
































































































































































































































































































Source DF SS MS F P 

ln(a/tanf3) 3 0.518 0.173 0.40 0.750 

Error 282 120.351 0.427 

Total 285 120.869 

S = 0.6533 R-Sq = 0.43% R-Sq(adj) = 0.00% 

Individual 95% Cis For Mean Based on Pooled StDev 

Level N Mean StDev ---------+---------+---------+---------+ 

15 0.9507 0.7687 (----------------·---------------) 

2 34 1.0237 0.6494 ( ----------* ----------) 
3 42 0.8592 0.5737 (---------*---------) 

4 195 0.9457 0.6606 (---*----) 

---------+---------+---------+---------+ 

0.80 1.00 1.20 1.40 

Pooled StDev = 0.6533 

Tukey 95% Simultaneous Confidence Intervals 

All Pairwise Comparisons among Levels of ln(a/tanf3) 

Individual confidence level = 98.92% 

ln(a/tanl3)= I subtracted from: 

ln(a/tanf3) Lower Center Upper +---------+---------+---------+---------

2 -0.4468 0.0730 0.5927 ( ----------------·-----------------) 

3 -0.5959 -0.0915 0.4129 ( ----------------* ----------------) 

4 -0.4543 -0.0050 0.4443 

ln(a/tanf3) = 2 subtracted from: 

( --------------* --------------) 
+---------+---------+---------+---------

-0.60 -0.30 0.00 0.30 

ln(a/tanf3) Lower Center Upper +---------+---------+---------+---------

3 -0.5513 -0.1644 0.2224 (------------·-----------) 

4 -0.3896 -0.0780 0.2336 ( ---------* ----------) 
+---------+---------+---------+---------

-0.60 -0.30 0.00 0.30 

ln(a/tanl3) = 3 subtracted from: 

ln(a/tanf3) Lower Center Upper +---------+---------+---------+---------

4 -0.1988 0.0864 0.3717 (---------· --------) 

+---------+---------+---------+---------

-0.60 -0.30 0.00 0.30 

Figure 8-11: One-way ANOV A test for ln(a/tan~) versus classes. 
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Figure 8-12: Nonnal distribution, residual plot, box plot, and constant variance test for 
ln(a/tan~) versus land cover classes_ 

This study uses ANOV A to explore the relationship between ln(a/tan~) and the land 

cover classes_ The tests show that no obvious connection can be found between these two 

factors. 

8.4. Summary 

The objective of this chapter is to explore the relationship between ln(a/tan~) and the 

different land cover classes. IKONOS satellite images on October 18th 2003 are used to 
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do land cover classification using Decision Tree classifier. From the land cover 

classification, it can be found that in the Marmot Creek basin, 11.21% of the area is bare 

ground, 16.12% area is the grass, and 52.70% area is the forest. The results of the one­

way ANOVA show no obvious relationship between ln(a/tanp) and the land cover classes 

can be determined. 
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Chapter 9 

Conclusions and Recommendations 

9.1 . Conclusions 

The purposes of this study are to examine the theory behind TOPMODEL, and to find the 

relation between ln(a/tan~) and land cover classes. TOPMODEL combined with the GA 

is tested under steep topography in needle-leaf forested Marmot Creek basin in Alberta. 

Periods are chosen for the model calibration (from August to October 2007) and model 

validation (from August to September 2006). Snow free seasons are chosen to examine 

this model, because this version of TOPMODEL does not contain the snow component. 

PET, as one of the three input metrological data sets into TOPMODEL, is estimated by 

the Penman-Monteith function with ra and rc simulated by CLASS. ra is also estimated by 

Monteith method (1965) in order to investigate its effects on PET. For the purpose of 

determining spatial variability on streamflow simulation, two resolution DEMs data, l­

and 90-meter, and two flow direction algorithms, D8 and Doo, are employed in this 

research. 4-meter resolution IKONOS satellite images are used to do land cover 
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classification across the Marmot Creek basin basing on NDVI values. The covers are 

divided into four classes, which are snow or water, bare ground, grass, and tree. 

