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Abstract

Diagnosed runoff was estimated from NCEP/NCAR reanalysis data for an 8-year
period from 1987 to 1994. Bonan's land surface model (LSM) was run for the same
period coupled to NCAR's CCM3. Comparisons between the diagnosed and simu-
lated runoff indicate that, the runoff parameterization in the original LSM cannot
produce a reasonable diagnosed horizontal distribution of runoff, which is important
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 has
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 at higher topography and increases of infiltration at lower
topography. Then changes in infiltration result in changes in soil moisture, surface
fluxes and then in surface temperature. This mechanism is very clearly demonstrated
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 explain physically. This represents a significant improvement
over the original LSM. More importantly, very detailed analysis from a global perspec-

tive shows many very encouraging improvements introduced by the modified model
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over the original model in simulating basic atmospheric climate properties such as
thermodynamic features, precipitable water, net water exchange, and precipitation.
The modified model somehow corrected some deficiencies evident in the AGCM. All
of these improvements in the atmospheric climate simulation illustrate that the in-
clusion of topographic effects in the LSM can force the AGCM to produce a more
realistic model climate. Analysis also shows that the modified model may improve the

atmospheric CO, simulation which is very important to global environmental studies.

i



Acknowledgements

During the course of my Ph.D studies, there were many rough periods which I could
not have overcome without the support of many individuals to whom I am whole-
heartedly grateful. The most outstanding figure among them is my thesis supervisor,
Professor Han-Ru Cho. My special tributes to him for providing me with a very en-
jovable educational experience, as well as his insights. encouragement, understanding,
patience and generous support. [ have learned from him not only the academic neces-
sities, but also the conducts of living. Thanks are also due to Professor W.R. Peltier
and Professor G. W. Kent Moore for many valuable discussions and for serving on
my supervisory committee. More thanks go to Professor G. W. Kent Moore for his
generous offer of his DEC/Alpha machine and the ECMWTF data in the early stage
of this project. I also wish to thank Dr. R. E. Stewart at the Meteorological Service
of Canada (MSC), the GEWEX Hydrometeorology Panel (GHP) Senior Scientist, for
his valuable encouragement of my research and his kind help on our joint publication.
Special thanks also go to Dr. G. S. Strong, Secretary of the Mackenzie Area GEWEX
Studies (MAGS). Professor E. D. Soulis at the University of Waterloo and Professor
D. P. Lettenmaier at the University of Washington, for their constructive cornments
on my research.

[ really want to say many thanks to Dr. Chi-Fan Shih at the Data Support Section
(DSS), Scientific Computing Section (SCD), NCAR. for his very kind help on using
the NCEP/NCAR reanalysis data. Sincere thanks are also due to Dr. Erik Kluzek in
the NCAR'’s CCM Core Group of the Climate and Global Dynamics (CGD) division.
for his very timely help in running the NCAR CCM3/LSM. Thanks also go to all of
those in the ccm-users news group who helped me in porting the CCM3/LSM to the
DEC/Alpha machine.

Definitely, many of my colleagues have contributed, one way or the other, to the

iv



success of my thesis. Together. they create a very stimulating and friendly environ-
ment. Thanks go to Dr. Jiansheng Zou. Dr. Shuzhan Ren, Dr. Zhenhao Bao. Dr.
Bovd Tolton and Mr. Qi Liu for their many fine discussions and comments, to Mr. V.
Smirnov for teaching me to use his ECMWF reanalysis dataset, and to Ms. Jennifer
Lukovich and Mr. Amit Ghosh for proof reading parts of the thesis and related publi-
cations. I also wish to thank Dr. Rosemarie Drummond and Dr. Djoko Wirosoetisno
for their extensive help on computer related problems, and Ms. Ana Sousa and Ms.
Marianne Khurana for their warmhearted help from administrative perspectives.

To my mother and my father, there are no words which can express my gratitude
to vou for your lifetime support. It is your understanding, character, trust and care
that brought me here today.

Finally, Lily Jianzhong Li, my wife and friend. [ owe half of my success to you.
You bring me the comfort and jov of life and always encourage me to concentrate on
my studies. [ also want to thank my son Tony Yuehua Liu. Your joyful spirit and

love have given me great strength.



TO

my mother, Xiaoyun Li
and

my father, Ji Liu

vi



Contents

Abstract
Acknowledgements
Table of Contents
List of Tables

List of Figures

1 Introduction

1.1 A Brief Review of Previous Studies . . . . . .. ... ... ......
1.2 Objectives of This Study . . . . . . .. ... .. ... .. ... ..
1.3 Structure of the Thesis . . . . . . ... ... ... ... .. .....

1.4 What's Newin ThisStudy . . . . . . .. .. .. ... ... .....

2 The Runoff Parameterization in the Bonan LSM
2.1 Introduction . . . . . . . . . . e e e e

2.2 Infiltration and Surface Runoff . . . . . . . . .. . ... ... . ....

ii

iv

vil

x1

[ T = —_ e W -



23 Soil Water . . . . . ...
2.3.1 Hydraulic Properties . . . . . .. ... ... ... ... ... .

2.3.2 Numerical Solution . . . . . ... .. ... ...

Verification of Bonan’s Runoff Parameterization
3.1 The Atmospheric Method to Diagnose Runoff

3.2 Topography and the Green Theorem . ... ... ...........

3.2.1 Introduction . . . . . . . . . . .. ...
3.2.2 Data and Methodology . . . . ... ... ... ... . ... ..
3.23 Results. . . . . . ...

3.24 Summary ... ...
3.3 The Numerical Model . . . . . . . .. ... ... ... ... ... ..
3.3.1 Initial and Boundary Conditions. . . . . ... ... ... ...
332 CCM3/LSMRuns . ... ... ... ... ... .. ....
3.4 The Verification Results . . . .. ... ... ... ........ ...
3.4.1 \Verification Results at the Global View . . . . .. ... .. ..
3.4.2 Detailed Verification Results in North America. . . . . . . ..
3.4.3 Detailed Verification Results in the MRB

3.5 Summary - A Problem of the Current Scheme . . . . . . . . . .. . .

Modification on Bonan’s Runoff Parameterization

4.1 Effects of Topography on Surface Water Redistribution . . . . . . . .
4.1.1 A Qualitative Explanation . . . . . ... ... .. .......
4.1.2 Quantitative Formulation . ... ... ... ... ..... ..

4.2 Implementation of the Modified Scheme . . .. ... ... ... .. .
4.2.1 The Simple Numerical Regime in Bonan’s LSM . . . . .. ..

4.2.2 Implementation of the New Scheme . . . . . . . ... ... ..

viil



Impact of the Modification on Climates

5.1 Impact on the Land Surface Climate . . .. ... .. ....... ..
53.1.1 Surface Runofft . . ... . ... ... ... ... . ..., ...
3.1.2 Infiltration . . . . . . ...
5.1.3 Sub-surface Runoff and Total Runoff . . . . ... ... ... .
3.14 Evaporation . . . .. ... ...
3.1.53 Soil Moisture . . . ... ... L

5.2 Impact on the Atmospheric Climate . . . . . ... ... ... .. .. .
3.2.1 Surface Temperature . . . ... ... ... .. .. .......
3.2.2 Point Budgets Analysis . . . . ... ... ... ... .. ... .
3.2.3 Sensitivity to Time Scales . . . .. . ... . ... ... ... .
5.2.4  Atmospheric Temperature . . . . . . ... ... ... ..., ..
3.2.53 Atmospheric Humidity . . . . .. .. ... ... ... .. ...
5.2.6 Evaporation and Precipitation . . . . .. . .. ... ... ...
5.2.7 Simulated ENSO Response . . . . . .. ... ... .......
5.2.8 Annual Hydrologic Cyvcle . . . . . . . ... ... . ... ....

5.3 Potential Impact on the Environment . . . . . ... ... ... ... .

5.4 Significance Check on the Modification . . . . . . . ... ... .. ..
3.4.1 T-teston SurfaceFields . ... ... ... ... ..... ...
5.4.2 T-test on Atmospheric Temperature and Humidity . . . . . .
5.4.3 Impact on the Atmospheric Waves . .. .. ... ...... .
544 Summary ... ...

Conclusions and Discussion
6.1 Main Conclusions . . . . . . . . ...

6.2 DIiscussion . . . . . . . ..,

ix



Bibliography 160



List of Tables

3.1 Comparison of line and area integrations from 00:00GMT January 01
to 12:00GMT December 31, 1994 in MRB, in the unit of m* . . . . .

3.2 Initial and boundary data sets for the T42 CCM3/LSM models

3.3 Comparison between diagnosed and CCM3/LSM simulated runoff in
the MRB, areaintegrals . . . . ... ... ... ... ... .....

5.1 Locations and topographic features of the three points chosen for point

budgets analysis. . . . . .. ... ... oo oL

(1]
[\]

Point A at the mountain top: mean infiltration (INF, mm/day). to-
tal runoff (RUN, mm/day), ground evaporation (EVA, mm/day). total
precipitation (PRE. mm/day). root zone soil water (RSW. fraction).
the first soil laver wetness (SW1. fraction). latent heat flux (LHX.
mm/day), sensible heat flux (SHX, mm/day). and the surface temper-
ature (TSA, K) for the four three-month seasons. Top numbers are for
the original model; bottom numbers are for the modified model. . . .
5.3 As in Table 5.2, but for Point B on the mountain slope. . . . . . . ..

5.4 As in Table 3.2, but for Point C at the mountain foot. . . . .. . ..

xi



List of Figures

2.1 Schematic diagram of the water cvcle in Bonan’s LSM. (regenerated

from Bonan 1996b) . . . . . . ... ... 8

| E]
]

Schematic diagram of the six-layer soil profile. Thermal propertics
(temperature T;; thermal conductivity k;; volumetric heat capacity ¢,)
are defined at the center (depth z;) of a layver with thickness Az,. The
hydraulic properties (volumetric water content §;; hyvdraulic conduc-

tivity k;; and matrix potential v;) are also defined at depth z,. . . . . 11

3.1 Computational area with ¢ contours (with intervals of 0.01) on 1000hPa
surface. Polygon ABCDEFGA frames the Mackenzie River Basin(MRB) 22
3.2 Computational area with ¢ contours (with intervals of 0.01) on 925hPa
surface. Polvgon ABCDEFGA frames the Mackenzie River Basin(MRB)
and area framed by polyvgon IBDQPONMLKIJI is underground. . . . 23

xii



3.3

3.8
3.9

3.10

3.11

3.12

4.1

Vertical profiles of horizontal moisture flux con/divergence (x 108K g)
over MRB, for monthly (the first 12 panels), a single time at 00:00GMT
on August 16 (x10°Kg), and the whole vear (x10°K’g) of 1994. as
labeled. The thick solid line is (LI),, the difference between the 2
terms on the RHS of (3.7). which was used to calculate I, thin solid
line is (A1), used to calculate I>; and dashed line was obtained by
calculating only the first term on the RHS of (3.7). . . . . ... . ..
8-vear accumulation of diagnosed runoff(m) at a global view. . . . . .
8-vear accumulation of the original CCM3/LSM simulated runoff(m)
ataglobal view. . . . . ...
8-vear accumulation of diagnosed runoff(m) in North America. . . . .
8-vear accumulation of the original CCM3/LSM simulated runoff(m)
in North America.. . . . . . . . .. ... L
8-vear accumulation of diagnosed runoff(m) at the MRB. . . . . . ..
The observed average annual runoff (cm) over Canada. (Courtesy of
Matthews and Morrow 1993) . . . . . . . .. ... .. ... ... ..
8-vear accumulation of the original CCM3/LSM simulated runoff(m)
atthe MRB. . . . . . . .. . .
Difference between the 8-vear accumulations of simulated and diag-
nosed runoff (m) in the MRB: Reoys — Raiagnosed- -+ - -+ - - - o . .
Topographic height (m) in the MRB resolved by the CCM3 with T42

resolution. . . . . . . . . .

Schematic showing the effect of slope. . . . . . .. .. ... ... ...

xiii

34
36

37
10

41

42

44



4.3

[
o

Schematic showing the lateral water fluxes in the main 4 directions.
The lowercase subscripts ¢ and o denote inflow to and outflow 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 fluxes in (4.4) are defined as: F, = F,y ~
Fovi: Fh=Fyw -Fw  F3=Fs—-Fysand Fy=Fig - Fop. . . . . ..
Schematic showing the calculation of slope between neighboring grid
cells. Plotted are two neighboring grid cells in the CCM3/LSM. with
2 as the topographic height of the left grid cell, and z; of the right
hand side grid cell; Az = z; — 2, is the difference in topographic height
between this two grid cells. The slope s is calculated in the dotted
triangle with Az and d as its two sides. i.e., s =Az/d. . .. ... ..

Flowing chart showing where the subroutine sip.f is plugged in.. . . .

Flowing chart showing the functions of the subroutine sip.f.. . . . . .

Total surface runoff(mm) simulated by the original (upper panel) and
the modified models (lower panel) for the period from Januarv 1987
to January 1995. The shaded background is the topographic height
resolved by the CCM3 T42 resolution. . . . . ... ... ... ... .
Total infiltration(mm) from January 1987 to January 1995. comparison
between the simulated fields by the original and the modified models.
Total drainage/ sub-surface runoff (mm) for the period from January
1987 to January 19935, comparison of the simulated fields by the original
and the modified models. . . . . . . .. ... ... oL

Total runoff (mm) for the period from January 1987 to January 1995,

comparison of the simulated results by the original and modified models. 67

Xiv

30



(S]]
[$]]

3.13

5.14

Ground evaporation(Wm~2) in August 1994, comparison between the
simulated fields by the original and the modified models. . . . . . . .
Ground evaporation(W m™2) in January 1995, comparison between the
simulated fields by the original and the modified models. . . . . . . .
Evaporation soil wetness (fraction) in August 1994. comparison be-
tween the simulated fields by the original and the modified models.

Evaporation soil wetness (fraction) in January 19935, comparison be-
tween the simulated fields by the original and the modified models.

Root soil water(fraction) in August 1994, comparison between the sim-
ulated fields by the original and the modified models. . . . . . . . . .
Root soil water(fraction) in January 1993, comparison between the
simulated fields by the original and the modified models. . . . . . . .
Surface temperature(K) in August 1994, comparison between the sim-
ulated fields by the original and the modified models. . . . . . . . ..
Surface temperature(K) in January 1993, comparison between the sim-
ulated fields by the original and the modified models. . . . . . . . ..
Surface latent heat flux (Wm=?) in August 1994, comparison between
the simulated fields by the original and the modified models. . . . . .
Surface latent heat flux (Wm~?) in January 1995. comparison between
the simulated fields by the original and the modified models. . . . . .
Seasonal surface temperature (K) for summer (June. July and August.
JJA hereafter), comparison between the simulated fields by the original
and the modified models. . . . . . .. ... ... .. ... ... ...
Annual average surface temperature (K). comparison between the sim-

ulated fields by the original and the modified models. . . . . . . . ..

XV

69

79

80

81

88

89



(4]}
-1

(1}

[S]]

(S]]
(3]

2

(V1)

(W1}
o

Cross section of the seasonal zonal averages of atmospheric tempera-
ture(K) for winter (DJF) and summer (JJA), plotted is the difference
between the original CCM3/LSM result and NCEP/NCAR reanalyses.
(Courtesy of Hack et al. 1998) . . . . . . . ... ... ... .. ....
Cross section of the seasonal zonal averages of atmospheric tempera-
ture(K) for winter (DJF) and summer (JJA), plotted is the difference
between the original CCM3/LSM result and the modified model result.
i.e. MODELmogified — MODELoriginat- - -« « -« o o v v v v o oo
Cross section of the seasonal zonal averages of specific humidity (x 10™*
Kg/Kg) for winter (DJF) and summer (JJA), plotted is the difference
between the original CCM3/LSM result and NCEP/NCAR reanalyses.
(Courtesy of Hack et al. 1998) . . . . . . . ... ... ... .. ... .
Cross section of the seasonal zonal averages of specific humidity (x10~*
Kg/Kg) for winter (DJF) and summer (JJA), plotted is the difference
between the original CCM3/LSM result and the modified model result.
i.e. MODELmpodifiea — MODELgrginat- « - -« « v v oo v oo oo
zonal- and seasonally averaged precipitable water (K'gm™2) for the
original CCM3/LSM, CCM2/LSM, NVAP and NCEP for winter (D.JF)
and summer (JJA). (Courtesy of Hack et al. 1998) . ... .. .. ..
zonal- and seasonally averaged precipitable water (Kgm™~?)for winter
(DJF) and summer (JJA), the solid line is for the original CCN3/LSM
and the dashed line is for the modified model. . . . . . . ... .. ..
Global distribution of precipitable water (K gm~2) simulated by the
original CCM3/LSM, for DJF (top panel) and the difference with re-
spect to the NVAP analysis. (Courtesy of Hack et al. 1998) . . . ..

xvi



s
o
-

(W) }
[N
(W]

Ot
[§™]
(=]

ot
(]
=~1

(1]
(]
oo

Ut
[
=}

[}
w
[as]

— )

Global distribution of precipitable water (Kgm™°) simulated by the
modified CCM3/LSM (top panel), and the difference with respect to
the original model result. i.e. MODELpodified = VODELgrunat (bot-
tom panel), for DJF. . . . ... .. ... ... L

5 Global distribution of precipitable water (K'gm™2) simulated by the

original CCM3/LSM, for JJA (top panel) and the difference with re-
spect to the NVAP analysis. (Courtesy of Hack et al. 1998) . . . ..
Global distribution of precipitable water (K gm™2) simulated by the
modified CCM3/LSM (top panel). and the difference with respect to
the original model result, i.e. MODELppgified — MODE Loriginat (bot-
tom panel), for JJA. . . . ..o
Zonally annually averaged evaporation rate (mm/day) (upper panel)
and E — P (W m~2) (lower panel) simulated by the original(solid line)
and the modified models. . . . . . .. .. ... ... ...
Zonally annually averaged precipitation rate (mm/day) for the origi-
nal CCM3/LSM and Xie and Arkin (1996) (Courtesy of Hack et al.
1998). and the comparison between the original (solid line) and modi-
fied models (lower panel). . . . ... ... ... . ... . .......

