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1.0 ABSTRACT 
 

The central science question to be addressed by this proposal is:  What is the susceptibility of the 
continental U.S. to drought over the next century, and what role is anthropogenic warming likely to 
play in U.S. drought susceptibility?  Among U.S. natural hazards, drought is the most costly.  The 
1988 drought alone, in 2002 dollars, cost almost $62B, making it by far the most costly natural 
disaster.  A number of studies over the last decade have suggested that, as a result of greenhouse 
warming, the interior of the northern hemisphere continents will become more susceptible to droughts 
over the next century.  Given economic sensitivities to drought, understanding the nature of drought 
risk sensitivity to climate change is a question that we believe is a key national concern.   

A key shortcoming of past studies of future climate and drought is that the land surface 
representations used in climate models, in general, have not been able to produce realistic land surface 
hydrologic conditions.  Furthermore, past studies that have evaluated the potential for future drought 
have not considered the possible role of vegetation change.  We propose to use the Community 
Climate System Model (CCSM), in conjunction with a modified version of the Community Land 
Model (CLM) that will incorporate a more realistic representation of land surface hydrology, to 
evaluate the susceptibility of the U.S. to drought over the next century.  In so doing, we will address 
the following subsidiary questions: 

a)  What have been the space-time signatures of 20th century drought on precipitation, soil 
moisture, and streamflow, and how might those change in the 21st century?  
b)  What is the role of climate-vegetation feedbacks in exacerbating or ameliorating North 
American drought severity and intensity?   
c)  Can useful estimates of drought recovery probabilities be developed based on off-line and or 
coupled ensemble climate prediction methods? 

 
The tasks we propose to undertake are: 

Task 1:  Improve land surface hydrology representation in CLM.  We intend to implement the runoff 
generation parameterizations, the soil column representation, and possibly the snow model from the 
Variable Infiltration Capacity (VIC) model into CLM, which are expected to improve its ability to 
represent land surface hydrologic conditions such as soil moisture and streamflow.  
Task 2:  Perform offline tests of upgraded version of CLM.  We will test the updated CLM in off-line 
tests using hydrologic and energy flux data from the Arkansas-Red River basin, and the Southern 
Great Plains CART-ARM facility within it, as well as other surface hydrologic data. 
Task 3:  Evaluate performance of upgraded model in climate simulations.  This task will focus on the 
period 1950-present, for which CCSM can be run with observed SSTs and for which the University of 
Washington has developed estimates of the space-time characteristics of U.S. droughts. 
Task 4:  Simulate and evaluate projected drought characteristics.  Transient climate simulations for the 
period 1870-2100 will be performed with the fully coupled CCSM. The simulations will be evaluated 
for their ability to simulate historical droughts in the U.S., which will provide the basis to evaluate 
future changes in U.S. drought risk in the 21st Century. 
Task 5:  Drought recovery evaluation.  We will explore the possibility of using coupled and/or off-line 
simulations for future conditions starting with initial conditions representative of past or simulated 
future droughts, to evaluate the potential for alternate methods of estimating drought recovery. 
Task 6:  High resolution simulations for the U.S. We will develop a prototype high-resolution version 
of the CLM that runs on a finer spatial grid than the current CLM. We expect that this high-resolution 
version of the model, implemented on a 1/8 degree grid for the U.S., will better resolve spatial 
variability in surface properties and lead to better simulation of U.S. drought in the CCSM. 
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Figure 1:  Percent of continental U.S. in severe or extreme drought, 
1895-2002 (from National Drought Mitigation Center) 

2.0 INTRODUCTION 
 

Drought is a pervasive natural hazard.  According to a recent report of the Western 
Governors Association (2003), an “extreme” or “severe” drought has been experienced in 
some part of the country in every year since 1895 (see Figure 1).  Furthermore, among 
U.S. natural hazards, drought is the most costly.  A 1995 report by the Federal 
Emergency Management Agency (FEMA, 1995) estimated that the annual cost of U.S. 

droughts was in the 
range $6-8B.  NOAA’s 
National Climatic Data 
Center (2003) estimates 
that since 1980, there 
have been 10 droughts 
among the 57 natural 
disasters costing over 
$1B, and that the 
average annual cost to 
the U.S. of these $1B 
or larger droughts has 
been almost $6B.  The 
1988 drought alone, in 
2002 dollars, cost 
almost $62B.  This 
compares with losses of 

about $27B for the 1993 Mississippi River floods, and about $36B for Hurricane 
Andrew.  Among disasters with costs exceeding $1B, drought losses are about equal to 
the sum of losses associated with floods and hurricanes, and droughts are responsible for 
almost 40 percent of the total losses due to natural hazards (National Climatic Data 
Center, 2003).   

The Western Governors Association (2003) estimates that 20-40 percent to the U.S. 
gross national product is sensitive to droughts.  Therefore, projections from climate 
models of increasing susceptibility of northern hemisphere mid-continental areas 
(including much of the agricultural heartland of the U.S.) to drought are alarming, and 
potentially constitute a threat to U.S. food and economic security.  Several studies over 
the last decade using climate models (notably by Wetherald and Manabe at the NOAA 
Geophysical Fluid Dynamics Laboratory, and Rind at the Goddard Institute for Space 
Studies) have suggested that the interior of the northern hemisphere continents will 
become drier over the next century, especially in summer (Rind et al, 1990; Wetherald 
and Manabe 1995; 1999; 2003).  Based on these studies, the IPCC (2001) considers an 
increased risk of drought over most mid-latitude continental interiors to be “likely” 
(IPCC, 2001).   

Despite the economic importance of droughts, drought prediction methods are not well 
refined, and even characterization of droughts is more art than science.  While methods 
for estimating the severity of droughts like the Palmer Drought Severity Index (PDSI) 
have been in existence for some time, their relationship to the physical factors by which 
drought is evidenced is questionable.  Characterization of droughts is complicated by the 
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fact that no single measure can fully characterize them.  In contrast to floods, which are 
well characterized by a single variable (river discharge or stage) that can be directly 
related to damages, a key aspect of droughts is their spatial character.  This makes it 
difficult to develop a single metric that is amenable to frequency analysis as used in, for 
instance, flood risk assessment.  Perhaps more importantly, even if one agrees to a 
drought definition that is potentially amenable to measurement (agricultural drought, for 
instance, arguably is related to abnormally low soil moisture) there are almost no long-
term records of the relevant physical quantity (soil moisture). 