Based on the results and discussion described in former chapters, it can be concluded into 

five aspects. 

i) Model performance 

The model efficiencies of the calibration and validation periods are 0.611 and 0.332 for 

TOPMODEL simulations. Several reasons will cause the relative low efficiency model 

performance, like overestimating rainfall, errors in estimation of PET, ignoring the soil 

variability, and without the consideration of snow component which is a very important 

source of the streamflow in the Marmot Creek basin. 

ii) PET Estimation 

The estimated PET produced by Panmen-Monteith method is not sensitive to changing ra 

in the Marmot Creek basin. rc is the main controller for the transpiration compared with 

iii) Effects of spatial variability 

The mean value of ln(a/tanp) increases as the grid size increasing. When using Doo, the 

mean values of ln(a/tanp) are always greater than those calculated by D8. Although 

different grid sizes and flow direction algorithms generated various ln(a/tanp) 

distributions, the simulated streamflow results are virtually identical when the parameters 

are optimized. Both 1- and 90-meter resolution DEMs are not very appreciated for the 

small steep watershed simulation. 

iv) Streamflow generation mechanism 
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The dominant stream generation mechanism is the subsurface flow in the Marmot Creek 

basin. Subsurface flow accounts for 84.9% of the total simulated streamflow during the 

calibration periods. 

v) ln(a/tan~) effects on soil moisture and land cover classes 

ln(a/tan~) has a linear relationship with s. The local s will decrease along with the 

increment of the localln(a/tan~). Therefore, the locations with the relative high ln(a/tan~) 

values will saturate first. There is no obvious relationship between ln(a/tan~) and land 

cover classes. Elevation may have the dominant effect on the land cover distribution. 

9.2. Recommendations 

Four recommendations are proposed to improve this study in the future: 

i) Field measurement of parameters 

It is recommended that a physical range for each parameter be established from field 

measurements, especially for the saturated hydraulic conductivity. The spatial variability 

of parameters affects the results of streamflow simulation. 

ii) Rainfall data in the model simulation 

Rainfall, as the major input data for TOPMODEL, should be measured at more stations 

among the forest in the Marmot Creek basin. The rainfall data sets used in this simulation 

are obtained from the Hey Meadow metrological station which is covered with grass. 

Therefore, the rainfall is overestimated in this simulation without the consideration of 

interruption of the trees. 

iii) PET estimation 
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PET is used to estimate the actual evapotranspiration in TOPMODEL simulation. The 

Penman-Monteith method is limitied to precisely calculate PET, a further study in PET 

estimation is recommended. 

iv) DEM resolution and flow direction algorithms 

Both D8 and Doo are single flow direction algorithms. This limitation becomes 

increasingly important on convex slopes. More suitable flow direction algorithms are 

suggested to determine the flow direction of the streamflow. As 1-meter resolution DEM 

has huge data to process and 90-meter resolution DEM does not work well to the 

hydrologic simulation in hillslope watershed, a more appropriate resolution DEM is 

recommend. 

v) Improved TOPMODEL 

In the Marmot Creek basin most of the streamflow results from the melting of snow. 

Snow as the most important component in this watershed is ignored in TOPMODEL 

simulation. Although the calibration period is snow free, the streamflow is still 

significantly affected by the snow. This will result in the poor prediction. TOPMODEL 

combined with a sophisticated snow subroutine is highly recommended to improve our 

simulation in the future. 



131 

References 

Alapaty K., Pleim J., Raman S., Niyogi D., and Byun D., 1997, Simulation of 

atmospheric boundary layer processes using localand nonlocal-closure schemes, J. Appl. 

Meteor., 36: 214-233. 

Andrew W.W., Rodger B.G., Gu .. nter Blo··sch, Garry R.W., and Thomas A.M., 1999, 

Oberseved spatial organization of soil moisture and its relation to terrain indices, Water 

Resources Research, 35(3):797-810. 

Avissar R., 1993, Observation of leaf stomatal conductance at the canopy scale: an 

atmospheric modeling perspective, Boundary-Layer meteorology 64:127-148. 

Bailey W.G., and Davies J.A. , 1981 , The effect of Uncertainty in Aerodynamic 

Resistance on Evaporation Estimates from the Combination Model, Boundary-Layer 

Meteorology, 20:187-199. 