Zonally and seasonally averaged evaporation rate (mm/day) for DJF

103

104

108

and JJA simulated by the original (solid line) and the modified models. 110

Zonally and seasonally averaged precipitation rate (mm/day) in DJF
and JJA, for the original CCM3/LSM and Xie and Arkin (1996) (Cour-
tesv of Hack et al. 1998). . . . . . . . . . . . .. . .. .. .. .. ...
Zonally and seasonally averaged precipitation rate (mm/day) in DJF
and JJA, for the original CCM3/LSM (solid line) and the modified

model. . . . . . e e e e,

xvii

112



Ut
[N
[A™]

5.33

5.34

ot
w
<

3.36

5.38

5.39

Zonally and seasonally averaged net water exchange rate(E—P) (IWm™2)
for DJF and JJA simulated by the original (solid line) and the modified
models. . . . . ..
Global DJF distribution of precipitation rate (mm/day) for the Xie
and Arkin (1996) precipitation climatology, and as simulated by the
original CCM3/LSM. (Courtesy of Hack et al. 1998) . . . .. .. ..
Global DJF distribution of precipitation rate (mm/day) for the mod-
ified model and the difference between the modified and the original

models (lower panel). . . . ... ... .. ... L.

5 Global JJA distribution of precipitation rate (mm/day) for the Xie

and Arkin (1996) precipitation climatology, and as simulated by the
original CCM3/LSM. (Courtesy of Hack et al. 1998) . . .. ... ..
Global JJA distribution of precipitation rate (mm/day) for the mod-
ified model and the difference between the modified and the original
models (lower panel). . . . . . . ... ... ... L.
DJF87-DJF89 (warm-cold) precipitation rate anomalies (mm/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)
DJF87-DJF89 (warm-cold) precipitation rate anomalies (mm/day) for
the modified model and the difference between the modified and the
original models (lower panel). . . .. ... ... .. ... .. .....
Annual cycle of globally averaged precipitable water (mm). precipita-
tion rate (mm/day), and the difference between the evaporation and
precipitation (E-P) (Wm™2), for the original CCM3/LSM. CCM2/LSM.

and corresponding observational estimates. {Courtesy of Hack et al.

Xviii

116

117

118

120



3.40

(1]
-
~

<
e
ot

5.46

Annual cycle of globally averaged precipitable water (mm). precip-
itation rate (mm/day). and the difference between the evaporation
and precipitation (E-P) (Wm=?), the solid line is for the original
CCM3/LSM and the dashed line is for the modified model. . . . . . .
The annual cycle (top panel) and the zonally annual average of CO,
flux(pzmolm=?) derived from the simulation from January 1987 to Jan-
uary 1990. for the original (solid line) and the modified (dashed line)
models. . . . ...
Global distribution of net CO, flux(umolm™2) for D.JF (top panel) and

JJA. Plotted is the difference of the simulated net CO, flux between the

original and the modified models. i.e., MODE Lynogifrea— MODE L i gina- 129

T-Test scores on the seasonal averaged total runoff. Areas with signifi-
cance levels over 80% are shaded. Positive areas represent the modified
model result is larger than the original result. . . . . . ... ... ..
T-Test scores on the annual averaged surface temperature (7,) and sur-
face pressure (P;). Areas with significance levels over 80% are shaded.
Positive areas represent the modified model result is larger than the
original result. . . . . . . .. ... ..o
T-Test scores on the seasonal (JJA) averaged surface temperature (7,)
and surface pressure (P,). Areas with significance levels over 80% are
shaded. Positive areas represent the modified model result is larger
than the original result. . . . . ... ... ... ... ... ... ..
T-Test scores on the seasonal (DJF) averaged surface temperature (7T5)
and surface pressure (P;). Areas with significance levels over 80% are
shaded. Positive areas represent the modified model result is larger

than the original result. . . . .. .. ... . ... ... ...,

Xix

134



(1]
[$]]

(W11

(S]]

(S]]
[@]]

7 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 model result is larger
than the original result. . . . . . ... ... .. ... ... . .....
T-Test scores on the seasonal averaged atmospheric humidity corre-
sponding with Figure 5.20. Areas with significance levels over 80% are
shaded. Positive areas represent the modified model result is larger
than the original result. . . . . .. ... .. ... .. ... ......
Power spectra (m?) for the first ten waves along the 45N latitude.
extracted from the annual averaged 500hPa and 850hPa geopotential
heights. Solid line is for the original model and the dashed line is for
the modified model. . . . . . . ... ... ... oo
Power spectra (m?) for the first ten waves along the 45N latitude. ex-
tracted from the seasonal (JJA) averaged 500hPa and 850hPa geopo-
tential heights. Solid line is for the original model and the dashed line
is for the modified model. . . . . . ... ... ... ... .. ..., .
Power spectra (m?) for the first ten waves along the 45N latitude, ex-
tracted from the seasonal (DJF) averaged 500hPa and 850hPa geopo-
tential heights. Solid line is for the original model and the dashed line
is for the modified model. . . . . .. ... ... ... L.
The first 6 waves along 45N on 500 hPa extracted from the seasonal
(JJA) averaged 300hPa geopotential height. Solid lines are for the
original model and dashed lines are for the modified model. The unit

ofamplitudeism.. . . . . ... ... ... o



Ut

ot

(1]

(1]

(S]]

(1]

[@]]

T-Test scores for the first 6 waves along 45N extracted from the sea-
sonal (JJA) averaged 500hPa and 850hPa geopotential heights. Shaded
areas are those with significance levels over 80%. . . . . . . . ... ..
Comaprison of the simulated Hadley cells represented by the zonally
seasonal (DJF) averaged vertical velocity (Pa/s). The upper panel is
for the original model and the lower panel is for the modified model. .
Comaprison of the simulated Hadley cells represented by the zonally
seasonal (JJA) averaged vertical velocity (Pa/s). The upper panel is

for the original model and the lower panel is for the modified model. .

xxi

148

149



Chapter 1

Introduction

Hydrological processes are attracting more and more interest from the global climate
modelling community. Runoff is one of the most important hyvdrological processes

and 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 vears.
These include the biosphere-atmosphere transfer scheme (BATS) (Dickinson ct al.
1993) . the simple biosphere model (SiB) (Sellers et al. 1986), the simplified SiB
(Xue et al. 1991), the biological ecological system transfer model (BEST) (Pitman
et al. 1991). SECHIBA (Ducoudre et al. 1993}, the Canadian land surface scheme
(CLASS) (Verseghy 1991: Verseghy et al. 1993) and the most recently developed land
surface model (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 with the rapid development of these land surface parameterizations. the
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verification of these models is clearly important. Bonan’s LSM was chosen for this

study for the following reasons.

o [t was the latest-developed land surface model based on other models when this
study began: It has more sophisticated physics package which includes more
realistic interaction between different processes. It has higher resolution soil
model (6-layer) than others (3-layer or l-layer); It is widely used in the climate

modelling community;

e [t is freely available for downloading. On the contrary. it is very difficult to get

other models for free.

Although Bonan’s LSM has many advantages over other schemes. it does not
include the lateral water fluxes caused by topography, which will be called the topo-
graphic effects in this study. This is confirmed by our verification results.

Most past studies tried to verify runoff parameterizations using hvdrological data
such as river flows. Liston et al. (1994) and Miller et al. (1994) verified some
other runoff parameterizations by coupling river routing models into atmospheric
global circulation models (AGCMs) and comparing the simulated river fows with
the “observed” at monthly time scale. Bonan (1996a) compared his CCM2 (NCAR's
Community Climate Model version 2) runoff output directly with the “observed” river
flows while he also mentioned that the amplitude and timing of the simulated runoff
are not necessarily the same as the “observed”.

In this study, verification of the runoff parameterization is conducted by using
both hydrological and atmospheric observational data. Different from previous studies
which only discuss the area-integrated quantities (i.e. a single number for a big basin).
this study emphasizes the horizontal distributions of hydrological variables. which we

think are more important to the model climate.
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Most river routing models include the lateral water fluxes caused by topography.
But it seems more work is needed for the land surface models for AGCMs. Similar
modifications are being proposed for the WAT-CLASS model (Soulis 2000). a com-
bination of the WATerloo FLOOD forecast model (WATFLOOD) developed at the
University of Waterloo, and the CLASS model of the MSC. The WATFLOOD model
is a very high-resolution hydrological model. So. the WAT-CLASS is still in the cate-
gory of river routing model which is very expensive to run when coupled to an AGCM.
To avoid the expensive coupling with a river routing model. this study introduces the

topographic effects directly into the runoff parameterization of the LSMI.

1.2 Objectives of This Study

Verification of Bonan's LSM by comparing the simulated with the diagnosed total
runoff from NCEP/NCAR reanalysis data reports a problem that Bonan's LSM does
not include the lateral water exchange between neighbouring grid cells caused by
topographic slopes. The main objective of this thesis is to propose a modification
to fix this problem and eventually to improve the original model in simulating these
aspects. The madification will make the LSM physically more realistic. and further-
more. the improved LSM will expectedly force the AGCM to give a more realistic
climate. Improvements and deficiencies brought by the modification will be identified

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

1.3 Structure of the Thesis

The above objectives also determined the structure of this thesis. Following this
introduction, Chapter 2, provides a brief description of the original runoff parameter-

ization in Bonan’s LSM. Verification results for this LSM are provided in Chapter 3.
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Detailed description on the NCEP/NCAR reanalysis data and model configurations
are also given in Chapter 3. The summary of Chapter 3 describes a problem with
Bonan's original runoff parameterization scheme: namely, the exclusion of the lateral
water fluxes caused by topography. Based on this conclusion, Chapter 4 proposes a
modified runoff parameterization and its implementation. In Chapter 3. to quantify
the improvement of the runoff simulation based upon this modification and its impact
on regional and global climates, the modified model results are compared with the
original model results and some previous resuits of others. Significance check is also
conducted in Chapter 5 by T-test and power spectrum analysis of atmospheric waves.

Conclusions and discussion are offered in Chapter 6.

1.4 What’s New in This Study

Compared with previous studies, this study is new in the following respects:

1. Because of the difficulty in obtaining the horizontal distribution of runoff from
observational hydrological data. the first step of this study consists of a pio-
neering attempt in the field of estimating the horizontal distribution of runoff

from atmospheric data (Cho and Liu 2001);

(3]

The above horizontal distribution of runoff from atmospheric data was used to
verify the runoff parameterization in a land surface model (LSM). This is the

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

3. For the first time, topographic effects have been introduced directly into a
runoff parameterization in a LSM (Liu and Cho 2001b), instead of by expensive

coupling of a river routing model as in most previous and ongoing studies.
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4. Detailed analysis shows that topography does have a very important impact on
regional and global climates by modifying the horizontal distributions of runoff
and infiltration. Furthermore, the modified model presents many encouraging
improvements over the original model. on simulations of hydrological processes.
climate processes, environmental processes, and the interaction among these

processes.

5. This study could be a significant contribution to the central objective of the
Canadian GEWEX (MAGS) project, i.e., understanding and modelling high

latitude water 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 LSM parameterizes interception. throughfall. snow
accumulation and melt, infiltration, surface runoff. subsurface runoff/drainage. and
redistribution within the soil column to simulate canopy water. snow water and soil
water. All luxes and pools of water are in units of kgm™2 or mm.

Precipitation first falls onto the vegetation (trees, grass, etc.) as shown 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 throughfall and stemflow. Some of the canopy water returns
back into the atmosphere by evaporation and transpiration (or. collectively called
evapotranspiration). The total water on the ground surface is the summation of the
throughfall, stemflow and snowmelt. Part of this water goes back to the atmosphere

by evaporation. The remaining ground surface water tries to saturate the soil first
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by infiltration. After the soil is saturated. the leftover of the ground 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 flow in previous
textbooks and papers). Total runoff is simply the sum of surface runoff and subsurface
runoff. This is a simplified explanation of the water cycle shown in Figure 2.1. In
fact. the formation of runoffs could be very complicated as readers can find in the
next section.

In Bonan's LSM, vegetation structure is defined by time-varving leaf and stem
areas and time-invariant canopy height, root profile, leaf dimension, carbon and nitro-
gen. For details about the treatment of vegetation in the model. readers are referred
to Bonan (1996b). Next we will focus on the treatments of infiltration. surface runoff

and subsurface runoff in Bonan’s LSAIL.

2.2 Infiltration and Surface Runoff

The liquid water at the soil surface (i.e.. throughfall. snow melt. dew) cither infiltrates
into the soil column G,z (mms™!) or is lost as surface runoff gyue, (mms™!). Ignoring,

for the moment, spatial heterogeneity, surface runoff (mms=1) is

P+Q fors>1land P> 0
R=X P+Q~-f fors<1,Q>f*and P>0
P+Q—-f" fors<1.Q< f".and P> f*-Q

where P is throughfall (mms™"), Q@ = ¢mett + sdew (MMS™'), Gmetr and yger are snow
melt and dew respectively; s = 0—":—‘ is the water content of the first soil layer relative
to saturation, and f* is the infiltration capacity (mms~!) which depends on s. All
the surface water (P + Q) is lost as Dunne runoff when the soil is saturated (s > 1).

Horton runoff occurs when the soil is not saturated (s < 1) and when P + Q@ > f*.
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Figure 2.1: Schematic diagram of the water cycle in Bonan’s LSM. (regenerated from

Bonan 1996b)
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This happens for two reasons: when Q > f*. P+ Q > f* for all P > 0: and when
Q< fP+@Q>fwhen P> f*— Q. For non-soil surfaces, R = 0. Infiltration is
I=P+Q-R

Spatial heterogeneity is introduced in two ways. First, the mean rate of the
throughfall differs between the regions k. and (1 — &.).

P { Qpret + '—"f in region k.
Gprcl in region (1 — k)
where gy, and qpr.. are large-scale and convective-scale precipitation rates respec-
tively. A, is a constant with a value of 0.6.

Second. P and s have stochastic spatial distributions similar to Entekhabi and
Eagleson’s (1989), Pitman et al.’s (1990, 1993). Dolman and Gregorv’'s (1992). and
Johnson et al.’s (1993) work with precipitation and Entekhabi and Eagleson’s (1989)
and Johnson et al.’s (1993) work with soil water as

folP) = peap(~) (2.1

S

fs(s) = éerp(- ) (2.2)

5
where P is the average throughfall (mms~!) for the region k. or (1 — k) and 5 is the
average s. Consequently [ and R are solved separately for each region assuming an
exponential distribution of throughfall and soil water within the region and a constant
rate of snow melt and surface dew. Total surface runoff g,y and infiltration g,z are
the weighted sums of the two regions.

Runoff for each region is given by
R = [T[7(P+Qie(P1dP(s)ds +
1 px
[ J) (2 +@= F)ie(P)PL(s)ds +
L[] (P+Q=£)in(P)APS,(s)ds (23)
0 Jf--@
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where sq is the value of s at which Q@ > f*. The first term is the Dunne runoff for
the area s > 1. The next two terms are the Horton runoff for the area 0 < 5 < 1.
The solution for R requires a physically realistic infiltration capacity that is easily

integrated with respect to s. As in Entekhabi and Eagleson (1989)

[P = ksarvs + k(1 — v) (2.4)

—{di/ds)

05A evaluated

where k,q, is the saturated hvdraulic conductivity (mms™!). v =
for s = 1. v is the soil matrix potential (mm). and Az, = 100mm is the thickness of

the first soil layer(Figure 2.2). with hydraulic properties defined at depth Az;. The

value of s at which @ > f* is s¢ = W Expressions for k,, and ¢ are given
as
ksat = 0.0070556 x 10-0.884-4—0.0[53(%5011(1) (25)
wsul - _10.0 X 10[88—0.013[(%80ﬂd) (2.6)

The solution for R is R = R; + R; + R3, where R, is the Dunne runoff from the
area with § > 1 and P > 0. namely
= 1

Ry = (P +Qlexp(-) (2.7
R, is the Horton runoff from the area sg < s <1 (ie. s <1.Q > f*and P > 0.
namely
— SQ 1
R, = [P+Q — kel - u)][exp(—-—:;—) - B:L’p(—g)] +
1 :
Evaet{(1 + S)ezp(==) = (sq + Sezp(~=2) (2.8)

and Rj is the Horton runoff fromarea0 < s < sg (ie.s< L.Q < f*)and P > f*—Q.

namely

5Q stf‘“ u)]

Ry epl 20 = s — (22 2%

= — 2.9
P+l€mLU§ ( )
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AZl =010m --------- T[lel --------- 61/\71(,/)1 ---------- 5 = 0.05m
Az =020m ===nnnn-- ToksCy = == m = mmm = Bakialin = = m = m o - - - 5 = 0.20m
A:'; =040m --------- T_';k:;C;; --------- 01/&3&1 ---------- z3 = 0.50m
A..; =080m --~------ T.;kA(CMl --------- ggklhq ---------- 4= 1.10m
Az =1.60m --------- Tskscs - === - - - -5k == o e o m - - - 5 = 2.30m
Dzg=320m --------- Tekecg ~~=~=-=-=-=--- 95/5?5 Yg = =~=======-- ¢ = 4.70m

Figure 2.2: Schematic diagram of the six-layer soil profile. Thermal properties (tem-
perature T;; thermal conductivity k;; volumetric heat capacity ¢;) are defined at the
center (depth z2;) of a layer with thickness Az;. The hydraulic properties (volumetric
water content 6;; hvdraulic conductivity k;; and matrix potential v5;) are also defined

at depth z;.
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With Q@ = 0, sg = 1 and this equation reduces to Equation (13) in Entekhabi and
Eagleson (1989). This runoff parameterization differs from Entekhabi and Eagleson
(1989) in that it allows for a constant rate of snow melt and surface dew. [t differs
from 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 AGCM (Bonan 1996b). The Dunne runoff was adjusted

as P+ Q — kyq for s > 1 and P > kyu — Q, resulting in

Bo= [T P+ Q- kalirPYPS(s)s = Peap T L) (a10)

for Q < kgqr and

Ry = (P+Q - kuezp(~3) (2.11)

for Q > kyu. This adjusted Dunne runoff greatly reduces surface runoff compared

with the standard method.