Assessment of future drought susceptibility is further complicated by the sensitivity of 
the results on which the IPCC based its assessment to the models on which they are 
based, and especially to their representation of the land surface.  In the Wetherald and 
Manabe simulations, increased summer temperatures lead to increased potential 
evaporation, and hence drying of the land surface in mid-summer.  In a recent study, 
Seneviratne et al (2002) showed that the manner in which vegetation is represented in 
climate model land surface schemes can affect predictions of summer drying in mid-
continent areas (and that more realistic representations of the land surface generally tend 
to reduce these effects in future climate simulations).  Most early climate models 
(including the one used by Manabe and Wetherald in their studies) used so-called “bucket 
models” to represent the land surface.  These “first generation” land surface models do 
not represent vegetation explicitly.   

Land surface schemes used in most models (including the newly developed scheme to 
be implemented in the GFDL GCM) represent, for instance, vapor pressure and soil 
moisture deficit feedbacks on stomatal resistance, which tend to “close down” 
evapotranspiration when plants are severely stressed.  More advanced (so-called “third 
generation” land surface schemes) explicitly link stomatal resistance and photosynthesis 
(see e.g. Sellers et al.1997), thereby representing relationships between soil moisture 
stress and the carbon cycle.  Even more advanced “fourth generation” land surface 
schemes represent vegetation dynamics and their role in the carbon cycle (Foley et al., 
1998, 2000; Cox et al., 2000; Berthelot et al., 2002). In their study, Seneviratne et al 
(2002) used a regional climate model that included a second generation land surface 
scheme, and in comparisons with simulations made using a first generation “bucket 
model” land scheme, they found considerably reduced drought impacts.  However, they 
note that their study was limited in several important respects: 
 

1) The model runs were performed using a nested regional coupled land-atmosphere 
model, which was forced at the boundary by global model simulations (in contrast 
to the fully coupled global simulations on which the Wetherald and Manage 
results were based), hence the large scale circulation patterns (e.g., outside the 
North American study domain) could not “adjust” to altered land surface 
conditions; 

2) The simulation period was limited to spring and summer of “drought”, “normal”, 
and “flood” years, hence interseasonal (and interannual) persistence in anomalous 
conditions was not represented; 

3) Slight sensitivities (e.g., summer drying) were observed in the runs with the 
“second generation” land scheme.  Although the drying was of lesser magnitude 



 

 

4

than predicted in the Wetherald and Manabe experiments, the authors note that it 
might have added up to more significant effects in long-term simulations; 

4) Changes in vegetation and the carbon cycle in response climate change, and 
consequent implications for drought, were not considered. 

 
While the Seneviratne et al study seems to suggest that the earlier studies (and the 

IPCC) might have overestimated the possible effects of summer drying associated with 
climate change, the inconsistencies in the experimental designs leaves the question of 
future drought sensitivity very much open.  Perhaps the most important of the 
inconsistencies is that the Wetherald and Manabe work was based on a climate model run 
with a greenhouse warming scenario, whereas the Seneviratne study used a regional 
climate model, run for a few months during past years with disparate, anomalous 
conditions (1988 U.S. drought and 1993 Mississippi River floods).  Taken together with 
the limitations noted by Seneviratne et al (2003), these considerations suggest that the 
summer drying and drought implications of global warming for North America remain a 
critical open question that we believe demands attention.  Furthermore, given the large-
scale of droughts and the strong role of large scale circulation anomalies, we believe that 
the issue can be properly addressed only in a global modeling context and hence it 
requires intensive computing that is not available to us absent support through the CCPP 
Advanced Computing Program. 
 
 
3.0 Science questions and objectives 
 

The central science question to be addressed by this proposal is:  What is the 
susceptibility of North America, and in particular the continental U.S., to drought over 
the next century, and what role is anthropogenic warming likely to play? 
 

As noted above, while climate models disagree, one of the most widely used U.S. 
climate models predicts significant summer drying in mid-continental North America as a 
result of expected greenhouse gas emissions over the next century.  Other studies show 
less sensitivity, although the reasons for the differences in projections are not clear.  Even 
under current climate, the U.S. is susceptible to large drought damages (over $60B from 
the 1988 drought alone), and losses would almost certainly be much higher were drought 
conditions like those of the 1930s to recur.  A key shortcoming of past studies of 
droughts has been the crude nature of the land surface representations used in climate 
models, which in general have not been able to produce realistic land surface hydrologic 
conditions.  Furthermore, past studies that have evaluated the potential for future drought 
have not considered the possible role of vegetation change, and links to the carbon cycle.  
We propose to use the Community Climate System Model (CCSM), in conjunction with 
a modified version of the Community Land Model (CLM) that will incorporate a more 
realistic representation of land surface hydrology, to evaluate North American drought 
susceptibility over the next century.  In so doing, we will address the following subsidiary 
questions: 
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a)  What have been the space-time signatures of 20th century drought on precipitation, 
soil moisture, and streamflow, and how might those change in the 21st century?  
 
b)  What is the role of climate-vegetation feedbacks (e.g., changes in the composition of 
plant communities, leaf area, and carbon storage) in exacerbating or ameliorating North 
American drought severity and intensity?   
 
c)  Can useful estimates of drought recovery probabilities be developed based on off-line 
and or coupled ensemble climate prediction methods? 
 

The specific objectives of this proposal are: 
 
1) Modify the Community Land Model to make it more hydrologically realistic, and 

demonstrate its hydrologic performance as measured by its ability to reproduce the 
hydrologic characteristics of past U.S. droughts in retrospective off-line simulations;   

2) Test the revised CLM coupled with CCSM for the combined system’s ability, in 
coupled climate simulations, to reproduce observed drought characteristics over 
North America over the last century 

3) Use the coupled CLM/CCSM system to evaluate the susceptibility of North America 
to droughts over the next century, and diagnose coupled model simulations to 
determine the reasons for widely varying implications of past studies of North 
American (and global) drought susceptibility; 

4) Determine the possible role that changes in vegetation and the carbon cycle may play 
in U.S. drought risk over the next century. 

