t  section shows many very encouraging irnprovcrrients 

in t tiese two fields. i.e.? the modified mode1 rcduces the errors in the temperature 

;mi  prccipitation simulations. Therefore. the modified model rnay iniprove t lie at- 

rnospheric CO2 simulation. More work or1 atmospheric COz simiilatiori is needcd to 

verify this point. 

5.4 Significance Check on the Modification 

l lany improvernents have been claimed in previous sections. To further confirm these 

improvements. in this section, ive are going to do somc significance tests on some typi- 

cal variables first. To get a comprehensive explanation, the impact of the modification 

on the basic atmospheric waves will be examined in the second subsection. 
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Figure 5.41: The annual cycle (top panel) and the zonally annual average of CO:, 

f lu~(przol rn-~)  derived from the simulation from January 1987 to January 1990. for 

the original (solid line) and the modified (dashed line) models. 
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Figure 5.42: Global distribution of net COz f l ~ x ( ~ r n o l r n - ~ )  for DJF (top panel) and 

.LI.-\. Plotted is the difference of the simulated net CO2 flux between the original and 

the modified rnodels? i.e., MOD ELmodified - MO DE Lmiginal. 



5.4.1 T-test on Surface Fields 

The Stiident's t-statistic was used to identify significant changes between the modified 

and the original model results. The advantage of using the t-statistic is that al1 areas 

ancl times are standardized with respect to each other by consideration of the variance 

(Karl and Riebsame 1984). 

Chervin and Schneider (1976) used the next quantity to determine the statistical 

significance of climate experiments wit h AGCSIs. 

whcrc x and y are two samples with length of m and n respectively: 3 and j are 

averages of x and y respectively: and s is defined as following 

In this thesis' x is the original mode1 result and y is the modified model resiilt. 

They have the same sample length in this study. which is 8 (years for annual averages 

or seasons for seasonal averages). With this sarnple length. areas with 1 t 1 values over 

1.345 have significance levels over 80%. Positive values rneans the niodified model 

increased the variable and negative values means the modified model decreased the 

variable. 

Again, we will begin the significance check with total runo@ the most modification 

related field, tlien surface temperature and surface pressure. After this. we will check 

the t-test scores for the vertical cross sections of atrnospheric temperature and specific 

humidity corresponding with Figures 5.18 and 5.20. 

T-test scores of total runoff are plotted in Figure 5.43. Shaded areas are those with 

over 80% significance level. Significant changes can be found at most big topography 

vicinities. Generally, the total runoff is reduced at  higher topography sites (dong  



iiiountain bodies). and increased a t  the lower topography sites (dong rnountaiii feet). 

This niechariism is rnost clcarly demonst rated a t  the Andes !dountairis ricinit ies, most 

prohably due to its dimensional simplicity compared with other regions over the world 

( c g .  the Rocky Mountains ancl Tibet Plateau. etc.). This niechanisni is also niost 

clearly shown up in this area in the surface temperature analysis (Figures 5.44. 5.4s. 

and 5.46). That  is wtiy ive chose this area for the point budgets analysis in section 

5 . 2 2 .  

Prrsentecl in Figure 5.44 arc the t-test scores on the annual nveragcd surface 

tciiiperature and surface pressure. Areas with significance levels orer 80% are sli;irlecl. 

And contours betwcen -1 and 1 are not plottecl. From the upper pariel of Figure 5-44, 

the rnost significant changes are found a t  the vicinities of the .Arides .\loiintains i r i  

South Anierica. showing a heating (over mountains) and cooling (1t.e sitlr of the 

moiintnins) dipole. Relatircly significant changes can also be fooiinrl iri tht? Titwt 

Plateau vicinities, rnost areas of Africa. Riissia and Skxico. Aiistraiia arid orer the 

wntral .Antarctic. T-test scores for the annual averaged surface pressure rcvcal several 

areas with significant rises. For example a t  the central Pacific' north-mest of Europe: 

and four areas with significantly lowered surface pressure. the w s t  c o s t a l  area of 

South Arnerica! east Atlantic ocean and North Africa, the Central and Souttiern 

hitecl States. and over the North Pacific ocean and the Central Arctic Oceun. Xo 

significant changes are found at the nort h portion of the Rocky Iloiintains vicinities 

in this annual time scale analysis. That is why Ive did not see much difference in 

Figure 5-16 in last section. This is possibly due to the less precipitation (at  the north 

portion of Rockies). which is directly related to the modification. 

