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ABSTRACT 

In order to evaluate the ability of general circulation models to predict future 

climate change, it is useful to know how realistically they simulate the current climate. 

Precipitation and runoff from two simulations of the National Center for Atmospheric 

Research Community Climate Model 2 coupled with the Biosphere-Atmosphere Transfer 

Scheme (NCAR CCM2/BATS) are compared to observed values over the United States. 

Seven different methods are used to compare simulated and observed values over several 

different temporal and spatial scales. Precipitation and runoff are not realistically 

simulated over much of the United States. Precipitation is generally too high. Simulated 

peak runoff occurs one to two months earlier than observed peak runoff in watersheds 

with a winter snowpack. Some of the errors can be attributed to coarse model resolution, 

which does not capture the complex sub-grid details of topography which are important 

factors in determining local climate. 
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1. INTRODUCTION 

1.1 Overview and History 

Global scale modeling of atmospheric and land-surface processes has long been 

viewed as a potential way to simulate past climates and possible future climatic changes. 

General circulation models (GCMs) are currently used to predict a wide range of possible 

future climate scenarios, many of them conflicting. Realistic simulation of future climate is 

important if people wish to know what may happen as a result of the increase of carbon 

dioxide or chlorofluorocarbons in the atmosphere, the growth of the ozone hole, or 

massive deforestation. In order to know how much faith to put in the predictions, it is 

useful to examine how well the models can simulate the current climate. A model which 

does a good job of simulating the current climate is more likely to yield believable results 

about future climates. 

The majority of GCMs do not have a good physically-based representation of the 

various land-surface processes, despite having multiple layers of atmosphere and 

sometimes even soil. Land-surface parameterization schemes were developed to improve 

the treatment of surface processes and lower atmosphere processes within GCMs. Land 

surface processes include surface runoff and ground water runoff, soil moisture and soil 

heat fluxes, snow accumulation and snow melt, and evapotranspiration. 

Precipitation has always been one of the more difficult processes to simulate 

correctly, yet it is essential that model precipitation be accurate in order to have realistic 

estimates of future water availability, particularly when modeling potential crop 
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production in relation to a growing population. Some models suggest that drying may 

occur in much of the interior United States as a result of doubling carbon dioxide in the 

atmosphere. Karl and Riesbane (1989) found that in the U.S. historical record, relatively 

small changes in precipitation ( around 10 % ) often resulted in changes of at least 20 % in 

corresponding runoff, and that fluctuations in precipitation, not temperature, are the 

dominant factor in runoff changes. They concluded that "increases in precipitation of just 

a few percent may offset the runoff impacts of even the several degree Celsius warming 

expected sometime in the next century .. .if the precipitation changes are larger than a few 

percent they will likely dominate climate change impacts on runoff." Correct simulation of 

the precipitation, runoff, and related hydrologic variables such as soil moisture, 

evapotranspiration, snow cover, snow pack and snow melt are very important in modeling 

both the current and the future climate. 

1.2 Research Objectives 

Most GCMs were designed to model large-scale atmospheric processes over long 

time periods. Questions are frequently asked (perhaps by climate forecast users more then 

by climate modelers) concerning how faithfully any general circulation model can 

represent specific processes either at small scales or during short time-periods. The main 

part of this study compares the values of precipitation and runoff from the second version 

the National Center for Atmospheric Research's Community Climate Model coupled with 

the Biosphere-Atmosphere Transfer Scheme (NCAR CCM2/BATS) with measured 
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precipitation and runoff from long-term data records. The United States was chosen as 

the study area, even though it represents only a small percentage of the Earth's surface, 

because of the existence of long-term, relatively dense ( compared to most global data) 

network of precipitation and runoff gages. (Although global precipitation and temperature 

data sets do exist, long-term global runoff data set are difficult to acquire). 

Measured and simulated precipitation and runoff are compared on daily, monthly, 

seasonal and yearly time-scales, both over the continental United States, and in smaller 

regions and individual grid squares within the U.S. in order to determine at what spatial 

and temporal resolutions the model is capable of producing reasonable precipitation and 

runoff estimates. Six different methods are used for this comparisons. The second part of 

this study compares the six methods used for comparison and attempts to evaluate which 

are the most appropriate and most useful for this type of analysis. 

Chapter 2 describes CCM2, BATS, the nature of the simulated data, the observed 

precipitation and runoff data sets, and some of the associated problems. Chapter 3 

documents previous research. Chapter 4 describes the methods used to compare the 

simulated to the observed values and Chapter 5 presents the results of each method. 

Chapter 6 discusses and compares the results of the different methods, while final 

conclusions are made in Chapter 7. 



2. DESCRIPTION OF CCM2, BATS AND THE OBSERVED DATA 

2.1 CCM2 
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The Community Climate Model 2 (CCM2) is the fourth version of the atmospheric 

general circulation model developed by the National Center for Atmospheric Research 

(NCAR). Previous versions included CCMOA, CCMOB and CCMl. CCMOA was 

adapted by NCAR from the Australian spectral model and then modified to include more 

refined radiation and cloud parameterizations. CCMOB was developed when NCAR 

decided to use the same model code for climate studies and long range ( one-to-two

weeks) forecasting. This code combined a version of the spectral model developed at the 

European Centre for Medium Range Weather Forecasts with most of the physical 

parameterizations from CCMOA and the vertical and temporal finite difference methods 

from the Australian spectral model. CCMl incorporated many more new improvements, 

among them a new solar albedo parameterization, horizontal and vertical diffusion, local 

moisture adjustments and surface drag. It also included a seasonal model in which some 

of the surface conditions could vary with time and an optional interactive surface 

hydrology. (Hack, et al., 1993). NCAR CCM2 was designed to "improve the physical 

representation of a wide range of key climate processes .. .including cloud and radiation, 

moist convection, the planetary boundary layer, and transport." Some of these changes 

should affect model precipitation. The changes to the model have resulted in an overall 

improved climate simulation, especially in the low latitudes. (Hack, et al., 1993). 
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CCM2 in its standard form has a T42 horizontal spectral resolution of 

approximately 2.8 x 2.8 degrees, which is finer than that of any of the previous versions of 

the model, but still not fine enough to resolve some important features. Topography is 

one physical feature still poorly resolved at the current model resolution. Figure 2.1 

shows the model elevation over the United States and the observed elevation from a 

digital elevation map data. In the model, the land slopes from sea level to an elevational 

high in the vicinity of the Rocky Mountains. The current resolution fails to capture the 

coastal mountain ranges, such as the Olympics, the Sierra Nevada, and the Cascades. 

These mountain ranges are important for the climate of the western United States. 

Precipitation occurs in the model under two types of conditions, unstable and 

stable atmospheres. The first occurs when the atmosphere is moist adiabatically unstable. 

In this case, the moisture and temperature fields are simultaneously modified using a 

simple model of moist convection. Total convective precipitation rate Pis given by 

(2.1) 

where PH2o is the density of liquid water and I.Rk is the convective scale liquid water sink 

Rk vertically integrated over all vertical levels k which are moist adiabatically unstable. Rk 

is given by: 

(2.2) 

where m)k represents the liquid water generation rate at level k, me is a convective mass 

flux at the bottom of the condensation layer or cloud base, l is the cloud scale liquid water, 



21 

and ~ is an "overshoot parameter" which is important in determining the conversion from 

cloud water to rain water. 

The second type of precipitation, stable precipitation, occurs when the atmosphere 

is stable but supersaturated. If the lapse rate is stable, but the moisture is supersaturated 

at level k, such that 

(2.3) 

where qk and qz are the specific humidity and saturated specific humidity of level k 

respectively, then the temperature and moisture are adjusted simultaneously until area is 

saturated. The modified specific humidity is given by 

(2.4) 

and the change in temperature due to the release of latent heat during condensation is 

given by 

(2.5) 

A 

where Tk is the original temperature, ~ is the adjusted temperature, L is the Obukhov 

length (a function of stability), and cp is the specific heat of dry air at a constant pressure. 

Substitution of equation 2.5 into equation 2.4 yields 

(2.6) 
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When the supersaturation is eliminated from the moisture field, the change is assumed to 

become precipitation. Equations 2.6 and 2.5 are iterated twice. The corresponding stable 

precipitation rate Rk at level k is given by 

(2.7) 

and the stable precipitation rate over the entire column is 

(2.8) 
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a . 

b. 

0 750 1500 2250 3000 3750 
Meters 

Figure 2.1 Elevation from a) CCM2 and b) a DEM data set. 
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2.2 BATS 

In the model simulations being examined here, CCM2 is coupled with the 

Biosphere-Atmosphere Transfer Scheme (BATS). BATS is a land-surface scheme which 

provides a more physically based representation of the interaction between the surface and 

the lower atmosphere processes. 

"The purposes of the biosphere-atmosphere transfer scheme (BATS), as 
coupled with the NCAR Community Climate Model (CCM), are to (a) 
determine the fraction of incident solar radiation that is absorbed by 
different surfaces and their net exchange of thermal infrared radiation, (b) 
calculate the transfers of momentum, sensible heat flux, and moisture 
between the earth's surface and the atmospheric layers, (c) determine 
values for wind. moisture and temperature in the atmosphere, within 
vegetation canopies, and at the level of surface observations, and (d) to 
determine ( over land and sea ice) values of temperature and moisture 
quantities at the earth's surface. Included in the latter are the determination 
of the moisture content of the soil, the excess rainfall that goes into runoff, 
and the physical state of the moisture at the surface, i.e., whether it is snow 
or water." (Dickinson, et al. 1993). 

For the purpose of this analysis, the effects the new parameterization of moisture, 

moisture transport and temperature have on precipitation and runoff are of the most 

concern. 

Each surface grid point is assigned to a land-surface category, based on the 

presence and type of vegetative cover (Figure 2.2). For those areas that have a certain 

percentage of vegetative cover, the exchanges of moisture and energy among the 

vegetation, the soil and the air are calculated. The incorporation of the effects of 

vegetation into the model is important, because vegetation plays an important role in both 

diurnal and mean fluxes of energy and water. Vegetation absorbs incoming solar 
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radiation, providing shade and reducing the surface temperature. Vegetation also 

intercepts rainfall; leaves can capture rain, which subsequently may either be re-evaporated 

or drip to the ground. Leaf transpiration is one of the main mechanisms for the transfer of 

moisture from the soil to the air. Effective snowcover is also affected by the type and 

amount of vegetation cover. 

The rainfall and latent heat release in each atmospheric layer depend on the 

humidity and precipitation in the overlying layers. As discussed in the previous section, 

the precipitation rate at the ground is the sum of the net precipitation from each layer. 

Precipitation falls as either rain or snow depending on the air temperature of the lowest 

model layer. 

The water applied to any surface consists of rainfall, snow melt and dew. This can 

be described mathematically by 

(2.9) 

where Pr is rainfall, Sm is snow melt, a positive Fq is evaporation and a negative Fq is dew 

formation. Moisture on the ground surface either infiltrates the soil or becomes surface 

runoff. 

The soil is represented in the model by three layers. The upper surface of each 

layer is at the soil-air interface while the lower surfaces have increasing depth. A single 

soil type is defined for each grid square ( although ideally a distribution of soil types would 

be preferred). Porosity, minimum soil suction, saturated hydraulic conductivity and other 

parameters are functions of soil texture, while dry and saturated soil albedos are functions 



of soil color. Percolation to groundwater (subsoil drainage) is a function of hydraulic 

conductivity. 
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Evaporation is not easy to parameterize in models. Currently in BATS, the soil 

column is dried through transpiration and by a diurnally varying potential evaporation 

determined by the net energy balance at the soil surface. In the model, water does not 

pond very frequently on the surface as a result of saturation of the surface layer. Excess 

water in soil (water exceeding field capacity of the soil) instead tends to evaporate at the 

potential rate. As a result, it is necessary to assume that near saturation, some portion of 

the water may be forming surface runoff rather than evaporating. 

In the model, the amount of surface runoff depends on temperature of the soil and 

the amount of saturation. If a soil is completely saturated, all the moisture applied to the 

surface should become runoff; if a soil is only partially saturated, some (perhaps all) of the 

moisture will infiltrate the soil. If the surface soil temperature is below freezing, the 

amount of moisture which becomes runoff will also increase. Surface runoff Rs is 

calculated by 

Rs = ( Pw / Pwsat )4 G, Tg 1 ~ 0° C 

Rs= (pw/PwsaJG, Tgl ~ 0°C (2.10) 

where Tg1 is the surface soil temperature, Pwsat is the saturated soil water density (the 

fraction of saturated soil filled by water), Pw is the soil water density weighted toward the 

top layer of soil , as defined by 



27 

( SIW I srwmax + SSW I sswmax) 
Pw = Pwsat 2 

(2.11) 

where Srw is the rooting zone soil water, Srwmax is its maximum value, Ssw is the surface soil 

water in the upper layer of soil, and Sswmax is its maximum. 

Model runoff is immediately transported to the ocean, without traveling through 

other grid cells along the way, or being subjected to evaporation. There is currently no 

routing of surface or subsurface water between adjacent cells in CCM2 or BATS. 

2.3 CCM2/BA TS Output 

Monthly precipitation and runoff rates were taken a 10-year simulation of 

CCM2/BATS completed in May 1993. The 10-year simulation began in September, 

allowed four months for a spin-up period, and then ran for ten years from January to 

December. The majority of this study will focus of monthly, seasonal and yearly values 

from the 10-year simulation. However, some daily values were also taken from an earlier 

one-year (September-August) simulation of CCM2/BATS completed in 1991. Model 

precipitation is the sum of convective precipitation and large-scale precipitation. Model 

runoff is the sum of runoff due to precipitation, snow melt, and subsurface drainage. 121 

grid-points are located over the continental U.S. at intervals of 2.8 degrees latitude by 2.8 

degrees longitude (Figure 2.3a). The values produced by the model at these points can be 

considered smoothed point-values. 
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One grid square in California is designated as "irrigated crop" by the BATS land

cover parameters. This causes the model to produce extremely large negative values of 

runoff throughout much of the year. According to the model, the crops are using three to 

four times the amount of water that is precipitated, although there is no realistic source for 

the extra water (such as importing from neighboring grid squares). The negative values 

are large enough that the average runoff over all seven grid squares of the California 

watershed is negative. Rather than incorporating these unrealistic values into regional 

analyses or eliminating this point, the negative runoff values (shown in Appendix A) were 

reset to zero prior to any of the comparisons. 