Band L.E., Mackay D.S., and Creed I.F., 1996, Ecosystem Processes at the Watershed 

Sale: Sensitivity to Potential Climate Change, Limnol. Oceanogr, 41(5):928-938. 

Bartlett P.A., McCAUGHEY J.H., Lafleur P.M., and Versegy L.A., 2003, Modelling 

Evapotranspiration at Three Boreal Forest Stands Using the CLASS: Tests of 



132 

Parameterizations for Canopy Conductance and Soil Evaporation, International Journal of 

Climatology, 23:427-451. 

Beke G.J., 1969, Soils of three experimental watersheds in Alberta and their hydrologic 
- . - . 

significance, Ph. D. thesis, Univ. of Alberta, Dep. Soil Sci., Edmonton. 

Beven K.J., and Kirkby M.J., 1979, A physically based, variable contributing area model 

of basin hydrology, Hydrological Science Bulletin, 24(1):43-69. 

Beven K.J., and Wood E.F., l983 , Catchment geomorphology and the dy-namics of 

runoff contributing areas, Journal ofHydrology , 65 :139-158. 

Beven K.J., 1987, Towards the use of catchment geomorphology in flood frequency 

predictions, Earth Surf. Processes Landforms, 12: 69-82. 

Beven K.J., Lamb R., Quinn P., Romanwicz R., and Freer J., 1995, TOPMODEL, In: V.P. 

Singh (Ed). Computer Models of Watershed Hydrology, Water Resource Publications, 

Highlands Ranch, CO., 627-668. 

Beven K.J., 2001, Rainfall-Runoff Modelling: the Primer, Wiley, Chichester. 

Biftu G.F., and Gan T.Y., 2000, Assessment of evapotranspiration models applied to a 

watershed of Canadian Prairies with mixed land-uses, Hydrological Processes, 14:1305-

1325. 

Bigelow S., 2001, Evapotranspiration modeled from stands of three broad-leaved tropical 

trees in Costa Rica, Hydrological Processes, 15:2779-2796. 

Brown K.W., and Rosenberg N.J. , 1973, A resistance model to predict vapotranspiration 

and its application to sugar beer field, Agronomy J., 68 : 63 5-641 . 



133 

Bruneau P., Gascuel-Odoux C., Robin P., Merot P., and Beven K., 1995, Sensitivity to 

space and time resolution of a hydrological model using digital elevation data, 

Hydrological Processes, 9:69-81. 

Brutseart W. , 1984, Gas Transfer at Water Surfaces, Dordrecht, D. Reidel Publishing 

Company. 

Byun W.D., 1990, On the analytical solutions of flux-profile relationships for the 

atmospheric surface layer, J. Appl. Meteorol., 29:652-657. 

Chen J.M., Rich P.M., Gower S.T., Norman J.M., and PlummerS., 1997, Leaf area index 

of boreal forests: theory, techniques, and measurements, Journal of Geophysical Research, 

29:429-29 443 . 

Chen S., Liu Y., and THOMAS A., 2006, Climatic change on the Tibetan Plateau: 

potential evapotranspiration trends from 1961-2000, Climatic Change, 76:291- 319. 

Choudhury B.J., Reginato R.J., and Idso S.B., 1986, An analysis of infrared temperature 

observations over wheat and calculation of latent heat flux, Agric. Forest Meteorol., 

37:75-88. 

Clark C.O., 1945, Storage and the Unit Hydrograph, Transactions, ASCE, 110:1416-1446. 

Costa-Cabral M.C. , and Burges S.J., 1994, Digital elevation model networks (DEMON): 

A model of flow over hillslopes for computation of contributing and dispersal 

areas, Water Resources Research, 30:1681-1692. 

Dargic T.C.D., 1984, On the integrated interpretation of indirect site ordinations: a case 

study using semi-arid vegetation in Southeaster Spain, Vetetation, 55:37-55. 



134 

Dargic T.C.D., 1987, An ordination analysis of vegetation patterns on topoclimate 

gradients in Southeaster Spain, Biogeography, 14:197-211. 

Dingman S.L., 2002, Physical Hydrology, second edition. 