2.3 Soil Water

Soil water is calculated from the conservation equation

AGA:z
At

==qit+qg,—¢e (2.12)

where 6 is the volumetric soil water content (mm*mm=), Az is the soil thickness
(mm). At is the time step (seconds), e is the evapotranspiration loss (mms~!). and
¢; and q, are fluxes of water (mms~!) into and out of soil (positive in the upwards
direction). Vertical water flow in an unsaturated porous media is described by Darcy’s
law as

v + z) v a6 o

=gl = k(g + 1) = —k(g2 35 + ) (2.13)

7=~k 9z = 00
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where k is the hydraulic conductivity (rmms™'). w is the soil matrix potential (mm),
and z is height (mm) above some datum in the soil column. Setting e = 0. so that
-g‘—‘l' = — (152, ie. % = -%? results in the Richards equation

96 3., ,000v

= = aolk(Go57 + 1)

at  9z" "0: 94

This equation. with € = e + Giren (i.€.. soil evaporation and transpiration) and

(2.14)

with the boundary conditions of ¢, 1; as the flux of water into the soil and gravitational
drainage g4rq; = k as the flux of water at the bottom of the soil column. is numerically
implemented for a sixlayer soil to calculate soil water. For irrigated crops. soil layvers
to a depth of 1 m are kept saturated during the growing season (i.e., when leaf arca
index is greater than zero). Consequently, soil water is conserved only for nonirrigated
soils. where

Z AgiA‘:i = (!Imﬂ ~ {seva ~ ftran — qdrax)At (-2]-5)
i

2.3.1 Hydraulic Properties

The hydraulic conductivity £ and the soil matrix potential ¢ vary with § and soil
texture based on the work of Clapp and Hornberger (1978) and Cosby et al. (1984).

For the i** layer.

ki = kyas? (2.16)

Ui = Usas]® (2.17)

where s; = 0—9*7. Cosby et al. (1984) empirically related the hydraulic conductivity
at saturation ks, (mms™!), the matrix potential at saturation s, (mm). the water
content at saturation 6, (i.e. porosity), and b to %sand and %clay as in equations

x and y. And

0 = 0.189 — 0.00126(%sand) (2.18)
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b = 291+ 0.139(%clay) (2.19)

From the definition of ¢, the water content when the soil is dry 8y, and the

optimal water content for evapotranspiration f,, , which are used in the calculation,

are
-316230. _,
Biry = Boarl ———) " (2.20)
Usat
— 158490
Oopt = Hsat('—'u_)_% (2.21)
Usat

2.3.2 Numerical Solution

As with soil temperatures, the soil column is discretized into six layers with thickness
Az of 100, 200, 400. 800, 1600. and 3200 mm (Figure 2.2). Hydraulic properties (i.e..
water content 8; [mm*mm™3]: hydraulic conductivity k, [mms~!]: matrix potential
vy [mm]) are defined at the center of each layer with depth z, (mm) (Figure 2.1).

Analogous to the soil heat flux, the flux of water ¢; (mms=!) between layers i and

t+1is
_ e+ z) = (Wie + ziv) 2 99
= A Aeo ] (2.22)
2k, 2kl“‘l
where with z; — 2.1 = (Az + D2i4)/2
o _[2(0;‘.- = Uisl) + (A2 + A3i+l)l (2.23)
"= Ty o
T 141

These equations are derived. with reference to Figure 2.2, assuming the water flux
from the i layer (depth z; ) to the interface between the i** and the (i + 1)** layer
(depth z; +0.5z;) equals the water flux from the interface to the (i + 1)** layer (depth
Zisl), 1€,

L [(wm + zZm) — (Vig1 + 3i+l)] (2.
LA.’.’,‘ i %AZH-{ .

[AV]
(]
-
~—
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where v, is the interface matrix potential and z,, is the interface depth.
The water balance for the i** layer is

JAV AV
At

= Qi1+ ¢ — e (2.25)

¢ and k are non-linear functions of 8 (last section) so that q; = f(6;.6,+,). with g;
approximated as

dq; dq;
¢ = QI 69 Ag + agq .

where ¢ is the water flux evaluated at the beginning of the time step. the water

Db, (2.26)

balance for the *# layer is substitution of the above equation into the water balance
equation. we have

dGi

e ta, —q = [80, IIM -1 +
dq; i1 Az dq; -
_——-—— - 0. 2.2
38, ~ 28, ~ 220+ gg 18 (227)
which is a tridiagonal system of equations for A8. If set
u = =2 = Vi) ~ (Bzi+ Dziy) (2.28)
v o= Ankl'+ Az kD (2.29)
then, % and — give
dg; du; Az dk;, _.
T Qp—t T 1 -2 9.
8 = TV TV (2.30)
dg; d”#z-ul Aziydkivy,
- = +u — [v 2.31
96,41 -2 d91+| k2, d9i+1] (2.31)
From the definition of k; and v;, we have
dk; 26+ 3 ]
—— -— . 9 ')
dei ( gi )kl ("'3-)
di;

b, .
o = G (2:33)
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The boundary conditions are

Qi = —Gingi for the first soil layer (i = 1)

q; = —k; for the bottom soil layer (i = 6)
e; = Qseva + Qran’i  foOr the first soil laver (i = 1)

é; = GtranTi for other soil layers

16

The last two equations mean that surface evaporation is removed from the first soil

layer and transpiration is removed from each soil layer in proportion to the relative

root abundance r,. The water balance for the first soil layer (: = 1) is. therefore.

AHIA.:[
At

=qinpt +q1 — €y

and
0 Az de
€1 — Ginfl — ‘I{l = [a—gl Atl]Agl [6;:]A92

For the bottom layer (i = 6),

dkg
= —ks = —kP — 8
6 kg T JAY:2
so that the water balance for this layer is
aq5 qu 6(], A..ﬁ
£ —(qr = — A - —]Af
€ +05 — 5 = ~I5] 3, " 98, ot LY

The subsurface runoff/drainage is

Qdrar = —(s

(2.34)



Chapter 3

Verification of Bonan’s Runoff

Parameterization

In this chapter. the atmospheric method to diagnose runoff will first be reviewed.
A “bug” in some previous studies is reported and corrected in this study. This is
followed by the data used in this study and the verification results. The last section
will be the summary and a problem in Bonan's original runoff parameterization will

be reported, which will be the basis for the next chapter.

3.1 The Atmospheric Method to Diagnose Runoff

[t is well known in the field of climatology that moisture flux divergence gives water
balance information that can complement the traditional hydrological data such as
precipitation, evaporation and runoff/discharge (Peixoto and Oort. 1983). The ba-
sic concept of using atmospheric data to estimate the terrestrial water balance was
first presented by Starr and Peixoto(1958). The application of this concept to re-

gional studies (Rasmusson, 1968) or a region and period with special observations
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(Peixoto, 1970), has been troublesome because there were only a few scattered ob-
servation stations of upper air soundings (Brvan and Oort. 1984). Brubaker et al.
(1994) interpolated these upper air-sounding data onto a regular grid and analyzed
the atmospheric moisture fluxes over North and South Americas. Rasmusson(1977)
suggested that this method to estimate the regional water balance using moisture
Aux divergence should be useful and accurate for climatological estimates over re-
gions larger than 10%m? and over monthly or longer periods. with the operational
rawinsonde network and the observational schedules. Since 1980. objective analysis
data have been prepared in the context of prescribing initial and boundary condi-
tions for daily numerical weather forecasting using various models and observational
data. In recent years. re-analysis data such as the ECMWF and the NCEP/NCAR
re-analyses data are available with much more improved spatial resolution and more
recent analysis techniques. Therefore, it is worth applying such atmospheric data to
the estimation of water balance in river basins.

As stated by Oki et al. (1995), another advantage of the atmospheric water balance
method is its good global availability. It is not easy to collect discharge/river flow
data and cover all the continents. Even though the spatial density of the observational
network varies among regions, the atmospheric data, especially the new re-analyses
data, cover the whole world.

As formulated by Peixoto(1973). Alestalo(1983) and others, the rate of change of

water vapor. I, in an atmospheric column is given by

aw ~
—5t—+V-Q-E—P (3.1)

where E' is the evapotranspiration; P precipitation; And Q is the vertically integrated

moisture flux given by

G== ["a?dp (32)
g Ipsse
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where ¢ is the atmospheric specific humidity, V" is the wind vector, and Psfc and pigp
are the surface pressure and the pressure on the top of the atmosphere.

The corresponding expression for the soil column is

%—f+v-f=P—E (3.3)
where S is the column water content of the soil-ocean-cryosphere and: £ is the lateral
transport of water. The divergence of this transport could be complicated because
tt includes both surface runoff and subsurface flows in terrestrial regions and the
advection of ice and water in the ocean. It is the total runoff to the best of our
knowledge, i.e. the sum of surface runoff and subsurface runoff.

If we integrate Egs. (3.1) and (3.2) for a long time period, compared with other
terms, the contributions of Ji,ngtime %"dt and Jiongtime %—fdt are negligible. Therefore.

we obtain the approximation of runoff R expressed by the atmospheric moisture flux

con/divergence as

R =~ / v-ﬁar:/ (P - E)dt
longtime longtime
- 1 Ptop -
= —f v.-Qdt = --/ (qV)dpdt (3.4)
longtime g Jlongtime Jp,g.
or for short
1 Ptop - _
R~ —- [ / (qV)dpdt (3.5)
g Jiongtitne Jp, g,

This is the equation we will use to verify the runoff parameterization.
The National Center for Environmental Prediction (NCEP) / National Center for

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

details about the NCEP/NCAR reanalysis data, readers are referred to Kalnay et al
(1996).
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3.2 Topography and the Green Theorem

This section reports a “bug” in some previous studies on estimating atmospheric
moisture flux con/divergence using Green Theorem. Simple calculation results show

in this section support our correction of the “bug”.

3.2.1 Introduction

The Green Theorem(Danielson 1997) on a domain is

V-QdS = Q-iidl - Q- idl (3.6)
/]

inner

Where  is any vector. 77 is an outward pointing unit vector normal to the domain
boundaries. dS is the area element in the integration domain and d{ is a line segment
of the domain boundaries. On the right hand side(RHS) of (3.6). the subscripts
of the line integration “outer” and “inner” indicate the outer and inner boundaries
respectively. On a simply connected plane, or on a multiply connected plane with
uniform distribution of @ along the inner boundary, the second line integration on the
RHS of (3.6) is zero provided that the inner boundaries are closed loops. Otherwise.
the line integration along the inner boundary has to be censidered. i.e.. subtracted
from the line integration along the outer boundary. This is the case when (3.6) was
used for real-time observational data over complex topography.

This theorem has been widely used in the calculation of flux divergence in atmo-
spheric science for its simplicity(Walsh et al. 1994, Serreze et al. 1995). For real-time
atmospheric observational data, the lower vertical levels often intersect with complex
topography. Equation (3.6) then becomes an integration over a multiply connected
domain. Nonuniformity is a typical feature for most atmospheric variables. There-

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



CH. 3. VERIFICATION OF BONAN'S RUNOFF PARAMETERIZATION 21

we will use Green Theorem to calculate moisture flux divergence over the Mackenzie
River Basin (MRB). The MRB was proposed as one of the intensive study areas in
Canada for the international Global Water and Energy cycle EXperiment(GEWEX).
The area has a rather complex terrain with the Rocky Mountains on the west side of

the basin.

3.2.2 Data and Methodology

The NCEP/NCAR reanalysis data (Kalnay et al 1996) in 1994 was used for this study.
The resolution for this data is 2.5° x 2.5° with 8 pressure levels in the vertical from
1000hPa to 300hPa. Figures 3.1 and 3.2 show the horizontal computation arca. The
frame ABCDEFGHA encloses the MRB. The contour lines were drawn for o = P/ P,
(Figure 3.1 for 1000hPa and Figure 3.2 for 925hPa). where P is the pressure on the
current level, and P, is the surface pressure at that point. If ¢ > 1. the grid is
underground. From Figure 3.1, nearly all of the calculation area is underground on
the 1000hPa pressure surface. On the 925hPa surface. the underground area is framed
by the polygon IBCDQPONMLKII in Figure 3.2. The changes in the underground
area on these two levels are slight from month to month.

To avoid errors generated from the numerical models. instead of the forecasts
(at 3-hour or 6-hour intervals), this study used only the analysis data at 00:00GMT
and 12:00GMT. when upper atmospheric observation is available. The calculation
was done under the assumption of steady conditions between these two times. i.e..
no diurnal changes were counted. Consequently, horizontal moisture flux divergence
over the MRB was calculated twice a day at 00:00GMT and 12:00GMT. Horizontal
moisture flux con/divergence on a pressure level is defined as V-Q = V-(¢gV). where

g is the specific humidity and V is the horizontal wind vector. Then equation (3.6)
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Figure 3.1: Computational area with ¢ contours (with intervals of 0.01) on 1000hPa
surface. Polygon ABCDEFGA frames the Mackenzie River Basin(MRB)
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Figure 3.2: Computational area with ¢ contours (with intervals of 0.01) on 925hPa
surface. Polygon ABCDEFGA frames the Mackenzie River Basin(MRB) and area
framed by polygon IBDQPONMLKUJI is underground.
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can be written as

//V'(qv) ds =j£ (qv‘)-ﬁdt—j{ (qV)-dl (3.7)
outer inner
Before the calculations of moisture flux divergence, the data was preprocessed
by putting ¢ to zero if ¢ < 0 (for only a few points with errors generated from the
reanalysis procedure), and setting u. v and ¢ to zero if 0 > 1 (for the underground
points).
To demonstrate the effects of topography. three methods were used to estimate

horizontal moisture flux divergence.

Method 1 Calculate the RHS of (3.7) on each level to obtain the line integration on

cach level (Lf), and then calculate the vertical integration of (L[),,.

; 1 300hPa Ny
L= 5/10001;%( Jodp (3:8)

Note that. to account for the topographic effects of the Rocky Mountains. both
line integrals on the RHS of (3.7) on the first level 1000hPa were set to 0
because. as shown in Figure 3.1, the whole computational area is underground.
On the second level at 925hPa (Figure 3.2). the computational area is multiply
connected. i.e., there are both inner and outer boundaries. The line integral
on the second level 925hPa was calculated as the difference between integrals
along the outer and inner boundaries represented by polvgons ABCDQEFGHA
and IBCDQPONMLKII respectively. This is equivalent to the line integration
along AIJKLMNOPQEFGHA.

Method 2 Calculate the moisture divergence using V-(qV’) on each level first, then
calculate the LHS area integral of (3.7) on each level to obtain (.A7),. and last,

calculate the vertical integration of (A[),.

1 [300hPa
B==[ " (AD)ydp (3.9)
g J1000hPa
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Note. the area integration on the first level 1000hPa was set to 0 for the same rea-
son as in the previous method. The area integration on the second level 925hPa
was calculated only over the above-ground area circled by AIJKLMNOPQE-
FGHA in Figure 3.2. According to (3.7), this should be equal to [, 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 qu and qu. the components of 47" as in Walsh

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

) [ [300hPa
(VD) = = / qudp (3.10)

g J1000hPa

] 1 (300hPa
(V1) = -/ qudp (3.11)

g J1000hPa

7

then calculate the area integration on the RHS of (3.7) along the outer boundary
ABCDEFGHA in Figure 3.1.

Iy = }{Mr (V1) g (3.12)

where

(VD),ry = (VD qui + (V)] (3.13)

ququ

This method, although it appears to have included the effects of topography by
setting the values of u, v, ¢ and moisture flux to zero underground. cannot include
the effect of topography completely because the values of horizontal moisture fluxes
were left unchanged in regions above the mountains. At the topographic surface.
although the normal components of mass or moisture fluxes should be zero, their
horizontal components may not be zero because of the slopes of ground surfaces of
the mountains and the nonzero values of their tangential components. Therefore. to

completely include the effects of topography, Method 1 should be used.
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[n the calculations, central differencing was used for horizontal derivatives. Area
integration was calculated by multiplying the grid cell area (2.5° x 2.5°) by the average
of the 4 corner values surrounding this area. The expression for the vertical integration

used above can be written as
7

1 [300hPa L A+ A
I = —/1 Adp = ‘Z(“l—.)_l“l‘)(l)z — Pi+1) (3.14)

g J1000aPa P 2

where A is (L1)p. (Af)p. or qu and qu for n = 1,2 and 3: [ is the vertical level number

ranging from 1 to 8: and p; is the pressure on the corresponding level.

3.2.3 Results

The vertical profiles of horizontal moisture fiux divergence over MRB for the vear
1994 are shown in Figure 3.3 according to the three methods outlined above. One
can see from Figure 3.3 that, the most significant differences come from the lower
levels, 1000hPa and 925hPa, which intercept with the Rocky Mountains. Concerning
the lowest 2 levels. the longer the integration time, the less the difference between the
thick solid line and the thin solid line, i.e., the better the approximation using Green
Theorem. In the one-time profile (labeled as Aug. 16, 94), the difference between
them is the largest; while in the vearly-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 mainly caused by the topographic

effects.

