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ABSTRACT

Based on previous research results on river re—distribution models, a modification on the effects of
topographic slopes for a runoff parameterization was proposed and implemented to the NCARs land sur-
face model (LSM). This modification has two aspects: firstly, the topographic slopes cause outflows from
higher topography and inflows into the lower topography points; sccondly, 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, and eventual-
ly in the upper atmosphere and the climate, This mechanism is very clearly demonstrated in the point bud-
gets analysis at the Andes Mountains vicinities. Analysis from a regional scale perspective in the Mackenzi¢
GEWEX Study (MAGS) area, the focus of the ongoing Canadian GEWEX program, shows that the modi-
fied runoff parameterization does bring significant changes in the regional surface climate. More important-
lv, detailed analysis from a global perspective shows many encouraging improvements introduced by the
modified LSM over the original model in simulating basic atmospheric climate properties such as
thermodynamic features (temperature and humidity). AH of thes¢ improvements in the atmospheric climate
simulation illustrate that the inclusion of topographic effects in the LSM can force the AGCM to produce a
more realistic modei climate,
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1. Introduction

Hydrological processes are attracting more and more interest from the global climate
modelling community. Runoff is one of the most important hydrological processes and is in-
cluded in most land surface models. The development of land surface parameterizations has
been rapid in recent years, These include the biosphere—atmosphere transfer scheme (BATS)
(Dickinson et 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 1991),
SECHIBA (Ducoudre et al,, 1993), the Capadian land surface scheme (CLASS) (Verseghy,
1991: Verseghy et al., 1993} and the most recently developed land surface medel (LSM)
(Bonan, 1996b; 1996¢) at the National Center for Atmospheric Research (NCAR). Readers
can find a brief review of these parameterizations in Bonan’s papers (Bonan, 1995, 1996b).

@Email: Jinliang Liu@ec.ge.ca

T



734 Advances in Atmospheric Sciences Vol. 18

This study is to deal with a particular aspect of the problem: namely the runoff
parameterization in all of the models mentioned before, and the LSM in particular, To be
specific, we will include the topographic slope effects in the LSM presently used in NCAR's
Community Climate Model version 3 (CCM3) (Kichl et al, 1996; Acker et al,, 1996). We
found this problem as part of our effort in the Mackenzie GEWEX Study (MAGS) (Krauss,
1995) by comparing the CCM3 / LSM simulations with the National Centers for Environ-
ment Protection (NCEP)/ NCAR reanalysis data (Kalnay et al., 1996). MAGS is the prima-
ry Canadian GEWEX program.

Through this kind of effort, it was found that the flow speed of surface water should not
depend very much on topographic height, instead, it should strongly depend on topographic
slopes which have large effects on runoff, one of the most important hydrological processes.
The slope effects mainly arise in 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, and eventually in the upper atmosphere and the cli-
mate,

The organization of this paper will be as follows. The precise effects of topographic
slopes on runoff formulation will be presented in the next section in the context of CCM3 and
its LSM. Model result analysis on some effects of topographic slopes on the climate are given
inSection 3. Conclusions and discussion can be found in Section 4,

2. Changes made in LSM scheme

With consideration of lateral water fluxes caused by topographic slopes, the newly pro-
posed surface runoff rate g,,., and infiltration rate g5q should be calculated by

Qover = qo.ver + 9 flux » (1)
Qi = qu:ﬂ + 4 flux» (2)
where go. and gy with a superscript * are the surface runoff rate and infiltration rate
respectively, calculated by the original LSM; g, is the lateral water flux caused by
topographic slopes, It is determined by the next expression

Frux = V ¢ F‘! (3)

where vector B ~
F=(F,+ F )i+ (F + F)J, 4)

if using F, (k=1,4) to represent the net lateral water fluxes in each of the four main directions
as shown in Fig, 1, In one direction, only one of the inflow or outflow is possible at a given

time,
Based on Miller et al, (1994), Coe (1998) proposed an expression for the outflow i his

river routing model as, in one direction,
Fy, = max((Eq = Eoa)4,08, ®
where E,, and E,, are the water elevations of the local grid square and the downstream grid

square, respectively; 4 is the area of the local grid square, d is the grid size, and u is the flow
speed caused by topographic slopes between neighboring grid squares defined as
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Fig. 1, 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 square, respectively, The
uppercase subscripts ¥, E, S and N represent the four main directions west, east, north and south,
respectively, The net lateral fluxes in (4) are defined as: Fi= Fiy— FoyiF= Fy = Fop;
Fy= Figs— Fiand Fy= Fp— F ;.