Dolman A.J., and van den Burg G.J., 1988, Stomatal behaviour in an oak canopy, 

Agricultural and Forest Meteorology, 43: 99-108. 

Fairfield J., and Leymarie P., 1991, Drainage networks from grid digital elevation models, 

Water resources research, 27:709-717. 

Franchini M., Wensling M.J., Obled C., and Todini E., 1996, Physical interpretation and 

sensitivity analysis ofthe TOPMODEL, Journal ofHydrology, 175:293-338. 

Freeze R.A., 1972, Role of subsurface flow in generating surface runoff, I. Baseflow 

contributions to channel flow, Water Resources Research, 8: 609-623. 

Garratt J.R., 1993, Sensitivity of climate simulations to land-surface and atmospheric 

boundary-layer treatments- A review, International Journal of Climatology, 6: 419-449. 

Gtintner A., Uhlenbrook S., Seibert J., and Leibundgut C., 1999, Estimation of saturation 

excess overland flow areas-comparison of topographic index calculations with field 

mapping, IAHS Publ., 254: 203-210. 

Grace J., Rasehurn F.E., and Dixon M., 1980, Boundary layer conductance of the leaves 

of some tropical timber trees, Plant, Cell and Environment, 3: 443-450. 

Granier A., Loustau D., Br' eda N., 2000, A generic model of forest canopy conductance 

dependent on climate, soil water availability and leaf area index, Annals of Forest 

Science, 57: 755-765. 



135 

Grismer M.E., Orang M. , Snyder R. , and Matyac R., 2002, Pan Evaporation to Reference 

Evapotranspiration Conversion Methods, J. Irrigation and Drainage Engineering, 

128(3):180-184. 

Hatfield J.L., Perrier A., and Jackson R.D., 1983, Estimation of evapotranspiration at 

one-time-of-day using remotely sensed surface temperature, Agric. Water Manage., 7: 

341-350. 

Hay L.E. , and McCabe G.J., 2002, Spatial Variability in Water Balance Model 

Performance in the Conterminous United States, Journal of the American Water 

Resources Association, 38(3):847-860. 

Halko L., and Lepisto A., 1996, Modelling the Hydrological Behavier of Mountain 

Catchment Using TOPMODEL, Journal ofHydrology, 196:361-377. 

Holmgren P., 1994, Topographic and geochemical influence on the forest site quality, 

with respect to Pinus sylvestris and Picea abies in Sweden, Scandinavian Journal of 

Forest Research, 9(1):75-82. 

Hornberger G.M., Beven K.J., Cosby B.J., and Sappington D.E. , 1985, Shenandoah 

Watershed Study: Calibration of a topography-based, variable contributing area 

hydrological model to a small forested catchment, Water Resources Research, 2:1941-

1850. 

Horngerger G.M., Raffensperger J.P., Wiberg P.L. , and Eshleman K.N., 1998, Elements 

of Physical Hydrology, The John Hopkinks University Press, Baltimore, Maryland, USA. 

Huete A.R., and Justice C., 1999, MODIS vegetation index (MOD13) algorithm 

theoretical basis document, V er. 3. 



136 

Ingrid H., and Dieter H., 1981, Potential evapotranspiration in mountain geoecosystems 

of different altitudes and latitudes, Mountain Research and Development, 1 (3-4): 267-274. 

Iorgulescu I., and Jordan J.P., 1994, Validation of TOPMODEL on a small Swiss 

catchment, Journal ofHydrology, 159:255-273. 

Itenfisu D., 1998, Adaptation resistance-based evapotranspiration function to row crops, 

PHD thesis, Utah State University. 

Jenson S.K., and Domingue J.O., 1988, Extracting topographic structure from digital 

elevation data for geographic information system analysis, Photogramm. Eng. Remote 

Sens., 54:1593-1600. 

Jensen M.E., Burman RD. and Allen R.G. (Ed.), 1989, Evaporation and Irrigation Water 

Requirements, ASCE, Manuals and Reports on Engineering Practice no. 70. 

Kite G.W., and Droogers P., 2000, Comparing evapotranspiration estimates from 

satellites, hydrological models and field data, Journal ofHydrology, 229:3-18. 