 
4.0 Background 
 

Trenberth (2004), in summarizing a recent CLIVAR meeting on drought, noted 
challenges facing the scientific community associated with both the observational and 
modeling basis for drought, particularly under a changing climate.  Following others, 
Trenberth classifies droughts as “meteorological”, “agricultural”, and “hydrological”.  
The implications of anomalies in variables associated with these three categories 
(specifically precipitation, soil moisture, and runoff, respectively) differ, and this no 
doubt is the basis for such classifications.  An important point that perhaps has impeded 
the ability to predict drought risk and recovery is that soil moisture is the buffer that 
relates precipitation (“meteorological drought”)to streamflow (“hydrological drought”).  
In a sense, then, soil moisture is the most critical piece of the drought puzzle – at least so 
far as the land surface is concerned.  While it is true that some drought indices like the 
widely used PDSI are rough surrogates for soil moisture, they bear only a very 
approximate relationship to the physical quantities that control drought evolution and 
recovery.  Almost certainly, the reason that PDSI and other indices have evolved is that 
direct measurements of soil moisture are at best sparse.  Aside from a few networks of 
modest size (Illinois’ being the best known) long-term observations of soil moisture over 
most of the globe (including the U.S.) are extremely sparse (see Nijssen et al 2001a for an 
example of the use of global soil moisture data for model evaluation, which gives an idea 
of the number of usable observations and observation locations). 
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A promising alternative is to derive long-term space-time records of soil moisture 
using off-line implementations of macroscale hydrology models.  Only over the last few 
years have such models (which are close relatives of the “third generation” land surface 
schemes in coupled land-atmosphere models) evolved to the point that they are able to 
give fairly accurate representations of the long-term space-time evolution of land surface 
hydrologic variables, including soil moisture and streamflow.  Maurer et al (2002) 
describe an implementation of the Variable Infiltration Capacity (VIC) model (see 
Section 4.2.2 for details) over the continental U.S. and a bounding region including parts 
of Canada and Mexico.  Their implementation was at 1/8 degree spatial resolution (grid 
cell area about 150 km2), and three-hour temporal resolution, for the period 1950-2000.  
The basic driving data were the archive of approximately 12,000 Cooperative Observer 
precipitation and daily temperature minima-maxima archived by the National Climatic 
Data Center, which were disaggregated to a three-hour time interval.  Other forcings 
required by the VIC model (downward solar and longwave radiation, and specific 
humidity) were indexed to the daily temperature range, while surface wind was taken 
from the NCEP/NCAR reanalysis).  Maurer et al (2002) show that the simulated 
streamflow, as well as soil moisture (over Illinois), snow cover, and other hydrologic and 
energy flux variables provide reasonable reproductions of observations where they are 
available.  More recently, four models (including VIC) have been run over the same 
model domain as part of the North American Land Data Assimilation System (N-LDAS) 
project (Mitchell et al, 2004), and the National Center for Environmental Prediction 
(NCEP) NOAH land surface scheme has been run over the continental U.S. at 1/8 degree 
spatial resolution for 1950-2000 (Fan et al, 2003). 

Absent direct measurements of hydrologic variables, these derived data sets offer 
considerable potential for representation of land surface characteristics in climate 
teleconnection studies.  For instance, Maurer et al (2003) used the VIC data set to 
investigate seasonal to interannual hydrologic predictability over the continental U.S., 
and Maurer et al (2004) use the same data set in conjunction with principle components 
analysis to evaluate the climate teleconnections of U.S. runoff.  Mote et al (2004) and 
Hamlet et al (2004) have used an extension of the same data to the period 1916-2003, 
along with a revised procedure for selection of stations included in the forcing data, to 
evaluate long-term trends in snowpack in the western U.S.  We are also currently 
developing and testing methods for characterization of 20th Century U.S. droughts using 
these retrospective simulations (see Section 5.3). 

While we believe that these evolving methods have great potential for retrospective 
drought reconstruction, a significant limitation is that they are based on off-line forcing of 
the land surface scheme.  Hence, they do not consider land-atmosphere feedbacks, and 
are not applicable to the central science questions raised in this proposal, having to do 
with the possible character of future droughts.  However, we believe that the drought 
reconstructions do have implications for evaluations of future drought using coupled 
climate models, which are outlined in more details later in the proposal.  In brief, though, 
Dr. Lettenmaier’s group at the University of Washington has been involved, over the last 
15 years, in a number of projects aimed at evaluating the hydrologic implications of 
climate change.  The most recent of these was the DOE-funded Accelerated Climate 
Prediction Initiation (ACPI), a joint activity of NCAR, Scripps Institution of 
Oceanography, Pacific Northwest National Laboratory, the University of Washington, 
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and other institutions.  A special issue of Climatic Change (January, 2004) is devoted to 
this project.  Among the papers in that issue, Wood et al (2004) outline a method for 
removing bias from climate model simulations for evaluation of “downstream” (in this 
case hydrologic) impacts.  The method, which draws from earlier seasonal-to-
internannual climate prediction work (Wood et al, 2002), is based on probability 
mapping, and hence requires long term observed and model climatologies. 