The effects of topography can also be found from the results of [,. [, and [3
defined in section 3.3.2. Values of these integrals are listed in Table 3.1. Even for
the one-vear long time integration, one can still find that the difference between [;

and [, is larger than that between [ and [;. The difference between [; and I is
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Figure 3.3: Vertical profiles of horizontal moisture flux con/divergence (x10®Kg)

over MRB, for monthly (the first 12 panels), a single time at 00:00GMT on August

16 (x10°Kg). and the whole year {x10°K g) of 1994. as labeled. The thick solid line

is (LI)p. the difference between the 2 terms on the RHS of (3.7). which was used to

calculate /;; thin solid line is (A7), used to calculate I,; and dashed line was obtained

by calculating only the first term on the RHS of (3.7).
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Table 3.1: Comparison of line and area integrations from 00:00GMT January 01 to
12:00GMT December 31, 1994 in MRB, in the unit of m3

name I I, I3
value(x10'!) | 5.13 | 4.54 | 3.69

0.39E11m?, representing the error due to different calculations of the same quantity
because these two methods should give identical results theoretically. The difference
between [, and [3 is 1.44E11m?, representing the effects of topography. Comparison
of Iy with I, is more useful for the purpose of this study because, as mentioned above.
Method 3 for I3 cannot completely include the topographic effects as in Method 1 for

[. This concludes that Method 3 is most “buggy”.

Therefore, when using Green Theorem to calculate flux divergence over complex
topography, one should, as in Method 1. carry out line integration along both outer
and inner boundaries and subtract the inner line integration from the outer line

integration on the calculation level.

3.2.4 Summary

When calculating the total horizontal moisture flux divergence in an air column over
complex terrain, Green Theorem should be used only on each 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 along
the outer boundary, one is violating Green Theorem and cannot completely include

the effects of topography. Results of calculations using NCEP/NCAR reanalysis data
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demonstrate this conclusion.

3.3 The Numerical Model

The runoff parameterization to be verified is the one included in Bonan's Land Surface
Model (LSM) Version 1.0 (Bonan 1996b). This LSM is a blend of the ecological
processes found in many ecosystem models, hydrological processes found in many
hydrologic models, and the surface fluxes common to the land surface models used
with atmospheric models. Our interest in this study is in hyvdrological processes in
this study. A detailed description of the hydrological component in the LSM can be
found in Chapter 2 and Bonan (1996b).

An on-line method was chosen to perform the verification. i.e.. the LSM was cou-
pled to a GCM. NCAR'’s Community Climate Model version 3 (CCM3) (Jeffery et al.
1996: Thomas et al. 1996) was used as the AGCM in the current study. For a detailed
description of these two models, readers are referred to the corresponding reference
mentioned above. Briefly. CCM3 is a spectral general circulation model which is. in
this study, configured at T42 resolution (approximately 2.8° x 2.8° transform grid).
This model has 18 vertical levels with the model top at 2.9hPa. It uses prescribed cli-
matologically varving sea surface temperature (SST). prescribed surface albedos. and
prescribed surface wetness. Radiation calculations are only performed every model

hour. CCM3 uses a 20-min time step and the coupled LSM use a 10-min time step.

3.3.1 Initial and Boundary Conditions

[nitial and boundary data sets used for the current study are listed in Table 3.2. All
data sets were downloaded from NCAR's anonymous ftp site. Interested readers are

referred to the README files for the data sets on NCAR'’s anonymous ftp site. The
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Table 3.2: Initial and boundary data sets for the T42 CCM3/LSM models

Model | Initial Conditions Boundary Conditions
time-invariant | time-variant | time-invariant
(Topo) (SST) (ozone)
CCM3 SEP1l.amip.T42 tibds. T42.0596 | T42.Dec1949 | 0zn.T42.0596
0596 -May1995
LSM None SURFDAT.T42.0596

current verification is based on T42 CCM3/LSM runs because the T42 resolution
represents a 2.8° x 2.8° horizontal grid system. which is the closest to the 2.3° x
2.5° resolution used for the NCAR/NCEP reanalysis data. This allows the best
comparability between the diagnosed and the model results while requiring reasonable
computing resources.

SEP1.amip.T42.0596 is the initial dataset for CCM3. SEP1 means this data
climatologically represents the condition on September 1. The exact vear for the
simulation will be determined by the prescribed Sea Surface Temperature (SST) data
named as T42.Dec1949-May1995, which contains the monthly mean of SST from
December 1949 to May 1995 with 12 monthly means per vear. But for this study.
we only use a 10-vear period from September 1984 to December 1994 because data
at hand for diagnosed analysis begins with the year 1987. Therefore the total length
of the model simulation is 10.5 vears with the first 2.5 vears as the spin-up for the
CCM3/LSM. The remaining 8-year simulation result will be used for our analysis.

i.e. from January 1987 to December 1994.
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The time-invariant boundarv condition data tibds.T42.0596 contains the stan-
dard deviation of topography. And 0zn.T42.0596 contains the climatological monthly
means for 12 months. The model will reuse this ozone data for 12-month loops.

The boundary condition file for the LSM, SURFDAT.T42.0596. contains the lat-
itude. longitude, surface type, soil color, percent sand. percent silt, percent clay,
percent lake. and percent wetland. Arbitrary initial conditions was used for the LSM
because. according to Bonan (1996a). for long time simulations, there is not much

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

3.3.2 CCM3/LSM Runs

The model simulation starts on September 01. 1984. After the first 1-dayv initial run.
a 486-day restart run and a l-year restart run finished the 2.5-vear spin-up run on
January 01, 1987, the starting time of our NCEP/NCAR reanalysis data. Then. eight

l-vear runs were completed for verification of the runoff parameterization.

3.4 The Verification Results

Verification was conducted at a global scale and in 5 major basins over the world.
the Mackenzie River basin and the Mississippi River basin in North America. the
Amazon River basin in South America, the ALPS mountains area in Europe and 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 basins will be
provided in the section discussing global scale verification. In this section, results will
be presented in an order of descending scale, i.e., beginning with the global view. and

thereafter focusing upon a more detailed discussion of the results for North America
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and, finally in even greater detail on the Mackenzie River Basin itself.

Before discussing the verification, annual averages of typical variables (including
runoff) for our 3-year, 4-year. 3-year, 6-year, 7-year and 8-vear results were compared
at both global and basin scales. I found there is little difference among the annual
averages of 3-vear, {-vear, 3-year, 6-vear. 7-vear and 8-vear results. This indicates
that the model is climatologically stable and that the 8-vear period is long enough to

enable the verification to be performed.

3.4.1 Verification Results at the Global View

The 8-vear integrated diagnosed runoff presented in Figure 3.4 has a very familiar
horizontal distribution pattern. There is a high band around the equator with low
bands at its north and south sides. This implies that at the equator. precipitation
exceeds evaporation. This pattern is consistent with many previous results. such as
those of Oki et al. (1995) based upon ECMWTF reanalysis data and of Trenberth and
Guillemot (1996) based upon NCEP/ NCAR reanalysis data. [t is also consistent
with classical results for global climatology (Gill 1982a).

In terms of hydrology. there is, of course, no runoff over oceans or other water
covered regions. Therefore, hereafter, we will discuss only the results over land.

The absolute values of the extremes range from several to 20 meters in Figure 3.4,
that is to say the annual runoff has a maximum of 250cm. In Figure 3.4. extremes can
be found at major river basins. The most significant one is in the Amazon River Basin
with a high of 18.38m for the 8-vear 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
Mountains, and one more high of over 8m at the east side of the Andes Mountains at
the south-most point of South America. In North America. the diagnosed result gives

a most significant of 13.86m at the west coast around the border between the US and
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contour interval 4

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

Canada. This one is at the western side of the Rocky Mountains and is associated
with strong moisture convergence by the local weather system. Actually, there are
also high bands along the east side of the Rocky Mountains at the Mackenzie River
Basin and the Mississippi River basins, but they do not show up in this global view
because of the relative high values elsewhere. They 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 African region along 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 Africa. 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 4m is located at
the Sichuan basin in China. Very weak runoff was diagnosed for Australia.

Next, let us take a look at the CCM3 T42 simulated runoff at a global view (Figure

3.3). At an overall look, the model can reproduce the horizontal distribution pattern
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Figure 3.3: 8-vear accumulation of the original CCM3/LSM 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 basins. The model 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 Amazon
River Basin, a high of over 24m was generated by the model at the similar location as
in the diagnosed result with a value of 18.36m. The other 2 highs in South America
have values of 19.1m and 8.1m 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 obtained at the central part of Africa with a value of 15.7m.
[n Asia, a high over 12m in India and a high band along the Yangtze River with a

maximum of 196.7m 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 all regions, and even gives wrong runoff in Sichuan
Basin, China with a value of 196.7m, and at another point at the west coast of the
US with an unreasonably large value of 229.3m.

To better verify the parameterization, detailed comparisons will be done at smaller
scales at 2 regions, the North America and the Mackenzie River Basin. Comparison
will be made for either basin scale area integrals, same as in other previous studies,
or for horizontal distribution which is more important for the verification and model

climates, or both.

3.4.2 Detailed Verification Results in North America

The diagnosed and modeled runoff in North America is shown in Figures 3.6 and
3.7 respectively. To retain more realistic information, weaker smoothing (3-point
smoothing) was done on the diagnosed results for this region. That is why 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 North America, one can see an over-
4m high bands between the Rocky Mountains and the MRB, Canada and in the
Mississippi River Basin at the east side of the Rocky Mountains, the US. Another
high in Mackenzie River Basin is at its bottom, around the Great Slave Lake, with
a value of over 8m. While, in the modeled runoff (Figure 3.7), even the contours
were drawn with a interval of 1m, still no high bands were caught between the Rocky

Mountains and the Great Bear Lake, or at the basin bottom in Mackenzie River
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Figure 3.6: 8-year accumulation of diagnosed runoff(m) in North America.
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CCM3_T42 simulated runof? 1987-1994 total (m)

Figure 3.7: 8-year accumulation of the original CCM3/LSM simulated runoff(m) in

North America.
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Basin. On the contrary, a low of 0.1m was produced by the model at the bottom of
the MRB. A 3.2m high can be observed in the Mississippi River Basin corresponding
with the over-4m high in the diagnosed result. Obviously, the model underestimated
the runoff over these regions.

The high bands at the maritime agree well between the diagnosed and the modeled
runoff.

[f looking the diagnosed runoff in Figure 3.6 from west to east, 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 basins.

3.4.3 Detailed Verification Results in the MRB

The most detailed discussion is in the MRB because this study was first proposed
for the Mackenzie Area GEWEX Study (MAGS)(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 MRB.

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). Comparison
between the diagnosed and simulated runoff indicates that the area integration of
model simulated runoff rate (m3s~!) and accumulated runoff (m?®) in the MRB are
very close to the diagnosed results from NCEP/NCAR 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''m3/year, which is very close to Bonan'’s result,
is 5.2 x 10''m3/year. Liu et al (2001) also concluded for the 1994-1995 water vear
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 GEWEX study area

(Stewart et al 2001).
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Table 3.3: Comparison between diagnosed and CCM3/LSM simulated runoff in the
MRB, area integrals

Items compared | Diagnosed LSM/CCMa3 simulated
Cho and Liu(2001) | Bonan(1996a)
(8-year run) (3-vear run)

Averaged Runoff

rate (m“s“‘) 19134.88 17692.11 166-5.00
Total runoff
(x10'2m3) 1.83 4.40 2.59 *

* This number was calculated according to the averaged runoff rate in Bonan's paper
(Bonan 1996a)

Horizontal distribution of runoff is much more important than the area-integration
(a single number) to verify a model. Diagnosed and simulated horizontal distributions
of runoff in MRB are shown in Figures 3.8 and 3.10 respectively. When 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 Mountains
and the Great Bear Lake, and another over the Great Slave Lake at the bottom of
the MRB. This diagnosed runoff horizontal distribution pattern is also very similar
with the observed (Figure 3.9) in this area (Matthews and Morrow 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

at the basin bottom.
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Figure 3.9: The observed average annual runoff (cm) over Canada. (Courtesy of
Matthews and Morrow 1995)
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Figure 3.10: 8-year accumulation of the original CCM3/LSM simulated runoff(m) at
the MRB.
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On the contrary, the current runoff parameterization in LSM/CCM3 cannot gen-
erate the observed horizontal distribution pattern of runoff, and even. gives an un-
reasonable horizontal distribution at least in the MRB because, (1) the model gives a
minimum runoff center over the Great Slave Lake, where there is a maximum center
in the diagnosed result; (2), the model did not produce any high band between the
Rocky Mountains and the Great Bear Lake. This is very unlikely.

Figure 3.11 shows the difference between the simulated and the diagnosed runoff
in the MRB. Obviously, the current runoff parameterization underestimated 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 men-
tioned above, the current runoff parameterization underestimated the runoff in the
whole MRB. After comparing our results and the topography in MRB (Figure 3.12).
and understanding the current runoff parameterization, one can conclude that the
unreasonable horizontal distribution pattern of runoff from the model is possibly due
to its exclusion of topographic effects. Lateral water fluxes caused by topographic
slopes not only affect the horizontal redistribution of runoff, but also directly affects
the infiltration capacity of the soil. Modification on these 2 aspects is expected to
improve the runoff parameterization on simulating the horizontal distribution pattern

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

3.5 Summary — A Problem of the Current Scheme

Diagnosed runoff was estimated from NCEP/NCAR reanalysis data for an 8-vear
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

model indicate that, at a global view, the runoff parameterization can reproduce the
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Figure 3.11: Difference between the 8-year accumulations of simulated and diagnosed

runoff (m) in the MRB: Rceums — Rdiagnosed-
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Topographic beight in CCM3_T42 (m)

Figure 3.12: Topographic height (m) in the MRB resolved by the CCM3 with T42

resolution.
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general horizontal distribution pattern of the diagnosed runoff but with substantial
overestimates in some regions and underestimates in others. Closer look at the North
America 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 current runoff pa-
rameterization. Lateral water fluxes caused by topographic slopes not only affect the
horizontal redistribution of runoff, but also directly affects the infiltration capacity of
the soil. Modification on these 2 aspects is expected to improve the runoff parameter-
ization on simulating the horizontal distribution pattern of runoff. and thus improve
the AGCM simulated model climate.

Theoretically, negative runoff is possible, actually, in climatology, at most of the
time, evaporation is larger than precipitation, and then according to our approxi-
mation in section 3.1, there will be negative runoff. But the current LSM does not
allow negative runoff. This is not consistent with theory. Modification of the runoff
parameterization will also allow negative 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 found in other places

such as Mississippi River Basin and South America.



Chapter 4

Modification on Bonan’s Runoff

Parameterization

4.1 Effects of Topography on Surface Water Re-

distribution

4.1.1 A Qualitative Explanation

As concluded in last chapter, Bonan’s runoff parameterization scheme does not include
the topographic effects which are very important to the surface water redistribution
and soil moisture, and thus very important to both the land surface climate 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. Obviously, water redistribution

47
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is also greatly affected by vegetation and soil type. This study assumes that these
effects are already treated properly.

Changes in infiltration will also change soil moisture 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.

surface
\runoff

surface

runoff
——

infiltratio lake

———
sub-surface
runoff

Figure 4.1: Schematic showing the effect of slope.
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As shown in Figure 4.1, the steeper the slope, the more difficult for the precipi-
tation water to stay on the slope, the less opportunity for the water to infiltrate into
the soil. Therefore, qualitatively, topographic effects should be very important to the

runoff redistribution and thus to the AGC)M climate.

4.1.2 Quantitative Formulation

First of all. we will determine the lateral water fluxes caused by topography. For a
given grid cell in the model (Figure 4.2), differences in topography between neighbor-
ing grid cells will result in lateral inflows or outflows in every possible direction. For
simplicity, only the four main directions will be considered in this study. Subscripts
of the water flow F: .V, S, E and W represent the four main directions: north. south.
east and west, respectively: subscripts { and o denote inflow and outflow. respectively:
or for simplicity, we can used F\, F3, F; and F} to represent the net lateral Huxes
caused by topography in the four main direction.

With the consideration of lateral water fluxes caused by topography, the newly

proposed surface runoff rate go... and infiltration rate ¢ins; should be calculated by
Qover = q;ver + Qflur (‘ll)
Qinft = GQiupr + Qfluz (4.2)

where g, and q;, are the surface runoff rate and infiltration rate calculated by
the original Bonan’s land surface scheme; gy, is the lateral water flux caused by

topography. It is determined by the next expression
Qpuz = V-F (4.3)

where

F=(FR+F)i+(F+F)] (4.4)
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Figure 4.2: Schematic showing the lateral water fluxes in the main 4 directions. The

lowercase subscripts i and o denote inflow to and outflow from the local grid cell.

respectively. The uppercase subscripts WW. E, S and N represent the four main

directions west, east, north and south, respectively. The net lateral fluxes in (1.4)
are defined as: F| = Fin=Fon: Fo = Fijw — Fow: F3 = Fis— Fos and Fy = Fig — For.
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if using F} to represent the net water fluxes in each of the four main directions. with
A as the area of the grid cell concerned. In one direction, only one of the inflow or
outflow is possible at a given time.

Miller(1994). Coe(1998) proposed an expression for the outflow in his river routing

model as. in one direction,
F}:mmﬂW&—HIﬂ&N% (4.5)
(¢

where V" E; and 1V E; are the water elevations of the local grid cell and the downstream
grid cell. respectively: d is the grid size, and u is the flow speed between neighboring
grid cells defined as

w=035/— (1.6)

here s is the slope determined by the elevation difference (Az) between neighboring
grid cells and the grid distance d (Figure 4.3). sq is called critical slope and set to a
constant of 0.00005. The constants sq and 0.35 depend on the horizontal resolution
of the model and were chosen more empirically than physically (Miller 1994). In the
current study, as a result of our many experiments, 0.35 has been changed to 0.0035
to allow 0.15 < u < 5 (Miller 1994; Coe 1998). This empirical condition helps to
restrict the lateral water fluxes to a proper magnitude.