= [
u= 035 5 (6)

here s is the slope determined by the elevation difference (Az) between neighboring grid
squares and the grid distance d, s, is called critical slope and set to a constant of 0,06005, The
constants s, and 0:35 depend on the horizontal resolution of the model and were chosen
more empirically than physically (Miller et al, 1994), In the current study, as a result of our
many experiments of CCM3 / LSM with a horizontal resolution of T42 (approximately 28°
x 2.8° latitude by longitude), 0.35 has been changed to 0.0035 to allow 0.15<u< 5 (Miller et
al., 1994: Coe, 1998). This empirical condition helps to restrict the lateral water fluxes to a
proper magnitude. According to Hornberger et al. (1998), the water elevation (WE) is given
by

WE= z+ A, N
where z is land elevation (topographic height) and 4 is water depth.

Even though the original purpose cof these formula (5 to 7) are for river routing models,
we will adopt them to runoff parameterizations for global climate modelling by connecting
the water depth / with the surface runoff g, After some equation developments {Liu, 2001),
equation (3) is modified to

Fo= ABS{{(goe ) 41— Gowe s Asdt+ 2,4, szd]}%' ®)
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Where ¢ (= 10 minutes) is the LSM time step with T42 resolution,

After F, is calculated in all of the four main directions, the net lateral water flux rate for
the local grid square, gq,(mm s '), can be estimated by equation (3), At the end, the surface
runoff rate and the infiltration rate (both in mm s™") generated by the original model are ad-
justed accordingly to their new values in the modified model by equations (1) and (2).

3. Model result analysis

According to data availability (i.e., SST as lower boundary conditions), two eight—year
runs are conducted (1987—-1994), excluding a 2.5—year spin—up for each run. One run is based
on the original LSM, And the other is with the modified scheme as outlined in Section 2. They
will be referred to, hereafter, as the  original” model run and the “ modified® model run,
tespectively.

In this section, we will compare the results of the original and the modified model runs.
In particular, comparison will be presented between the model results of temperature and
maisture. Some of the results will be presented only in the MAGS area. Large results will only
show up in the regional climate for the following reasons: Land only occupies about 30% of
all the surface area of the earth. Suppose significant slopes only occur over 20% of the land
surface area. Then even if the effect of the modification in the regional climate is 10 K in tem-
perature, the global effect of the modification is only less than 1 degree, a very small figure.
However, as you will be convinced by the next analysis, this does not necessarily mean the
impact of the modification is not important on the global climate,

3.1 Surface temperature

As in other studies (Bonan 1996a, and many others), we begin the comparison with the
surface temperature. In summer (Fig, 2), the modified model significantly warmed up the
mountain tops and even the lee side of the mountains, This can be found by comparing the
278 K and 284 K 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 (Fig, 3), warm—up
can also be found along the mountain tops and the northern part of the domain. The
warm—up along the mountain tops is featured by the 261 K and 264 K contours,

One of the directly related variables to the surface temperature is the latent heat flux
from the ground (Liu, 2001). Comparisons of latent heat flux between the original and the
modified models at the same times present substantially reduced latent heat flux in summer
along the mountain tops where the surface temperature was warmed up by the modified mod-
el