Kirby C.L., and Ogilvie R.T., 1969, The forest of Marmot Creek watershed research 

basin, Can.For.Ser.Publ.No.l259. 

Kirkby M., 1975, Hydrograph modeling strategies. In Peel R. , Chisholm M. and Haggett 

P. (eds) Processes in Physical and Human Geography, Heinemann, London, 69-90. 

Kirkby M., Atkinson K., and Lockwood J.G., 1990, Aspect, vegetation cover and erosion 

on semi-arid hillslopes, in Vegetation and Geomorphology, editor J.Thomes, John Wiley, 

25-39. 

Krauth L.G., 1999, Hydrologic Modeling of Floods in an Eastern Kentucky Catchment 

Using TOPMODEL, Master Thesis, University of Louisville Speed Scientific School. 



137 

Lafleur P.M., 1992, Energy balance and evapotranspiration from a subarctic forest, 

Agricultural and Forest Meteorology, 58: 163-17 5. 

Lee H.N., 1997, Notes and correspondence: improvement of surface flux calculation in 

the atmospheric surface layer, J. Appl. Meteorol., 36:1416-1423. 

Lindroth A., 1985, Canopy conductance of coniferous forests related to climate, Water 

Resources Research, 21: 297-304. 

Liu J., Chen J.M., and Cihlar J., 2003, Mapping evapotranspiration based on remote 

sensing: an application to Canada's landmass, Water Resources Research, 39(7):1189. 

Long I.F., Monteith J.L., Penman H.L., and Szeicz G., 1964, The plant and its 

environment, Meteor, Rundschau, 17(4):97-101. 

Louis J.F., 1979, A parametric model of vertical eddy fluxes m the atmosphere, 

Boundary-Layer meteorology, 17:187- 202. 

Louis J.F., Tiedtke M., and Geleyn J.F., 1982, A short history of the perational PEL­

Parameterization of ECMWF, Workshop on planetary boundary layer parameterization, 

European center for Medium Range Weather Forecasts, Shinfield Park, Reading Berks, 

UK. 

Mahrt L., and Ek M., 1984, The influence of atmospheric stability on potential 

evaporation, J. Clim. Appl. Meteorol., 23: 222-234. 

Matsushita B., Yang W., Chen J., Onda1 Y., and Qiu G., 2007, Sensitivity of the 

Enhanced Vegetation Index (EVI) and Normalized Difference Vegetation Index (NDVI) 

to Topographic Effects: A Case Study in High-Density Cypress Forest, Sensors, 7:2636-

2651. 



138 

Mcguffie K., and Henderson-Sellers A., 2001, Forty Year of Numerical Climate 

Modeling, International Journal of Climatology, 21:1067-1109. 

Monteith J.L. , 1965, Evaporation and environment, Symp. Soc. Exp. Biol, 19: 205-234 

Monteith J. L. , 1973, Principles of Environmental Physics, Arnold, Paris. 

Monteith J.L., 1981, Evaporation and surface temperature, Quarterly Journal of the Royal 

Meteorological Society, 107: 1-27. 

Monteith J.L. , and Unsworth M.H., 1990, Principles of environmental physics, Edward 

Arnold, New York, 291. 

Moore I.D., Burch G.J., and Mackenzie D.H., 1988, Topographic effects on the 

distribution of surface soil water and the location of ephemeralgullies, Trans. Am. Soc. 

Agric. Eng., 31:1098-1107. 

Moore I.D., Grayson R.B., and Ladson A.R., 1991, Digital terrain modelling: A review of 

hydrological, geomorphological, and biological applications, Hydrologic Process, 5:3-30. 

Nash J.E., and Sutcliffe J.V., 1970, River flow forecasting through conceptual models 

part I - A discussion of principles, Journal of Hydrology, 10(3):282-290. 

Nemani R., Keeling R.C.D. , Hashimoto H., Jolly W.M., Piper S.C., Tucker C.J., Mtneni 

R.B., and Running S.W., 2003, Science, 300:1560-1568. 