In previous studies (Miller 1994; Coe 1998), the above equation was used to cal-
culate outflows only. According to this equation, the outflow from the local grid cell
to the downstream grid cell is determined by two factors: 1) the local water elevation
IWE; must be larger than the downstream water elevation W Ey, otherwise. no out-
flows: 2) if condition 1) is satisfied, the magnitude of outflows will also be controlled
by the ratio of the slope-determined u and the downstream distance d (grid size).

However, inflows and outflows are relative to the grid cells discussed. In magni-

tude. outflows from the local grid cell to the downstream grid cell is actually. on the
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Figure 4.3: Schematic showing the calculation of slope between neighboring grid cells.
Plotted are two neighboring grid cells in the CCM3/LSM. with z; as the topographic
height of the left grid cell, and = of the right hand side grid cell: Az = z; — =, is the
difference in topographic height between this two grid cells. The slope s is calculated
in the dotted triangle with Az and d as its two sides, i.e., s = Az/d.
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contrary, inflows to the downstream grid cell from the local grid cell. Therefore. the
above equation should apply to not only outflows. but also inflows. [n this study. the

above equation is modified to

ABS[((WE, — WE,,)A]% outflow. when (WE;, — WE)A>0and u >0
Fip =< ABS[(WE, - WE)A]% inflow, when (WE, - WEy)d <0and u <0

0 no fluxes, in other cases

where sign ABS represents the absolute value of the bracket. The magnitude of
inflows or outflows will be determined by the difference of water elevation and the
ratio of u and d. The nature of the lateral water flux (inflow or outflow) is determined
by u or the topographic height. When water elevation of the local grid cell is larger
than that of the downstream grid cell, and the local grid cell has higher topography,
i.e. u > 0. there will be outflows from the local to the downstream grid cell: when
water elevation of the local grid cell is smaller than that of the downstream grid cell.
and the local grid cell has lower topography. i.e. u < 0, then there will be inflows to
the local from the “downstream” grid cell: There is no lateral water fluxes in other
cases.

Keeping in mind that u controls the nature of the lateral water fluxes. i.e.. inflow
or outflow, the above equation set can be simplified to one equation for both inflows
and outflows, as

Fi = ABS[(WE, - WE,,}A]% (4.7)

In equation (4.7), the value of the square bracket is actually the area integral of the
water elevation difference between the local and the downstream grid cells. In the
current study, the grid cell area is not a constant. Therefore a more precise form of
equation (4.7) is

u

Fi = ABS[(WEiA - W Eqdd)) -

(4.8)
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Water elevation V' E is defined as the summation of the water depth A and the land
clevation : as in Hornberger et al. (1998), i.e. WE = h + z. Then. Equation (4.8)

can be rewritten as
u ,
F. = .435[“14.4( - hd.-ld) + (21.4[ - :d.'id)lﬁ (4.9)

or
Fi = ABS[A(hA) + A(:A)]—E (4.10)

where A(hA) and A(z4) denote the difference of area-integrated water depth and
land elevation. respectively, between the local and downstream grid cells.

The water depth difference between the local and the downstream grid cells.
A(hA) can be related to the time-area-integrated surface runoff R* from the orig-
inal model. i.e. surface runoff is the main factor to change the water depth A in its

grid cell. The water depth of a studied grid cell can be expressed as

Rt
h = 4.11
A (4.11)
where R is defined by the model-generated surface runoff rate ¢, (mms=! in the

1

model and ms™" in this calculation) as

B = / / werdAdt = gz, At 112
model timeJover the grid cell Qover Gover ( )

where ¢ is the total model time up to the point of the adjustment. So we have the
water depth difference between the local and the downstream grid cells as.

R; Ry
LA - 22Aa =R = Ry = [(@yer )t = (@er)adalt (4.13)
A Ay

where the subscripts { and d denote local and downstream, respectively. Therefore,

A(hd) =

in one main direction, the lateral water flux rate to/from the local grid cell (m?s~!)
is

u
Fi.= .435[((];“,)[,‘1[ - (q;v")d:ldlt + [Z(A[ - ZdAd]E (4.14)
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After F; is calculated in all of the four main directions. the net lateral water flux
rate for the grid cell. ¢, (mms™!), can be estimated by equation (4.4). Finally. the
surface runoff rate q;,,, (mms~') and the infiltration rate q;,;; (mms™') generated
by the original model are adjusted accordingly to their new values gouer and ginp

respectively in the modified model by equations (4.1) and (4.2).

4.2 Implementation of the Modified Scheme

4.2.1 The Simple Numerical Regime in Bonan’s LSM

Bonan's LSM is a very comprehensive model in terms of physics processes. But its
numerical regime is verv simple. [t is actually a single-point one-dimensional model
because it does not have any consideration of the interaction between neighboring
GCM/LSM grid cells. All calculations are on its 6009 so-called subgrids.

At the beginning of the LSM run, the initial conditions are interpolated from a
128 x 64 regular horizontal grid system onto the 6009 irregular predefined land points.
or subgrids. During the LSM integration, the model integrate and solve any equation
for the 6-layer soil model point by point(of the 6009 points). When the model is asked
to output, variables are again transferred onto the regular 128 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 regime. No effort has been made to modify the numerical algorithm. A subroutine
(named slp.f) was plugged into the model as seen in the flow chart(Figure 4.4) to do
the adjustment of runoff and infiltration caused by topography. Functions of the

subroutine slp.f are illustrated in Figure 4.5.
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Figure 4.4: Flowing chart showing where the subroutine slp.f is plugged in.



CH. 4. MODIFICATION ON BONAN'S RUNOFF PARAMETERIZATION 57

In Figure 4.4. the big dashed frame encloses the primary subroutines related to
the hydrological processes. Strings in the frames are subroutine names. The AGCM
CCM3 calls Bonan's land surface model{LSM) every time step. Subroutine lsmdrv.f
is called first by CCM3 to drive the LSM. Subroutine lsm.f is the main routine
for LSM. Subroutine canh20.F calculates canopy water: snoh20.F calculates snow
water: infl.F calculates surface runoff g,... and infiltration g, p; slp.F adjusts goper
and gnp1 according to the calculated lateral water fluxes caused by topography: and
the adjusted Geuer and qinp are passed to subroutine soih20.F to calculate soil water
and sub-surface runoff / drainage by solving a tridiagonal system of equations.

As shown in Figure 4.5. subroutine slp.F commits several tasks. It reads in the
topographic height first, which is used to calculate the slopes s between neighboring
grid cells. Then flowing speeds u in the four main directions are estimated by Equation
(4.6). After the water elevation difference dWW E' is determined. if u and d11"E have
the same mathematical signs. then inflow or outflow rate qy, is calculated: otherwise
there is no outflow from or inflow to the local grid cell, i.e.. gp,. = 0. Finally. the
surface runoff rate g.- and infiltration rate ¢, are modified by the calculated lateral

water flux rate g, according to equations (4.1) and (4.2).
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Figure 4.5: Flowing chart showing the functions of the subroutine slp.f.

38



Chapter 5

Impact of the Modification on

Climates

After the modification was coded in the model as described in last chapter. another
similar run of the modified CCM3/LSM (the modified model hereafter) was con-
ducted. The configuration of the modified model run was exactly the same as the
one in Chapter 3, except the modification on the runoff parameterization proposed
in Chapter 4. Another eight-yvear run (1987-1994) was conducted for the modified
model after the spin-up (two and half years). Comparisons will be in a regional scale
(in the MRB, the base for the Canadian 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: third, the
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 analysis on the
atmospheric waves, and comprehensive explanations of the complicated impacts the

modification brought to the AGCM climates.

39
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The first section will begin with the changes in the surface runoff introduced by the
modification. And then changes in ground evaporation. infiltration and soil moisture
will be discussed. The Canadian GEWEX research basin, the MRB. was chosen for
the discussion in this section from a regional climate perspective. The second section
will include the impacts of the modification on surface temperature. temperature in
the atmosphere. atmospheric humidity and precipitation. Most of the discussion in
this section will be conducted from a global perspective so that we can make proper
comparison with previous research results by others to recognize improvements or
deficiencies the modification introduced. Detailed point budgets analysis will also be
conducted in the Andes Mountains vicinities. The third section will illustrate how
the modification impacts the flux of CO, in the land surface model from a global
perspective. To check the significance of the improvement the modification brought.
T-tests on some typical variables and power spectrum analysis on basic atmospheric

waves are conducted in the last section.

5.1 Impact on the Land Surface Climate

5.1.1 Surface Runoff

The first moastication put into the model is on the surface runoff parameterization.
Therefore it is quite natural to first check out the changes in surface runoff introduced
by the modification. Figure 5.1 is a comparison plot for total surface runoff simulated
by the original (upper panel) and the modified models (lower panel) for the period
from January 1987 to January 1995. For all the future horizontal distribution plots in
this section, the shaded background is the topographic height resolved by the CCM3
T42 resolution.

The original model gives a maximum of 70 mm near the mountain tops and another



CH. 5. IMPACT OF THE MODIFICATION ON CLIMATES 61

center of 12 mm. [t is very difficult to explain physically why the maxima occur at
those locations. However. the modified model gives a quite terrain-following pattern
of surface runoff. negative bands along the mountain tops and positive bands along
the mountain feet at both sides (west and east) of the mountains, especiallv an over-
250mm high at the east side of the mountains. This pattern is what is expected and
very easy to understand. Topographic slopes cause outflows from higher topography
(mountain tops) and inflows into the lower topography points (mountain feet). The
surface runoff is more likely to accumulate at the mountain feet. This pattern will

also improve the pattern of the total runoff which will be discussed in Figure 5.4.

5.1.2 Infiltration

Another modification made to the model is the adjustment of infiltration. The infil-
tration was adjusted with the same algorithm as described in Chapter 4. Figure 3.2
shows a comparison between the original and the modified model simulated infiltra-
tion. The modified model gives an overall reduced estimation of the infiltration over
the whole domain and a low tongue (featured by the 3000mm contour) at the east
side of the mountains. The highs over 13000mm in the original model at the west
coastal area were reduced to over-11000mm in the modified model. The 4000mm
contour at the east side of the mountains in the original model result was pushed to
right over the mountain tops in the modified model result. This pattern is also what
is expected and easy to understand. The topographic slopes make it more difficult
for the water to stay on the slopes and thus less water infiltrates into the soil on the

slopes.
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Figure 5.1: Total surface runoff(mm) simulated by the original (upper panel) and the
modified models (lower panel) for the period from January 1987 to January 1995. The
shaded background is the topographic height resolved by the CCM3 T42 resolution.
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Figure 5.2: Total infiltration(mm) from January 1987 to January 1995, comparison
between the simulated fields by the original and the modified models.
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5.1.3 Sub-surface Runoff and Total Runoff

As described in Chapter 2, in Bonan's LSM (Bonan 1996b), infiltration was used as
the boundary condition to solve the soil hydraulic properties including the sub-surface
runoff and soil moisture we are most interested 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 comparison of the sub-surface runoff /drainage simulated by the original and
modified models is plotted in Figure 5.3. Similar to the infiltration pattern in Figure
3.2, 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 low center (400mm) than in the original model result (200mm). Meanwhile,
the maxima at the west coast were reduced from 12000mm to 11000mm at 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 find 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
column from the interface between the atmosphere and the soil. Therefore, it is quite
straight forward that the decrease of infiltration means decrease of water input into
the soil model, which results in less sub-surface runoff/drainage; or vise versa.

Total runoff is simply the sum of surface runoff and sub-surface runoff. As plotted
in Figure 5.4, the original model gives a low band at the east side of the mountains.
And the runoff increases with the topographic height to the mountain tops. This

pattern is not quite physically consistent with the topography as discussed in the
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Figure 5.3: Total drainage/ sub-surface runoff (mm) for the period from January 1987
to January 1995, comparison 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 com-
pared with that from the original model. High bands at the mountain feet at both
west and east sides and a low band along the mountain tops. The low band at the east
side of the mountains in the original model becomes a wide high band in the modified
model. The maxima of over 12000mm at the west coast from the original model were
reduced 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 at 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 modified
model 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

physically.

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 hydrology.

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. A general
discussion on sensitivity of the modification to time scales will be given in section

5.2.3.
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Figure 5.4: Total runoff (mm) for the period from January 1987 to January 1995,
comparison 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/m?) compared
with the original model result (over 80 W/m?). The ground evaporation along the
mountain tops is substantially reduced by over 20/W m=2 in the modified model result.
This is mainly due to the drier soil at the mountain tops and slopes (Figure 3.7) in the
modified model. While in winter (Figure 5.6), ground evaporation slightly increased
along 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 winter
was found at the east side of the mountains with a maximum of over 60Wm~2 in
the modified model result, whereas it is 53 m~2 in the original model result. There
are two reasons for this increase: more water accumulation at the mountain foot
increased the soil moisture; the warmer temperature in the corresponding area in the
modified model than in the original model is favorable for evaporation (Figure 5.12).
Meanwhile, the evaporation at the west coast is also slightly increased by the modified

mode] due to more water accumulated at the mountain foot.

5.1.5 Soil Moisture

Changes in infiltration will definitely affect the soil moisture. The first variable we
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 3.8 are the evaporation
soil wetness for the summer and winter seasons, respectively.

In summer (Figure 5.7), the first soil layer is much drier over the areas, where

the infiltration is substantially reduced in the modified model (Figure 5.2) than in
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Figure 5.5: Ground evaporation(Wm™2) in August 1994, comparison between the

simulated fields by the original and the modified models.
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Figure 5.6: Ground evaporation(Wm™2) in January 1995, comparison between the
simulated fields by the original and the modified models.
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the original model. The modified model 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, nearly 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 the slight
changes in winter is that the soil is frozen in this area during winter.

Another 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
3.10 show very slight difference (featured by the 0.3 contour) between the modified
model result and the original model result. This means that the modification does
significantly affect the soil wetness at shallow soil layers (Figure 3.7), but does not
affect the total water content in the soil column as a whole. This seems a puzzle. But it
is very easy to understand when one compares the infiltration and drainage/subsurface
runoff (Figures 5.2 and 5.3 ). The increased infiltration into the soil at the top of the
soil column generated more drainage out of the soil at the bottom of the soil column,
which keeps the total water content in the soil column nearly unchanged. This is
determined by the mechanism of the soil model.

All 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 much 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 soil wetness (fraction) in August 1994, comparison between

the simulated fields by the original and the modified models.
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Figure 5.8: Evaporation soil wetness (fraction) in January 1995, comparison between

the simulated fields by the original and the modified models.
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Figure 5.9: Root soil water(fraction) in August 1994, comparison between the simu-
lated fields by the original and the modified models.
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Figure 5.10: Root soil water(fraction) in January 1995, comparison between the sim-
ulated fields by the original and the modified models.
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increase (decrease) of the drainage out of the soil at the bottom of the soil column
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, evaporation reduced; in areas where infiltration increased,
evaporation increased too.

Now it is time to ask how these changes affect the atmosphere. In next section,
changes in the atmospheric climate caused by the modification will be discussed.
Some of the conclusions will explain the conclusions in this section. For example, 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 from 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 comparison with
the surface temperature. In summer (Figure 5.11), the modified model significantly
warmed up the mountain tops and even the lee side of the mountains. This can
be found by comparing the 278K and 284K contours between the original and the
modified model results. As a result, at the east side of the mountains the warm ridge
was strengthened. In winter (Figure 5.12), 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

flux from the ground. In Figures 5.13 and 5.14 are the latent heat flux comparisons
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between the original and the modified models at the same times. [t is quite obvious
in summer (Figure 5.13) that the modified model substantially reduced the latent
heat flux along the mountain tops where the surface temperature was warmed up by
the modified model.

These conclusions are consistent with Bonan'’s general conclusions in Bonan (1996a).
i.e., “infiltration reduced, resulting in drier soil and less latent heat flux and thus
warmer ground surface.” While in his Table 6, conflict data were presented for the
Mackenzie River basin: for the four seasons, the surface temperature in winter, and
fall decreased, unchanged in summer and slightly increased in spring, and the annual
average decreased. As an explanation for this conflict, he just mentioned that. in
basins where soil was very wet (Mackenzie, Yukon Kolyma), infiltration decreased
and the soil dried. Latent heat flux decreased during the summer. but the soils
were wet enough that surface air temperatures did not significantly increase (Bonan
1996a). Higher consistency of our data with Bonan's general conclusion implies that
the modification made in this study did improve the LSM’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 heat
flux between the modified and the original model results, but the surface temperature
was still warmed up by the modified model along the mountain tops. This reminds one
that surface soil wetness and latent heat flux are not the only two factors affecting
the surface temperature. Of course, the upper atmospheric structure and general
atmospheric circulations also play an important role on the surface fields. One will
find out in section 5.4 that this winter warm-up is very possibly related to the changes

in the general atmospheric waves caused by the modification.



CH. 5. IMPACT OF THE MODIFICATION ON CLIMATES 78

Original

68N
66N
64N
62N
60N §
58N
56N
54N
52N
SON

68N
66N
64N iz e
621 : S—

60N
S8N ¢
96N
94N

52N ot p N
SO0N :::‘-‘C : \[\_\

150W 145W 140w 135W 130W 125w 120W 115w 110W 105W

[ ———
i

100 200 300 400 500 600 700 800 900 100011001200

Figure 5.11: Surface temperature(K) in August 1994, comparison between the simu-
lated fields by the original and the modified models.



CH. 5. IMPACT OF THE MODIFICATION ON CLIMATES 79

Original

68N
66N
64N
62N g
6ON
58N
S6N
54N
52N
SON

150W 145W 140W 135W 130W 125W 120W 115W 110W 105W

Modified

68N
66N
64N
62N
60N
58N
56N
54N
52N
S0N

150W 145W 140W 135W 130W 125W 120W 115W 110W 105W

100 200 300 400 500 600 —900 1000 1100 1200

Figure 5.12: Surface temperature(K) in January 1995, comparison 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. comparison 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, comparison between
the simulated fields by the original and the modified models.
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Table 5.1: Locations and topographic features of the three points chosen for point

budgets analysis.