The motivation and perspective of the PIs in this proposal are as follows.  First, while 
the work of PI Lettenmaier and his group on continental scale hydrologic simulation has 
helped to provide a basis for large scale hydrologic evaluations, such as land surface 
teleconnections, and continental and global scale hydrological trends, our ongoing work 
in drought characterization will inevitably be limited by its off-line nature.  Hence, we 
feel that to move this work forward, it is essential to develop a coupled modeling 
approach, and this has motivated our partnership with NCAR co-PIs Bonan and Gochis.  
We also feel that the ability of the CCSM and CLM to simulate drought can be improved 
by better parameterizations of hydrologic processes than are in the current version of the 
model.  On the other hand, coupled model simulations of phenomena like mid-continental 
drying have not been sufficiently specific to be useful in the policy arena.  Water 
managers in, for instance, the Columbia River basin find it difficult to use information 
that is averaged over large areas, such as the interior of the North American continent, as 
is often the case in the climate literature. The approaches that have been used by the 
University of Washington group, for instance in the western water studies within ACPI, 
have helped to bring a level of regional specificity to climate model predictions and we 
believe that there is an opportunity to generalize this work in the context of drought.  
Second, while diagnosis of past droughts is scientifically interesting, in the context of 
climate change, the challenge is to estimate drought risk in the future, which under a 
changing climate will not be the same as in the past.  Again, a coupled modeling 
approach will be required.  Another factor that has limited the use of climate model 
predictions in a policy context is the bias in climate models’ reproduction of past and 
current conditions, and a space-time resolution mismatch with the demands of potential 
users.  These are questions that we have dealt with in the context of ACPI, in particular in 
studies of water resources implications of climate change in the Columbia, Sacramento-
San Joaquin, and Colorado River basins (see Payne et al (2004), Van Rheenan et al 
(2004), and Christensen et al (2003), respectively).  We believe that variations of the 
methods developed in that work are applicable to drought prediction.  Finally, the 
coupled modeling environment allows the possibility to evaluate the implications of 
direct and indirect effects of vegetation change on drought, something that we have not to 
date had the tools to address. 
 
 
5.0 Methods 
 
5.1 Modeling construct  

This proposal builds upon a highly successful community-based climate modeling 
effort, the Community Climate System Model (CCSM), which is a coupled land-
atmosphere-ocean-sea ice model of Earth’s climate (Blackmon et al., 2001; Boville and 
Gent, 1998). The Community Land Model (CLM) is the land surface model used with the 
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Figure 2. Overview of the Community Climate System Model. A 
coupler communicates among the four component models, 
passing the atmospheric forcing to the land model and returning 
runoff from the land to the ocean model and fluxes from the land 
to the atmosphere model. 

CCSM and its atmospheric model, the Community Atmosphere Model (CAM). The 
atmosphere and land models are coupled directly, on the same horizontal grid and with a 
20-minute time step (Figure 2). The atmosphere model passes to the land model solar and 
longwave radiative fluxes, air temperature, specific humidity, zonal and meridional 
winds, precipitation, and pressure. The land model returns albedo, upward longwave 
radiation, sensible and latent heat fluxes, water vapor flux, and surface stresses, and 
optionally, CO2 fluxes and dust emissions.  The model can be run with only interactive 
atmosphere and land models (CAM/CLM) using prescribed sea surface temperatures and 
sea ice, or in a fully coupled mode with interactive oceans and sea ice. In this latter 
configuration, the land model also passes freshwater runoff to the ocean. 

The CCSM is a partnership between scientists at NCAR, universities, and government 
laboratories. Overall scientific leadership is provided by a scientific steering committee, 
while various working groups manage the development of the component models and 
applications to study paleoclimates, climate variability, and climate change. Each 
component model has a scientific and a software engineering liaison to facilitate 
collaborations among members of the working groups. Source code, datasets, technical 
descriptions, and user’s guides are available from the web (http://www.ccsm.ucar.edu) to 
all interested model users and developers. The third version of the CCSM (CCSM3) is 
scheduled for release in June 2004 and will be used in this project. The ocean and sea-ice 

models have a nominal 
resolution of one degree. The 
atmospheric (CAM3) and 
land (CLM3) models can be 
run at either T42 (2.8 degrees 
in latitude and longitude) or 
T85 (1.4 degrees), although 
in this project we will 
implement a capability for 
higher resolution application 
of CLM within CCSM via 
use of a nested grid structure 
for the land surface (see 
Section 6). 

The development of the 
CLM is under the auspices of 
the Land Model Working 
Group (co-chaired by Co-PI 
Gordon Bonan). We are not 
requesting funding for this 
ongoing model development. 
Rather, this proposal will 
establish new university 

collaborators who will improve the land surface hydrologic parameterizations of CLM. A 
new 0.5 FTE project scientist position at NCAR would be supported by the project to 
manage the project and to interact with the University of Washington and Princeton 
University collaborators. 
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5.2 Land Schemes 
 
5.2.1 Community Land Model (CLM) 

Much of our knowledge of the effects of vegetation and hydrology on climate comes 
from climate models and their depiction of land-atmosphere interactions. The land 
surface models used with climate models simulate the absorption of radiation at the land 

surface, the exchanges of 
sensible and latent heat 
between land and atmosphere, 
storage of heat in soil, and the 
frictional drag of vegetation 
and other surface elements on 
wind. Hydrological processes 
included in the models include: 
interception, throughfall, 
stemflow, infiltration, runoff, 
and snowpack. The first 
generation of models 
parameterized these processes 
using simple aerodynamic bulk 
transfer equations and simple 
prescriptions of albedo, surface 
roughness, and soil water 
(Sellers et al., 1997). These 
models evolved into a second 
generation of models such as 
the Biosphere- Atmosphere 
Transfer Scheme (BATS, 
Dickinson et al., 1993) or 
Simple Biosphere Model (SiB, 
Sellers et al., 1996a,b) that 
included the hydrologic cycle 
and vegetation effects on 

energy and water fluxes. A third generation of models related photosynthesis, 
transpiration, and stomatal conductance to provide a consistent parameterization of 
energy, water, and carbon exchanges (Sellers et al., 1997). A fourth generation of models 
currently under development simulates the terrestrial carbon cycle and allows vegetation 
to change as climate changes (Foley et al., 1998, 2000; Cox et al., 2000; Berthelot et al., 
2002). 

The Community Land Model simulates energy, moisture, and momentum fluxes 
between land and atmosphere, the hydrologic cycle, and soil temperature (Bonan et al., 
2002b). It is a third-generation model that links photosynthesis, transpiration, and 
stomatal conductance. The model has been tested extensively against tower flux data and 
its simulation of surface climate (Zeng et al., 2002; Bonan et al., 2002b; Dai et al., 2003). 
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Figure 4. Simulated (red) and observed (blue) central U.S. 
monthly air temperature, precipitation, runoff, and snow 
depth for 1979-2000 using CAM3 and CLM3. 