In the J J A  t-test scores of the seasonal averaged surface temperatiire and surface 

pressure (Figure 5.45). more significant changes are found generally a t  similar loca- 

tions as in the annual analysis. The highest score for surface temperature changes 



from 6 to 10 (over the Tibet Plateau). And the areas with significant changes are 

lnrger than in the annual analysis, especially for the surface pressure. Signifiçant 

changes of surface temperature show iip dong the whole Rocky Slountairis at this 

seasonal tirne scale. The surface pressure is significant ly lowered across tlie Central 

hfrica. a t  the downstream side of the Rocky Mountains througtiout to the east coast 

in Sorth Anierica. and over the ocean to the west of South America. Surface pressure 

significantly rises over the Central ancl Eastern Europe. over the Pacific Occan and 

over the Bellingshausen Sea area betwcen the South Atnerica and the Antarctic. 

Compared with the DJF t-test scores of the seasonal averaged surface tempera- 

turc and surface pressure (Figure 5.46) ancl the atinual t-test scores (Figure 5.44). the 

niodification brought the most significant changes to both the surface temperature 

ancl the surface pressure in the Yort hern Heniisphere summer. This is uiiderstariclat>le 

hrcause the runoff parameterization is niainly based on precipitation. So. t lie niociifi- 

cation is very serisitive to precipitation. the more precipitation. the more impact the 

modification will cause to the mode1 climate. 

From the t-test for the surface pressure. one will easily raise a qiiestiori: the 

niotiification made to the niodel is on land. tvhy has the surface pressure changed 

over tlie ocean'? This reminds us to check whether the modification also changed t h  

basic at  mospheric structure. The folloning subsection will nnswer r his question. 

5 A.2  T-test on Atmospheric Temperature and Humidity 

Recalling Figures 5.18 and 5.20, one can remember that we claimed some small niirn- 

bers as significant changes in atmospheric temperature and specific humidity. Are 

the? really significant? Corresponding t-test scores for these two graphs are plotted 

in Figures 5.47 and 5.48. Again. the most significant changes are found in sumnier. 

d i i ch  is consistent with al1 of the previous analysis. The 0 . X  correction on the warm 
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Figure 3.43: T-Test scores on the seasonal averaged total runoff. Areas with signifi- 

cance levels over 80% are shaded. Positive areas represent the modified mode1 result 

is larger t han the original result. 



Figure -5.44: T-Test scores on the annual averaged surface temperature (T,) and 

siirface pressure (P,) . Areas wit h significance levels over 80% are shaded. Positive 

areas represent the modified mode1 result is larger than the original result. 



Figure 5.45: T-Test scores on the seasonal ( J J A )  averaged surface temperature (Ts) 
and surface pressure (P,) . Areas with significance levels over 80% are shaded. Positive 

areas represent the modified mode1 result is larger than the original result. 
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Figure 5.46: T-Test scores on the seasonal (DJF) averaged surface temperature (T') 

and surface pressure (P,) . Areas wit h significance levels over 80% are shaded. Positive 

areas represent the modified mode1 result is larger than the original result. 



bias at  the middle tropical troposphere in DJF in Figure 5.18 is not small. it is with 

an  over 80% significance level. The 1.2K correction at  the lower polar troposphere 

for DJF is also a t  80% significance level. The most significant changes in the siimmer 

atmospheric temperature are found at  the rniddle troposphere at the north polar re- 

gion. with a high t-test score of over 3.0. The warm-up a t  the 30s is also a significant 

change. The 0.6K correction of the cold troposphere temperature simulation is indeed 

at an over 80% significance level. 