Niyogi, D.S., Raman S., Alapaty K. , 1997, Comparison of Four Different Stomatal 

Resistance Schemes Using FIFE Data. Part II: Analysis of Terrestrial Biospheric­

Atmospheric Interactions, J. Appl. Meteor., 36:903-917. 



139 

O'Callaghan J.F., and Mark D.M., 1984, The extraction of drainage networks from digital 

elevation data, Computer Vision, Graphics and Image Processing, 28:323-344. 

Osborn G.D., and Jackson L.E., 1974, Physical environment, In the Mountain 

Environment and Urban Society, Kananaskis Centre for Environmental Research, 

Univ.ofCalgary, Alberta. Kananaskis, 53-150. 

Pan F.F, Peters-Lidard C.D., Sale M.J. , and King A.W., 2004, A comparison of 

geographical information systems-based algorithms for computing the TOPMODEL 

topographic index, Water Resources Research, 40. 

Paw U.K., and Meyers T.P., 1987, Zero plane displacement and roughness length 

variation with stability as predicted by turbulence closure model, Proceedings of the 18th 

Conference for Agricultural Forest Meteorology and 8th Conference of Biometeorology, 

West Lafayette, Indiana, April. 

Pickup G., and Chewings V.H., 1996, Correlations between dem-derived topographic 

indices and remotely-sensed vegetation cover in rangelands, Earth Surface Processes and 

Landforms, 21:517-529. 

Pitman A.J., 2003, Review: The evolution of, and revolution in, Land Surface Schemes 

designed for climate models, International Journal of Climatology, 23: 479-510. 

Riou C., 1982, Une expression analytique du flux de chaleur sensible enconditions. 

Quinn P.F., Beven K., and Freer J. , 1993. TOPMODEL as an application module within 

WIS. In: K.Kovar and H.P. Nachtnebel (eds.). HydroGIS 93 : Application of Geographic 

Information Systems in Hydrology and Water Resources, IAHS, 211:211-223. 



140 

Rouse J.W., Haas R.H., Schell J.A., and Deering D.W., 1974, Monitoring vegetation 

system in the great plains with ERTS, Proceedings of the Third Earth Resources 

Technology Satellite-! Symposium, Greenbelt, USA, NASA SP-351 , 3010-3017. 

Rutter A.J., 1972, Transpiration, Oxford University Press, London. 

Seibert J., Bishop K.H., and Nyberg L., 1997, A test ofTOPMODEL's ability of predict 

spatially distributed groundwater levels, Hydrological Processes, 11:1131-1144. 

Seibert J., and McGlynn B. L., 2007, A new triangular multiple flow direction algorithm 

for computing upslope areas from gridded digital elevation models, Water Resources 

Research, 43. 

Singh T., and Kalra Y.P., 1972, Water quality of an experimental watershed during the 

calibration period, Trans, Am. Geophys. Union, 54:139. 

Sklash M.G., 1978, The role of groundwater in storm and snowmelt runoff generation, 

Ph.D., thesis, University of waterloo, Waterloo, Ontario. 

Stevenson D.R., 1967, Geological and groundwater investigations in the Marmot Creek 

experimental basin of southwestern Alberta, Canada, M.Sc. thesis, University of Alberta, 

Edmonton, Alberta. 

Storr D., Tomlain J., Cork H.F., and Munn R.E., 1970, An energy budget study above the 

forest canopy at Marmot Creek, Alberta, 1967, Water Resources Research, 6(3). 

Tarboton D.G., 1997, A new method for the determination of flow directions and upslope 

areas in grid digital elevation models, Water Resources Research, 33(2):309- 319. 



141 

Telang S.A., Baker B.L. , Costerton J.W., Ladd T., Mutch R., Wallis P.M., and Hodgson 

G.W., 1982, Biogeochemistry of Mountain Stream Waters: the Marmot System, Inland 

Waters Directorate, Ottawa, Canada. 

Thorn A. S., 1968, The exchange of momentum, mass and heat between an artificial leaf 

and the air- flow in a wind-tunnel, Q.J.R.Met.Soc. , 9J, 399:44-56. 

Thorn AS., 1972, Momentum, mass and heat exchange of vegetation, Q.J.R.Met.Soc., 

98:124-134. 