Optional features not yet publicly released include the terrestrial carbon cycle and 
vegetation dynamics – characteristics of the fourth generation of land models. 

CLM has a subgrid-scale representation of land surface heterogeneity, which is crucial 
to represent the effects of fine scale heterogeneity in ecosystems, soils, and watersheds as 
they affect the coarse-scale atmospheric model. The model represents spatial 
heterogeneity in land cover by dividing each grid cell into six primary land cover types: 
glacier, lake, wetland, urban, natural vegetation, and agricultural land. Natural vegetation 
is further divided into several patches of plant functional types. The use of patches of 
plant functional types rather than a biome-based land cover classification provides a 
direct link to ecosystem models and models of vegetation dynamics (Bonan et al., 2002a). 
There are seven primary plant functional types (needleleaf evergreen or deciduous tree, 
broadleaf evergreen or deciduous tree, shrub, grass, crop). Arctic, boreal, temperate, and 
tropical trees, C3 and C4 grasses, and evergreen and deciduous shrubs are physiological 
variants of the seven primary functional types. Global datasets of the fractional area of 
land cover types, plant functional types, and the height and monthly leaf area index of 

each plant type were derived from 
the 1-km University of Maryland 
tree cover dataset (DeFries et 
al.,1999, 2000a,b), the 1-km IGBP 
DISCover dataset (Loveland et al., 
2000), and other datasets as 
described by Bonan et al. (2002a).  

As part of ongoing work in 
support of the CCSM, the CLM 
represents biogeochemistry and 
ecology and links these processes 
with existing biogeophysical and 
hydrological parameterizations. 
This has expanded the model from 
a traditional hydrologically based 
land scheme to one that is useful to 
study terrestrial biogeosciences, 
especially the interactions between 
biological and physical processes 
at the land surface and the 
feedbacks of these processes on 
climate. 

The carbon and nitrogen 
biogeochemical algorithms for the 
CLM build upon the Biome-BGC 
model (Thornton et al., 2002; Law 
et al., 2001, 2003; Churkina et al., 
2003; Hanson et al., 2003). The 
model includes litter and soil 
organic matter dynamics, nitrogen 

constraints for carbon assimilation and allocation, competition between plants and soil 
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biota for soil mineral nitrogen resources, competition among plant functional types for 
common soil water and mineral nitrogen resources, and interactions between plant 
community disturbance processes and age structure.  

The CLM also includes a separate module for vegetation dynamics and biogeography 
so that the plant functional types present in a grid cell change over time in response to 
disturbance and climate change (Bonan et al., 2003). The ecological concepts to do this 
originated with the Lund-Potsdam-Jena (LPJ) dynamic global vegetation model (Sitch et 
al., 2003), which characterizes vegetation as patches of plant functional types within a 
grid cell. Each plant functional type is represented by an individual plant with the average 
biomass, crown area, height, and stem diameter of its population, by the number of 
individuals in the population, and by the fractional cover in the grid cell. Vegetation is 
updated in response to resource competition, allocation, mortality, biomass turnover, 
litterfall, establishment, and fire. The model simulates global biogeography, net primary 
production, and dynamics of tundra, boreal forest, northern hardwood forest, tropical 
rainforest, and savanna ecosystems that are consistent with observations (Figure 3). 

The development of the CLM was a community project that combined many of the 
features of the BATS (Dickinson et al., 1993), NCAR LSM (Bonan, 1996), and IAP94 
(Dai and Zeng, 1997) land models. It significantly reduced the cold summer surface air 
temperature bias in previous versions of CCSM by reducing latent heat flux and 
increasing sensible heat flux, improved the annual cycle of runoff, especially in arctic and 
boreal regions where the model has low runoff in cold seasons when the soil is frozen and 
high runoff during the snow melt season., and better simulated snow mass (Zeng et al., 
2002; Bonan et al., 2002b). Major new model features for the hydrologic cycle include: 
ten layers for soil temperature and soil water with explicit treatment of liquid water and 
ice; a multi-layer snow pack; runoff based on the TOPMODEL concept; new formulation 
of ground and vegetation fluxes; and vertical root profiles from a global synthesis of 
ecological studies. 
Though the merging of the NCAR LSM, BATS, and IAP94 led to significant 
improvements in surface climate, the CLM still has serious deficiencies in its ability to 
simulate the land surface hydrologic cycle. For example, simulated annual precipitation 
and runoff over the central U.S. are significantly underestimated compared to 
observations (Figure 4). As a result, annual simulated river flow near the mouth of the 
Mississippi is only 211 cubic km per year compared to observations of 536 km3 per year. 
This is due in part to CCSM’s low precipitation bias, but it also reflects a poorly 
simulated hydrologic cycle that in turn contributes to the lack of precipitation. Over the 
central U.S., 26% of the annual precipitation is intercepted by foliage and evaporates 
back to the atmosphere. Only 9% of annual precipitation runs off to rivers, about one-
third of the amount inferred from observations. In the warm season, more net radiation at 
the surface is dissipated as sensible heat than as latent heat. Transpiration is particularly 
low, only upwards of 10 W m-2 in the summer months. Most of the latent heat occurs as 
evaporation of intercepted water or bare soil evaporation. The low precipitation and high 
proportional interception of rainfall contribute to dry soils that create a prominent warm 
summer temperature bias.  The high rate of interception, dry soils, low transpiration, and 
low runoff in CLM are particular aspects of the hydrologic cycle that could benefit from 
comparison with VIC and other models in PILPS. 