2.4 Sources of Observed Data 

Precipitation and runoff data were both taken from the hydroclimatological data 

set compiled by Wallis, et al. (1990). These "cleaned" data sets are complete from 1948-

1988. Missing daily data was estimated from the available data, both from nearby gages 

and from the monthly means. Approximately 5 percent of the days had some missing 

records. Fifty percent of the runoff stations had no missing observations and 50 percent of 

the climatological stations had less than 2 percent missing observations. For details on 

how missing values were estimated, see Wallis, et al. (1990). 

Stream discharges were measured at 1009 USGS streamflow stations (Figure 

2.3b ). The streamflow stations included in this data set are located on rivers with no 

upstream diversion or regulation or very minimal diversion and regulation. There are 
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fewer stream-gage measurements from the arid and semiarid regions (such as the Great 

Basin and the W estem Gulf watersheds) where more of the streams are subject to water 

management than in the humid areas (such as the East Coast). Runoff contribution areas 

upstream of each station were given. Median catchment area is 470 square kilometers. 

The values of "measured runoff' used in this study were calculated dividing the stream 

discharges by the runoff contribution areas upstream of the gages. 

Precipitation was measured at 1036 NOAA Historical Climatology Network 

(HCN) stations, which are more evenly distributed geographically than the runoff stations 

(Figure 2.4a). Climatological stations tend to be at higher elevations than streamflow 

stations, so precipitation and runoff were usually not measured at the same locations. 

Additional precipitation data came from 10 years of high-elevation precipitation 

snow-telemetry data collected by the United States Department of Agriculture (USDA) 

Soil Conservation Service (SCS) (Figure 2.4b ). The snow telemetry data set ( called 

SNOTEL) consists of more than 500 gages located in remote mostly high-elevation 

locations in the western United States (Rallison, 1981). Unlike the HCN precipitation 

gages, these gages are equipped to measure snow as well as other hydrometerological 

data. 
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Figure 2.2 BATS Land Surface Classification over the United States. 
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b. 

Figure 2.3 Location of a) CCM2/BATS gridpoints and b) USGS streamflow gages. 



a. 

b . 

Figure 2.4 Location of a) NOAA climatological stations and b) SCS snow telemetry 
gages. 
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2.5 Quality of the Observed Data 

When comparing modeled with observed values, one generally wants an 

observational data set which contains the most relevant information. This implies that the 

data are accurate and that they provide the best representation of the physical processes 

and parameters being studied. Errors or biases in the observational data set will affect the 

quality and possibly the validity of the comparisons. The data set being used for this study 

has several documented shortcomings which need to be considered when discussing any of 

the discrepancies between the modeled and the observed values. 

According to Dolph and Marks (1992), "precipitation in the western United States 

is underrepresented by the HCN historical data due to poor spatial distribution of 

measurement sites in mountainous regions." As a result of having too few gages to 

measure precipitation at very high elevations, the large amount of precipitation which falls 

as snow is mostly absent from the HCN data set. When precipitation values are 

interpolated over large areas, the effects of orography on precipitation patterns are 

overlooked. Dolph and Marks showed that adding high-elevation snow-gage precipitation 

to the HCN data set increased measured national precipitation estimates by about 40 

percent. 

Legates and DeLiberty ( 1993) examined precipitation measurements biases from a 

1756-gage data set, of which the one used in this paper is a subset. They determined wind 

effects near the gage and wetting losses on the walls of the gage could causes significant 

underestimation of precipitation, with annual biases of 10 to 40 percent. The majority of 
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the error occurred in the winter and was related to snowfall, but even in the summer there 

was 4 to 6 percent error over much of the United States. Differences in some of the 

biases in the data record due to changes in instrumentation and measurement practices are 

discussed in Groisman and Legates (1994). 

With respect to runoff, because of the inclusion of mostly unregulated streams and 

the exclusion of regulated ones, the measured stream discharges tend to be mostly from 

watersheds with small drainage areas. In some part of the United States, this small 

drainage area bias may lead to overestimation of runoff, as smaller basins yield a greater 

depth of flow per unit area. (Dolph and Marks, 1992). 

An analysis of the first five years of SNOTEL data in Colorado and New Mexico 

was performed by Schaefer and Shafer ( 1982) who looked at the efficiency and accuracy 

of the radio telemetry and compared the telemetered sensor values with ground truth. As 

a whole, the system performed best (the highest percent stations sent in radio data) in the 

summer and poorest (the fewest stations sent in data) in the winter. Unfortunately the 

data from the winter is probably the most important to forecasters and people interested in 

snow-precipitation or total-precipitation values. The average system response from 

February 1981 through May 1982 was 89 percent, so there are many gaps in the time 

series. 
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3. RELATED RESEARCH 

3.1 Previous Comparisons Between Simulated and Observed Values 

Although this is one of the first comparisons of CCM2/BA TS precipitation and 

runoff to observed values, it is not the first comparison using other versions of the model. 

Schultz et al. ( 1992) compared precipitation from six different experiments using earlier 

versions of both CCM and BATS. The six experiments used different combinations of 

three versions of CCM, three ocean treatments and three parameterization of the 

hydrology. The ocean treatments included: a distribution of ocean temperatures 

prescribed using seasonally varying observed sea surface temperatures (SST); a mixed 

layer ocean model in which a 50-m thick mixed layer allows heat storage necessary for 

simulating the annual cycle, but not the horizontal heat transport or deep ocean transport 

necessary for simulating ocean circulation patterns; and a mean annual "swamp" model in 

which the ocean does not store heat, causing that solar insolation to be fixed at a mean 

annual value. The hydrologies included: the BA TS hydrology; a variable hydrology in 

which soil moisture is calculated according to the "bucket" method; and a fixed hydrology 

in which the soil saturation factor is fixed depending upon land type. 

The six experiments used included: 

1) CCMl, using prescribed SST and variable hydrology 

2) CCMl, using prescribed SST and fixed hydrology 

3) CCMl, using a mixed-layer ocean and variable hydrology 

4) CCMOB, using prescribed SST, w/ BATS 
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5) CCMOA, using a mixed-layer ocean and variable hydrology 

6) CCMOA, mean annual "swamp" and variable hydrology 

The three CCM 1 experiments and the CCMOA mixed layer experiments had 

averaging lengths of 5 years, the CCMOB w/BATS experiment had averaging lengths of 3 

years, and the CCMOA swamp experiment had an averaging length of 170 days. All the 

gridded data from the models was at CCM R15 resolution (4.5° latitude by 7.5° longitude) 

which is coarser resolution than the T42 resolution of CCM2. The global observation 

data set they used for comparison was compiled by Legates and Wilmott (1990). 

Analyses included grid cell by grid cell correlation analyses, linear regressions, 

differences, zonal averages and global averages. The authors discussed these globally and 

over the polar, mid-latitude, sub-tropics and tropics. The focus here will be on their 

results from the northern mid-latitudes (67°N-27°N). 

In all six experiments, precipitation was modeled better over oceans than over the 

mid-latitude land. Over the mid-latitude oceans, model precipitation was 2 to 23.1 % too 

high, while over land, model precipitation was 46.9 to 87.9 % too high. The mixed-layer 

CCMOA experiment produced the least excess precipitation ( 46.9 % ) while the swamp 

CCMOA produced the most (87.9 %). The various CCM experiments tended to produce 

precipitation overestimates in the continental interior of North America and Asia, with the 

greatest overestimates occurring in mountainous regions. Although the mid-latitude storm 

tracks off the coast off North America were correctly positioned by all experiments, the 

authors noted that "effects of the model's low topographic resolution are evident on the 
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northwestern coast of North America where the modeled storms generated by the Aleutian 

lows are allowed to penetrate much further inland than indicated in the observed data." 

Comparisons from the first two prescribed SST experiments showed that a variable 

hydrology scheme (modeled/observed correlation coefficient R 2=0.46) was much more 

effective than the fixed hydrology scheme (R2=0.35) for northern mid-latitudes over both 

oceans and land. Over just land, the correlation coefficients were R2=0.39 and R2=0.25 

for the first two experiments, respectively. For CCMOB w/BATS, R2=0.20 over both land 

and ocean, R2=0.15 over land and R2=0.36 over oceans. Comparisons between the two 

mixed layer oceans experiments showed improvement over the northern continental mid

latitudes from CCMOA (R2=0.28) to CCM1(R2=0.41), although the models' performances 

over the oceans (R2=0.36) were the same. 

Other experiments have been done in which a mesoscale model has been nested 

with a GCM to simulate processes over specific regions (rather than globally) using a finer 

resolution and a more complex parameterization than is currently feasible within the GCM. 

Several related papers discuss a series of experiments and models which use CCMl to 

drive a version of the Pennsylvania State University/NCAR Mesoscale Model (MM4) over 

first the western United States (Giorgi and Bates 1989, Dickinson et al. 1989, Giorgi 1990 

and Giorgi 1991) and later the entire continental United States (Giorgi et al. 1994a, Giorgi 

et al. 1994b ). 

The nesting is a one-way process, from the GCM to the mesoscale model. The 

GCM performs global climate simulations at a coarse resolution, then that output is used 
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to drive the higher-resolution mesoscale model over a particular area. The result from the 

mesoscale model do not feed back into the GCM. In theory, the GCM describes the 

large-scale circulation in response to global forcings, while the mesoscale model can 

provide further information about sub-GCM-grid scale forcings. Some of these sub-grid 

scale forcings include large bodies of water, surface vegetation characteristics, complex 

topography and coastline, all of which can significantly influence the characteristics of 

local climates. (Giorgi, 1991). Current GCMs have resolution frequently too coarse to 

resolve many local forcings. 

In Giorgi (1990) two versions of CCMl were used to drive MM4 for the purpose 

of simulating the January climate over the western United States. One CCMl simulation 

was performed at the R15 resolution, the other at the T42 resolution. The version of 

CCM 1 used seasonally varying sea surface temperature, while BA TS was used for the 

surface physics and surface hydrology calculations. The MM4 incorporated a 60 

kilometer resolution. The complex local topography in the western United States is the 

dominant forcing factor regulating the spatial distribution of temperature and precipitation. 

Many of these topographical features are not captured at the GCM model resolution (300-

500 km or greater). As a result most GCM simulations do not simulate regional detail 

realistically. One purpose of these experiments was to see if the nested CCM l-MM4 

model could capture the main features of a mountainous system. 

The model averages were taken from ten Januarys from the CCM1/R15 run and 

six Januarys from the CCM1/f42 run. First just the CCMl output was compared to 
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observations in order to determine the ability of the model to simulate realistic large scale 

climatology. The variables considered were the 500 mb height, 500 mb temperature, 

300 mb zonal wind, and 700 mb relative humidity. Both models captured the 500 mb 

ridge which occurs about 120°-130° W, although they underrepresent its abrupt westward 

tilt, causing the northeastern Pacific jet to be weaker than it should be. The T42 model 

did a better job of resolving the amplitude and eastward tilt south of about 45° N. The 

model temperature at 500 mb was about 2-4 ° C colder than observations, causing the 500 

mb height to be to low. The T42 model did better than the R15 model in simulating the 

number and placement of cyclones, especially in the northern and western United States, 

although it underestimated cyclone frequencies in the southern and central plains. A 

comparisons of cloud cover and precipitation amounts suggested that in areas where the 

models correctly predicted precipitation, cloud cover was underpredicted. Overall, the 

T42 model predicted the January storm track over the western United States fairly well, 

while the R15 model placed it south of the observations. 

The six years of the T42 run and the first six years of the R15 run were used to 

drive the MM4. The basic features of the MM4-simulated climatology of the large-scale 

flow were found to be very similar to those of the driving CCMl. This implies that if a 

GCM' s large-scale climatology is not realistic over an area, then the nested climatology 

will likely also be unrealistic. Although the MM4 did not alter the large-scale climatology 

very much, the simulated distribution of topographically-dependent quantities, such as 

precipitation and temperature, were substantially modified. 
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Over the coastal areas, the agreement between the models and observations were 

good, while over the interior, the nested model simulations were able to capture the high

resolution topographically induced temperature patterns missing in the coarse-scale CCM 

output. One such temperature pattern well-simulated by the nested models was the 

orographic cooling over the Sierra Nevada and Rocky mountains. Observed regional 

precipitation features were also well-reproduced by the nested models, both in location 

and amount. These features included primary precipitation maxima over the Sierra 

Nevada ,coastal ranges, and Cascades, secondary maxima over the northern and central 

Rockies, and dry conditions over the Great Basin. The models, however, were a bit too 

dry over Arizona and southern California, probably due to underprediction of the southern 

storms. Snow cover distribution prediction also improved in the nested model. 

Giorgi (1991) performed similar experiments over the western United States for 

summertime precipitation instead of winter precipitation in order to test the model's 

performance under different types of precipitation-inducing processes. Winter 

precipitation over the region is usually associated with large-scale Pacific storms moving 

eastward, distributing precipitation though orographic uplift of saturated air. In the 

summer, moisture is advected northwards from the eastern Pacific, the Gulf of California, 

and the Gulf of Mexico. Rainfall becomes highly localized, partially as a result of 

convective instability, especially near and over mountainous terrain. Most of these 

processes occur on a scale smaller than that of both CCM and MM4. As a result, 

summertime simulated precipitation may be of a lower quality than wintertime simulated 
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precipitation. The main focus of this work was to determine the sensitivity of simulated 

precipitation to different physics parameterizations with MM4. It was concluded the 

simulated summertime precipitation tends to be more sensitive to physics parameterization 

than simulated winter precipitation. 

In two more studies, a version of CCM was run for 24 years, the first 20 to reach 

equilibrium and the last 3Y2 to drive MM4/BATS. Only the last 3 simulated years were 

used in the averaging. The overall climatology and the effect of a doubling-carbon

dioxide experiment are discussed in Giorgi et al. ( 1994b) while the hydro logic budgets of 

ten regional drainage basins are analyzed in Giorgi et al. (1994a). The version of CCM 

(GENESIS) used is very similar to CCMl. The nested MM4 tended to produce less 

precipitation than the driving CCM. Over the entire continental United States, the CCM 

overpredicted precipitation by 50-70 % while the MM4/BATS underpredicted it by about 

20 %. While the annual CCM averages overpredicted precipitation everywhere except 

for along the Gulf Coast, the MM4 overpredicted precipitation in the western United 

States but underpredicted it in the east. The performance of the nested model was better 

during the winter than during the summer. During the cold season, correlation between 

the MM4 and observed precipitation was highest over central and western continental 

areas, lower along the East Coast, and very low in the Gulf Coast region. 