These conclusions are consistent with the general conclusions in Bonan (1996a), i.e., “ in-
filtration reduced, resulting in drier soil and less latent heat flux and thus warmer ground sur-
face.” While in his Table 6, conflict data were presented for the MAGS area; for the four sea-
sons, 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), infiltra-
tion 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),
Better consistency of our resuits with Bonan’s general conclusion implies that the modifica-
tion made in this study did improve the LSM’s performance. This has been more clearly con-
firmed by the point budget analysis at the Andes Mountain vicinities in South America (Liu,
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Fig 2 Surfice temperature (K] in Augusl 1994, Fig. 3 Same as in Fig, 2, but for January 1493,
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2001),
In winter, nearly no changes were found in the latent heat Mux hetween 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 onc that surface soil wetness and latent heat
flux are not the only two factors affecting the surface temperature, And also note, runoff
parameterizations are mainly based on precipitation, The current modification cannot recog-
nize the type of the precipitation, i.e., rain or snow, This could have caused overestimates in
the lateral water flux calculation in winter, which is still needed to be improved in the future,

3124 i'.l'?m."-'_ﬂﬂ{'i‘i't' remperamre

In last section, from a regional scale perspective, the model result analysis has convineed
that the modification in the runofl parameterization does have important impact on the sur-
face climale, Now, from a global perspective, let’s see what happened to the basic
thermodynamic structure after the modification is added into the model by checking the zonal
averages ol almospheric temperature and specific humidity.

To inlerpret the simulation quality of these two tields, Hack et al. (1998) compared them
(from the original CCM3 7 LSM) to the NCEP/ NCAR global reanalysis {(Kalnay et al,,
1996), As a continuation of his studies, we will compare our modified model result 1o Hack's
results (Hack el al,, 1998) to recognize improvements or deficiencies of the modified maodel,
Therelore, readers are referred ta Hack et al, (1998) tor corresponding figures and discussion
during the next analysis,

In the compitrison between our modified model simulated temperatures and the original
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model simulated temperatures (Fig. 4), in winter, the modified model improved much on the
simulated temperature at middle and high latitudes in the whole troposphere, by giving a over
1.2 K warmer center at the lower troposphere and another over 1.2 K warmer center at the
upper troposphere. At the upper troposphere (around 60°N, 100 hPa), the modified model re-
duced the warm bias in the original medel by 0.2 K, In the tropical upper troposphere, the
modified model improved the temperature simulation by 0.4 K. Another improved area is in
the middle troposphere between 30°N and 30°S, where the modified model slightly cools
down the warm bias in the original model, with the most significant correction (0.2 K} at 30°S
between 600 hPa and 250 hPa. 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 0.2 K. But the modified model slightly increased the cold bias in the upper
troposphere at the south polar region by about 1 K,

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 0.6 K. Another over 0.6 K correction is found in the upper troposphere at the south po-
lar area, where the modified mode! reduced the cold bias in the original model by about 0,6
K. The warm bias in the middle and lower tropical troposphere was also slightly reduced by
the modified model by 0.1-0.2 K, again with 2 maximum at 30°S between 600 hPa and 200
hPa as in winter, The most exciting point here is that the 0.6 K correction at the upper
troposphere at the south polar area shows that the modified model also corrected the " cold
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polar tropopause simulation” by 0.6 K, a pervasive problem in many AGCMs claimed by
Boer (1992). This correction is at an over 80% significance level (T—test) (Liu, 2001). Howev-
er, the modified model slightly increased the cold bias in the lower troposphere at the south
polar region.

3.3 Atmospheric humidity

Figure 5 shows the zonally averaged cross sections of specific humidity differences be-
tween the original and the modified CCM3 / LSMs. In winter (DJF), the most obvious im-
provement is found between 15°S and 30°S at lower troposphere, where the modified model
reduced the moist bias in the original model by over 0.15 g/ kg. Between the equator and
30°N 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 20°S and 30°S at the lower troposphere. The dry bias at (10°S,
600 hPa) and (15°N, 850 hPa) is also reduced by the modified model by over 0.03 g / kg. At
regions around (50°N, 700 hPa) and (75°N, 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 dry bias
between 30°N and 60°N in the original model.