Corresponding with the most significant changes in the summer atmospheric tem- 

perature are the most significant changes in atmospheric specific humidity at the same 

region (Figure Z.48). This significant change in atmospheric nioisture the rnodified 

mode1 generated is most probably due to the simple treatment of the surface processes 

in the polar region in the original model. The increased nioisturc coiild cause more 

latent hcat release in the air column and thus increase the atmospheric temperature 

in the  air column ( s h o w  in Figure 5.47) and, consequently, improves the model sim- 

ulations of these basic atmospheric variables in this region. This implics that the 

modification makes the LSM more realistic and forces the AGCM to generate a more 

realistic clinlate. 

Besides the most significant changes in the north poIar region. the correction of 

the moist bias a t  the lower tropical troposphere and the correction between 30s and 

G O S  are also significant. The deficiency over 30N in the moisture is also reported to 

be significant. As mentioned in last section, this problem is most probably rooted in 

the AGCM. No significant changes in specific humidity are found for the DJF season! 

mainly due to the fact that the ground surfaces are frozen during winter. 

To esplain the significant changes over the ocean brought by the modification 

made over land, we have proved that the basic atmospheric structure was changed 

by presenting the significant changes in the atmospheric temperature and specific 



Ii~irnidity. In nest subsection we are going to further this discussion by describing the 

significant changes the modification brought to basic atmospheric waves and general 

atmospheric circulations. 

5.4.3 Impact on the Atmospheric Waves 

In rtiis subsection. we are going to identify the changes in the basic atmosphcric waws 

brouglit by the modification by extracting the single harrnonic waves froni 5OOhPa 

iiiid 85OhPa geopotential heights. using fast Fourier trnnsforrn (FFT) (Press et al 

1996). 

The power spectrum is a very usefiil qiiantity to examine the chariges iri the at- 

niosplieric waves. Plotted in Figures 5.49. 5.50, and 5.51 are the p o w r  spectra for 

the first ten n w e s  dong  the 4 5 3  latitude. extractecl from the 5OOhPa and S5OliPa 

geopotcnt ial heights. for the annual average. J.J.4 average and D.J F average. respec- 

tively. The 4.59 latitude represent middle latitude in Yorthcrn Hemisphere. where 

the dominant wave a t  the 5OOtiPa level is Rossby tvave which is the most important 

wave in this area. Another reason to analyze this area is that this area is a reasonnble 

mixture of land (with moderate complex topography) and ocean than in othcr areas: 

To ident ify the relative significance of the changes between the high level (5OOhPa) 

and lon level (85OhPa. closer to the land surface), power spectra on 85OhPa is also 

plotted. Only the first ten waves are plotted in these graphs because the naves after 

the tenth show little changes by the modification. 

Going through Figures 5.49.5.50 and 5-51. one can easily find that the modificatiori 

only changed the first 6 waves, with the most significant changes a t  the first wave 

followed by the second wave. Waves after the sixth show nearly no changes. On 

300hPa (upper panels), the modification reduced the power of the first wave most 

significantly in the DJF season (over 100), less in the annual and seasorial averages 
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Figure 5.47: T-Test scores on the seasonal averaged atmospheric temperature cor- 

responding with Figure 5.18. Areas with significance levels over 80% are shaded. 

Positive areas represent the modified mode1 result is larger than the original result. 
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Figure 5.48: T-Test scores on the seasonal averaged atmospheric humidity correspond- 

ing with Figure 5.20. Areas with significance levels over 80% are shaded. Positive 

areas represent the modified mode1 result is larger than the original result. 



(around 30). For the second wave, the modification also reduced its power in the 

anriual and J J A  averages, while increased its power in the DJF average. On 8JOhPa. 

the poiver reduction on the first wave has the maximum in the DJF average (about 40)? 

less in the JJA average (about 1:). and the least in the annual average (just 2.5). The 

power of the second wave is increased by the modification, a i t h  the maximum increase 

in the J . J A  average (about 13), less in the DJF average (10) and the least (minor) 

in t hc annual average (about 2.5). Comprehensive cornparison between 5OOhPa. and 

S5OhPa. the modification brought more significant changes on the Rossby waves on 

.500hPa than on the waves at 850hPa. 