 

 

12

Clearly, realistic simulations of droughts require that these discrepancies be resolved.  
Off-line testing of land surface schemes, through intercomparison projects like the 
Project for Intercomparison of Land-surface Parameterization Schemes (PILPS), has 
proved to be extremely useful in diagnosing and improving land surface schemes.  PILPS 
Project 2c, in particular (Arkansas-Red River basin; see Wood et al, 1998; Liang et al 
1998, and Lohmann et al, 1998c for details) is especially relevant to this project, given its 
focus on the central U.S. region that previous studies suggest will be susceptible to 
increased drought risk over the next century.  Some of the data sets used in PILPS-2c are 
now dated, so one key task will be to update the PILPS-2c data sets making use of the 
recently developed (and used in more recent PILPS experiments, like PILPS-2e – see e.g. 
Bowling et al, 2003) GEWEX/ALMA formats.  Once these updated PILPS-2c data sets 
have been assembled, we will subject CLM3, and the updates to be developed herein, to 
rigorous testing using these data sets to help isolate the relative role of coupled versus 
off-line land surface scheme behavior as related to the land surface biases noted above. 
 
5.2.2 Variable Infiltration Capacity model (VIC). 

The Variable Infiltration Capacity (VIC) macroscale energy and water balance model 
(Figure 5) has been developed over the last fifteen years at the University of Washington 
and Princeton University.  Like CLM, it is designed to serve as the land surface scheme 
in GCMs, however to date most experience with the model has been in off-line 
simulations (although various aspects of the model are being incorporated into the new 
GFDL land surface scheme, and the Max Planck Institute is implementing the VIC model 
hydrology in their new land surface scheme – see http://www.bgc-
jena.mpg.de/bgc_prentice/projects/jsbach/JSBACH_main.html).  The VIC model has 
been used to generate long-term simulations of land surface hydrologic variables 
(including soil moisture, snow, runoff, and other fluxes and state variables) over the 
entire continental U.S. and parts of Canada and Mexico over the last half-century 
(Maurer et al, 2002), and these simulations are currently being extended back to the early 
20th century (see Section 4.0).   

The first version of the VIC model is described in detail by Liang et al. (1994) and 
Liang et al. (1996a).  As compared to other SVATS, VIC’s distinguishing hydrologic 
features are its representation of subgrid variability in soil storage capacity as a spatial 
probability distribution, to which surface runoff is related (Zhao et al., 1980), and its 
parameterization of base flow, which occurs from a lower soil moisture zone as a 
nonlinear recession (Dumenil and Todini, 1992).  As discussed by Lohmann et al. 
(1998a, b) the representation of soil hydrology (soil water storage, surface runoff 
generation and sub-surface drainage) has a critical influence on the predicted long-term 
water and energy balances.   

The subgrid-scale variability in soil properties is represented in VIC by a spatially 
varying infiltration capacity.  Thus, the spatial variability in soil properties, and 
topographic effects, at scales smaller than the grid scale is represented statistically, 
without assigning infiltration parameters to specific subgrid locations.  The infiltration 
curve can also be interpreted as representing the fraction of a grid cell that contributes 
runoff via a “fast” response mechanism, such as saturation excess or fast subsurface flow.  
Movement of moisture between the soil layers is modeled as gravity drainage, with the 
unsaturated hydraulic conductivity a function of the degree of saturation of the soil 
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(Campbell, 1974).  The deepest soil layer produces base flow according to the base flow 
formulation of Todini (1996).  In this way, the model separates subsurface flow from 
quick storm response. 

Horizontally, the land surface 
is described by a given number 
of tiled land cover classes, 
somewhat similar to those used 
by CLM.  The subsurface is 
characterized vertically by an 
arbitrary number of soil layers.  
For most applications two or 
three soil layers have been used, 
with the top layer being a thin 
(usually 5-10 cm) layer.  The 
land cover (vegetation) classes 
are specified by the fraction of 
the grid cell which they occupy, 
with their leaf area index (LAI), 
canopy resistance, and relative 
fraction of roots in each of the 
soil layers.  Evapotranspiration 
from each vegetation type is 
calculated using a Penman-
Monteith formulation with 
adjustments to canopy 
conductance to account for 
environmental factors following 
Jarvis (1976).  The moisture 
fluxes between the soil layers, 

and the amount of evapotranspiration and runoff vary with the vegetation cover class.  
Evapotranspiration, surface runoff and base flow are computed for each cover type and 
summed over all cover types within a grid cell weighted by the fractional area that each 
cover type occupies.  

The earliest version of the model was developed using point observational data from 
the ABRACOS site in Brazil and the First ISLSCP Field Experiment (FIFE) (Liang et al., 
1994). VIC has participated from the onset of the WCRP PILPS project, where it has 
performed well relative to other schemes and to available observations (see Pitman et. al., 
1993; Chen et al., 1997; Liang et al., 1996b; Wood et al., 1998).  Based on these 
intercomparisons and the initial applications to large-scale basins (Red-Arkansas, 
Missouri, Columbia, and Rio Grande, reported by Abdulla et al., 1996; Wood et al., 
1997; and Nijssen et al., 1997) the model parameterizations have been modified to 
include (i) a thin surface layer for improved summer dry conditions (Liang et al., 1996b); 
(ii) improved ground heat flux parameterization described in Liang et al. (1999); (iii) sub-
grid precipitation described in Liang et al., 1996a; (iv) improved snow processes, based 
on a two-layer energy snow model with sub-grid accumulation and ablation as described 
in Storck and Lettenmaier (1999); (v) Freeze-thaw processes as described in Cherkauer 
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VIC model streamflow 
simulations for selected river 
basins across the N-LDAS 
domain (see Maurer et al, 
2002, for details)

VIC model streamflow 
simulations for selected river 
basins across the N-LDAS 
domain (see Maurer et al, 
2002, for details)

Figure 6:  VIC off-line retrospective streamflow simulations for LDAS 
1/8 degree implementation over continental U.S. (from Maurer et al, 

and Lettenmaier (1999); and (vi) river routing, using the scheme developed in Lohmann 
et al. (1998a,b), and which permits comparisons between the model-derived discharge 
and observations at gauging stations. 