Points Location Latitude Longitude Topographic Height (m)
A at mountain top  20.93S 67.5W 3075.69
B on lee slope 20.93S 64.7W 2301.85
C at mountain foot  20.93S 59.1W 32.57

5.2.2 Point Budgets Analysis

To further clarify the conclusions obtained from 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 than in the MRB 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 the physical mechanism of
the modification; and finally, analysis of more regions can be supplementary proof of
improvements the modification brought.

The three points were 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 at the
mountain foot with the lowest topographic height of 32.57m; and point B is at the
middle of the lee slope with a topographic height of 2301.85m.

The mean values for the four three-month seasons and for the year are calculated
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for the important budget terms 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, respectively. The
first 6 columns are for surface moisture budget analysis; and the last three columns
are for surface energy budget (or temperature) analysis. Note. not all the budget
terms are configured to be output in the model runs. Terms listed in these tables are
based 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-
cantly reduced by the modification for all seasons and the annual average. The most
reduction in infiltration occurred in the Southern Hemisphere Summer (DJF) by
about 5 mm/day. In the soil water budget equation in Bonan’s LSM (Bonan 1996b).
infiltration is a dominant term for water supplies to the soil: therefore, the significant
reduction of infiltration caused significant reduction in root zone soil water (RSW
column). More significant, reduction was found in the first soil layer wetness (SW1
column). The dried soil by the modified model resulted in less ground evaporation
(EVA column). The reduction of precipitation is definitely related to the reduced
ground evaporation, but it is also related to other complicated upper atmospheric
processes.

Surface latent and sensible heat fluxes are the most important terms in the sur-
face 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 Bonan's
previous result on “reduced infiltration causes drier soil and less latent heat flux and
thus warms up the surface”, here we added another reason for the warmer surface
temperature: the increased sensible heat flux (SHX column). These resulted in about

a 1 - 2K warmer surface temperature at point A.
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Table 5.2: Point A at the mountain top: mean infiltration (INF, mm/dayv). total
runoff (RUN, mm/day), ground evaporation (EVA, mm/day), total precipitation
(PRE, mm/day), root zone soil water (RSW, fraction), the first soil laver wetness
(SW1. fraction), latent heat flux (LHX, mm/day), sensible heat flux (SHX. mm/day).
and the surface temperature (TSA, K) for the four three-month seasons. Top numbers

are for the original model: bottom numbers are for the modified model.

INF RUN EVA PRE RSW SW1 LHX SHX TSA
DJF 816 045 219 9.02 028 082 4.09 1.87 286.87
274 -6.65 1.13 572 015 044 275 293 288.16
MAM 642 382 260 695 035 099 351 1.04 285.04
3.23 -6.61 181 7.19 026 074 2.74 1.50 285.62
JJA .21 271 123 123 023 054 137 0.67 279.77
008 -6.54 023 033 019 0.10 041 1.20 281.33
SON 1.03 088 0.95 1.1t 020 026 134 235 283.79
0.17 -6.64 0.15 0539 0.17 0.04 057 286 285.60
Annual 421 196 174 4538 026 065 2358 1.48 283.87
1.6 -6.61 0.83 351 019 033 162 212 285.18

On the contrary, at point C (Table 5.4) at the mountain foot. because of the
lateral water inflow caused by its lower topography than its neighbouring grid cells,
infiltration and total runoff are significantly increased by the modification for all
seasons and the annual average. The most increases in infiltration and runoff occurred
in the Southern Hemisphere Winter (JJA) by about 1.1 mm/day, 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 fact that soil at this low topography has higher water content {or higher water
table) at most of the time. Somehow, this can be verified by the smaller magnitude
of changes in the infiltration and runoff than at point A. Again more significant
increases can be found in the first soil layer wetness (SW1). Increased soil wetness
caused increases in ground evaporation.

As a result of the increased ground evaporation, latent heat flux increased. and
together with the slightly reduced sensible heat flux (SHX). cools down the surface
temperature at this mountain foot point, by 1 - 2I for most seasons and 1.1K for the
vear.

Terms listed in Table 5.3 for point B generally have the same features as those for
point A but with smaller magnitudes of changes. This is determined by its geographic
location. between points A and C. but closer to A. Point B receives inflows from
upstream grid cells (including A) and generates outflows to the downstream points
(including C). The results in Table 5.3 shows that in most seasons and the annual
average point B gives net lateral water outflows as point A. Therefore, all conclusions
for point A are also applicable to point B.

[n summary, the point budgets analysis conducted in this section more clearly
confirmed the conclusions we got from the horizontal distribution analysis at another
geographic location. And our conclusions are consistent with previous works (Bonan

1996a; 1998) but with a more detailed explanation.

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 models. Now, before any further discussions on the impact of other
climate variables, it is useful to check out at which time scale(monthly. seasonal or

annual) the model is most sensitive to the modification.
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Table 5.3: As in Table 5.2, but for Point B on the mountain slope.

INF

EVA

PRE

RSW

SW1

LHX

SHX

TSA

DIJF

14.82
10.12

2.25

2.41

15.80
15.66

0.34
0.31

1.00
0.96

4.00
4.37

1.02

1.25

289.04
289.82

MAM

9.32
6.44

2.12
1.95

9.88
10.62

0.28
0.29

0.96
0.92

3.06
2.90

0.88
0.98

287.83
287.93

JJA

1.43
0.16

1.29
0.26

0.22

0.20

0.65
0.13

1.50
0.49

0.63
1.20

283.53
284.67

SON

297
1.39

2.07
0.99

0.20
0.18

0.64
0.29

2.59

1.59

1.28
1.99

286.70
288.76

Annual

7.14
4.52

1.93
1.40

0.26
0.25

0.81

0.57

2.78
2.33

0.95
1.35

286.78
287.80

Table 5.4:

As in Table 3

.2, but for Point C at the mountain foot.

INF

RUN

EVA

RSW

SW1

LHX

SHX

DJF

5.06

2.97

0.23
1.04

3.80
4.16

0.31
0.32

0.69

0.75

3.830
4.34

1.92
1.66

MAM

3.07
3.85

0.41
1.22

2.73

3.25

0.31
0.32

0.62

0.75

3.10
3.62

1.75

1.26

JJA

0.56
1.66

0.49
1.35

0.63
1.48

0.28
0.29

0.30
0.59

0.91
1.78

1.65
1.00

SON

2.58
2.45

0.31
1.27

1.94
2.35

0.29
0.28

0.32
0.56

2.26

2.65

2.01
1.76

Annual

2.81
3.39

0.36
1.22

2.28
2.81

0.30
0.31

0.54
0.66

2.56
3.10

1.83
1.42

86
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We still take the surface temperature as an example and compare the seasonal
means (Figure 5.13) and the annual means (Figure 5.16) with the monthly means
(Figures 3.11 and 5.12) given in the last section.

Compared with the monthly means shown in Figure 5.11, the seasonal means,
taking summer for an example, give the same pattern with weaker warm-up. But
significant difference can still be found between the original and the modified model
results at seasonal time scale. The least difference was found in the annual averaged
surface temperature (Figure 3.16). in which one can find nearly no difference hetween
the original and modified model results, except the 260K and the 262K contours at
the north-east corner of the domain.

Therefore, from a regional scale perspective, the model is most sensitive to the
modification at the monthly time scale. less sensitive at seasonal scale and least
sensitive at the annual time scale.

Comparisons between the two models’ results for consecutive vears’ annual aver-
ages (not shown) show that the impact of the modification is getting weaker when
time scale increases. However, the impact still visibly exists. This implies that. from
a regional scale perspective, the modification does changed the model climate at even
seasonal and annual time scales. The changes at monthly time 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 vears) is significantly changed

by the modification in many regions, especially in vicinities of high topography.

5.2.4 Atmospheric Temperature

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, let’s see what happened
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Figure 5.15: Seasonal surface temperature (K) for summer (June, July and August.
JJA hereafter), comparison between the simulated fields by the original and the mod-

ified models.
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Figure 5.16: Annual average surface temperature (K), comparison between the sim-

ulated 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 all climate properties are the structures of the tempera-
ture and water vapor fields. To interpret the simulation quality of these fields. Hack
et al. (1998) compared them (from the original CCM3/LSM) to the NCEP/NCAR
global reanalyses (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 recognize
improvements or deficiencies of the modified model.

Figure 5.17 shows the original CCM3/LSM seasonal winter (December. January
and February, DJF hereafter) and summer (JJA) zonal averages of temperature differ-
ence from the respective NCEP climatology. As Hack et al. (1998) concluded. overall,
the original CCM3/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 50N and 30S and 200mb. The original CCM3/LSM
exhibits 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 K colder
than analyzed. Cold polar tropopause simulations have been documented to be a
pervasive problem in atmospheric general circulation modeling (Boer et al. 1992).
Tropical upper troposphere temperatures are also poorly simulated by the original
CCM3/LSM. Both seasons exhibit a zonal-mean cold bias of between 3K and 4K at
the tropical tropopause. And the simulated temperatures at high latitudes in the
lower troposphere are colder than analyzed.

In the comparison between our modified model simulated temperatures and the
original model simulated temperatures (Figure 5.18), in winter, the modified model
improved much on the simulated temperature at middle and high latitudes in the

whole troposphere, by giving a over 1.2K warmer center at the lower troposphere and
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another over 1.2K warmer center at the upper troposphere. At the upper troposphere
(around 60N, 100mb), the modified model reduced the warm bias in the original
model by 0.2K. In the tropical upper troposphere, the modified model improved the
temperature simulation by 0.4K. 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 (0.2K) at 30S between
600hPa and 250hPa. 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 summer. similar with in winter, the most significant improvement is found
again in the north polar region but in the middle and lower troposphere. with a
maximum correction of over 0.6K. Another over 0.6K correction is found in the upper
troposphere at the south polar area, where the modified model reduced the cold bias
in the original model by about 0.6K. 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 600hPa and 200hPa as in winter. The most exciting point
here is that the 0.6K correction at the upper troposphere at the south polar area
shows that the modified model also corrected the “cold polar tropopause simulation™
by 0.6K. a pervasive problem in many AGCMs claimed by Boer et al. (1992). This
correction is at an over 80% significance level as shown in section 5.4. However, the
modified model slightly increased the cold bias in the lower troposphere at the south
polar region.

The T-test results shown in section 5.4 will show that most of the changes men-

tioned above are significant.
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Figure 3.17: Cross section of the seasonal zonal averages of atmospheric tempera-
ture(K) for winter (DJF) and summer (JJA), plotted is the difference between the
original CCM3/LSM result and NCEP/NCAR reanalyses. (Courtesy of Hack et al.
1998)
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5.2.5 Atmospheric Humidity

The zonally averaged cross sections of specific humidity differences between the orig-
inal CCM3/LSM and the NCEP/NCAR reanalyses climatology are shown in Figure
5.19. When compared against the NCEP analysis, the original CCM3/LSM simu-
lated moisture distribution appears to be in a reasonably good agreement. There is
evidence of a meridionally broad low-level dry bias on the order of 1 g/kg in both
DJF and JJA, with a weak moist bias in the [TCZ. The largest difference appears
poleward of 30N during JJA where a pronounced dry bias extends up through the
middle troposphere, with maximum values of 3.5 g/kg at 35N near the surface (Hack
et al 1998).

Figure 5.20 shows the zonally averaged cross sections of specific humidity differ-
ences between the original and the modified CCM3/LSMs. In winter (DJF). the most
obvious improvement is found between 135S and 30S at lower troposphere. where the
modified model reduced the moist bias in the original model by over 0.15g/kg. Be-
tween the equator and 30N the modified model also slightly reduced the moist bias
at the lower troposphere. A slight reduction of the dry bias in the original model can
also be found at the polar regions. However. the modified model slightly increased
the moist bias at the middle tropical troposphere.

In summer (JJA), the modified model reduced the moist bias up to 0.15 g/kg over
the equator and the area between 20S and 30S at the lower troposphere. The dry
bias at (10S. 600 hPa) and (15N, 850 hPa) is also reduced by the modified model by
over 0.03 g/kg. At regions around (30N, 700 hPa) and (75N, 850 hPa), the modified
model reduces the dry bias by over 0.06 g/kg. However, the modified model presents
no correction on the big dryv bias between 30N 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 3.4.
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Because of the uncertainties in any single analysis of the water vapor field as
described in Hack et al. (1998), he also compared the original CCM3/LSM with
the National Aeronautics and Space Administration (NASA) Water Vapor Project
(NVAP) precipitable water climatology, the vertical integral of the specific humidity.
Figure 5.21 shows the zonal- and seasonally averaged precipitable water for the orig-
inal CCM3/LSM, CCM2/LSM, NVAP and NCEP (Hack et al. 1998). This figure
shows a similar meridional bias in the JJA meridional distribution of water vapor,
where a pronounced Northern Hemisphere dry bias is clearly indicated by the NVAP
data. exceeding 5kgm=2 (or 5 mm) over most of the region between the equator and
4ON.

Because the precipitable water is defined as the vertical integral of the specific
humidity, changes in the vertical structure of specific humidity made by the modified
model do not necessarily result in much difference in the zonal- and seasonally aver-
aged precipitable water between the modified model and the original model (Figure
5.22). But slight improvement is still visible. In winter, the modified model simulated
precipitable water is closer to the NVAF climatology at poleward of 20N. between
5 and 13S, and between 30N and 70N. In summer, the modified model gives better
result at regions of poleward of 45N, ITCZ. and between 30S and 30S.

The horizontal distribution of the precipitable water simulated by the original
model, and its difference from the NVAP dataset are shown in Figure 5.23 and 5.25
for DJF and JJA respectively. The CCM3/LSM 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
meridional 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 some significant regional differences between the original model
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Figure 5.19: Cross section of the seasonal zonal averages of specific humidity (x10~*
Kg/Kg) for winter (DJF) and summer (JJA), plotted is the difference between the
original CCM3/LSM result and NCEP/NCAR reanalyses. {Courtesy of Hack et al.

1998)
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Figure 5.21: zonal- and seasonally averaged precipitable water (Kgm~2) for the orig-
inal CCM3/LSM, CCM2/LSM, NVAP and NCEP for winter (DJF) and summer
(JJA). (Courtesy of Hack et al. 1998)
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Figure 5.22: zonal- and seasonally averaged precipitable water (K gm~2)for winter
(DJF) and summer (JJA), the solid line is for the original CCM3/LSM and the

dashed line is for the modified model.
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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
equatorial Atlantic, Northern Africa, and into Northern India. These differences
typically exceed 6 mm, representing approximately a 15% - 20% error. Similar, but
more severe, regional differences are seen in the JJA simulation. The atmosphere
over warm continental surface appears to be systematically dry, exceeding 10 mm
over large areas, where these differences represent local errors of 30% or more. Even
oceanic regions exhibit a significant drv anomaly, as seen in JJA over much of the
western Pacific.

The horizontal distribution of the precipitable water simulated by the modified
model, and its difference from the original model simulation are shown in Figure 5.24
and 5.26 for DJF and JJA respectively. In the DJF simulation. the most significant
improvement can be found in Australia by about 2.5mm, 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 modified and the original models
appears larger than in the winter simulation because the modification is directly
related to precipitation. The modified model gives very obvious correction in North
America at the east coast of the United States, in China - Russia area. especially at
the vicinity of the Tibet Plateau. in Central Africa, east part of Amazon basin and
slight correction at the central equatorial area. These corrections reduce the errors
discussed in the original model.

From the above two graphs, especially the JJA precipitable water plot, one can
easily find that the modified model basically gives less precipitable water over high
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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might be related to the changes in the atmospheric general circulations, which will

be discussed in section 5.4.

5.2.6 Evaporation and Precipitation

The evaporation and precipitation fields illustrate the properties of water exchange
between 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
observational dataset does not exist). For this period (1987-1994), the evaporation
curves show that the most vigorous transfer of water to the simulated atmosphere
occurs between 30S and 70N, with maxima around 30N, the ITCZ and 20S. This
pattern is slightly different from a typical pattern from a long-term CCMS3 simulation
. which exhibits well-pronounced evaporation maxima near 20N and 20S (Hack et al.
1998). However, the consistency between this study and previous studies on the pre-
cipitation horizontal distribution for this period will convince readers that the model
performs properly (see the simulated ENSO response section). The modified model
reduced the evaporation between 50N and 30S. The enhanced suppression of evapora-
tion in the vicinity of ITCZ convection is a more realistic feature of the CCM3/LSM
simulation, showing good agreement with corresponding oceanic estimates (e.g.. see
Oberhuber 1988; Doney et al. 1998; Kiehl 1998).

Because of the reduced evaporation, the modified model also reduced the zonal
annually averaged £ — P (bottom panel in Figure 5.27) while keeping the same
pattern as from the original model. The regions 20N - 70N and 13N - 30N are
well-defined 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 water.

The zonally and annually averaged precipitation rate is shown in Figure 5.28
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Figure 5.23: Global distribution of precipitable water (Kgm™2) simulated by the

original CCM3/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 (Kgm™2) simulated by the
modified CCM3/LSM (top panel), and the difference with respect to the original

model result, i.e. MODE Lmogifiea — MODE Loriginat (bottom panel), for DJF.
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Figure 5.25: Global distribution of precipitable water (Kgm™?2) simulated by the
original CCM3/LSM, for JJA (top panel) and the difference with respect to the
NVAP analysis. (Courtesy of Hack et al. 1998)
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for the original CCM3/LSM, modified CCM3/LSM and the Xie and Arkin (1996)
analysis. Generally the original CCM3/LSM overestimates the precipitation rate
except at the ITCZ as shown in the upper panel. While the modified model drags the
curves closer to the Xie and Arkin (1996) analysis at most of the Northern Hemisphere
and some areas in Southern Hemisphere, as shown in the lower panel. The most
significant improvement can be found between 153N and 60N, and between the equator
and 60S.