Thomthwaite C. W, 1948, An Approach Toward a Rational Classification of Climate, 

Geograph. Rev. , 38 (1):55-94. 

Thomthwaite C.W., and Hare F.K. , 1965, The loss of water to the air, Agricultural 

Meteorology, 6(28):163-180. 

Tukey J., 1953, Multiple comparisons, Journal of the American Statistical Association, 

48:361-376. 

Velazquez-Rosas N., Meave J. , and Vazquea-Santana, 2002, Elevation variation of leaf 

traits in montane rain forest tree species at La Chinantla, Southern Mexico, Biotropica, 

34(4):534-546. 

Verma S.B., Rosenberg N.J., Blad B.L., and Baradas M.W., 1976, Resistance-energy 

balance method for predicting evapotranspiration: Determination of boundary layer 

resistance and evaluation of error effects, Agronomy J., 68:776-782. 

Verseghy D.L., 1991, CLASS- a Canadian land-surface scheme for GCMs. I. Soil model, 

International Journal ofClimatology, 11 :111-133. 



142 

Verseghy D.L., McFarlane N.A., and Lazare M., 1993, CLASS- a Canadian land­

surface scheme for GCMs. II. Vegetation model and coupled runs, International Journal 

of Climatology, 13:347-370. 

Verseghy D.L., 2000, The Canadian Land Surface Scheme (CLASS): Its History and 

Future, ATMOSPHERE-OCEAN, 38: 1-13. 

Viney N.R., 1991, An empirical expression for aerodynamic resistance in the unstable 

boundary layer, Boundary-Layer meteorology, 56: 381-393. 

Wallis P.M., 1978, Source, transportation and Utilization of dissolved organic matter in 

the groundwater and streams, Ph.D., thesis, University of waterloo, Waterloo, Ontario. 

Wang J., and Georgakakos K.P., 2007, Estimation of potential evapotranspiration in the 

mountainous Panama Canal watershed, Hydrological Processes, 21: 1901-1917 

Western A.W., Grayson R.B., Blo .. schl G., Willgoose G.R., and McMahon T.A., 1999, 

Observed spatial organisation of soil moisture and its relation to terrain indices, Water 

Resources Research, 35:797- 810. 

Western A.W., Grayson R.B., and Blo .. schl G., 2002, Scaling of soil moisture: A 

hydrologic perspective, Annu. Rev. Earth Planet. Sci., 30: 149-180. 

Wikipedia, 2008, http://en.wikipedia.org/wiki!Krummholz. 

Wilson D.J., Western A.W., and Grayson R.B., 2004, Identifying and quantifying sources 

of variability in temporal and spatial soil moisture observations, Water Resources 

Research, 40. 

Wolock D.M., and Hornberger G.M., 1991, Hydrological effects of changes m 

atmospheric carbon dioxide levels, J. Forecasting, 10:105-116. 



143 

Wolock D.M., 1993, Simulating the variable-source-area concept of streamflow 

generation with the watershed model TOPMODEL, U.S. Geological Survey Water­

Resources Investigations Report, 93-4124 

Wolock D.M., and Price C.V., 1994, Effects of Digital Elevation Model Map Scale and 

Data Resolution on a Topography-Based Watershed Model, Water Resources Research, 

30: 3041-3052. 

Wolock D.M., 1995, Effects of subbasin size on topographic characteristics and 

simulated flow paths in Sleepers River watershed, Vermont, Water Resources Research, 

31(8): 1989-1997. 

Wolock D.M., and McCabe G.J. , 1995, Comparison of single and multiple flow-direction 

algorithms for computing topographic parameters in TOPMODEL, Water Resources 

Research, 31 :1315-1324. 

Xie X., 1988, An improved energy balance-aerodynamic resistance model used 

estimation of evapotranspiration on the wheat field, Acta Meteorology, 46:102-106. 

Yang K., Tarnai N., and Koike T., 2001 , Analytical solution of surface layer similarity 

equations, J. Appl. Meteorol., 40:1647-1653 . 

Zhang W., and Montgomery D. R. , 1994, Digital elevation model grid size, landscape 

representation, and hydrologic simulations, Water Resources Research, 30: 1019-1028. 