Giorgi et al. ( 1994a) found that over the mountainous western regions, the 

topographically-influenced precipitation, snow cover and runoff were well-simulated, an 

improvement over the GCM alone. Modeled springtime snowmelt and peak runoff 
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generally occurred earlier than the observed, noticeably in the Pacific Northwest and 

Colorado River Basins. In the California drainage basin, however, both the seasonal 

precipitation and runoff cycles were well-simulated. In the Mississippi River Basin, the 

model captured the observed precipitation summertime maximum and wintertime 

minimum, and the high spring and low autumn runoff values, although observed spring 

runoff was underestimated. Also a simulated but unobserved July precipitation maximum 

resulted in a peak in July runoff, also not present in the observations. In the Great Lakes 

basin, seasonal variations in modeled precipitation were greater than those of the observed 

precipitation, and while both observed and simulated runoff maximums occurred several 

months before the corresponding precipitation maximums, the model peak runoff occurred 

two moths earlier than the observed. 



4. METHODS 

4.1 The problem of different spatial resolutions 

Point vs. Areal averages 
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There are over one thousand observation gages each for precipitation and runoff, 

while there are only 121 grid points over the United States at the T42 model resolution. 

The precipitation gages, the runoff gages, and the grid points are all at different locations. 

Therefore, some of the data sets have to be transformed in a way which will allow for 

direct mathematical comparisons between the different data sets. The most 

straightforward method is to transform the observed data sets to the same spatial 

resolution as the model data sets. 

The next question that arises is whether to take the observed values and use them 

to calculate a point-value at the model grid point, or an areal average over the model grid 

square. The data from precipitation gages and streamflow gages both represent 

point-values. However, since streamflow was divided by contributing area to attain 

runoff, an area is being indirectly represented by each runoff value. The model output has 

been described as "smoothed point-values", so they are neither true point values nor areal 

averages. Therefore it was decided to do two transformations of the observed data set: 

one from point values to the grid point, the other from point values to an areal average 

over the grid square. 
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Interpolating Point Values to Another Point 

Assume that the coordinates of the observational gages are given by (xm,Ym) and 

the value of the process (in this case, either precipitation or runoff) at the gage is given by 

Pm for n gages .. The location and process estimate at a model grid point are given by 

(xg,Yg) and pg, respectively. Xm, Ym, Xg, and Yg are in degrees latitude or longitude. 

At any grid point, the n gages from the observational data set which are associated 

with that grid point (gages from the surrounding grid square or grid squares) are selected. 

For each observational gage, a weight, wi, is calculated, with i = 1,2, .. . n. (For a simple 

arithmetic average, wi=lln.) 

The estimate of the process pg at (xg,yg) is given by, 

n 

Pg= L W;Pmi (4.1) 
i=l 

Each method uses a different technique to calculate the weights, wi. 

The simplest method is the nearest neighbor method. Using this method, the 'observed' 

value at the grid point would be the value of the nearest gage. Let dg; be the distance 

between (xg,yg) and (Xmi,YmD, If dgx = min (dg1, ... ,dgn), then wi=O for i -::t x and Wi=l for i=x, 

so pg= Pmx· 

Another method is inverse distance interpolation. Using this distance weighting 

technique, the weights are a function of the distance between each of the observational 

gage locations and the model grid point. The weights are given by 
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(4.2) 

where c is a constant. When c is 1, the technique is called reciprocal distance interpolation 

and when c is 2, it is called inverse square distance interpolation. As dgi or c increase, wi 

approaches zero. One error associated with this method results from not considering the 

spatial relationship between the various gages within each sampling area. As the weight 

given to each gage value is determined only by the distance between the sampling location 

and the grid point, this method fails to consider that when two gages are close together, 

the information provided by one of them may be redundant. 

Despite its drawbacks, the inverse distance squared method was chosen for point 

value method due to ease of use. At each grid point, for the n gages from the data set for 

which 

(4.3) 

a weight, wi , is calculated, with i = 1,2, ... n. 

(4.4) 

These estimates of the observed values at the grid points were calculated at each grid 

point for each of the 41 years of the data records, as well as the 41-year mean and 

standard deviation of the 41-year mean. 
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Although the model values are produced at intervals of approximately 2.8° latitude 

and 2.8° longitude, producing a grid square 2.8° by 2.8°, all the measured values from 

gages in 2.8° of any direction of the model grid point were taken, from a "square" 5.6° by 

5.6° . Due to the nature of the interpolation scheme, the gages closest to the grid point 

are given the most weight. The values from any particular gage may be used in calculating 

the measured value of up to four "measured" grid point values. The number of 

precipitation and runoff gages within 2.8° of each grid point are shown in Figure 4.1. 

Note that for two grid points in northern Montana, these are no associated runoff gages. 

This problem will be addressed in the section 4.3. 
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a. 

b. 

Figure 4.1 Number of a) precipitation and b) streamflow gages within 2.8° of each model 
grid point. 
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Estimating Areal Averages from Point Values 

The areal average scheme chosen is based on the Thiessen polygon method first 

described by Thiessen (1911). A 15 by 15 point mesh was overlaid each grid square, with 

point every 0.2° latitude and longitude (Figure 4.2). Coordinates of the mesh points are 

calculated by 

for a= 1,15 and b = 1,15. Note that (xts,Yts)=(xg,yg), the model grid point and the center 

of the grid square. For each mesh point (xa,Yb) it is determined which observational gage 

location (xm,Ym) is the least distance away. Then each mesh point is assigned the value of 

the nearest observed value (Figure 4.3). These process values are then summed over the 

entire grid square and divided by the number of mesh points. 

(4.6) 

Note that even though the mesh points only cover the area of the grid square, the search 

area extends beyond the grid square. This allows the closest gage to be found, instead of 

limiting the search to the closest gage within the grid square. The number of contributing 

precipitation and runoff gages for each grid point are shown in Figure 4.4. 

The number of mesh points with a particular observed value respesent the "area" 

associated with each gage. This area is close but not identical to the area that would be 

determined using the true Thiessen polygon method. 
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Figure 4.2 Illustration of the Thiessen polygon based method of areal averaging observed 
values over a grid square. Part 1. 
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Numbers are values at 225 fine mesh points. 

Asterisks * indicate the location of the precipitation gages. 
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Figure 4.3 Illustration of the Thiessen polygon based method of areal averaging observed 
values over a grid square. Part 2. 



a. 

b. 

Figure 4.4 Number of a) precipitation and b) streamflow gages used in calculating the 

areal (THP) average for each grid square. 
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Effectiveness of chosen methods compared to other methods 

Both the chosen methods use straightforward weighting techniques which may 

ignore important aspects of the process being modeled (such as elevation, slope, etc.) 

Other more complex methods, such as kriging and optimal interpolation, which involve 

calculation of variograms or covariance matrices, can take into consideration respective 

locations of values or non-stationary variables, such as elevation. Many researchers 

strongly support various methods of kriging over either of the selected methods used in 

this analyses. Several papers have been written about the benefits of kriging, especially in 

mountainous areas, among them: Chua and Bras 1982, Dingman et al. 1988, and Hevesi 

et al. 1992a,b. 

Tabois and Salas ( 1985) found kriging and optimal interpolation based on several 

criteria, among them the mean and variance of the observed and interpolated precipitation, 

the sum of square errors between the mean and variance of the observed and interpolated 

precipitation and the standard deviation of the error of interpolation. They found, 

however, that kriging and Thiessen polygon gave similar estimated means. Polynomial 

interpolation gave the poorest results. Lebel et al. ( 1987) compared the Thiessen, spline 

and kriging methods. They concluded that the spline estimate was generally not much 

better than the Thiessen estimate and sometimes worse and that kriging was always better 

than the other two methods, especially when it comes to low density networks. However, 

they also point out that "the conclusion that kriging is better ... hold only if the theoretical 
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variance computed from the variogram model is a realistic measure of the actual 

estimation variance." 

Singh and Chowdhury ( 1986) compared 13 different methods of estimating mean 

areal rainfall, including the Thiessen polygon method and reciprocal distance squared 

method, but not including any type of block kriging. They found that all methods yielded 

comparable estimates, especially for annual values. They found that for one area in New 

Mexico "even those methods which did not explicitly account for altitudinal effects were 

comparable to those which did." 

Most of the researchers using kriging, however, only looked at 1 or 2 areas. In 

order to do this analyses, 121 *41 *12*2 (the number of grid squares times number of years 

time the number of months times the number of processes) or 119064 variograms would 

have to be calculated and examined. This would have been extremely impractical and time 

consuming. Therefore the simpler methods were chosen, in hopes that the results would 

not be much different from a much more complex and possibly more accurate method. 

4.2 Geographic and Temporal Divisions 

The United States was divided into 13 regions based on the location of major 

drainage basins. Figure 4.5 shows the major drainage basins of the continental U.S .. 

Some of the climatologically similar drainage basins were grouped together: the Lower 

Colorado and the Upper Colorado basins; the Lower Arkansas, Lower Mississippi, Ohio 

and Tennessee basins; and the Rio Grande and Texas Gulf basins. The 121 grid squares 
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were each assigned to one drainage basin, except for one shared between California and 

the Great Basin. (The drainage basins outlines converted to model resolution are shown 

seen in many of the figures in the following chapter). Table 4.1 shows the grouping of 

watersheds, the abbreviations which will be used in this document, and the number of grid 

squares in each watershed. 

For many comparisons, the months will also be divided into the four seasonal 

grouping commonly used in scientific papers about North America: December, January 

and February (DJF or winter); March, April and May (MAM or spring); June, July and 

August (JJA or summer); and September, October and November (SON or autumn). 

4.3 Scarce stream flow values 

The average number of precipitation and streamflow gages within 2.8° of a grid 

point are 32 and 31, respectively (Table 4.2). However, as can be seen in Figure 4.1, the 

number of gages near any particular grid points can be quite different. The fewest number 

of precipitation gages within 2.8° of a grid point are 5 and 6, located near the border of 

southwestern and southern Texas, in the Western Gulf drainage basin. In the WG, the 

average number of precipitation gages is 14. All the other basins have an average of at 

least 23 precipitation gages per grid square, while six have 32 gages or more. 

Unfortunately, the situation for streamflow gages is not as satisfactory. The 

majority of the streamflow gages are distributed in the eastern five watersheds (UM, LM, 

GL, NA, and SA) where the average number of gages within 2.8° of a grid point range 
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from 41 in the SA to 82 in the NA (Table 4.2). However, in the western part of the 

United States, many watersheds have a below average number of gages per grid square. 

The WG and GB have 7, MI has 9, SR has 11, AK has 13, CO has 15, and CA has 16. In 

southern Texas, in the Western Gulf watershed, out of thirteen grid squares, four have 

three or fewer stream flow gages ( 1, 2, 2 and 3 gages) while an additional four grid 

squares have fewer than 8 contributing gages. In the Arkansas watershed, although the 

mean number of runoff gages per grid square is 13, two grid squares have 4 and 6 

contributing streamflow gages, while in the Great Basin there are two grid squares with 

only 1 and 2 associated gages, respectively. One or two gages can scarcely be considered 

representative of an entire grid square. 

However, the most significant problem occurs in northern Montana, in the Upper 

Missouri watershed, where two adjacent grid squares have no associated runoff values at 

all, and the density of gages in nearby grids is fairly low. For the purpose of comparisons 

and mapping, an observed value needed to be calculated for these grid squares, although 

less faith could be put in results about these grid squares, as compared to ones with a 

better density and distribution of observed data. In the end, for each month of each year 

the missing value at the western point was calculated by averaging the IDS or THP grid 

values to the south and the west, while the value at the eastern point was calculated by 

averaging the IDS or THP grid values to its south and east. These values were then used 

in all the comparisons. 
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Table 4.1 Major drainage basins: contributing basins, abbreviations, and associated 

model grid squares. 

Included Watersheds Abbreviation Number of Model 
Grid Squares 

Pacific Northwest PN 13 
California CA 7 
Great Basin GB 5 
Colorado co 9 
Upper Missouri MI 17 
Upper Arkansas AK 6 
Rio Grande and Texas Gulf WG 11 

(Western Gulf) 
Souris-Red-Rainy SR 5 
Lower Missouri and Upper UM 9 

Mississippi 
Lower Mississippi, Lower LM 12 

Arkansas, Ohio, and 
Tennessee 

Great Lakes GL 12 
New England and Mid Atlantic NA 8 

(North Atlantic) 
South Atlantic and Eastern Gulf SA 7 
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Table 4.2 Average number per drainage basin of precipitation and streamflow gages 

within 2.8° of each grid point. 

Basin Precipitation Streamflow 
PN 32 28 
CA 23 16 
GB 24 7 
co 28 15 
WG 14 7 
AK 29 13 
MI 28 9 
UM 46 60 
LM 38 49 
GL 38 50 
SR 20 11 
NA 48 82 
SA 35 41 
All 32 31 
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4.4 Averaging SNOTEL Data 

As mentioned above, some of the monthly values were missing. Almost all of the 

stations had a few missing values. The main purpose of using the SNOTEL data in this 

analysis was simply to look at the approximate amounts of precipitation this data set could 

add to the HCN network, not to calculate complicated multi-year statistics. So instead of 

working out a complicated formula to estimate all the missing values, mean values for 

each station were calculated by simply averaging the values over the years in which data 

were available. Therefore the averages at different stations may represent different sets of 

years. Hopefully each year's precipitation was represented by enough stations that this 

will not significantly affect the large-area precipitation values. 

4.5 Comparisons 

Several methods are used for comparing the results of the CCM2/BATS runs with 

the measured data. At any individual grid point, the model process is given by Xmod, and 

the observed process interpolated to that grid point or areally averaged over the grid 

square is given by Xobs· X represents the rate of either precipitation P or runoff R. Unless 

otherwise noted, Xobs represent the average of 41 years of observation data and a0 bs(X ) is 

the standard deviation. 

The following calculations were performed at each grid point: 

1) the difference between the modeled and the measured values 

dif x = xmod - xobs (4.7) 



2) the ratio of the modeled to the measured values. This is equivalent to 

calculating percent difference. 
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(4.8) 

3) the ratio of runoff to precipitation (RtP ratio) for both observed and simulated values 

RtP mod = Rmod / p mod 

RtPobs = Robs / ~bs (4.9) 

4) a test of equal means. The model estimates were compared to the 41-year means and 

standard deviations of the 41-year mean, to answer the question 

is xobs -2crobsx ~ xmod ~ xobs +2crobsx ? (4.10) 

Also, for each hydrologic basin, the monthly averages of simulated and observed 

values were compared in order to look at the size and timing of maximum and minimum 

precipitation and runoff. 