What exact changes has the modification brought to each wave'? Plotted in Figure 

-5.S- are the first six cvaves extracted from the J J A  average of the SOOhPü geopotential 

height dong  the 45N latitude. These waves arc those s h o w  in Figure 2.20. The niost 

sigriificant changes are found in the first t no  waves. less significant changes in the t hird 

ivave. and very slight changes in the Fourth. the fifth and the sixth waves. This can 

be Furt hermore convinced by the corresponding t-test scores on t hese changes (Figure 

.5.33). Again, shaded areas are those with significance levels over 80%. More clearly. 

only the first three wave was significantly changed by the modification on 5OOhPa, 

shilii on 8SOhPa, significant changes can also be found in the sixth ivave. with no 

significant changes in the fourth and the fifth waves. 

Significant changes in these atmospheric waves must show up in the basic at- 

mospheric circulations. For example. the Hadley circulation is mainly Rossb-wave- 

related. the significant changes mentioned above should have signs in the Hadley cell. 

Figure 5.54 and 5.55 will veri- this point. Plotted in Figure 5.54 and 5.55 are the 

zonally averaged vertical velocity ( w )  for DJF and JJA respectivel. More signifi- 

cant changes were found in the Yorthern Hemisphere winter (Figure 5 - 5 4  than in 

the Southern Hemisphere winter. This is possibly due to the much less and rnuch 



Figure 5.49: Power spectra (m') for the first ten waves dong the 4% latitude. ex- 

tract ed from the annual averaged 5OOhPa and 850hPa geopotential heights. Solid line 

is for the original rnodel and the dashed line is for the modified rnodel. 
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Figure 5.50: Power spectra (mZ) for the first ten waves along the 45N latitude. ex- 

tracted from the seasonal ( U A )  averaged SOOhPa and 830hPa geopotential heights. 

Solid line is for the original model and the dashed line is for the modified model. 
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Figure 5.51: Power spectra (m2) for the first ten waves along the 45N latitude. ex- 

tracted €rom the seasonal (DJF) averaged 5OOhPa and 85OhPa geopotential heights. 

Solid line is for the original model and the dashed line is for the modified model. 



simpler topography in the Southern Hernisphere than in the Xorthern Hemisphere. 

Therefore. the modification on LSM brought less impact to the Soiithern Heniisphere 

than the Northern Hemisphere. The modification intensified the Hadley ce11 in the 

Sorthern Hemisphere winter bu increasing both the upward and dowriward velocity 

over 0.05 hPa/s. l é r u  slight changes can be found in the Hadley ce11 in the Soiithern 

Heniisphere winter (Figure 5 . 5 5 ) .  

Ttie intensification of the Hadley ce11 could be explained by the rnechanism of 

Hadley circulation. The modification results in drier surface a t  higher topography 

and wetter surface at  lower topograptiy Drier surface has srnaller heat capacity than 

act ter  surface. Conseqiiently, drier surface is easier to be cooled down in winter. The 

overall result of the moclification in the Northern Hernisphere could be a coolcr land. 

wtiilc the modification almost does not affect the temperature in the equator area. 

This will increase the temperature gradient hetween the equator area and the niiddle 

lat i tilde. and t hus intensified t he Hadley cell. 

Another important circulation is the Walker circulation, which is mainly Kelvin- 

aavc-related. Cornparison between the mociified and the original mode1 results show 

little difference on the Walker ce11 (not shown). This is mainly due to the fact that 

the Walker Circulation is a circulation in the equator area, where there is much less 

and much simpler topography than where the Hadley Circulation occurs. Therefore. 

modification on LSM should not cause much impact on Walker cell. 