 
The VIC model has 

been tested and applied at 
a range of scales, from 
large river basins to 
continental and global 

scales.  These studies 
have been reported in 
Abdulla et al. (1996); 
Nijssen et al. (1997); 
Wood et al. (1997); 
Wood et al. (1998); 
Dubayah et al., 2000, 
O'Donnell et al , 1999, 
Rhoads, 1999 and 
Nijssen et al, 2001b).  
VIC participated in the 
PILPS project, 
including the PILPS-2c 

intercomparison for the 566,000 km2 Red-Arkansas River basins, which used 10-year, 3-
hourly model forcing data (see Wood et al., 1998; Liang et al., 1998; and Lohmann et al., 
1998c which discuss these results.), as well as the PILPS-2e Arctic Hydrology Model 
Intercomparison Project (Bowling et al, 2003). 

Detailed diagnosis of VIC model results has been carried out over the central U.S. 
under the NOAA-funded Land Data Assimilation System (LDAS), which includes 
retrospective simulations (eventually for 50 years) for long-term validation against basin 
discharge and to test model parameterizations.  Figure 6 shows some validation results 
from Maurer et al. (2002) for the major tributary basins within the Mississippi basin.  The 
simulations were carried out on the LDAS 1/8th degree at a 3 hourly time step, and show 
that when forced off-line with high quality data, the model is able to reproduce quite well 
the partitioning of precipitation into runoff and (based on water balance closure) 
evapotranspiration over most of the continental U.S..  Comparisons have also been made 
between the volumetric soil moisture and the State of Illinois soil moisture network.  
Figure 7, from Maurer et al. (2002) shows good agreement between the spatially 
averaged station soil moisture and simulations from the VIC model, especially for the 
change in soil moisture (middle panel) and the monthly autocorrelation  (bottom panel.)  
The top panel, which presents the absolute volumetric soil moisture, shows a difference 
between the observations (top line and bars to show the range among the stations) and the 
average soil moisture for the modeled grid boxes.  This difference is due in part from the 
well-known result that models tend to have their own 'climatology'  (Koster and Milly, 
1997) and in part to the differences between the measurement scale (points) and 
modeling scale (1/8th degree.)  Such systematic effects can be removed (see Wood et. al, 
2002) by establishing the VIC's model climatology through the LDAS retrospective runs.  
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Figure 7: Comparison between VIC soil 
moisture simulations and observations 
from the Illinois soil moisture network 
(from Maurer et al, 2002) 

What is encouraging is the excellent model agreement with the observed moisture flux 
(change in soil moisture) over an annual cycle – a characteristic that we believe is of key 
importance for drought prediction. 

Off-line comparisons of VIC simulations with observations have also been carried out 
using snow depth and extent observations 
(Sheffield et al, 2004; Pan et al, 2004) both from 
satellite and in situ data, and over the U.S. and 
globally.  The comparisons show that the model 
generally represents snow extent and water 
equivalent quite well, consistent with the quality 
of the model forcing data. 
 
5.3 Drought characterization and assessment 

PI Lettenmaier’s group is currently using an 
extended derived data set from the VIC model 
for the 1916-2003 period to evaluate the 
evolution of drought in the continental U.S.  
Extension of the earlier Maurer et al (2002) data 
set back to 1916 greatly enhances the potential 
for drought analysis, as it includes the 1930s 
drought(s).  We are in the process of developing 
methods of characterizing, based on VIC 
simulations of total column (to 1 m depth) soil 
moisture, relationships between drought severity, 
area, and duration for the major 20th century U.S. 
droughts.  The method, which we term severity-
area-duration (SAD) analysis, is an adaptation of 
the widely used depth-area-duration (DAD) 

analysis used to specify design storms for civil works (e.g. culvert and bridge) design.  In 
brief, for each (1/8 degree) pixel and each month, we estimate the empirical probability 
distribution of total column soil moisture.  For each month of each year, we use as a soil 
moisture index the empirical probability of the predicted value for that month – hence the 
observed values are remapped to a variable having a range (0,1).  We then screen the 
monthly severity maps to identify drought periods and locations, over which we compute, 
for a range of durations (from one month up to a maximum of 10 years) the average 
severity.  For each duration, we then derive maps of the maximum average (over the 
duration) severity, and from them compute the spatial average severity for specified 
areas.  From these values, we derive SAD relationships for each drought, from which in 
turn we derive envelope SAD curves over all 20th century droughts.  Figure 8 shows 
spatial maps of reconstructed drought severity according to this scheme for selected one, 
six, 12, and 24-month periods during the 1930s.  Even absent the more detailed analysis, 
the spatial extent of the 1930s drought is striking, in comparison with other major (1950s, 
1988, 1960s, 2001-2003) 20th century droughts.  Derived drought severity data like that 
shown in Figure 8 will be central to comparative evaluations of 21st century drought risk 
(see Section 6). 
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Figure 8:  Reconstructed severity of U.S. 1930s drought, 
expressed as percentile of upper 1-m monthly average soil 
moisture relative to 1916-2000 period.  From left to right, upper 
row:  June, 1934, and six months centered on June, 1934; lower 
row:  12 and 24 months centered on June, 1934, respectively. 

5.4 Validation data and approaches 
PI Lettenmaier and Co-PI Wood have been involved in a range of land surface model 

evaluation activities.  Wood lead the PILPS-2c project (Wood et al, 1998), which was the 
first model intecomparison to use river basin data, at a spatial scale (about 500,000 km2) 
that reflects the scale at which coupled models are applied in practice.  PI Lettenmaier 
lead PILPS-2e, the Arctic Hydrology Model Intercomparison Project, which was 
patterned after PILPS-2c (see Bowling et al, 2003, for a description), and was the 
prototype for implementation of a new set of PILPS data protocols, which are intended to 
encourage post-experiment use of the forcing data.  In addition, Lettenmaier and Wood 
have teamed to produce global off-line implementations of the VIC model (Nijssen et al, 

2001a) which have been used 
for evaluation of the land 
surface water and energy 
budgets of coupled models in 
coupled model 
intercomparison projects like 
AMIP.  We are at present 
updating the Nijssen global 
simulations using improved 
representations of global 
precipitation, and extending 
the simulation period to the 
second half of the 20th 
century.  Although the focus 
of this proposal is on U.S. 
drought, the CCSM 
simulations will of course be 
global, and these off-line 
simulation data will be the 
basis for evaluation of the 
global model simulations.  
Taken with the 1916-present 
continental U.S. off-line 

runs, these derived data sets will allow us to subject the CCSM simulations to the most 
rigorous evaluation that has been possible to date. 
 