For one grid square where the one-year model simulation performed well on a 

monthly time-scale, daily frequency and intensity of precipitation were examined. 

Finally, using all 121 values, regression and error statistics between the simulated 

and the observed values were calculated. Most of these error methods are described by 

Wilmott ( 1981, 1984 ). The calculated errors include mean absolute error (MAE), root 

mean square error (RMSE), the systematic portion of RMSE (RMSEs) and the 

unsystematic portion of RMSE (RMSEu). 



where 

N 

MAE= N-l Llxmodi - xobsil 
i=l 
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(4.11) 

( 4.12) 

(4.13) 

(4.14) 

and a and bare the intercept and slope of an ordinary least-square simple linear regression. 

( 4.15) 

Systematic error (MSEs or RMSE/) can be further divided into an additive component 

MSEa, a proportional component MSEp and a interdependent additive-proportional 

component MSE1. 

MSEa =a2 (4.16) 

N 

MSEP = (b-1) 2 N-l Lx;bsi ( 4.17) 
i=l 

(4.18) 

An "index of agreement" (IA) was also calculated where 

N 2 

L( X modi - xobsi) 
IA= 1- N i=l 2 

~(lxmodi - xobs 1-lxobsi - xobs I) 
t=l 

( 4.19) 



Other more common statistics include the mean, the standard deviation, the 

covariance CV, and the square of the correlation coefficient R. 

N 

CV= N-l L( xobsi - xobs )( xmodi - xmod) 
i=l 

N 

L( xobsi - xobs )( xmodi - xmod) 

R=N-1_i=_1~~~~~~~~~~~-

cr obsi cr modi 
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(4.20) 

(4.21) 



5. RESULTS 

5.1 Observed data 
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The results of the two different methods of interpolating observed data; the inverse 

distance squared method (IDS) and the Thiessen-polygon based method (THP) were quite 

similar. Table 5.1 shows the regression and error statistics for season and annual values 

for the two methods, calculated over all 121 grid values. Mean IDS precipitation was 

within 0.02 mm of mean THP precipitation, while the runoff mean for the two methods 

were within 0.09 mm of each other. R2 values were 0.97 to 0.99 for precipitation and 

0.91 to 0.94 for runoff. The index of agreement described by Wilmott (1981, 1984) was 

0.99 to 1.0 for precipitation and 0.97 to 0.98 for runoff. The least agreement between the 

two methods occurs for summer runoff. 

A careful examination of the annual averages shown in Figure 5. land Figure 5.2 

shows that for precipitation six grid squares (two in the LM, two in CA, and on each in 

CO and AK) are one interval higher according to the IDS method than the THP method. 

(Placement in different adjacent intervals does not necessarily mean the values are very 

different. For example, values of 1.99 mm/day and 2.01 mm/day will be in different 

intervals.) For annual runoff, thirteen grid squares in eight watersheds are one interval off; 

nine grid squares have higher values according to the IDS method and four have higher 

values according to the THP method. More comparisons between the two methods will 

occur in the following sections of this chapter. 



Table 5.1 Regression and error values between the IDS and THP interpolated observed values. 

THP Std IDS Std THP a b MAE MSE MSES MSEU 

Precio DJF 1.73 1.75 1.40 1.51 -0.09 1.07 0.12 0.26 0.10 0.24 
Precio MAM 2.05 2.05 1.10 1.12 -0.02 1.01 0.09 0.15 0.01 0.15 
Precio JJA 2.23 2.24 1.26 1.25 0.02 0.99 0.08 0.13 0.01 0.13 
Precip SON 1.90 1.92 1.02 1.08 -0.07 1.05 0.08 0.16 0.05 0.15 
Precip Annual 1.98 1.99 1.02 1.07 -0.05 1.03 0.08 0.15 0.04 0.15 

Runoff DJF 1.01 0.98 1.49 1.58 -0.06 1.03 0.15 0.38 0.05 0.38 
Runoff MAM 1.44 1.36 1.26 1.22 0.02 0.93 0.17 0.31 0.11 0.29 
Runoff JJA 0.90 0.81 1.17 0.99 0.09 0.80 0.15 0.39 0.25 0.30 
Runoff SON 0.56 0.54 0.74 0.71 0.01 0.94 0.07 0.18 0.05 0.18 
Runoff Annual 0.98 0.92 1.03 0.98 0.01 0.93 0.12 0.26 0.09 0.24 

% Systematic % Unsystematic R R2 IA MSEA MSEP MSEL 

Precip DJF 14 86 0.99 0.97 0.99 0.01 0.02 -0.02 
Precip MAM 1 99 0.99 0.98 1.00 0.00 0.00 0.00 
Precio JJA 1 99 0.99 0.99 1.00 0.00 0.00 0.00 
Precip SON 11 89 0.99 0.98 0.99 0.00 0.01 -0.01 
Precio Annual 6 94 0.99 0.98 0.99 0.00 0.01 -0.01 

Runoff DJF 2 98 0.97 0.94 0.98 0.00 0.00 0.00 
Runoff MAM 13 87 0.97 0.94 0.98 0.00 0.02 0.00 
Runoff JJA 41 59 0.95 0.91 0.97 0.01 0.09 -0.03 
Runoff SON 8 92 0.97 0.94 0.98 0.00 0.00 0.00 
Runoff Annual 13 87 0.97 0.94 0.98 0.00 0.01 0.00 

O'\ 
~ 
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Figure 5.1 Annual observed and simulated precipitation values over the United States for 

a) 41-year observed mean by the IDS method, b) 41-year observed mean by the 

THP method and c) 10-Year CCM2/BATS. 
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Figure 5.2 Annual observed and simulated runoff values over the United States for a) 41-
year observed mean by the IDS method, b) 41-year observed mean by the THP 
method and c) 10-Year CCM2/BATS. 
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5.2 Difference versus Ratio Method 

One problem with looking only at the difference between the modeled and the 

measured values is that the relative values of Xmod and Xobs are ignored. For example, as 

illustrated in Table 5.2, if Pobs1= 0.5, Pmod1= 2.5, Pobs2= 8 and Pmod2= 10, then 

difPI =difn=2. The differences at the two point is equal, so the model would be 

considered to perform the same at both points. Yet ratP1=5 and ratn=l.25, so according 

to the ratio method, Pmodl is much greater relative to Pobsl than Pmod2 is relative to Pmodl· 

Model performance in this case would be considered better at point 2 than point 1. 

However, looking at only the ratios (or the percent difference, cPmod - Pobs)I Pobs) 

can make apparently small differences seem large. For example, if Pobs 3= 0.1 , Pmod3= 0.3, 

Pobs4= 2 and Pmod4= 6, then ratP3= ratp4=3, dif P3=0.2 and difp4=4. Some modelers might 

consider an absolute difference of 4 to be more important than a difference of 0.2, even 

though the model estimate is three time higher than the observed value in both instances. 

Table 5.2 Example of the difference and ratio methods. 

Pmod Pobs difp ratp Pmod - Pobsf Pobs Pmod - Pobsf Pmod 

2.5 0.5 2 5 400% 80% 
10 8 2 1.25 25 % 20% 
0.3 0.1 0.2 3 200% 67 % 
6 2 4 3 200% 67 % 



5.3 Difference Method 

When examining an unscaled difference between the simulated and the observed 

value over a grid square, it is necessary to pick an arbitrary value to define what is "too 

high" and what is "too low". No statistics are attached to this method; although it is 

technically quantitative, it is also fairly subjective. Simple arithmetic biases are not 

generally used for comparing model performance of precipitation and runoff to 

observations, so this method will be given less weight in the final analysis. 
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The first scenario to be examined is if the model is considered to be overestimating 

or underestimating only when the simulated value is 4 mm/day higher or lower than the 

observed value for a given grid square. Under such conditions, the ten-year (lOY) model 

precipitation is too high in parts of the NW and GB watershed in the winter (Figure 5.3) . 

In the summer, the simulation overestimates precipitation near the central CO. There are 

no precipitation underestimates at this level of acceptance. In the NW, runoff is 

underestimated at one grid square in the winter and two in the summer (Figure 5.4). 

The second case to be considered is if values between ±2 mm/day and ±4 mm/day 

are added to the ±4 mm/day values as being beyond an acceptable range. In the winter, 

most of simulated precipitation in the NW and GB watersheds is too high and continues to 

be too high in the spring in the NW, as well as the southern part of the NA. In the 

summer, simulated precipitation is fine in the NW, but too high in the GB, CO and NA 

watersheds. In parts of the LM and SA, simulated precipitation is lower then observed in 
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the spring and summer. A few additional runoff underestimates occur in the NW and MI 

in the summer and in the NW in the autumn. 

Based on these standards, the model precipitation is close to the observed 

precipitation in most of the U.S. ( CO, WG, AK, MI, UM, LM, SR, GL, NA, and SA) in 

the winter and the same areas with the exception of the NA in the spring. In the summer, 

simulated precipitation is acceptable in the NW, CA, SR, UM, and WG, while simulated 

precipitation in CA, GB, UM, LM, WG, SR, GL, NA, SA and most of the NW, CO, MI 

and UK is acceptable in the autumn. In winter, watersheds where the simulated runoff is 

within 2 mm/day of the observed runoff include much of every watershed from the GB 

eastward. For the spring runoff, CO, WG, AK, MI, SR, UM and NA have no problems. 

(However, in areas where runoff is less than 1 mm/day, being within 2 mm/day is not 

necessarily impressive.) In the summer, simulated runoff is not a problem from the CO 

basin eastward, while the autumn simulation has only three unacceptable grid squares in 

the NW. 



a. 

b . 

-8.0 -4.0 -2.0 2.0 4.0 8.0 

Figure 5.3 Difference between 10-Year CCM2/BA TS and observed precipitation for 

a) December-January-February and b) June-July-August. 
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Figure 5.4 Difference between 10-Year CCM2/BATS and observed runoff for 
a) December-January-February and b) June-July-August. 
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5.4 Ratio Method 

Although some researchers prefer to calculate the percent difference with respect 

to either the simulated or the observed values, the ratio of the simulated to the observed 

values represents the same idea. The relationship between hypothetical calculated 

differences, ratios, and percent differences are shown in Table 5.3, in case readers want to 

translate these numbers into something more familiar. 

As with the difference method, arbitrary values were chosen to represent ranges of 

high and low. If ratx is 2.0 or higher (if the simulated values were two times greater than 

the observed values), then the simulated values were considered higher, while the 

simulated values were considered low if ratx is 0.5 or less (if the modeled values is two 

times smaller than the observed values). A second set of distinctions are made when ratx 

is 4.0 or 0.25, when the simulated values are four times greater or smaller than the 

observed values. 

Table 5.3 Comparison of difference, ratio and percent difference. 

Pmod Pobs difp ratp P mod - Pobsf Pobs Pmod - Pobsf Pmod 

8 1 7 8 700/% 88 % 
8 2 6 4 300% 75 % 
8 4 4 2 100 % 50% 
8 6 2 1.3 33 % 25 % 
8 8 0 1 0% 0% 
6 8 -2 0.75 -25 % -33 % 
4 8 -4 0.5 -50 % -100 % 
2 8 -6 0.25 -75 % -300 % 
1 8 -7 0.125 -88 % -700 % 
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Simulated precipitation is at least twice as high as observed precipitation in the 

autumn, winter, and spring throughout most of the western United States, including the 

PN, GB, CO, MI, and AK (Figure 5.5). It is underestimated in the southern LM in the 

spring and central CA in the autumn. In the summer, the area of model overestimation in 

the west contracts southward and westward, leaving fewer high cells and more acceptable 

cells in PN, WG, AK, and UM. High simulated precipitation also occurs in the 

northeastern GL and northern NA. The PN also has some areas of underestimated 

precipitation, along the west coast and northern edge. 

There may be approximately an equal number of problem grid cells for 

precipitation and runoff, but the models' runoff overestimates and underestimates are 

more widely spread out across the United States, in less recognizable, or at least less easily 

classifiable, patterns. In the winter and spring, runoff in much of the western United 

States, except along the coast, in overestimated. These watersheds include the eastern 

PN, GB, CO, Ml, western AK and western WG. Areas where simulated runoff is too low 

include western PN and CA, and the LM and some nearby cells in the winter (Figure 5.6). 

In the spring, runoff is also underestimated in the eastern WG, eastern AK, and most of 

the UM and GL. The NA watershed and the eastern half of the GL watershed seem to be 

the best simulated areas during winter and spring. In the summer, the area of 

overestimated runoff contracts to a narrow strip down through MI and AK, and to 

southern CO and the western WG. Several grid squares along the east coast also have too 

much simulated runoff. Basins where runoff is too low include PN, CA, western MI and 
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LM, with forays into the adjoining SA and WG. The area of overestimated runoff 

increases in the autumn to include more of the eastern MI, GB, CO, AK, and the western 

WG, while runoff is underestimated in PN, CA, UM, LM, and GL. 



a. 

b. 

0.125 0.25 0.5 2.0 4.0 8.0 

Figure 5.5 Ratio of simulated to observed precipitation for a) December-January
February and b) June-July-August. 
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Figure 5.6 Ratio of simulated to observed runoff for a) December-January-February and 

b) June-July-August. 
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5.5 Statistical Test for Equal Means 

At every grid point, for each month, season and year, a test for equal means was 

performed. This test assumes that the distribution of values is normal and that the means 

are equal. The general statistical equation is 

r x-µ l 
B-za~ ~~zaj=(l-a)*lOO 
L 2 crobs I n 2 

(5.1) 

If a normal distribution of average measured values is assumed, then a model value from a 

single year which falls within two standard deviations of the observed mean has a 95 

percent probability of being within the naturally varying range of values. 

1 P-0 l 
~ -1.96 ~ ~ 1.96J = 95% 
L crobs 

(5.2) 

This ought to be true for each individual year of the lOY CCM2/BATS. However, for 

multi-year averages, the 95 % probability range should be less than two standard 

deviations from the mean, since as the number of estimated values increase, their mean 

should move closer to the observed mean if the estimated values truly represent the same 

distribution. 

I P-0 l 
B -1.96 ~ a ~ L96j = 95% 
L obs/.Jio 

(5.3) 

1 P-0 l 
~ -0.619 ~ ~ 0.619J= 95% 
L crobs 

(5.4) 
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This means that there is a 95 % likelihood that the 10-year simulated mean will be within -

0.619 standard deviations of the observed mean. Alternatively 95 % of the modeled 

values should be within .619 standard deviations of the observed mean. 