Summary 

The modification brought significant changes to the surface temperature, especially in 

the vicinities of big topography (the Andes. and the Tibet Plateau, for example). Gen- 

erally, the modification generates warmer surfaces at higher topography and cooler 



Figure 5.52: The first 6 waves along 45N on 500 hPa estracted from the seasonal 

(JJX) averaged 5OOhPa geopotential height. Solid lines are for the original mode1 

and dashed lines are for the rnodified model. The unit of amplitude is m. 
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Figure 5.53: T-Test scores for the first 6 waves along 45N extracted from the seasonal 

(JJ.4) averaged 5OOhPa and 850hPa geopotential heights. Shaded areas are those 

wi t h significance levels over 80%. 
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Figure 5.54: Cornaprison of the simulated Hadley cells represented by the zonaILy 

seasonal (DJF) averaged vertical velocity (Pals). The upper panel is For the original 

model and the lower panel is for the rnodified model. 
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Figure 5-55: Comaprison of the simulated Hadley cells represented by the zonally 

seasonal (JJX) averaged vertical velocity (Pals). The upper panel is for the original 

model and the lower panel is for the modified model. 
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surfaces at  the feet of the high topography? because t.he modification makes the sur- 

face drier a t  high topography and wetter at  its feet. Changes of the surface inoisture 

and temperature also caused significant changes in the atmospheric hurnidity at  the 

upper atmosphere, which quite possibly changed the latent heating from condensation 

and consequcntly. changed the atmospheric temperature. Even more. these changes 

resulted in significant changes of the Rossby waves a t  the middle latitude. Significant 

changes are also found for the mainly Rossby-wave-related Hadley circulation. It is 

the significant changes in the basic atmospheric structure that extend the impact of 

the LSM modification from land to regions other than lancl. 

Esplanations to the impact the Hadley cell, and to the chair1 reaction to the 

niodification from the surface variables to the upper Rossby waves given above are 

cpnlitative. Analytical explanations could be very difficult. especially for the irripact 

of the modification on the Rossby waves. Many previous researches are ori response of 

the equatorial Kelvin waves to simple forcing using very simple models (for esample. 

Gill 1980; Cil1 1982b; Horinouchi and Yoden 1996; Wang 1988: Wang and Rui 1990; 

L a n g  and Xie 1996; Webster 1972: Xie and Wang 1996). Similar nork as Gill (1982b) 

and Clarke and Liu (1993) could be possible to get an analytical solution to the 

question raised here about middle latitude Rossby waves, but that coulcl be nnother 

great thesis which needs a lot of work. Here 1 would like to end this subsection using 

Gill's words in his 1982 paper's summary (Gill1982b), showing the complicated chain 

interaction in the atmosphere. 

"When many waves moue tlirough a region, rain occurs when conditions are la-  

uorable, thus leading to a n  eventual drying out of the atrnosphere with saturation only 

just being reached during extreme events. The relative hurnidity of this state depends 

on the disturbance energy [evel. Evapomtion of moistvre from the surface urill tend 

to  restore moisture levelso however, thus balancinq the tendency of the disturbances to 



d r y  out the atmosphere. The relative Irumidity o/ the atmosphere and the crmount O/ 

precipitation that occurs depend on the balance between these processes." 



Chapter 6 

Conclusions and Discussion 

6.1 Main Conclusions 

\Crification of Bonan's LSbI by coniparing the simulated with the diagnoseci total 

rtirioff from NCEP/NCAR reanalysis data reported a problem ttiat Bo~ian's LSM 

does not include the lateral water eschange between neighboiiring gricl cells caiised 

by topographie dopes. Then. to fix this problem. based on previous rcsearch resiilts 

on river re-distribution models, a modification on the original runoff pararneteriza- 

tion was proposed and implernented in the original LSXI. Anaiysis showed that the 

modification made the LSM physically more realistic in simulating the horizontal dis- 

tribution pattern of total runoff. and furthermore. the improved LSM. as espectecl. 

forced the AGCM to give a more realistic climate. 