As seen in the seasonal mean(Figure 5.29), the modified model significantly re-
duced the evaporation between 20S and 30S, at the ITCZ, and between 10N and 40N
in D.JF. and between 30N and 60N in JJA. where the maxima occur for corresponding
seasons. This figure also shows some difference from Hack et al (1998). The evapo-
ration in the tropics is small for both seasons, especially in the JJA. when the peak
is between 30N and 60N.

The seasonal zonal averages of precipitation rate (Figure 5.30) shows similar pat-
terns with the annual mean (Figure 5.28) with slightly bigger difference than that
between the original CCM3/LSM and the Xie and Arkin (1996) analysis. The origi-
nal model simulated precipitation rates are generally overestimated in most regions,
especially in the midlatitude storm track regions. The modified model slightly im-
proves the patterns by increasing (decreasing) the precipitation rate at the under-
estimated (overestimated) areas by the original model (Figure 5.31). In DJF. the
modified model improved the precipitation rate in most of the region between 30S
and 30N. In summer, besides for the tropics, improvement can also be found in the
midlatitude storm track areas.

The changes to both evaporation and precipitation produce differences in the
seasonal distribution of the net water exchange (E — P) at the surface between the

modified and the original models (see Figure 5.32). Both the original and the modified
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models produced a weaker source of total water between 135S and 33S during the
Northern Hemisphere winter months and a very strong source region between 30N and
75N during the Northern Hemisphere summer months. The modified model slightly
reduced the strength of the source regions of total water where maxima occur.
Figures 5.33 and 35.35 show the DJF and JJA global distribution of precipitation
for the Xic and Arkin climatology and the original CCm3/LSM simulation (Hack et
al. 1998). The comparison between the original and the modified models is shown in
Figures 53.34 and 5.36. Overall, the original CCM3/LSM does a very credible job of
simulating the principal features of the observed precipitation distribution (see details
in Hack et al. 1998). However, a number of significant biases are apparent in the
original model simulated seasonal structures. In Figure 5.33. the original model gives
an anomalous precipitation maximum in the DJF pattern. in the western tropical
Pacific. positioned well north of the observed precipitation maximum. The modified
model corrected it by about 3 mm/day (Figure 5.34). Vigorous [TCZ convection
extends too far east in the Pacific Ocean. and convection in the Indian Qcean is
positioned too far to the north with evidence of a double ITCZ not reflected in the
observational data, where the modified model corrected it again by 1 - 2 mm/day.
Western Pacific convection extends too far south into northwestern Australia, where
the modified model corrected it by 3 mm/day. And the original model tends to lock
precipitation over the Andes Mountains, a problem in many other AGCMs (Hack et
al. 1998). But the modified model corrected it by 2 mm/day. This improvement is
directly related to topographic effects, and illustrates that the modified LSM with
more detailed topographic effects included gives a more realistic AGCM climate.
Other improvements can also be found at other locations, such as the overestimate

tail in the southern Indian Ocean.
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Figure 5.27: Zonally annually averaged evaporation rate (mm/day) (upper panel) and
E — P (W m~2) (lower panel) simulated by the original(solid line) and the modified

models.
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Figure 5.28: Zonally annually averaged precipitation rate (mm/day) for the original

CCM3/LSM and Xie and Arkin (1996) (Courtesy of Hack et al. 1998), and the
comparison between the original (solid line) and modified models (lower panel).
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Figure 5.29: Zonally and seasonally averaged evaporation rate (mm/day) for DJF
and JJA simulated by the original (solid line) and the modified models.
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Figure 5.30: Zonally and seasonally averaged precipitation rate (mm/day) in DJF
and JJA. for the original CCM3/LSM and Xie and Arkin (1996) (Courtesy of Hack

et al. 1998).
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Figure 5.31: Zonally and seasonally averaged precipitation rate (mm/day} in DJF
and JJA, for the original CCM3/LSM (solid line) and the modified model.
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Figure 5.32: Zonally and seasonally averaged net water exchange rate(E—P) (Wm™2)
for DJF and JJA simulated by the original (solid line) and the modified models.
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In the original model simulation, the JJA distribution (Figure 5.35) shows exces-
sive convective activity over central America erroneously extending eastward into the
Caribbean, with weaker than observed precipitation in the eastern Atlantic. Slight
improvement can be found in the modified model with a magnitude of about 1-2
mm/day at these locations (Figure 3.38). There is also an anomalous precipitation
maxima over the Arabian Peninsula in the original model simulated precipitation,
where the modified model corrected it by about 2 mm/day. The modified model
also corrected the unrealistic meridional separation of the [TCZ in the west-central
Pacific given by the original model, by a long high band of up to 3 mm/day in Figure
3.36 (lower panel). The anomalous precipitation maximum in the north subtropical
central Pacific was corrected by the modified model by about 2 mm/day. Another
improvement can be found around the Tibet Plateau, where the original model gives
an anomalous precipitation maximum, and the modified model corrected it by about
2 mm/day, and gives more precipitation at the east side of the Plateau. This pattern
is closer to the observed one. This is another example illustrating that the inclusion

of topographic effects into the LSM makes the AGCM more realistic.

5.2.7 Simulated ENSO Response

The AGCM simulated ENSO response can be illustrated by examining the longer-
term average precipitation differences between a warm and cold event. an analysis
technique that helps to maximize the observed response (Hack et al. 1998). Figure
5.37 shows the seasonal differences between DJF 1987 and DJF 1989 (i.e., warm mi-
nus cold event) for the Xie and Arkin precipitation data and the original CCM3/LSM
result (Hack et al. 1998). And the modified model result and the differences between

the modified and the original models are shown in Figure 5.38. Comparison between
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Figure 5.33: Global DJF distribution of precipitation rate (mm/day) for the Xie and
Arkin (1996) precipitation climatology, and as simulated by the original CCM3/LSM.
(Courtesy of Hack et al. 1998)
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Figure 5.34: Global DJF distribution of precipitation rate (mm/day) for the modified

model and the difference between the modified and the original models (lower panel).
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Figure 5.35: Global JJA distribution of precipitation rate (mm/day) for the Xie and
Arkin (1996) precipitation climatology, and as simulated by the original CCM3/LSM.

(Courtesy of Hack et al. 1998)
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Figure 5.36: Global JJA distribution of precipitation rate (mm/day) for the modified
model and the difference between the modified and the original models (lower panel).
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the top panels of Figures 5.37 and 5.38 shows that the modified model can still repro-
duce the main features of this ENSO event as the original model does. This implies
that the modification is physically consistent with other processes in the original
model and, the modified model performs properly. The most obvious improvement
by the modified model was found in the Indian Ocean. The original model gives a

high there. while the modified model 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
hetween the evaporation and precipitation, for CCM2/LSM, the original CCM3/LSM
and the corresponding observational estimates (Hack et al. 1998). The estimates of
precipitation rate are taken from Xie and Arkin (1996), who have constructed global
distributions of monthly precipitation by combining data from gauge observations,
several different satellite retrieval estimates and predictions from ECMWF opera-
tional forecast model. Observational estimates of precipitable water are taken from
the NVAP, which combines water vapor retrievals from TIROS-N Operational Ver-
tical Sounder (TOVS) and the Special Sensor Microwave/Imager (SSM/I) platforms
with radiosonde observations (Randel et al. 1996).

The CCM3/LSM simulation is systematically drier than the NVAP estimates. In
all 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 averaged
evaporation and precipitation, where the precipitation term exhibits a similar seasonal
peak during the Northern Hemisphere summer months. The imbalance responsible for

the annual cycle in precipitable water turns out to be very small, measured in fractions
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Figure 5.37: DJF87-DJF89 (warm-cold) precipitation rate anomalies (mm/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 (mm/day) for
the modified model and the difference between the modified and the original models

(lower panel).
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of a watt per square meter, as shown in the third panel in Figure 5.39 (where the
curve 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 figure are very
similar with 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 August in Figure 5.39. The maximum of precipitation is in August for
this period, instead of July in Figure 5.39, which was derived from a 13-year run
(1979-1993). And consequently, the turning point from source of total water to sink
of total water was located in August, instead of July in Figure 5.39. All these slight
differences are most possibly due to the shorter sample length (8 vears) from the new
simulations than Hack’s (15 years). However, shorter time simulation can reflect the
climatology of that specific period, while longer time simulation can be used to derive
more general climatology.

The first panel in Figure 5.40 shows strong annual cycle in the precipitable water
with a maximum in August. The modified model slightly improved the original model
between 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 maximum in July and August.
While keeping the observed pattern from Xie and Arkin (1996), the modified model
slightly improved the original model on the annual cycle simulation of precipitation
through the whole year except October. Interestingly, Bonan (1998) himself compared
his CCM3/LSM simulated precipitation with Legates and Willmott (1990), instead of
Xie and Arkin (1996), which claims substantial differences from Legates and Willmott

(1990). The patterns of precipitation and evaporation determined the pattern of the
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net 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
turning point between water source and sink moved to August by the precipitation
peak. However, the modified model again improved the E — P annual cycle throughout

the whole vear.

5.3 Potential Impact on the Environment

The LSM simulates the exchange of CO» from plant growth (photosynthetic CO,
uptake: maintenance and growth CO, loss) and CO; loss from microbial respiration
(t.e. decomposition) (Bonan 1996b). This is a very complicated process related to
many biochemical processes. In this short section, we are not going to discuss the
detailed mechanism of the CO, flux in the model. instead. we just want to find
out the changes in the net CO, flux between the land surface and the atmosphere
the modification may introduced, compared with the original model result. Bonan
(1998) and Craig et al. (1998) have concluded the efficiency and the importance of
the inclusion of CO; flux into LSM coupled to AGCMs.

Note, only the net CO, exchange between the land surface and the atmosphere,
not the atmospheric CO,, will be discussed because we did not have the output
of the atmospheric CO; from our AGCM. Craig et al. (1998) has addressed the
impact of the net CO, exchange between the land surface and the atmosphere on
the atmospheric CO, simulation. After finding out the changes the modification
may introduced. compared with the original model result. we can trv to figure out
the potential impact of the modification on the atmospheric CO,, and thus on the

carbon cycle in our environment.
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Figure 5.39: Annual cycle of globally averaged precipitable water (mm), precipitation
rate (mm/day), and the difference between the evaporation and precipitation (E-P)
(Wm~2), for the original CCM3/LSM, CCM2/LSM, and corresponding observational
estimates. (Courtesy of Hack et al. 1998)
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Figure 5.40: Annual cycle of globally averaged precipitable water (mm), precipitation
rate (mm/day), and the difference between the evaporation and precipitation (E-P)
(Wm™?), the solid line is for the original CCM3/LSM and the dashed line is for the

modified model.
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Figure 5.41 shows the annual cycle (top panel) and the zonal- annually averages of
net C'O, flux(umolm=2) derived from the simulation for the period from January 1987
to January 1995. for the original (solid line) and the modified (dashed line) models.
The inclusion of the topographic effects into the LSM generates more CO, flux into
the atmosphere for the whole year cycle and on the whole globe. with the general
patterns unchanged for either the annual cycle or the zonally annual average. The
poleward zero values are due to the calculation of the CO, flux in the LSM is done
only on land, not on ocean surfaces or frozen surfaces where no plants grow. This can
be found in the seasonally averaged CO, flux horizontal distribution in Figure 3.42.

Plotted in Figure 5.42 is the difference of the simulated CO, flux between the
original and the modified models. In the Northern Hemisphere winter (DJF), the
modified model produces about 0.5 pmolm=2 more CO, flux than the original model
in most regions. At the mean time, the modified model produced more CO, flux than
the original model at some areas in Amazon basin, the top of the Andes Mountains
(up to 3 umolm™?), and some areas in the Central Africa (up to 2 gmolm=2); And it
produced less CO; flux than the original model at the northeast of Australia (about
1 pmolm=2), the east coast of south Africa (by about 2 pumolm=2), and at the lee
side of the Andes in South America (about 2.5 pmolm=2).

More significant changes can be found in the Northern Hemisphere summer (JJA)
horizontal distribution (bottom panel in Figure 5.42). The modified model substan-
tially reduced the CO; Bux in the eastern U.S. by about 1.5 umolm=2; at the down-
streamn side of the Amazon and the lee side of the Andes by 1.3 umolm=2%; Other
reduced areas (around 1 pmolm=2) can be found at the Mackenzie River basin in
North 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 at the south foot of Himalayas and over the south portion of the
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Rocky Mountains. by about 4 gmolm™=2; Other increased areas are some areas in the
upstream of the Amazon. and in the ALPS mountain areas in Europe.

In summary, compared with the original model result, the modified model pro-
duced more CO, flux over higher topographic areas. less CO, flux over lower topo-
graphic areas, when the modification on the runoff parameterization affects more on
the model climate in corresponding hemisphere. And changes in the net CO, between
the land surface and the atmosphere must have an impact on other lower boundary
layer variables through very complicated biochemical mechanism (Bonan 1996b: Bo-
nan 1998), and further have an impact on the atmospheric CO, distribution (Craig
et al. 1998), thus must affect the carbon cycle in the global environment.

Craig et al. (1998) concluded that errors in temperature and precipitation simula-
tions cause anomalies in the atmospheric CO, field. Our analysis on temperature and
precipitation simulation in last section shows many very encouraging improvements
in these two fields, i.e., the modified model reduces the errors in the temperature
and precipitation simulations. Therefore, the modified model may improve the at-
mospheric CO, simulation. More work on atmospheric CO, simulation is needed to

verify this point.

5.4 Significance Check on the Modification

Many improvements have been claimed in previous sections. To further confirm these
improvements. in this section, we are going to do some 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,
Aux(pmolm=2) 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 CO, flux(umolm=2) for DJF (top panel) and
JJA. Plotted is the difference of the simulated net CO; flux between the original and
the modified models, i.e., MODELpodifiea — MODE Loriginat-
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5.4.1 T-test on Surface Fields

The Student’s t-statistic was used to identifv significant changes between the modified
and the original model results. The advantage of using the t-statistic is that all areas
and 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 with AGCMs.

y—I .
t-—m (01)

m
where r and y are two samples with length of m and n respectively: & and § are

bl Ll

averages of r and y respectively; and s is defined as following

2o Zm(E B+ Py - )
m+n-—2

In this thesis, r is the original model result and y is the modified model result.
They have the same sample length in this study, which is 8 (vears for annual averages
or seasons for seasonal averages). With this sample length. areas with |¢| values over
1.345 have significance levels over 80%. Positive values means the modified model
increased the variable and negative values means the modified model decreased the
variable.

Again, we will begin the significance check with total runoff; the most modification
related field, then surface temperature and surface pressure. After this. we will check
the t-test scores for the vertical cross sections of atmospheric 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 (along
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mountain bodies), and increased at the lower topography sites (along mountain feet).
This mechanism is most clearly demonstrated at the Andes Mountains vicinities, most
probably due to its dimensional simplicity compared with other regions over the world
(e.g.. the Rocky Mountains and Tibet Plateau. etc.). This mechanism is also most
clearly shown up in this area in the surface temperature analysis (Figures 5.44, 5.45.
and 5.46). That is why we chose this area for the point budgets analysis in section

Presented in Figure 5.44 are the t-test scores on the annual averaged surface
temperature and surface pressure. Areas with significance levels over 80% are shaded.
And contours between -1 and 1 are not plotted. From the upper panel of Figure 5.44.
the most significant changes are found at the vicinities of the Andes Mountains in
South America, showing a heating (over mountains) and cooling (lee side of the
mountains) dipole. Relatively significant changes can also be found in the Tibet
Plateau vicinities, most areas of Africa. Russia and Mexico. Australia and over the
central Antarctic. T-test scores for the annual averaged surface pressure reveal several
areas with significant rises, for example at the central Pacific, north-west of Europe:
and four areas with significantly lowered surface pressure. the west coastal area of
South America, east Atlantic ocean and North Africa, the Central and Southern
United States. and over the North Pacific ocean and the Central Arctic Ocean. No
significant changes are found at the north portion of the Rocky Mountains vicinities
in this annual time scale analysis. That is why we 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 JJA t-test scores of the seasonal averaged surface temperature and surface
pressure (Figure 5.45), more significant changes are found generally at similar loca-

tions as in the annual analysis. The highest score for surface temperature changes
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from 6 to 10 (over the Tibet Plateau). And the areas with significant changes are
larger than in the annual analysis, especially for the surface pressure. Significant
changes of surface temperature show up along the whole Rocky Mountains at this
seasonal time scale. The surface pressure is significantly lowered across the Central
Africa. at the downstream side of the Rocky Mountains throughout to the east coast
in North America, and over the ocean to the west of South America. Surface pressure
significantly rises over the Central and Eastern Europe. over the Pacific Ocean and
over the Bellingshausen Sea area between the South America and the Antarctic.

Compared with the DIJF t-test scores of the seasonal averaged surface tempera-
ture and surface pressure (Figure 5.46) and the annual t-test scores (Figure 5.44). the
modification brought the most significant changes to both the surface temperature
and the surface pressure in the Northern Hemisphere summer. This is understandable
hecause the runoff parameterization is mainly based on precipitation. So. the modifi-
cation is very sensitive to precipitation. the more precipitation. the more impact the
modification will cause to the model climate.

From the t-test for the surface pressure, one will easily raise a cuestion: the
modification made to the model is on land. why has the surface pressure changed
over the ocean? This reminds us to check whether the modification also changed the

basic atmospheric structure. The following subsection will answer this question.