In performing this test, however, the ten-year model average was generously 

treated as a single-year average, using two standard deviations from the mean instead of 

0.6 standard deviations as a measure of acceptable model performance. In this analysis, 

CCM2/BA TS simulated values are considered "high" if they are greater than two standard 

deviations above the mean, "low" if they are smaller than two standard deviations below 

the mean, and "in range" if they are within two standard deviation of the mean. The 

results will be presented in order of increasing time intervals: first the monthly analyses, 

then the seasonal and finally the yearly. 

First a comment needs to be made regarding the assumption of normal distribution. 

This analysis can only be meaningful if the observed values exhibit a normal distribution 

about the mean. The 41-year mean, standard deviation, median, coefficient of skewness, 

coefficient of variation and percent of values within one and two standard deviations of 

the 41-year mean at each grid point were calculated. For a normally distributed set of 

values, the mean should equal the median ( causing the coefficient of skew to equal zero) 

and the percent of values within one and two standard deviation of the mean should equal 

68 % and 95 %, respectively. (Issaks and Srivastava, 1989). At the large majority of grid 

squares, for both precipitation and runoff, the median is greater than the mean and the 

values are slightly negatively skewed. Although the percentage of values within one 



standard deviation of the mean are not always close to 68 %, the number within two 

standard deviation is almost always within 92 - 98 % and never more or less than 90-

100 %. Since this particular analysis is just concerned with the two standard deviation 

range, it is likely that the distributions have characteristics similar enough to that of a 

normal distribution to make the results of this analysis valid. 

Frequently when a simulated ten-year mean is higher or lower than the observed 

forty-one year mean, the majority of the values for the ten individual years are higher or 

lower than the majority the values for each of the observed years. Figure 5.7 shows an 

example from two grid squares, one for which the model value is too high, another for 

which the model value is in range. It is evident that for the grid square with high 

simulated precipitation that even the lowest model value, which is near 3.25 mm/day, is 

greater then the observed mean plus two standard deviations (2.17+2*0.32=2.81 
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mm/day). The observed values range from 1.25 to 2.50 mm/day. The modeled values 

range from 3.25 to 5.50 mm/day, with the nine of the values above 4.25 mm/day 

However, for the second grid square, the observed values and the modeled values clearly 

have similar ranges. The range of observed values (2.75-5.25 mm/day) encompasses all 

the simulated values (3.00-4.75 mm/day). All ten of the simulated values are within two 

standard deviations of the observed mean. In this analysis, when the model mean is said to 

be too high or too low, it is often not just the means which are different, but the entire 

range of values. The model values and the observed values represent completely different 

distributions. 
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Table 5.4 and Table 5.5 for precipitation and runoff, respectively, show the 

number of grid squares below, within, and above two standard deviation from the mean. 

These numbers are for the entire United States and include no information about smaller 

geographic regions. Although these tables show the results of both the IDS and THP 

methods, the numbers discussed in this section will be those from the IDS method. 

According to this analysis, precipitation tends to be overestimated rather than 

underestimated by CCM2/BATS. Zero-3 % of the grid points have precipitation values 

too low, while 12-39 % are too high. For precipitation, September, October and 

November (the autumn months) are the months in which the highest percent of the values 

are within acceptable range. Runoff tends to have more grid squares with underestimation 

than does precipitation, although overestimation is still the dominant problem. For seven 

months (October-April) of the lOY simulation, 0-5 % of the modeled runoff values are too 

low; for the other five months (May-September) 12-19 % are too low. Most of the year, 

more of the incorrect simulated values are too high, 12-32 %, except in May and June. 

The fewest overestimates ( 6 and 7 % ) occur during May and June, the months of the most 

underestimates ( 19 and 16 % ). 

The numerical results of this method using the seasonal and yearly averages are 

shown in Tables 5.6 for precipitation and 5.7 for runoff, and Figures 5.8-5.12 show the 

geographic distribution of the high and low values for the 1 OY simulation. The seasonal 

analysis shows that for autumn, 70 % of the precipitation values are in range, the highest 

percentage of any season. This is in agreement with what was seen for the individual 
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monthly values. For the other three seasons, only 48-56 % of the simulated precipitation 

values are within two standard deviations of the observed mean. For runoff, surprisingly, 

spring is the season with the highest percent of correct values (80 % ). 
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Figure 5. 7 Histogram showing the distribution of annual precipitation values for two grid 
squares, for which a) the simulated distribution and mean are higher than the 
observed and b) in simulated distribution and mean are similar to the observed. 
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Table 5.4 Number and percentage of gridpoints for which simulated lOY precipitation is 
within 2cr of the 41-year observed mean, for monthly values for a) the IDS method 
and b) the THP method. 

a. Low In Range High %Low % In Range % High 

Jan 0 82 39 0 68 32 
Feb 0 75 46 0 62 38 
Mar 0 85 36 0 70 30 
Apr 0 84 37 0 69 31 
May 0 95 26 0 78 22 
Jun 0 93 28 0 77 23 
Jul 4 70 47 3 58 39 
Aug 0 82 39 0 68 32 
Sep 0 101 20 0 84 16 
Oct 0 107 14 0 88 12 
Nov 0 97 24 0 80 20 
Dec 0 81 40 0 67 33 

b. Low In Range High %Low % In Range % High 

Jan 0 84 37 0 69 31 
Feb 0 70 51 0 58 42 
Mar 0 82 39 0 68 32 
Apr 0 78 43 0 64 36 
May 0 92 29 0 76 24 
Jun 0 91 30 0 75 25 
Jul 3 69 49 2 57 40 
Aug 1 83 37 1 69 31 
Sep 0 96 25 0 79 21 
Oct 0 108 13 0 89 11 
Nov 0 98 23 0 81 19 
Dec 0 81 40 0 67 33 
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Table 5.5 Number and percentage of grid points for which simulated 1 OY runoff is within 
2a of the 41-year observed mean, for monthly values for a) the IDS method and b) 
the THP method. 

a. Low In Range High %Low % In Range % High 

Jan 4 78 39 3 64 32 
Feb 2 81 38 2 67 31 
Mar 1 84 36 1 69 30 
Apr 5 99 17 4 82 14 
May 23 91 7 19 75 6 
Jun 19 94 8 16 78 7 
Jul 14 83 24 12 69 20 
Aug 15 75 31 12 62 26 
Sep 16 69 36 13 57 30 
Oct 6 100 15 5 83 12 
Nov 4 90 27 3 74 22 
Dec 3 84 34 2 69 28 

b. Low In Range High %Low % In Range % High 

Jan 3 76 42 2 63 35 
Feb 1 77 43 1 64 36 
Mar 0 81 40 0 67 33 
Apr 6 100 15 5 83 12 
May 17 95 9 14 78 7 
Jun 15 97 9 12 80 7 
Jul 11 85 25 9 70 21 
Aug 14 75 32 12 62 26 
Sep 14 68 39 12 56 32 
Oct 7 96 18 6 79 15 
Nov 2 90 29 2 74 24 
Dec 4 79 38 3 65 31 
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Table 5.6 Number and percentage of grid points for which simulated 1 OY precipitation is 
within 2a of the 41-year observed mean, for seasonal and annual values for a) the 
IDS method and b) the THP method. 

a. Low In Range High %Low % In Range % High 

DJF 0 61 60 0 50 50 
MAM 0 68 53 0 56 44 
JJA 6 58 57 5 48 47 
SON 0 85 36 0 70 30 
Year 7 45 69 6 37 57 

b. Low In Range High %Low % In Range % High 

DJF 0 57 64 0 47 53 
MAM 0 65 56 0 54 46 
JJA 6 58 57 5 48 47 
SON 0 85 36 0 70 30 
Year 8 43 70 7 36 58 

Table 5.7 Number and percentage of gridpoints for which simulated lOY runoff is within 
2a of the 41-year observed mean, for seasonal and annual values for a) the IDS 
method and b) the THP method. 

a. Low In Range High %Low % In Range % High 

DJF 6 78 37 5 64 31 
MAM 12 97 12 10 80 10 
JJA 20 81 20 16 67 16 
SON 10 78 33 8 64 27 
Year 21 81 19 17 67 16 

b. Low In Range High %Low % In Range % High 

DJF 6 75 40 5 62 33 
MAM 9 97 15 7 80 12 
JJA 15 85 21 12 70 17 
SON 9 77 35 7 64 29 
Year 15 81 25 12 67 21 
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In winter, almost all the major watersheds have 50-100 % of the grid squares 

overestimating precipitation (Figure 5.8). The only noticeable exceptions are the Upper 

Mississippi, which has only two high values, and the Lower Mississippi, North Atlantic 

and South Atlantic, which contain no high values. Precipitation is too high in most of the 

western half of the United States. In the spring, the SR moves within acceptable range, as 

most of the NA values climb above it. During the summer, values in the northwestern part 

of the PN and southern SA are too low (Figure 5.9). Values are too high in the NA and 

northern GL in the summer. In the autumn, simulated values are too high in parts of the 

PN, GB, CO, MI, AK, and the western two grid squares in the WG, but in the rest of the 

watersheds (all of CA, SR, UM, LM, GL, NA and SA and most of the WG) they are 

within acceptable range. Autumn seems to be the season with the best simulated 

precipitation, especially in the eastern half of the United States. 

Between 64 and 80 % of the seasonal runoff values are within the acceptable range 

of the observed values. Ten to 31 % are too high, while 5 to 16 % are too low. The most 

model overestimates (27-31 % ) occur during autumn and winter, while the most model 

underestimates occur during the spring and the summer (10 % and 16 % respectively). In 

the autumn, the highs are mostly in the central United States: the eastern part of the CO 

and MI watersheds, the WG and AK. A few cells with low simulated runoff values can be 

seen in the PN, CA and western MI watersheds as well. Highs are scattered through parts 

of the PN, CO, WG, MI, UM, SR, and over the entire GB watershed in the winter, while 

there are a few lows (no more than two per watershed) in the UM, GL and SA (Figure 
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5.10). Model values which are lower than acceptable are occur in parts of the PN, CA, 

northern MI, GL, and SA in the spring and are concentrated in the PN, northernmost CA 

and westernmost MI in the summer (Figure 5.11). High spring and summer model runoff 

values are mostly scattered sparsely (compared to precipitation) in the central U.S. 

watersheds. 

The yearly statistics yield some different information than the seasonal and monthly 

statistics. For precipitation, fewer model values are within the acceptable range than for 

any of the individual seasons. For example, Table 5.6a shows that for the entire year, 7 

model values are too low, while in the summer six simulated values are too low, and for 

the rest of the year no values are too low. These low annual values occur in the LM and 

SA (Figure 5.12). Thirty % to 50 % of the model values are too high and 48 % to 70 % 

are within the acceptable range during the four seasons, but over the entire year, 57 % of 

the model values are too high and only 37 % are within range. Of the thirteen watersheds, 

only SR and UM have no grid squares with overestimated or underestimated precipitation. 

For runoff, the 17 % of simulated annual values which are significantly lower than the 

observed values is very slightly higher than the 16 % which are too low in summer, the 

season with the most underestimates. However, the percent of runoff values which are 

too high ( 16 % ) and acceptable ( 67 % ) both fall within the range of percentages observed 

for the individual seasons (10-31 % and 64-80 %, respectively). 
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Figure 5.8 10-Year CCM2/BATS precipitation compared to 2a of the 41-year observed 
mean, for a) December-January-February and b) March-April May. 
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Figure 5.9 10-Year CCM2/BATS precipitation compared to 2cr of the 41-year observed 

mean, for a) June-July August and b) September-October-November. 
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Figure 5.10 10-Year CCM2/BATS runoff compared to 2cr of the 41-year observed mean, 
for a) December-January-February and b) March-April May. 
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Figure 5.11 10-Y ear CCM2/BATS runoff compared to 2cr of the 41-year observed mean, 
for a) June-July August and b) September-October-November. 
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Figure 5.12 Annual 10-Year CCM2/BATS compared to 2cr of the 41-year observed 
mean, for a) precipitation and b) runoff. 
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5.6 Runoff/Precipitation Ratios 

A different way to determine how well runoff is being simulated is to examine 

what portion of the precipitation is being converted into runoff. Runoff/precipitation 

ratios are one example of this. If the observed RtP ratios are lower that the simulated RtP 

ratios, then too much simulated runoff is occurring during a particular time period with 

respect to precipitation. This relationship is complicated by the fact that runoff frequently 

does not occur concurrently with precipitation. Instead there is usually a lag of a few 

hours or a few days between the end of a storm event and the end of the associated runoff. 

This will usually not affect seasonal averages much. However, if precipitation falls and is 

held as snow for several months before melting, then runoff can occur in a different season 

than the associated precipitation events. 

The runoff-to-precipitation ratio for the 41-year observed mean show a major 

deficiency in the observed data very clearly. According to these maps (parts a of Figures 

5.13 to 5.17), for most of the western United States, observed runoff is higher than 

observed precipitation. This is largely due to an undermeasurement of observed 

precipitation. Parts b of the same figures show the ratio of the average observed runoff 

from 1979-1988 to the combined observed precipitation from the HCN and SNOTEL data 

sets from 1979-1988. (Effects of the high-elevation precipitation data set on total 

observed precipitation is discussed in section 5.10). The inclusion of an additional 1-2 mm 

of precipitation eliminates much of the problem of unrealistic RtP ratios, except in the 

summer. For the western half of the United States, the ten-year observed values which 
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include the high-elevation precipitation will be compared to the model values. For the 

eastern half of the United States, both the observational data sets will be compared with 

the simulated values. Since the high-elevation data set does not affect values in the 

eastern United States, this is a good opportunity to look at how ten years of observed data 

compare with the entire forty-one years. 

The ratio of the annual values suggest that in the eastern half of the United States 

there is not much difference between the 41-year observed data set and the 10-year 

observed data set (Figure 5.13). Both data sets show that almost no precipitation is 

converted to runoff down through eastern MI, eastern AK and central WG, then gradually 

more of the precipitation tum to runoff in an eastward direction, with UM squares having 

RtP ratios of 0.17-0.33, the GL and LM having mostly RtP ratios of0.33-0.50, and a few 

squares new the northeastern top of the U.S. having RtP ratios of 0.50-1.0, indicating an 

area where most of the precipitation become runoff. Maps for spring, summer, and 

autumn also indicate that the two observed data sets have very similar patterns. However, 

in winter, the shortened ten-year data set shows that the eastern half of the United States 

experienced much more runoff with respect to precipitation than in did for the entire forty

one year data set. 