Verification of the Original CCMB/LSM 

Diagnosed runoff was estimated from XCEP/ZIC.\R reanalysis data for an 8 -ya r  

period from 1987 to 1994. Bonan's LSbI ivas run for the same period coupled to 
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SCAR's CCSL3. Cornparisons between the diagnosed and simulated runoff indicate 

t bat. the runoff parameterization can regenerate the overall pattern of the diagnosed 

rtinoff over land but with substantial overestirnates in sonie regions and urideresti- 

mates in others. A closer look at  the North .h-nerica and the NRB shows t h ,  the 

nrea intcgrals of runoff are fine in the NRB. but the riinoff paranietcrization canriot 

reproduce the reasonable diagnosed horizontal distribution pattern of runoff. wliicli 

is more important to the model climates. One of the possible reiisons is that topo- 

graphie effects are not includecl in the original runoff parameterizatiori. Lateral water 

fliiscs caused by topographie slopes not only affect the horizontal redistribution of 

runoff. but also directly affects the infiltration capacity. 

Modification on the Original Runoff Pararneterization 

Based on sonie previous research results ori river re-distributioii niodels. nioclifi- 

cation on the original runoff parameterization was proposed and iniplemented into 

the original model (NCAR's CCSI3/LS'\I). 'ilodification is in two aspects: the topo- 

graphie slopes cause outflows from higher topography (mountain tops) and infloms 

into the lower topography points (rnountain feet). Topographie slopes will also cause 

decrease of infiltration at  higher topography and increases of infiltration at  lower 

topography. The surface runoff and infiltration are adjusted according to the topo- 

graphie slopes between neighboring grid cells. 

Impact of the Modification on the Land Surface Climate 

Analysis from a regional scale perspective in the Canadian GEWEX basin. the 

SIackenzie River basin, shows that the modified runoff pararneterization can generate 

the expected horizontal distribution pattern of total runoff. which is much closer 



to the observed and diagnosed runoff horizontal distribution patterns. and which is 

much more consistent a i t h  topography and thus very easy to explain physically. This 

represents the improvements in runoff simulation over the original model. 

Bccause the LSSI uses infiltration as the boundary condit ions to solve tlie soi1 Iiy- 

draiilic properties incltiding the subsurface runoff. the modified nioclel d s o  changeci 

ot her land surface climate variables. Conscquently. the modifieci niodel gives l e s  

(riiorc) sub-surface runoff at higher (loiver) topography points ntiere irifiltratiori de- 

creases (increases). Iiicreases (ciecrenses) of infiltration increase (reclucc) t hc soil 

~vctriess at the top soil layer. and generally increase (reduce) the groiind ewporation. 

Tlien surface latent and sensible heat fluxes are changed ancl as a rcsiilt. surface 

ternpcratiire ni- also be changed. 

Impact of the Modification on the Atmospheric Climate 

Surface temperature nas changed by the modification and otir coiiclusions 

arc consistent with previous studies. At higher topography points. the niodificatiori 

rcsiilts in less infiltration into the soil: the reduced infiltration clrics tlie soil. reduces 

the surface latent heat flux. and conseqiiently raises the surface temperatirre. This 

nieclianism is very clearly denioristrated in the point budgets annIysis at tlie Andes 

Slountains vicinit ies. The analysis result and its interpretat ion in t his t hesis are more 

self-consistent t han in some previous studies. 

From a regional scale perspective. t ime scale sensit ivity analysis s l i o ~ s  t hat. 

the model is most sensitive to the modification at monthly time scale. less serisitive 

a t  seasonal scale and least sensitive at anniial time scale. 

Slore importantly. the modified model improved the original model on siniuiating 

the basic atmospheric climate properties such as. t hermodynamic features (structure 



of teniperature and specific humidity). precipitable water. net water exchange. and 

precipitation. 