T—test results (Liu, 2001) confirmed that most of the improvements mentioned in all the
above three sections are significant,

4. Conclusions and Discussion

Based on some previous research results on river re—distribution models, effects of
topographic slopes is included in a runoff parameterization for AGCMs, This modification
was implemented into the original modet (NCAR’s CCM3 / LSM) in this study. Modifica-
tion is in two aspects: the topographic slopes cause outflows from higher topography (moun-
tain 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
topographic slopes between neighboring grid cells,

Analysis from a regional scale perspective in the MAGS area shows that changes in the
surface hydrological variables (e.g., Liu, 2001) result in changes in surface latent and sensible
heat fluxes and consequently, surface temperature is changed, Precisely, at higher (lower) to-
pography points, the modification results in less (more) infiltration into the seil; the reduced
(increased) infiltration dries (wets) the soil, reduces (increases) the surface latent heat flux, and
consequently raises (lowers) the surface temperature. This mechanism is very clearly demon-
strated in the point budgets analysis at the Andes Mountains vicinities (Liu, 2001), The analy-
sis result and its interpretation in this study are more self—consistent than in some previous
studies,

More importantly, the modified model improved the original model on simulating the
basic atmospheric climate properties such as the thermodynamic features (structures of at-
mospheric temperature and specific humidity). T—test results demonstrate that most of the
improvements are significant (Liu, 2001).

There are many ways in which topography affects regional and global climate. This study

1
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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 study “as-
sumes” 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 domi-
nant in the analysis, some deficiencies can also be found at some areas. Some of the deficien-
cies are most possibly rooted in the AGCM, CCM3 in this case (Hack et al., 1998), for exam-
ple, the cold polar tropopause simulations have been documented to be a pervasive problem
in atmospheric circulation modeling (Boer, 1992), These kinds of deficiencies can be improved
by improving the approximation of the numerical schemes in the AGCMs (Williamson and
Olson, 1998),

The calculation of the lateral water fluxes proposed in this study needs to be further re-
fined, For example, the water flux calculation double counted the topographic height, This
definitely introduced nonlinear effects on our adjustment on runoff and infiltration. The cur-
rent modification also needs to be able to recognize the type of precipitation (snow or rain) to
better simulate the winter climate, To better testify the efficiency of the modification, longer
model runs are also needed, although the current 8—year runs already show many improve-
ments, This will be out next step on this study. Inter—comparison with other land surface
schemes will also help for further improvement on the runoff parameterization.

The authors wish to thank Prof, G.W.K. Moore and Prof, W, Peltier in Department of Physics, University of
Toronto, and Dr, R, E. Stewart in the Climate Processes and Earth Observation Division, Meteoralogical Service of
Canada (MSC) for their valuable discussions, Thanks also go o the anonymous reviewers of this paper for their con-
structive comments, This study was partly supported by the University of Toronto Open Fellowship and a National
Sciences and Engincering Research Council of Canada (NSERC) Collaborative Special Grant in support of the
Mackenzie GEWEX Study (MAGS), the focus of ongoing Canadian GEWEX studies.

REFERENCES

Acker, T. L., L. E. Buja, J. M, Rosinski, and J. E. Truesdale, [996: Users Guide to NCAR CCM3, NCAR Techni-
cal Note NCAR / TN—421+8TR, National Center for Atmospheric Research, Boulder, Colorado, 210pp.

Boer, G.1., 1992: Some results from and an intercomparison of the climates simulated by 14 atmospheric general cir-
culation models. J. Geophys. Res, 97, 12771-12786,

Bonan, G.B., 1995: Sensitivity of a GCM simulation to inclusion of inlawid water surfaces. J. Climate, 8, 26912704,

Bonan, G.B,, 1996a: Sensitivity of a GCM simulation to sub—grid infiltration and surface runoff. Climate Dyn.. 12,
279-285.

Bonan, G.B., 1996b: A land surface model (LSM version 1.0) for Ecological, Hydrological, and Atmospheric
Studies: Technical description and user’s guide. NCAR Technical Note NCAR / TN—41745TR, National Cent-
er for Atmospheric Research, Boulder, Colorado, 150pp.