In the winter, the lOY simulated RtP ratios are very similar to the 41-year 

observed ratios in the eastern half of the United States, specifically in the UM, GL, NA 

and SA. In the western U.S., the 10-years observed RtP ratios and the simulated RtP 

ratios do not look very similar, but for the most part they are within one interval (0-0.17) 



of each other (Figure 5.14). In the eastern watersheds in the spring, the observed RtP 

ratios are much higher (usually by two intervals) than the simulated RtP ratios (Figure 

5.15). In the western United States, the RtP ratios seem roughly similar in the northern 

two-thirds, especially in the PN, but in the southern third (southern CA, southern CO, 

southern AK, and western WG) the model has RtP ratios ::;; 0.17, while for the observed 

data shows RtP ratios > 0.17 and usually > 0.33. In the summer, the observed and the 

simulated RtP are in agreement down the very center of the United States (Figure 5.16). 

Both observed and simulated RtP ratios are high in the PN. The observed are high 
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(> 0.33) throughout most of the rest of the western U.S., while the simulated are below 

0.33 and usually below 0.17. In the eastern half of the United States, both the observation 

and the simulation show that there are few squares with RtP ratios< 0.33. In the autumn 

the observed and simulated data are actually better along the west coast than anywhere 

else (Figure 5.17) In the most of the rest of the United States, the model has the highest 

RtP ratios where the observed has low RtP ratios (WG and SA), while the observed RtP 

ratios are highest in the eastern GL and NA, where the simulated RtP ratios are low. Only 

the UM watershed has RtP patterns which are at all similar for both the modeled and the 

observed. 
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Figure 5.13 Ratio of runoff/precipitation for annual values for a) 41-year observed 
values, b) 10-year observed values with high-elevation precipitation data and 
c) 10-Year CCM2/BATS 
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Figure 5.14 Ratio of runoff/precipitation for December-January-February for a) 41-year 
observed values, b) 10-year observed values with high-elevation precipitation data 
and c) 10-Year CCM2/BATS. 
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Figure 5.15 Ratio of runoff/precipitation for March-April-May for a) 41-year observed 
values, b) 10-year observed values with high-elevation precipitation data and 
c) 10-Year CCM2/BATS. 
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Figure 5.16 Ratio of runoff/precipitation for June-July-August for a) 41-year observed 
values, b) 10-year observed values with high-elevation precipitation data and 
c) 10-Year CCM2/BATS. 
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Figure 5.17 Ratio of runoff/precipitation for September-October-November for a) 41-
year observed values, b) 10-year observed values with high-elevation precipitation 
data and c) 10-Year CCM2/BATS. 
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5. 7 Timing of Peak and Low Precipitation and Runoff 

Annual patterns can yield additional information about the behavior of 

precipitation and runoff and in a model. Figures 5.18-5.30 show the monthly average 

daily precipitation and runoff values for the two simulations and for the two methods of 

observed-value interpolation for each major watershed. 

One of the most important observations to make concerns the timing of simulated 

and observed peak runoff in the western United States. In the PN, GB, CO, and MI 

watersheds, simulated runoff peaks in March-April while observed runoff peaks in May

June, about two months later. As will be discussed later, this is probably due to the 

premature melting of the model snowpack in the mountainous regions. In the PN 

watershed, the 1 OY observed peak runoff is lower in magnitude to the observed runoff, as 

well as too early (Figure 5.18). In the GB, however, the lOY runoff peak value in March 

is almost one and a half times as high as the observed peak in May and about ten times 

higher than the observed runoff for March (Figure 5.20). In the CO, the spring runoff 

peak is too low, less than half that of the observed (Figure 5.21 ). A spring peak is 

emphasized with respect to the CO watershed, because the simulated peak runoff in the 

CO occurs during the late summer and early autumn (July, August and September) 

probably because of the anomalously high simulated precipitation during those months. 

The models seems to simulate peak and low precipitation and runoff well in AK 

and WG, although even the lOY simulation has incorrect and high September peaks in AK 

and July-September peak in WG (Figure 5.21 and Figure 5.22). In SR and UM, 
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precipitation is well simulated, but peak runoff is anticipated by one month in both 

watersheds, although it is close to the observed value in SR (Figure 5.25 and Figure 5.26). 

Simulated precipitation in GL and NA (Figure 5.28 and Figure 5.29) is usually a little 

higher and has more variation throughout the year than the simulated, although in the GL 

the 1 OY precipitation peaks with the observed value in the summer and falls in the autumn 

and winter. 

From Figures 5.18-30, it can be clearly seen that the average observed values over 

the watershed calculated using the two different interpolation methods are very similar, 

especially in the central and eastern watersheds. In the non-mountainous areas, only in 

some of the runoff graphs with small values of maximum runoff, and thus a larger vertical 

stretch, can distinction begin to be made between the IDS and THP values. The largest 

difference is about 0.4 mm/day in AK in June (Figure 5.23). In the western five 

watersheds, sometimes the different interpolated observed values of precipitation can be 

distinguished (PN, GB), while the calculated runoff values sometimes become noticeably 

different, especially in May and June (1 mm/day in PN, 0.5 mm/day in CA and GB, 0.75 

mm/day in Ml). The discrepancies are probably related in some fashion to the higher 

values of runoff (the biggest discrepancies occur during the runoff peaks) and the uneven 

and scarce distribution of the runoff gages in the western United States. The direction of 

the difference is not consistent. In the PN, CA, GB, and AK, the IDS method produced 

higher values, while in the SR and NA watersheds, the THP method was higher. 
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Figure 5.18 Monthly averages of a) precipitation and b) runoff for the Pacific Northwest 
drainage basin. 
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Figure 5.19 Monthly averages of a) precipitation and b) runoff for the California 
drainage basin. 
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Figure 5.20 Monthly averages of a) precipitation and b) runoff for the Great Basin 
drainage area. 

105 



a. 

b. 

C 
0 --, 

.0 
(1) 
LL 

.0 
(1) 
LL 

Colorado: Precipitation 

Q. 
<( 

Q. 
<( 

C 
:::, 
--, 

0) Q. 
:J (1) 
<( Cl) 

Colorado: Runoff 

C 
:J --, 

:5 --, 
0) Q. 
:J (1) 
<( Cl) 

-----&- l 0-Year CCM2/BATS 
• 41-Year Observed (IDS) 

-o-- 41-Year Observed (THP) 

+-
0 
0 

+-
0 
0 

> 
0 
z 

> 
0 
z 

() 
(1) 
0 

() 
(1) 
0 

Figure 5.21 Monthly averages of a) precipitation and b) runoff for the Colorado 
drainage basin. 

106 



a. 

b. 

->, 

.g 4 

........ 
E 3.5 
g 3 
C: 

~ 2.5 
C 

:!:: 2 a. 
-~ 1.5 
~ l 
CJ) 

g> 0.5 

Upper Missouri: Precipitation 

~ O+----+~-+--~--+-~-+-~+--------,f---+~--+-~--+-~-+-------j 

~ §-filoo.b§~~~o6~ 
, ~ ~ ~ ~ , ~ ~ 0 Z o 

C 
0 

J 

,._ 
0 
~ 

Upper Missouri: Runoff 

Q 
(]) 
~ 

~ 10-Year CCM2/BATS 
• 41-Year Observed (IDS) 

---o-- 41-Year Observed (THP) 

+-
() 

0 
> 
0 
z 

() 
(]) 
0 

107 

Figure 5.22 Monthly averages of a) precipitation and b) runoff for the Upper Missouri 
drainage basin. 
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Figure 5.23 Monthly averages of a) precipitation and b) runoff for the Upper Arkansas 

drainage basin. 
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Figure 5.24 Monthly averages of a) precipitation and b) runoff for the Western Gulf 
drainage basin. 
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Figure 5.25 Monthly averages of a) precipitation and b) runoff for the Souris-Red-River 
drainage basin. 
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Figure 5.25 Monthly averages of a) precipitation and b) runoff for the Upper Mississippi 
drainage basin. 
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Figure 5.27 Monthly averages of a) precipitation and b) runoff for the Lower Mississippi 
drainage basin. 
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Figure 5.28 Monthly averages of a) precipitation and b) runoff for the Great Lakes 
drainage basin. 
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Figure 5.30 Monthly averages of a) precipitation and b) runoff for the South Atlantic 
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5.8 Daily Frequency and Intensity over one Grid Square 

In order to evaluate the model's ability to simulate precipitation on a daily time 

scale, the daily precipitation for the grid square centered at -98.4° Wand 43.3° N, in the 

eastern Upper Missouri watershed, was examined. Daily values for January and July are 

from the one-year CCM2/BATS simulation and the four observed years with the means 

closest to the simulated means were compared. Observed January values come from 

1960, 1963, 1973 and 1988 while observed July values are from 1953, 1971, 1984 and 

1985. Table 5.8 shows the total monthly precipitation, mean monthly precipitation, 

number of days with precipitation (frequency), number of days with precipitation divided 

by the total monthly precipitation (mean intensity), and the maximum daily value of 

precipitation during the month. 

These results showed that in January, the model actual had more wet days (27 

days) than any of the observed years. In 1963, there were 24 wet days, but in the other 

three years there were only 9, 12 and 15 wet days. The maximum simulated precipitation 

occurring on any one day throughout the month was only 4.2 mm, much lower than the 

maximums of 13.6, 11.5 and 14.8 mm occurring during the three low-frequency observed 

years. Figure 5.3 la and Figure 5.32a,b clearly show the disparity between the observed 

precipitation and the simulated precipitation occurrences for those three year. This would 

suggest that the model tends to simulate too many wet days with low frequency, while in 

actuality there should be fewer wet days and more high-precipitation events. However, 

Figure 5.31b shows that for 1963, when the maximum precipitation on any day was 
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3.9 mm, the precipitation pattern and the number of precipitation events within each range 

of precipitation values are very similar. 

In July, the one-year model produced the fewest number of wet days, but that 

number is very close to the observed number of wet days (23 simulated days as opposed 

to 24-26 observed wet days). The simulated mean intensity (2.75 mm) was near the 

middle of the range of observed mean intensities (2.42 - 2.96 mm), while the maximum 

daily precipitation, 13.61 mm, was lower than any observed maximums (13.74 -23.75 

mm). For 1953, (Figure 5.33a) when the simulated maximum daily precipitation is most 

similar to the observed, the distribution of daily precipitation values within each ranges is 

similar, while for the other three years (Figure 5.33b, 5.34a,b) they are less alike. 

Table 5.8 Daily statistics for January and July precipitation for the 
grid square centered at -98.4° Wand 43.3° N. 

January 
CCM2/BATS 1960 1963 1973 1988 

Sum(mm) 20.75 22.14 18.34 19.25 25.10 
Mean (mm/day) 0.67 0.71 0.59 0.62 0.81 
Frequency (days) 27 12 24 9 15 
Intensity (mm) 0.77 1.84 0.76 2.14 1.67 
Max(mm) 4.16 13.57 3.89 11.54 14.84 

July 
CCM2/BATS 1953 1971 1984 1985 

Sum(mm) 63.29 71.05 63.17 65.98 61.36 
Mean (mm/day) 2.04 2.29 2.04 2.13 1.98 
Frequency (days) 23 24 26 26 24 
Intensity (mm) 2.75 2.96 2.43 2.54 2.56 
Max(mm) 13.61 13.74 23.75 18.23 16.49 
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Figure 5.31 Daily January precipitation for the 1-Year simulated values and the observed 
values from a)1960 and b) 1963. Values are for the grid square centered at 
-98.4° Wand 43.3° N. 
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Figure 5.32 Daily January precipitation for the 1-Year simulated values and the observed 
values from a) 1973 and b) 1988. Values are for the grid square centered at 
-98.4° Wand 43.3° N. 
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Figure 5.33 Daily July precipitation for the 1-Year simulated values and the observed 
values from a) 1953 and b) 1971. Values are for the grid square centered at 
-98.4° Wand 43.3° N. 
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Figure 5.34 Daily July precipitation for the 1-Year simulated values and the observed 
values from a) 1984 and b) 1985. Values are for the grid square centered at 
-98.4° Wand 43.3° N. 
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5.9 Error and Regression Analyses 

The results of the error and regression analyses are shown for the simulated values 

with the observed IDS and THP values in Tables 5.9-5.10, for precipitation and runoff, 

respectively. For the most part, instead of discussing the mean absolute error or root 

mean square error, the percent of systematic and non systematic error in relation to root 

mean square error will first be discussed, followed by mention of the indices of agreement 

and correlation coefficients. Systematic errors have a pattern to them (additive error, 

proportional error, etc.) and as such have the potential to be changed by alteration to the 

basic model code; unsystematic errors are random and cannot be changed. 

For precipitation, the majority of the root mean square error for the seasonal 

values is unsystematic error (55 to 65 % of the error), while for the annual values the 

majority of the error (58 % ) is systematic. The greatest percentages of unsystematic error 

and the greatest total error occur during the summer. For the lOY simulated runoff, the 

majority of the errors (55 - 89 % ) are systematic. The systematic error is mostly additive 

error for precipitation and proportional error for runoff. Indexes of agreement between 

the precipitation and the observed data are highest in the winter and lowest in the summer. 

For runoff, the highest index of agreement is in the winter (0.83) and the lowest in the 

summer (0.33). 

Sample correlation coefficient R2 values are not very good. For precipitation they 

are highest in the winter (0.45 and 0.48 for IDS and THP, respectively) and lowest in the 

summer (0.14-0.15). Seasonal runoff correlation coefficients are highest in the spring 



(0.50-0.60). They are not significant for the 99 % or 95 % levels of confidence for the 

summers. Despite poor correlation coefficients in the summer and autumn, the annual 

correlation coefficients are almost as good as the spring R2 values (0.51-0.59). Neither 

precipitation nor runoff seems to be consistently better correlated. 
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Table 5.9 Error and regression statistics between the simulated and observed precipitation over all 121 grid squares. 