In sunimer, the most significant improvement in the simulatecl vertical structure of 

zonally seasonally averaged atmospheric temperature. introdiiced by the rrioclifiecl 

model. is found at the north polar area by correcting the cold bias in the original model 

in t lie entire air colunin with a 1 . X  maximum at the Lower troposphere arid the otlicr 

at the upper troposphere: while the niost significant improvement iri winter is in the 

iipper troposphere at the south polar area and the middle troposphere at  the riorth 

polar region. where the modified niodel rediiccd the cold bias in the original nioclel 

IF owr O.6K Anci improvements can also be found at niany other rrb' I 

Zorially seasonally averaged cross sections of specific humidity clifferences he- 

tnrcn t hc modified and t hc original CC!d3/LShls show the most obvioiis improve- 

rrierits in the tropics at  lower troposphere, where the morlificd niotlel rctlucetl the riioist 

l ias  in the original model by iip to O.Pg/kg for both surnrncr and winter seasons. 

Because the precipitnble tvater is defined as the vertical intcgral of ttie spccific 

Iiiirnidity. changes in the vertical structure of the specific hurniclity made by thr rnotl- 

ified niodcl do not necessarily result in much difference in ttie zonal- and seasonally 

averaged precipitable water between the modified model and t hc original model. 

Biit slight improvements are still visible in our analysis. 

The modified model also obviously improves the simulation of horizontal dis- 

tribution of the precipitable water at  the Amazon basin. South America. Soiith 

Africa in winter; and at east side of the Rockies in North America. China - Rus- 

sia area. especially at the viciniîy of the Tibet Plateau. Central Africa. Northern 

Australia. and east part of Amazon basin in summer. 

Generally the original CCS13/LSBI owrestimates the zonally and annually pre- 

cipitation rate except at the ITCZ. While the modified model drags the cunes  doser 



to the Xie and Arkin (1996) analysis a t  most of the Xorthern Hemisphere iind some 

areas in Sou t hern Hernisphere. The rnost significant improvernent is founcl bctiveen 

2 3 3  and 603. and betiveen the eqiiator and 30s. 

Tlie modified model reduced the evaporation between 5OS and 30s. Ttiis en- 

Iianced suppression of evaporation in the vicinity of ITCZ convection is a more realistic 

fcatiire of t lie CCS13/LS.\I simulation. showing good agreement n i t  h corresponding 

ocranic estimates (e.g.. see Oberhuber 1988; Doney et al. 1998: Kielil 1098). The 

niodified niodel more obviously reduced the seasonal niean evaporation rate betweeri 

'LOS and 30s in D.JF. and bctiveen 30K arid 603  in the .J.J.A. where the maxinia occur 

for c:orresponcling seasons. Conseqiientl. the modifiecl modrl also reducctl the zorial 

mnually averaged net water exchange E - P. especially thc sourcc rcgioris of total 

water. 

Anaiysis of the global distribut ion of precipitation shows significant irnprove- 

mciits introduced by the niodification. Tlie modified niodel gives vcary obvious cor- 

rections for every significant bias the original mode1 gives as Hack ct al. (1998) 

rnentioned. Two v e q  good exampies directly related to topograptiic effects arc tlie 

rt!rnoval of the "precipitation lock" a t  the Andes !dountains in DJF (Hack et al. 1998) 

and the correction of the precipitation anornaly a t  the Tibet Plateau. These two cx- 

amples illustrate that the modified LSM including topographie effects gives a more 

realistic AGCM climate. 

The simulated 1987 ENS0 response tiras examined by checking the longer- 

terni average precipitation differences betiveen DJF 1987 (rvarm event) and D.JF 1989 

(cold event). The modified model can still reproduce the main features of this ESSO 

event as the original model does. This implies that the modified model performs 

properlx even though the patterns of the zonal- seasonally averaged precipitation and 

evaporation are different from those in other studies. The most obvious improvement 



hy the modified model was found in the Indian Ocean. The original nioùel gires a 

tiigh there. mhile the modified mode1 gives a low a s  in the observation. 

Analysis on the annual hydrologic cycle shows t hat. the modified rnodel sligiitly 

iniproveci the original rnodel betneen in Septcmbcr and October on the anriiiül cycle 

siniiilation of precipitable ivater. possibly due to the fÿct that the niorlification i t i  the 

riinoff paramcterization is more effective when there is more surfacc watcr siipplics 

during siimmer and fall. The modified model also slightly irnprovetl tlic origiriiil tiioclel 

on t lie annual cycle simulation of the precipi tation tliroiighout the wtiole y a r  tiscept 

October. and also improved the anniial cycle simulation of E - P tltrougliout rlic 

wholc year. 