5.4.2 T-test on Atmospheric Temperature and Humidity

Recalling Figures 5.18 and 3.20, one can remember that we claimed some small num-
bers as significant changes in atmospheric temperature and specific humidity. Are
they 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 summer.

which is consistent with all of the previous analysis. The 0.2K correction on the warm
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Figure 5.43: T-Test scores on the seasonal averaged total runoff. Areas with signifi-
cance levels over 80% are shaded. Positive areas represent the modified model result

is larger than the original result.
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Figure 5.44: T-Test scores on the annual averaged surface temperature (7,) and
surface pressure (P;). Areas with significance levels over 80% are shaded. Positive

areas represent the modified model result is larger than the original result.
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Figure 5.45: T-Test scores on the seasonal (JJA) averaged surface temperature (7})
and surface pressure (P;). Areas with significance levels over 80% are shaded. Positive

areas represent the modified model result is larger than the original result.
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Figure 5.46: T-Test scores on the seasonal (DJF) averaged surface temperature (7)
and surface pressure (P;). Areas with significance levels over 80% are shaded. Positive

areas represent the modified model result is larger than the original result.
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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 at 80% significance level. The most significant changes in the summer
atmospheric temperature are found at the middle troposphere at the north polar re-
gion. with a high t-test score of over 3.0. The warm-up at 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 5.48). This significant change in atmospheric moisture the modified
model generated is most probably due to the simple treatment of the surface processes
in the polar region in the original model. The increased moisture could cause more
latent heat release in the air column and thus increase the atmospheric temperature
in the air column (shown in Figure 5.47) and, consequently, improves the model sim-
ulations of these basic atmospheric variables in this region. This implies that the
modification makes the LSM more realistic and forces the AGCM to generate a more
realistic climate.

Besides the most significant changes in the north polar region, the correction of
the moist bias at the lower tropical troposphere and the correction between 30S and
60S 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 explain 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
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humidity. In next 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 this subsection. we are going to identify the changes in the basic atmospheric waves
brought by the modification by extracting the single harmonic waves from 300hPa
and 850hPa geopotential heights. using fast Fourier transform (FFT) (Press et al
1996).

The power spectrum is a very useful quantity to examine the changes in the at-
mospheric waves. Plotted in Figures 5.49, 5.30, and 3.531 are the power spectra for
the first ten waves along the 43N latitude. extracted from the 5300hPa and 850hPa
geopotential heights, for the annual average. JJA average and DJF average. respec-
tively. The 45N latitude represent middle latitude in Northern Hemisphere. where
the dominant wave at the 500hPa level is Rossby wave which is the most important
wave in this area. Another reason to analyze this area is that this area is a reasonable
mixture of land (with moderate complex topography) and ocean than in other areas;
To identify the relative significance of the changes between the high level (500hPa)
and low level (850hPa. closer to the land surface), power spectra on 850hPa is also
plotted. Only the first ten waves are plotted in these graphs because the waves 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 modification
only changed the first 6 waves, with the most significant changes at the first wave
followed by the second wave. Waves after the sixth show nearly no changes. On
500hPa (upper panels), the modification reduced the power of the first wave most

significantly in the DJF season (over 100), less in the annual and seasonal 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 model result is larger than the original result.
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(around 20). For the second wave, the modification also reduced its power in the
annual and JJA averages, while increased its power in the DJF average. On 830hPa.
the power reduction on the first wave has the maximum in the DJF average (about 40),
less in the JJA average (about 15), and the least in the annual average (just 2.5). The
power of the second wave is increased by the modification, with the maximum increase
in the JJA average (about 13), less in the DJF average (10) and the least (minor)
in the annual average (about 2.3). Comprehensive comparison between 500hPa and
850hPa, 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
3.52 are the first six waves extracted from the JJA average of the 500hPa geopotential
height along the 45N latitude. These waves are those shown in Figure 5.50. The most
significant changes are found in the first two waves. less significant changes in the third
wave. and very slight changes in the fourth, the fifth and the sixth waves. This can
be furthermore convinced by the corresponding t-test scores on these 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 500hPa,
while on 850hPa, significant changes can also be found in the sixth wave, 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 Rossby-wave-
related, the significant changes mentioned above should have signs in the Hadleyv cell.
Figure 5.54 and 5.35 will verify this point. Plotted in Figure 5.54 and 5.55 are the
zonally averaged vertical velocity (w) for DJF and JJA respectively. More signifi-
cant changes were found in the Northern Hemisphere winter (Figure 5.54) than in

the Southern Hemisphere winter. This is possibly due to the much less and much
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Figure 5.49: Power spectra (m?) for the first ten waves along the 45N latitude, ex-
tracted from the annual averaged 500hPa and 850hPa geopotential heights. Solid line
is for the original model and the dashed line is for the modified model.
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Figure 5.50: Power spectra (m?) for the first ten waves along the 45N latitude, ex-
tracted from the seasonal (JJA) averaged 500hPa and 850hPa 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 (m?) for the first ten waves along the 45N latitude. ex-

tracted from the seasonal {DJF) averaged 500hPa and 850hPa geopotential heights.

Solid line is for the original model and the dashed line is for the modified model.
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simpler topography in the Southern Hemisphere than in the Northern Hemisphere.
Therefore, the modification on LSM brought less impact to the Southern Hemisphere
than the Northern Hemisphere. The modification intensified the Hadley cell in the
Northern Hemisphere winter by increasing both the upward and downward velocity
over 0.05 hPa/s. Very slight changes can be found in the Hadley cell in the Southern
Hemisphere winter (Figure 5.35).

The intensification of the Hadley cell could be explained by the mechanism of
Hadley circulation. The modification results in drier surface at higher topography
and wetter surface at lower topography. Drier surface has smaller heat capacity than
wetter surface. Consequently, drier surface is easier to be cooled down in winter. The
overall result of the modification in the Northern Hemisphere could be a cooler land,
while the modification almost does not affect the temperature in the equator area.
This will increase the temperature gradient between the equator arca and the middle
latitude, and thus intensified the Hadley cell.

Another important circulation is the Walker circulation, which is mainly Kelvin-
wave-related. Comparison between the modified and the original model results show
little difference on the Walker cell (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.

5.4.4 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
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Figure 5.52: The first 6 waves along 45N on 300 hPa extracted from the seasonal

(JJA) averaged 500hPa geopotential height. Solid lines are for the original model

and dashed lines are for the modified 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
(JJA) averaged 500hPa and 850hPa geopotential heights. Shaded areas are those

with significance levels over 80%.
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Figure 5.54: Comaprison of the simulated Hadley cells represented by the zonally
seasonal (DJF) averaged vertical velocity (Pa/s). The upper panel is for the original

model and the lower panel is for the modified model.
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Figure 5.55: Comaprison of the simulated Hadley cells represented by the zonally
seasonal (JJA) averaged vertical velocity (Pa/s). 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 the modification makes the sur-
face drier at high topography and wetter at its feet. Changes of the surface moisture
and temperature also caused significant changes in the atmospheric humidity at the
upper atmosphere, which quite possibly changed the latent heating from condensation
and consequently, changed the atmospheric temperature. Even more. these changes
resulted in significant changes of the Rossby waves at 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 land.

Explanations to the impact the Hadley cell, and to the chain reaction to the
modification from the surface variables to the upper Rossby waves given above are
qualitative. Analytical explanations could be very difficult, especially for the impact
of the modification on the Rossby waves. Many previous researches are on response of
the equatorial Kelvin waves to simple forcing using very simple models (for example,
Gill 1980; Gill 1982b; Horinouchi and Yoden 1996; Wang 1988; Wang and Rui 1990;
Wang and Xie 1996; Webster 1972; Xie and Wang 1996). Similar work as Gill (1982b)
and Clarke and Liu (1993) could be possible to get an analyvtical solution to the
question raised here about middle latitude Rossby waves, but that could be another
great thesis which needs a lot of work. Here I would like to end this subsection using
Gill’s words in his 1982 paper’s summary (Gill 1982b), showing the complicated chain
interaction in the atmosphere.

“When many waves move through a region, rain occurs when conditions are fa-
vorable, thus leading to an eventual drying out of the atmosphere with saturation only
just being reached during extreme events. The relative humidity of this state depends
on the disturbance energy level. Euvaporation of moisture from the surface will tend

to restore moisture levels, however, thus balancing the tendency of the disturbances to
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dry out the atmosphere. The relative humidity of the atmosphere and the amount of

precipitation that occurs depend on the balance between these processes.”



Chapter 6

Conclusions and Discussion

6.1 Main Conclusions

Verification of Bonan’s LSM by comparing the simulated with the diagnosed total
runoff from NCEP/NCAR reanalysis data reported a problem that Bonan's LSM
does not include the lateral water exchange between neighbouring grid cells caused
by topographic slopes. Then, to fix this problem, based on previous research results
on river re-distribution models, a modification on the original runoff parameteriza-
tion was proposed and implemented in the original LSM. Analvsis 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 expected,

forced the AGCM to give a more realistic climate.

Verification of the Original CCM3/LSM

Diagnosed runoff was estimated from NCEP/NCAR reanalysis data for an 8-vear

period from 1987 to 1994. Bonan's LSM was run for the same period coupled to
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NCAR's CCM3. Comparisons between the diagnosed and simulated runoff indicate
that. the runoff parameterization can regenerate the overall pattern of the diagnosed
runoff over land but with substantial overestimates in some regions and underesti-
mates in others. A closer look at the North America and the MRB shows that. the
area integrals of runoff are fine in the MRB, but the runoff parameterization cannot
reproduce the reasonable diagnosed horizontal distribution pattern of runoff. which
is more important to the model climates. One of the possible reasons is that topo-
graphic effects are not included in the original runoff parameterization. Lateral water
fluxes caused by topographic slopes not only affect the horizontal redistribution of

runoff, but also directly affects the infiltration capacity.

Modification on the Original Runoff Parameterization

Based on some previous research results on river re-distribution models. modifi-
cation on the original runoff parameterization was proposed and implemented into
the original model (NCAR's CCM3/LSM). Modification is in two aspects: the topo-
graphic slopes cause outflows from higher topography (mountain tops) and inflows
into the lower topography points (mountain feet). Topographic 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-

graphic 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
Mackenzie River basin, shows that the modified runoff parameterization can generate

the expected horizontal distribution pattern of total runoff. which is much closer
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to the observed and diagnosed runoff horizontal distribution patterns, and which is
much more consistent with topography and thus very easy to explain physically. This
represents the improvements in runoff simulation over the original model.

Because the LSM uses infiltration as the boundary conditions to solve the soil hy-
draulic properties including the subsurface runoff, the modified model also changed
other land surface climate variables. Consequently. the modified model gives less
(more) sub-surface runoff at higher (lower) topography points where infiltration de-
creases (increases). Increases (decreases) of infiltration increase (reduce) the soil
wetness at the top soil layer. and generally increase (reduce) the ground evaporation.
Then surface latent and sensible heat fluxes are changed and as a result. surface

temperature may also be changed.

Impact of the Modification on the Atmospheric Climate

Surface temperature was changed by the modification and our conclusions
are consistent with previous studies. At higher topography points. the modification
results in less infiltration into the soil: the reduced infiltration dries the soil. reduces
the surface latent heat flux. and consequently raises the surface temperature. This
mechanism is very clearly demonstrated in the point budgets analysis at the Andes
Mountains vicinities. The analysis result and its interpretation in this thesis are more
self-consistent than in some previous studies.

From a regional scale perspective, time scale sensitivity analysis shows that.
the model is most sensitive to the modification at monthly time scale. less sensitive
at seasonal scale and least sensitive at annual time scale.

More importantly, the modified model improved the original model on simulating

the basic atmospheric climate properties such as, thermodynamic features (structure
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of temperature and specific humidity). precipitable water. net water exchange. and
precipitation.

[n summer. the most significant improvement in the simulated vertical structure of
zonally seasonally averaged atmospheric temperature, introduced by the modified
model. is found at the north polar area by correcting the cold bias in the original model
in the entire air column with a 1.2K maximum at the lower troposphere and the other
at the upper troposphere: while the most significant improvement in winter is in the
upper troposphere at the south polar area and the middle troposphere at the north
polar region. where the modified model reduced the cold bias in the original model
by over 0.6K. And improvements can also be found at many other regions.

Zonally seasonally averaged cross sections of specific humidity differences be-
tween the modified and the original CCM3/LSMs show the most obvious improve-
ments in the tropics at lower troposphere, where the modified model reduced the moist
bias in the original model by up to 0.2g/kg for both summer and winter seasons.

Because the precipitable water is defined as the vertical integral of the specific
humidity, changes in the vertical structure of the specific humidity made by the mod-
ified model do not necessarily result in much difference in the zonal- and seasonally
averaged precipitable water between the modified model and the original model.
But 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. South
Africa in winter; and at east side of the Rockies in North America. China - Rus-
sia area, especially at the vicinity of the Tibet Plateau, Central Africa. Northern
Australia. and east part of Amazon basin in summer.

Generally the original CCM3/LSM overestimates the zonally and annually pre-

cipitation rate except at the [TCZ. While the modified model drags the curves closer
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to the Xie and Arkin (1996) analysis at most of the Northern Hemisphere and some
areas in Southern Hemisphere, The most significant improvement is found between
[53N and 60N, and between the equator and 30S.

The modified model reduced the evaporation between 30N and 30S. This en-
hanced suppression of evaporation in the vicinity of ITCZ convection is a more realistic
feature of the CCM3/LSM simulation, showing good agreement with corresponding
oceanic estimates (e.g.. see Oberhuber 1988; Doney et al. 1998; Kiehl 1998). The
modified model more obviously reduced the seasonal mean evaporation rate between
208 and 30S in D.JF, and between 30N and 60N in the JJA. where the maxima occur
for corresponding seasons. Consequently, the modified model also reduced the zonal
annually averaged net water exchange £ — P. especially the source regions of total
water.

Analysis of the global distribution of precipitation shows significant improve-
ments introduced by the modification. The modified model gives very obvious cor-
rections for every significant bias the original model gives as Hack et al. (1998)
mentioned. Two very good examples directly related to topographic effects are the
removal of the “precipitation lock™ at the Andes Mountains in DJF (Hack et al. 1998)
and the correction of the precipitation anomaly at the Tibet Plateau. These two ex-
amples illustrate that the modified LSM including topographic effects gives a more
realistic AGCM climate.

The simulated 1987 ENSO response was examined by checking the longer-
term average precipitation differences between DJF 1987 (warm event) and D.JF 1989
(cold event). The modified model can still reproduce the main features of this ENSO
event as the original model does. This implies that the modified model performs
properly, even though the patterns of the zonal- seasonally averaged precipitation and

evaporation are different from those in other studies. The most obvious improvement
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by the modified model was found in the Indian Ocean. The original model gives a
high there, while the modified model gives a low as in the observation.

Analysis on the annual hydrologic cycle shows that. the modified model slightly
improved the original model between in September and October on the annual cycle
simulation of precipitable water, possibly due to the fact that the modification in the
runoff parameterization is more effective when there is more surface water supplies
during summer and fall. The modified model also slightly improved the original model
on the annual cvcle simulation of the precipitation throughout the whole vear except
October. and also improved the annual cvcle simulation of £ —~ P throughout the

whole vear.

Potential Impact of the Modification on the Environment

The modified model produced more net CO, flux over higher topographic ar-
eas. less CO, flux over lower topographic areas. when the modification on the runoff
parameterization has stronger impact on the model climate in respective hemisphere
scasons. And changes in the net CO, flux between the land surface and the at-
mosphere must have impact on other lower boundary laver variables through very
complicated biochemical mechanism (Bonan 1996b: Bonan 1998). and further have
impact on the atmospheric CO, distribution (Craig et al. 1998), thus must affect the
carbon cycle in the global environment. According to Craig et al. (1998). the modi-
fied model may improve the atmospheric CO, simulation which is very important to

global environmental studies.

Significance Check and Impact on Basic Atmospheric Waves



CH. 6. CONCLUSIONS AND DISCUSSION 158

T-test scores show significant changes in total runoff. surface temperature. mois-
ture. resulting in significant improvements in the basic atmospheric thermodynamic
variables, humidity and temperature; and consequently, the modification significantly
changed the basic atmospheric waves and thus some of the basic atmospheric circu-
lation. This confirms again that the modification on the LSM makes the LSM more
realistic in some areas and force the AGCM to produce a more realistic climate. It
is the significant changes in the basic atmospheric structure that extends the impact

of the LSM modification from land to regions other than land.

6.2 Discussion

There are many ways in which topography affects regional and global climate. This
thesis affected one aspect of that: an indirect way. i.e., topography affects the regional
and global climate via its impact on the land surface hydrological processes. In fact.
the whole issue as to where precipitation falls in a mountainous region is very relevant
to this study. The thesis “assumes” that this major problem is a “given” and then
it considers the lateral transport of moisture arising from that precipitation and the
sloping terrain.

Although improvement over the original model introduced by the modification is
dominant in the analysis, some deficiencies can also be found at some areas. Some of
the deficiencies are most possibly rooted in the AGCM, CCM3 in this case (Hack at
el. 1998). for example, the cold polar tropopause simulations have been documented
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 AGCMs (Williamson and Olson 1998). However. a very

encouraging conclusion is that the modified model even corrected some of these kinds
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of deficiencies. such as the “precipitation lock™ over the Andes Mountains. a problem
in many other AGCMs (Hack et al. 1998).

The modified model gives a more realistic runoff horizontal distribution pattern.
However, the calculation of the lateral water fluxes still needs to be refined. For exam-
ple. the water flux calculation double counted the topographic height. This definitely
introduced nonlinear effects on our adjustment on runoff and infiltration. To better
testifv the efficiency of the modification. longer model runs are needed. although the
current 8-vear run already shows many obvious improvements. This will be the next
step on this study. Inter-comparison with other LSMs (CLASS. WATCLASS. etc.)
will also help for further improvement on the runoff parameterization.

More work is also needed to verify the potential improvement the modification
may introduce to the atmospheric CO, simulation which is very important to global
environmental studies. And much more efforts are needed to give a quantitative

explanation on the response of the Rossbv waves to the modification in the LSM.
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