Av 0 StdO StdP a b MAE MSE MSES MSEU 
DJF lOY & IDS 1.73 1.40 1.71 1.32 0.82 1.20 1.64 1.04 1.27 
MAM lOY & IDS 2.05 1.10 1.24 1.81 0.52 1.22 1.48 0.99 1.10 
JJA lOY & IDS 2.23 3.32 1.26 1.83 2.09 0.55 1.61 2.09 1.23 1.69 
SON lOY & IDS 1.90 2.32 1.02 1.00 1.54 0.41 0.94 1.17 0.73 0.91 
Annual lOY & IDS 1.98 2.82 1.02 0.98 1.99 0.42 1.14 1.35 1.03 0.88 

DJF lOY & THP 1.75 2.73 1.51 1.71 1.36 0.79 1.19 1.60 1.03 1.23 
MAM lOY & THP 2.05 2.88 1.12 1.24 1.76 0.55 1.22 1.46 0.98 1.08 
JJA lOY & THP 2.24 3.32 1.25 1.83 2.12 0.54 1.62 2.10 1.23 1.70 
SON lOY & THP 1.92 2.32 1.08 1.00 1.52 0.41 0.96 1.17 0.75 0.89 
Annual lOY & THP 1.99 2.82 1.07 0.98 2.00 0.41 1.14 1.36 1.04 0.87 

% S stematic % Uns stematic R R2 IA MSEA MSEP MSEL 
DJF lOY & IDS 40 60 0.67 0.45 0.73 1.74 0.16 -0.82 
MAM lOY & IDS 45 55 0.46 0.21 0.62 3.28 1.23 -3.53 
JJA lOY & IDS 35 65 0.38 0.15 0.55 4.35 1.30 -4.15 
SON lOY & IDS 39 61 0.42 0.18 0.64 2.37 1.61 -3.44 
Annual lOY & IDS 58 42 0.44 0.19 0.60 3.97 1.69 -4.60 

DJF lOY & THP 41 59 0.69 0.48 0.76 1.84 0.25 -1.02 
MAM lOY & THP 45 55 0.49 0.24 0.64 3.11 1.12 -3.28 
JJA lOY & THP 34 66 0.37 0.14 0.55 4.51 1.41 -4.40 
SON lOY & THP 41 59 0.45 0.20 0.66 2.32 1.66 -3.42 
Annual lOY & THP 58 42 0.45 0.20 0.61 3.99 1.77 -4.69 

~ 

N 
~ 



Table 5.10 Error and regression statistics between the simulated and observed runoff over all 121 grid squares. 

AvgP Std 0 StdP a b MAE MSE MSES MSEU 
DJF lOY & IDS 1.01 0.88 · 1.49 1.02 0.36 0.51 0.57 0.99 0.74 0.67 
MAM lOY & IDS 1.44 0.90 1.26 0.89 0.12 0.54 0.71 0.97 0.79 0.56 
JJA lOY &IDS 0.90 0.51 1.17 0.44 0.48 0.03 0.66 1.28 1.20 0.43 
SON lOY & IDS 0.56 0.46 0.74 0.42 0.28 0.30 0.38 0.63 0.52 0.35 
Annual lOY & IDS 0.98 0.69 1.03 0.60 0.25 0.44 0.46 0.75 0.64 0.38 

DJF lOY & THP 0.98 0.88 1.58 1.02 0.47 0.43 0.60 1.19 0.91 0.76 
MAM lOY & THP 1.36 0.90 1.22 0.89 0.20 0.51 0.70 0.98 0.75 0.63 
JJA lOY & THP 0.81 0.51 0.99 0.44 0.48 0.04 0.60 1.09 1.00 0.43 
SON lOY & THP 0.54 0.46 0.71 0.42 0.30 0.30 . 0.38 0.62 0.51 0.36 
Annual lOY & THP 0.92 0.69 0.98 0.60 0.29 0.43 0.45 0.74 0.61 0.42 

% Systematic % Unsystematic R R2 IA MSEA MSEP MSEL 
DJF lOY & IDS 55 45 0.75 0.57 0.83 0.13 0.77 -0.36 
MAM lOY & IDS 66 34 0.77 0.60 0.80 0.02 0.78 -0.16 
JJA lOY & IDS 89 11 0.09 0.01 0.33 0.23 2.05 -0.83 
SON lOY & IDS 69 31 0.54 0.29 0.64 0.08 0.42 -0.22 
Annual lOY & IDS 74 26 0.76 0.59 0.78 0.06 0.62 -0.27 

DJF lOY & THP 59 41 0.66 0.44 0.76 0.22 1.14 -0.52 
MAM lOY & THP 59 41 0.71 0.50 0.78 0.04 0.79 -0.27 
JJA lOY & THP 84 16 0.08 0.01 0.35 0.23 1.52 -0.74 
SON lOY & THP 67 33 0.51 0.26 0.63 0.09 0.40 -0.22 
Annual lOY & THP 68 32 0.71 0.51 0.77 0.08 0.59 -0.30 

....... 
N 
Vl 
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5.10 Addition of High-Elevation Precipitation 

The effects of including high elevation-precipitation from 1979-1988 with HCN 

precipitation data can be seen in Figure 5.35. In autumn, winter and spring, between 0.5 

and 3 mm/day (although usually less than 2 mm/day) is added to grid squares in the PN, 

northern CA, GB, northern CO, western MI, and northwestern grid squares from AK and 

WG. The western mountain range is the dominating geographic feature in at least five of 

these drainage basins, and has a effect on the location and magnitude of precipitation. 

Over most of the basins, the greatest increase in observed precipitation comes not 

during the winter, as might be expected, but during the spring and the autumn. Figures 

5.36 -5.37 show this trend for the PN, GB CO and UM. In each of these watersheds, the 

greatest difference between the two observed data sets occurs during spring and autumn in 

all four watersheds, although February precipitation is increased over the GB as well. The 

high-elevation data do not seem to affect the amount of observed summer precipitation. 

Net increases over the entire watersheds seem to be related to the percent of areas in each 

basin with high-elevation gages. The UM, a large watershed with only a few grid squares 

of increased precipitation, has spring and autumn increases of about 0.5 mm/day, while the 

GB and PN, which are mostly mountainous and have a high percentage of high elevation 

gages, have increases of 1-2 mm/day during the spring and autumn. 
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Figure 5.36 Effects of high-elevation precipitation data over a) the Pacific Northwest and 
b) the Great Basin. 
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Figure 5.37 Effects of high-elevation precipitation data over a) the Colorado River basin 
and b) the Upper Missouri basin. 



6. DISCUSSION 

6.1 Introduction 

Results from seven different methods of comparing simulated to observed 

precipitation and runoff have been presented. The results from four of the methods 
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( difference, ratios, statistical and timing of peak occurrences) are summarized for the 

10-year simulation in Table 6.1 for precipitation and Table 6.2 for runoff. They will be 

discussed in the following five sections, divided by geographic area, frequently with 

reference to the dominant climates of each area. The seventh section will discuss the 

advantages and disadvantages of the different temporal resolutions, and the eighth section 

will discuss the different comparative methods, with a note as to their general usefulness in 

this sort of analysis. Note that the observations to be made about the PN, CO, GL and 

LM drainage basins are very similar to those made by Giorgi et al. (1994a) even though 

they used a mesoscale model coupled with a previous version of CCM. 



Table 6.1 Summary of results from four methods for 10-Y ear simulated 
precipitation 

DJF MAM JJA 
PN High: D, R, S, P High: D, R, S, P High: 

Low: Low: Low:R 
CA High:P High:S High: R, S, P 

Low: Low: Low: 
GB High: D, R, S, P High: D, R, S, P High: D, R, S, P 

Low: Low: Low: 
co High: R, S High: R, S High: D, R, S, P 

Low: Low: Low: 
WG High: R, S, P High: s High: p 

Low: Low:P Low: 
AK High: R, S High: R High: 

Low: Low: Low: 
MI High: R, S, P High: R, S, P High: D, S, P 

Low: Low: Low: 
SR High: R, S High: High: 

Low: Low: Low: 
UM High: High: High: 

Low: Low: Low: 
LM High: High: High: 

Low: P Low: D,R Low: 
GL High: High: High: S,P 

Low: Low: Low: 
NA High: High: D, S, P High: D, R, S, P 

Low: Low: Low: 
SA High: High: s High: 

Low: Low:S Low: 

Key to Methods: 
D Difference Method 
R Ratio Method 

Statisitical Test of Equal Means s 
p Plots of Month-by-Month Flow (Timing of Peak Values) 

SON 
High: D, R, S, P 
Low: 
High: 
Low: 
High: R, S, P 
Low: 
High: S 
Low: 
High: 
Low: 
High: D, R 
Low: 
High: R, S, P 
Low: 
High: 
Low: 
High: 
Low: 
High: 
Low: 
High: 
Low: 
High: 
Low: 
High: 
Low: 
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Table 6.2 Summary of results from four methods for 10-Year simulated 
runoff 

DJF 
PN High: D, R, S 

Low: D,R 
CA High: 

Low:D,R 
GB High: R, S, P 

Low: 
co High: R, S 

Low: 
WG High: R, S 

Low: 
AK High: R, S 

Low: 
MI High: R, S 

Low: 
SR High: S 

Low: 
UM High: 

Low: 
LM High: 

Low: R,P 
GL High: 

Low: 
NA High: S 

Low: 
SA High: 

Low: S,R,P 

Key to Methods: 
D Difference Method 
R Ratio Method 

MAM 
High: R, S, 
Low: D, S, P 
High: 
Low: R, S,P 
High: R, S, P 
Low: 
High: R 
Low: R 
High: R, S 
Low: R,P 
High: 
Low:R 
High: R, S 
Low: S, P 
High: R 
Low: 
High: 
Low: R,P 
High: 
Low: R,P 
High: 
Low: R 
High: 
Low: 
High: 
Low: R, S,P 

S Statisitical Test of Equal Means 

JJA 
High: 
Low: D,R,S,P 
High: 
Low: R, S, P 
High: R 
Low: R,P 
High: R, S 
Low: R, 
High: R, S, P 
Low: R 
High: R, S 
Low:R 
High: R, S 
Low: R, S,P 
High: 
Low: 
High: 
Low: 
High: 
Low: R 
High: 
Low: 
High: R, S, P 
Low: 
High: 
Low: 

P Plots of Month-by-Month Flow (Timing of Peak Values) 

SON 
High: S 
Low: R, S 
High: 
Low:R 
High: R, S 
Low: 
High: R, S 
Low: 
High: R, S 
Low: 
High: R, S 
Low: 
High: R, S 
Low: R,S 
High: s 
Low: 
High: 
Low: R 
High: 
Low: R, P 
High: s 
Low: 
High: R 
Low: R 
High: R, S, P 
Low: 
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6.2 The mountainous western United States: PN, CA, GB, CO, MI 

As mentioned previously, the western mountain ranges have a dominant effect 

over the climate of much of the United States, especially the PN, CA, GB, CO, MI and 

even parts of the AK and WG watersheds. These mountain ranges affect wind direction 

and velocity, temperature, precipitation and runoff. Previous research has shown that the 

model fails to capture many important sub-grid scale forcings at its current resolution. 

Although the present analyses were all performed at the model's resolution, so the effects 

of sub-grid scale forcings could not be investigated, it is clear that there are definitely 

discrepancies between the simulated and observed precipitation and runoff in most of the 

mountainous areas. 

There is more to the western United States than just a large mountain range, 

however. In between the Cascades-Sierra Nevada ranges and the Rocky Mountains, there 

lie vast deserts and semi-arid regions covering nearly as much area as the mountain ranges. 

These deserts range in elevation from 600 m in the Columbia Plateau region of the Pacific 

Northwest to 2100 m for parts of the Wyoming desert (Rumney, 1987). The largest 

desert region, the Great Basin, has an average elevation of more than 1500 m, as does the 

Colorado Plateau. Both of these regions span part of four states. Another desert, 

southwest of the mountain ranges, is the Mojave Desert in California. In most of these 

desert regions, annual precipitation is less then 25 cm. In the northern deserts and semi

arid areas and in southern California, most of the precipitation falls in the winter as a result 

of cyclonic storms from the Pacific. In the Great Basin and Sonoran desert/semi-arid 
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region, a large proportion of the precipitation occurs in the summer during thermal 

convective showers originating in the Gulf of Mexico, the tropical/subtropical latitudes of 

the eastern Pacific, or the humid tropical regions of Mexico. Several grid squares are 

designated as 'semi-desert' in the BATS land-cover classification. However the presence 

of the desert areas is apparent in the observed precipitation record, even at model 

resolution, but no sign of the desert regions is reflected in the maps of simulated 

precipitation (Figure 5.1). 

Simulated winter and spring precipitation is too high in most of the mountainous 

part of the western five watersheds, while it is low in the western (coastal) PN in the 

summer but high elsewhere, and too high everywhere but CA in the autumn. Some of the 

apparent overestimation may be due to the lack of high-elevation data in the long-term 

historical precipitation record, but the additional 0.5 - 2.0 mm/day added to the total 

precipitation in most of the mountainous regions is not enough to account for all the 

difference between the simulated and the observed values. This problem was also found in 

previous versions of the model (Giorgi 1991; Giorgi et al. 1994b) and attributed largely to 

inadequacies of model resolution. 

Other factors besides precipitation are also very important in simulating hydrology 

in mountainous areas. For seasonal studies, accurate simulation of temperature, snow 

cover and related snow physics is essential. In the western United States, runoff from 

snowmelt contributes approximately 75 % of the total flow of many streams. Much of this 

occurs during the late spring and early summer. However simulated peak runoff is clearly 



135 

occurring about two months too early in mountainous areas. This problem is most likely a 

result of the model's lack of topographic resolution. In some areas, the elevation in the 

model is lower than in reality, and even in areas where elevation is correct, some of the 

topographic effects on temperature and other variables can not be simulated at the current 

model resolution. 

Simulated runoff has fewer high simulated value and more low modeled values 

than precipitation in the western United States. Areas of underestimated runoff 

underestimations are evident along the west coast of the PN and northernmost CA in the 

spring and autumn, and in much of the PN and western MI in the summer and autumn. 

One possible reason for this difference is the lack of the coastal mountains in the model. 

The precipitation which should fall on the west side of the mountains and then run off 

towards the ocean (perhaps after being held as snow for a while) is instead falling further 

inland. Since model runoff does not flow from one cell to another, there is no way for 

water which fall as precipitation in eastern PN, western MI and the GB to appear later as 

runoff in the western PN or CA. 

6.3 The north central United States: MI, SR, AK, UM 

Over the Great Plains (eastern MI, SR, and AK) and the Upper Mississippi, most 

of the precipitation comes from cyclonic storms, which usually form on cold fronts pushed 

southeastward from Canada or across the western mountains. Some of the high summer 

precipitation maximums are related to more localized mesoscale processes. The 
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vegetation in these areas is dominantly grassland: tall grass prairie in the east and short 

grass steppe in the west (Rumney, 1987). Much of this precipitation and runoff in this 

region is actually fairly well simulated in comparison to other parts of the United States. 