Bonan, G.B, 1996c; The NCAR land surface model (LSM version 1.0) coupled to the NCAR Community Climate
Model, NCAR Technical Note NCAR / TN—429+STR. National Center for Atmospheric Research, Boulder,
Colorado, 171pp.

Coe, M. T., 1998: A linked global model of terrestrial hydrologic processes: Simulation of modern rivers, lakes and
wetlands. J. Geophy. Res., 103(D8), 88858859,

Dickinson, R E., A. Henderson—Sellers, and P.J. Kennedy, 1993: Biosphere—Atmosphere Transfer Scheme(BATS)
version le as coupled to NCAR Community Climate Model, NCAR Technical Note NCAR / TN—387+5TR,
National Center for Atmospheric Rescarch, Boulder, Colorado, 72pp,

5



No. 5 Jinliang Liv and Han—Ru Cho 741

Ducoudre, M, I, K. Laval, and A. Perrier, 1993: SECHIBA, a new set of parameterizations of the hydrologic ex-
changes at land—atmosphere interface within the LMD atmospheric general circulation model. J. Climare, 6,
248-273,

Hack, J.J., J.T. Kiehl, and JW. Hurrell, 1998: The hydrologic and lhermod):namic characteristics of the NCAR
CCM3._ J. Climate, 11, 1179-1206,

Hornberger, G.M., J.P. Raffensperger, P.L, Wiberg, and K. Eshleman, (Ed), 1998: Elements of physical hydrology,
Baltimore, MD: Johns Hopkins University Press, 314pp.

Kalnay, E., M. Kanamitsu, R, Kistler, W, Collins, D, Deaven, L. Gandin, M. Iredefl S, Saha, G. White, J. Woollen,
Y. Zhu, M. Chelliah, W, Ebisuzaki, W, Higgins, I. Janowiak, K.C. Mo, C. Ropelewski, J, Wang, A. Leetmaa, R.
Reynolds, R, Jenne, and D. Joseph, 1996: The NCEP/ NCAR 40—vyear rcanalysis project. Bulletin of the
American Meteorological Society, TT, 437-478,

Kiehl, L. T, J. Hack, G. Bonan, B, Boville, B. Briegleb, D, Williamson, and P, Rasch, 1996: Description of the NCAR
Community Climate Mode! (CCM3), NCAR Technical Note NCAR / TN—42048TR, National Ceater for Al-
mospheric Research, Boulder, Colorado, 143pp,

Krauss, T.W. 1995; The Mackenzie GEW EX Study (M AGS): Basic Information and Critical Charactetistics of the
Mackenzie River Basin and its Energy and Water Fluxes, A MAGS Internal Report, 80pp.

Liu, J. 2001: Improvement in runoff paramiterization for global climate modelling. Ph.D, thesis, University of
Toronto, 168pp. (Available from the author),

Miller, J.R., G.L. Russel, and G. Caliri, 1994: Continental-scale river flow in climate models, J. Climate, 7,
914928,

Pitman, A.J,, 1991: A simple parameterization of sub—grid scale open water for climate models, Climare Dyn., 6,
99-112,

Sellers, P.J., Y, Mintz, Y.C, Sud, and A. Dalcher, 1986: A simple biosphere model(SiB} for use within general circu-
lation models. J. Atmos. Seci., 43, 505531,

Verseghy, D,L., 1991; CLASS~A Canadian land surface scheme for GCMs, I; Soil model, fnt. J. Climatol,, 11,
111-133,

Verseghy, DL, N.A, McFarlance, and M. Lazare, 1993: CLASS—A Canadian land surface scheme for GCMs. 1L
Vegetation Model and coupled runs. . J. Climatol., 13, 347370,

Williamson, D.L., and J.G. Qlson, 1998: A comparison of semi—Lagragian and Eulerian polar climate simulation,
Mon. Wea. Rev., 126, 991-1000.

Xue, Y., P. J. Sellers, J, L, Kinter, and J. Shukla, 1991: A simplified biosphere model for global climate studies, J.
Climate, 4, 345-364.