Potential Impact of the Modification on the Environment 

The modified model produced more net CO2 flux over higlier topograpliic ar- 

tws. lcss CO? flux over lower topographic areas. when the tnodification on the riinoff 

parameterization hm stronger impact on the model climate in respective herriispliere 

scasons. And changes in the net CO2 Ails  between the laricl siirfiice and ttie iit- 

riiosphere tiiust have impact on other lower boundary layer variables through vrry 

complicated biochemical mechanism (Bonan 1996b: Bonan 1998). arid further tiave 

impact on the atmospheric CO2 distribution (Craig et al. l998), ttiiis must affect the 

carboii cycle in the global environment. According to Craig et al. (1998). clic riiodi- 

fied niodel may improve the atmospheric CO? simulation which is very important to 

global environment al studies. 

Significance Check and Impact on Basic Atmospheric Waves 



T-test scores show significant changes in total runoff. surface temperature. mois- 

tiire. resulting in significant improvements in the basic atmospheric thermotlynaniic 

variables. liumidity and temperature: and conscquently. the modification sigriificaritly 

changeci the basic atmospheric uwes  and tlius some of the basic atniospheric circu- 

lation. This confirms again that the modification on the LShI makes t h  LShI more 

realistic in some areas and force the AGCM to produce a niore realistic clirriate. It 

is the significant changes in the basic atmospheric structure that esterids the impact 

of the LSM niodifirration from land to regions other than land. 

6.2 Discussion 

Thcrc are niany ways in nhich topography affects regional and global cliniate. This 

t ticsis affected orle aspect of that: an indirect aay. Le.. topography affects t hc regional 

iirid giobal climate via its impact on the land surface hydrological processes. In fnct. 

the whole issue as to where precipitation falls in a moiintainous region is very rctlevant 

to this stiitly. The thesis "assumes" t h  this major prohlem is a "given" iincl tticn 

it considers the lateral transport of moisture arising from t hnt precipitation m c l  the 

sloping terrain. 

Although improvement over the original model introduced by the modification is 

dominant in the analysis. some deficiencies can also be found a t  some areas. Sorne of 

the deficiencies are rnost possibly rooted in the AGC'Vlo CChI3 in t his case (Hack at 

el. 1998). for example. the cold polar tropopause simulations have been docuniented 

to be a pervasive problem in atmospheric circulation modeling (Boer et al. 1992). 

These kinds of deficiencies can be improved by improving the approximation of the 

numerical schemes in the AGCSIs (Williamson and Olson 1998). However. a very 

encouraging conclusion is that the modified model even corrected some of tliese kinds 



of dcficiencies. sucli as the pec ip i ta t ion  lock" over the Andes .\Iountains. a problern 

in many other AGCIls (Hack et al. 1998). 

The modified mode1 gives a more realistic runoff horizontal distribut ion pattern. 

However. the calculation of the lateral water fluxes still needs to be refiricrl. For csam- 

ple. the water Hus caIcuIation double countcd t hc topographie height. Tliis dcfiriiteIy 

introdiicecl nonlinear effects on oiir adjustment on runoff and infiltration. To bcttrr 

testify the efficiency of the modification. longer niodel runs are needecl. alttioiigh the 

ciirrent 8-year run already shows rriany obvious iniprovcnients. This will be thcl ncst 

step on this study. Inter-comparison s i t h  other LS'vls (CLASS. \V.ATCL.4SS. ctc.) 

will also help for further irnprovenient on the runoff paraiiieterizatiori. 

More work is also needecl to verify the potential irnprovernent the modification 

may introduce to the atmospheric CO2 simulation whicli is vcry iniportarit to glol~al 

rnvironmental stiidies. And miich more efforts are needed to give ;i quantitative 

tisplanation on the response of the Rossby waves to the modification in t h  LSII. 
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