The 10-year autumn winter precipitation and runoff is overestimated in the SR and in most 

of eastern MI and western AK. Although the statistical method shows almost no problem 

with simulated runoff in the UM, the ratio method finds most of the grid cells to have 

underestimated model runoff in the spring and autumn. 

6.4 The south central United States: WG, LM 

In the WG watersheds, the most precipitation occurs during the summer and early 

autumn, but the annual variation is not very pronounced. The wettest months receive only 

about 1 mm/day more rain than the driest months. Although the Western Gulf drainage 

basin is a distinct basin, with water flowing into the Gulf of Mexico, there are four distinct 

climate regimes represented within its boundaries: from west to east, there is desert, 

steppe, prairie and subtropical regions. (Rumney, 1987). As in other areas with mixed 

climates, it can be difficult to make generalizations about precipitation and runoff in this 

watershed, since what is true in the western part may not be true for the eastern. Over the 

western parts of the watershed precipitation and runoff were overestimated by the model, 

especially in the summer, while the eastern part, near the Gulf Coast, they were better 

simulated. The ratio method found simulated runoff to be too low in the spring in the 
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eastern WG. Over the entire watershed, simulated lOY precipitation and runoff were best 

from November-January, and particularly high from July-September. 

The Lower Mississippi drainage basin, like the WG basin, does not have much 

fluctuation in observed monthly averages. What is unique about the basin averages for 

1 OY simulated values of precipitation and runoff in the LM is that for most of the year, 

simulated precipitation and runoff are less than the observed values. The monthly 

differences are greatest from November to January for precipitation and from November

May for runoff (Figure 5.27). For the most part, the lOY simulated precipitation are not 

far enough away from the observed values to appear as problem areas in any of the other 

methods except for small areas in areas in the spring. The annual statistical method, unlike 

the seasonal patterns, shows that in the southern part of the watershed, near the mouth of 

the Mississippi, simulated annual runoff and precipitation are consistently underestimated 

(Figure 5.12). 

6.5 The eastern United States: GL, NA, SA 

The Great Lakes hold 24000 km3 of water, four times the annual stream flow of 

the U.S., and enough to have a major influence on the local climate. Despite the absence 

of this complex interaction between land and water in the model, CCM2/BATS simulates 

precipitation and runoff well in this area according to most of the methods. The statistical 

and peak flow methods find precipitation high in the summer and realistic during the other 

seasons. The ratio method also shows low runoff in the autumn, but for the rest of the 
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seasonal runoff and the precipitation, the simulated values are reasonable. Unfortunately, 

the simulated summer precipitation is high enough in some grid squares to make simulated 

annual precipitation too high by the statistical method, as well. Small overestimations in 

simulated precipitation, as shown in Figure 5.28, which may not be quite enough to appear 

in the difference or ratio methods, may also accumulate to appear as a more important 

difference when considering total annual precipitation. 

In the North Atlantic, the heaviest rains occur as a result of tropical or 

extratropical offshore cyclones. The historical record shows fairly constant precipitation 

throughout the year, with perhaps a very slight increase in average daily precipitation in 

the summer and the autumn. Peak observed precipitation occurs in August and November 

(3.2 mm/day) while the least observed precipitation occurs in January (2.6 mm/day). 

Simulated precipitation is generally higher than the observed (lOY precipitation is above 

3.8 mm/day from February to September) with a distinct peak above 6 mm/day in June 

and July, and then falling gradually to below the observed value in November (Figure 

5.29). Most of the other methods also show that simulated precipitation is too high in the 

spring and summer. 

Observed runoff in the North Atlantic is more varied than observed precipitation, 

with runoff rising in February and March to peak in April (3.4 mm/day), then falling in 

May and June to remain below 1 mm/day until October, when it begins to rise slowly 

throughout the late autumn and winter. Note that in April, observed runoff is greater than 

observed precipitation (2.9 mm/day), probably as a result of snowmelt. Although the 



model does not capture the observed high and low runoff values, it does follow the 

general trend of observed runoff, with the highest runoff from December-April and the 

lowest from June-November. The ratio and statistical methods also found simulated 

runoff to be higher than the observed in the summer. 
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In the southeastern United States, maximum rainfall occurs mid-to-late summer as 

a results of tropical storms. Along the Gulf and Atlantic Coasts, tropical storms are 

responsible for at least 15 % of total precipitation during hurricane season, from June

November. The IOY CCM2/BATS simulation captures precipitation fairly well in the 

South Atlantic watershed, according to several different methods. Unfortunately, runoff is 

not simulated as well as precipitation. Observed runoff peaks in the spring, while the 1 OY 

runoff peaks in August-September. Simulated runoff is too low in the winter and spring 

and too low in the autumn, but similar to the observed runoff during the summer. 

6.6 Temporal resolution 

The performance of precipitation and runoff from CCM2/BATS over the United 

States was examined on monthly, seasonal and annual time-scales. In some instances, 

annual means served to mask problems apparent when the averages were examined 

month-by-month (as in the timing of peak runoff), while in others the annual values 

actually produced less favorable results than any of the seasonal values ( as in the statistical 

method). Each of these times yielded different information about the problem. Yearly 

values are good for quickly identifying problem areas, but seasonal or monthly values are 
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better for determining the trends within those areas. Precipitation or runoff may be poorly 

simulated over an area annually, but realistically simulated during one or more seasons, or 

the simulated process may be good annually, but be high in one season and low in another. 

Daily precipitation was also examined for one grid square. Conclusions are 

difficult to draw from this limited study, since there is no reason to assume that behavior 

over this grid square is representative of behavior over the entire United States. However, 

for that particular grid square, when the simulated January was compared to four observed 

J anuarys, it was similar to one in the number of wet days and in the intensity of rain on 

wet days, while three other observed years, showed fewer wet days and a greater intensity. 

Without further study, it is difficult to know which of the four years resemble an "average" 

year most closely. If it is the single year, then the model is quite capable of simulating 

storm events and realistic precipitation amounts, but if the other three years are more 

common, than the model has problems in producing the right number and a large enough 

magnitude of precipitation events. 

In July, daily precipitation again showed similar trends to only one of four years. 

The simulated number of wet days were only one to three days shorter, with similar mean 

intensities, but three of the observed years had maximum daily precipitation 21 % to 7 5 % 

higher than the simulated maximum daily precipitation. The observed daily values also 

included more below-average values (less than 2 mm) and fewer above-average values 

(between 2 and 7 mm) to offset the higher maximums. Again, however, it is difficult to 

conclude anything other than that model might not be producing enough wide-spread 
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high-magnitude storm events. Another factor to consider is whether the daily values from 

one model year are likely to be resemble the daily values from another. Perhaps different 

simulated Januarys and Julys would have had different numbers of wet days, and values of 

intensity and maximum precipitation. For forecasters who are interested in daily values for 

prediction purposes, comparison to current values would be necessary, not values from 

the historical records. 

6. 7 Comparison of Methods 

Of the seven comparative methods used in this analysis, it is difficult to determine 

which are the most useful. They each yield different types of information. The ratio 

method provides information about the relative amounts of a simulated to an observed 

process. The statistical test for equal means does something similar, but instead of 

arbitrary researcher-defined values of acceptable and unacceptable, as are set in the ratio 

method, the cut-offs are based on traditional statistical levels. It is an arbitrary value, but 

one less likely to be questioned. The ratio and the statistical method usually produce 

similar results, so it is probably not necessary to use both of them. The difference method 

provided the least useful information about the relationship between simulated and 

observed processes at individual grid squares (although it is the method which puts the 

model in the most favorable light). 

The runoff/precipitation ratios give information about the relative amounts of 

runoff and precipitation, but no information about the absolute amounts. It is useful for 
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determining how well runoff and precipitation are being modeled together, or perhaps to 

get a general idea of the amount of evaporation occurring (if most of the precipitation not 

forming runoff is assumed to evaporate). However for examining the performance of 

runoff and precipitation individually, this method is not useful at all. 

The graphs which showed average monthly precipitation and runoff for each 

watershed for the simulated and observed values were extremely useful, especially for 

looking at the behavior over the watershed as a whole. The information they yield about 

the timing and magnitude of maximum and minimum precipitation and runoff are 

necessary for understanding annual variations and seasonal behavior in both the observed 

record and the model. They show information about the annual cycle that it is impossible 

to see in any of the methods which rely on a mathematical relationship between seasonal 

or annual values. 

The analysis of daily precipitation was an interesting exercise, but fairly time

consuming. Unless it is done for a much larger number of grid squares, against more years 

of data, the amount of relevant and useful information to be attained is minimal. If a 

researcher is only interested in one or two watersheds, or in modeling short-term storms, 

then it could become a much more important and useful tool, but otherwise it is probably 

not necessary, especially if only seasonal or annual variations are of interest. 

The error analysis and regression analysis both provide information about the 

performance of the model over the United States as a whole. Perhaps the most useful part 

of this information is the separation of the root mean square error into systematic and 
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unsystematic portions, which show how much of the error is can potentially be eliminated. 

The coefficient of correlation, although not as useful, provides a widely understood and 

accepted measure. Wilmott' s index of agreement, is, perhaps, mathematically more useful 

and defensible than the coefficient of correlation, but it is less well-known and not as 

widely used. These methods could theoretically be used for each of the drainage basins, as 

well as over the entire United States, despite the smaller number of points for the analysis. 

Doing so might have provided numbers which could have been used in conjunction with 

other methods in evaluating model performance over individual drainage basins. 
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7. CONCLUSIONS 

The performance of the most recent version of the NCAR' s Community Climate 

Model, CCM2 was analyzed to determine how realistically it could simulate precipitation 

and runoff over the continental United States. CCM2 was coupled with BATS, the 

Biosphere-Atmosphere Transfer Scheme, in order to give the model improved physical 

parameterization of surface and near-surface processes and exchanges. The primary 

purpose of this research was to compare simulated and observed precipitation and runoff 

over a variety of spatial and temporal resolutions, in order to determine how the model 

performs at different scales. A secondary goal was to evaluate the potential usefulness of 

the seven different methods used during the comparison. Simulated values came from a 

one-year simulation and a ten-year simulation of CCM2/BATS. 

Of the seven methods of comparison described in this paper, the ratio or the 

statistical method and the plots of annual cycle of monthly averages for each watershed 

are the most useful when used together at the large basin scale, if monthly and seasonal 

time periods are of the most interest. The difference method adds little more information 

to those three, and is probably not necessary. The analysis of daily precipitation 

frequencies and intensities is probably only useful for is studying shorter time periods or 

smaller geographic areas. The regression and error analyses were useful in providing 

acceptable and statistically valid methods for relating simulated to observed values over 

the entire United States, but those values could not be related to the individual 

watersheds. 
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Simulated precipitation is too high in most of the western United States for most 

of the year, although the problem is more extensive in the winter and spring. Precipitation 

is also overestimated in the north Atlantic during the summer and underestimated along 

the west coast and scattered portion of the southeastern United States in the summer. 

Runoff, like precipitation, is overestimated in much of the western United States in the 

winter and spring, but it is underestimated along parts of the west coast and around the 

Lower Mississippi Basin. In the summer and autumn, runoff is underestimated in much of 

the northwestern United States and overestimated along the Atlantic coast. 

One problem which occurred in almost every watershed which receives a large 

amount of snow in the winter was the timing of the snowmelt. In the watersheds near the 

western mountain ranges, simulated peak runoff occurred two months prior to the 

observed peak runoff, while in the north central and north eastern watershed, the peak 

runoff was usually only one month too early. The model is not keeping precipitation as 

snow long enough, probably because of effects related to the heavily smoothed and 

frequently too-low elevation in the western United States. 

The coarse model resolution was responsible for some of the errors in the western 

United States and probably in the eastern United States as well. Because the model is 

unable to resolve the coastal mountain ranges, both the coastal mountain ranges and some 

of the semi-arid /desert regions which lie between the coastal and Rocky Mountain ranges 

are missing from the model. These have extremely important effects on the climate of the 



western United States, and it likely will be impossible to correctly simulate the western 

U.S. hydrology correctly without taking them into account. 
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Currently CCM2, even coupled with BATS, does not adequately simulate 

precipitation and runoff over the continental United States. In order for precipitation and 

runoff to be better simulated, a finer model resolution will be necessary, but that is not 

currently feasible on a global scale. It would be interesting to see if nesting a mesoscale 

model such as MM4 within CCM2 can produce significantly more realistic results, or 

whether the driving model will be too dominant, as was the case when the model was 

nested within CCM Genesis (Giorgi et al. 1994b). In future comparisons, other variables 

besides precipitation and runoff also need to be considered, such as air temperature, soil 

characteristics, evaporation, vegetation cover/land use and snow cover. All of these 

variables are interrelated and will be useful in analyzing simulated and observed regional 

hydrologic budgets and seasonal behavior. 
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APPENDIX A 

Negative model values at -120.90° W, 37.7° N, reset to 0.0 prior to analysis. 

All units are mm/day. 

10-Year CCM2/BATS 

Year 1 Year2 Year3 Year4 Year5 Year6 Year7 Year8 Year9 Year 10 

Jan -0.24 -0.72 
Feb -0.84 -4.92 
Mar -4.82 -1.12 -0.43 -1.16 -2.31 
Apr -5.39 -11.39 -2.71 -4.73 -13.07 -6.42 -8.97 -12.32 -9.61 -5.13 
May -10.01 -17.64 -14.04 -17.14 -17.69 -17.91 -12.00 -16.84 -16.06 -17.14 
Jun -19.10 -19.03 -17.83 -18.41 -18.79 -19.14 -18.72 -18.18 -16.76 -18.34 

Jul -16.04 -12.01 -17.35 -18.46 -17.86 -14.65 -15.77 -18.00 -14.51 -17.59 
Aug -17.20 -15.57 -14.38 -17.21 -16.79 -16.58 -14.28 -15.88 -15.65 -15.57 
Sep -13.23 -13.81 -13.67 -13.22 -14.88 -13.84 -14.41 -14.48 -13.58 -14.73 
Oct -8.46 -9.24 -10.62 -10.47 -10.06 -10.59 -10.12 -8.77 -10.21 -11.04 
Nov -5.72 -6.22 -5.95 -1.77 -4.07 -3.63 -5.69 -4.85 -5.32 
Dec -4.11 -5.16 

1-Year CCM2/BATS 

1-Year 
Jan -0.32 
Feb -3.83 
Mar 
Apr 
May -4.79 
Jun -4.46 
Jul -4.47 
Aug -3.91 
Sep -4.78 
Oct -3.54 
Nov -0.21 
Dec 
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