 
6.0 WORK PLAN 

The project will be carried out through five tasks as outlined below.  Allocation of 
responsibility for the tasks is summarized in Section 9.0. 
 
Task 1:  Improve land surface hydrology representation in CLM.  As noted in Section 
5.2, while CLM incorporates state of the art representations of vegetation controls on 
land-atmosphere energy exchanges and the dynamic evolution of vegetation, it does not 
represent well runoff generation, and hence the water balance, of large river basins. We 
intend therefore to implement the runoff generation parameterizations, as well as the 
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three-layer soil column representation from the Variable Infiltration Capacity (VIC) 
model (specifically the VIC parameterization of partitioning of precipitation into 
infiltration and runoff, see Figure 5, and the Todini Arno parameterization of baseflow 
generation, also shown in Figure 5) into CLM.  We will also explore the possibility of 
implementing some aspects of the VIC snow model (e.g., the elevation bands used in 
mountainous areas, and possibly some of the canopy snow interception and energetics).  
We intend to retain from CLM all of the vegetation parameterizations, and interactions of 
the surface and boundary layer.  We may also implement the VIC lakes and wetlands 
submodel (Bowling, 2002), although this will be a second stage sub-project, which will 
not delay testing of the revised CLM runoff generation parameterization.  In general, our 
approach will be to implement what we believe are the most essential changes, which 
will have the greatest payoff in terms of CLM’s ability to represent land surface 
hydrology, first, and to evaluate performance as described in Task 2.  We then will iterate 
with subsequent changes as necessary.  Our philosophy will be to subject model changes 
to rigorous off-line testing, and to retain the existing CLM structure wherever possible – 
that is, only to make changes where the off-line testing shows that they are essential to 
achieve realistic representations of key land surface hydrologic variables, like runoff, soil 
moisture, and snow accumulation and ablation. 

 
Task 2:  Perform offline tests of upgraded version of CLM.  As noted in Section 5.4 and 
elsewhere in this proposal, we have performed extensive evaluations of the VIC model, 
and other land surface schemes, in the context of PILPS projects and other studies.  
Because the focus of this study is on drought in central North America, we intend to 
make extensive use of hydrologic and energy flux data from the Arkansas-Red River 
basin in our off-line testing.  Testing over the Arkansas-Red River basin is critical to the 
project, because it is an area that has been especially sensitive to past droughts (1930s, 
1950s), and has been shown in past coupled modeling studies to be sensitive to enhanced 
future drought.  Fortuitously, this region has a wealth of data useful for model testing, 
including the PILPS-2c data (see Section 5.4), and the Southern Great Plains CART-
ARM facility.  As a first step, we will update the PILPS-2c data (originally at one degree 
spatial resolution, based in part on ISLSCP vegetation and other data) to the LDAS 1/8 
degree spatial resolution (possibly aggregated to ¼ or ½ degree), using more current 
vegetation, topography, and soils data.  We will also utilize the CART-ARM surface flux 
data, which were not available at the time PILPS-2c was performed.  We recognize that 
CLM must perform well over a range of hydroclimatic conditions, so in addition to the 
Arkansas-Red evaluations, we will use recent updates to the Maurer et al continental U.S. 
data set, as well as ongoing updates to the Nijssen et al (2001a) global data, to evaluate 
CLM performance off-line.  These evaluations will be facilitated by ongoing work that is 
utilizing CLM, along with four other land surface models (including VIC) to generate 
off-line multi-model ensembles over the pan-Arctic domain.  As part of this project (lead 
by Mark Serreze at the University of Colorado, PI Lettenmaier is Co-PI on this project) a 
common interface for forcing of the multiple models, and for output archiving, has been 
developed (based on NetCDF).  This platform should be readily adaptable to other spatial 
domains (e.g., Arkansas-Red or global), which will facilitate evaluation of the updated 
CLM.  Furthermore, because CLM is one model being used in the pan-Arctic ensemble 
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study, we will be able to evaluate readily performance of CLM revisions in a high 
latitude environment.   

 
Task 3:  Evaluate performance of upgraded model in climate simulations.  We will 
perform AMIP-style climate simulations with the coupled atmosphere-land model 
(CAM/CLM) for the period 1950-present using observed sea surface temperatures and 
climate forcings (e.g., greenhouse gases, solar variability, aerosols) to evaluate the ability 
of the model (constrained with observed sea surface temperatures) to simulate historical 
droughts in the U.S.  Our focus on the post-1950 period is primarily motivated by the 
availability of reasonably accurate gridded observed SST data in a format consistent with 
CAM, although if possible we will utilize a longer period, as it would be desirable to 
include the drought of the 1930s, for which the University of Washington has performed 
off-line simulations.  We anticipate performing a 5-member ensemble for these initial 
evaluations, which represents a compromise between computational considerations and a 
desire to evaluate the full range of natural variability as it is reflected in droughts.  The 
resolution of the model will be either T85 (1.4 degree spatial grid) or T42 (2.8 degree 
spatial grid) depending on availability of computational resources. These simulations 
with the improved CLM developed in this proposal will complement similar ongoing 
simulations conducted by the CCSM Climate Variability Working Group. The period 
1950-present is one for which the University of Washington has developed estimates of 
the space-time characteristics of U.S. droughts based on off-line simulations. We will 
evaluate performance of the land surface with particular attention to streamflow and soil 
moisture, characterized using the severity-area-duration approach outlined in Section 5.3. 
We will be especially interested in determining the extent to which apparent land surface 
model biases are attributable to differences in forcings (e.g., precipitation, temperature, 
net radiation) between coupled and uncoupled model runs, versus biases in the land 
surface scheme. 

 
Task 4:  Simulate and evaluate projected drought characteristics.  Transient climate 
simulations for the period 1870-2100 will be performed with the fully coupled CCSM 
(interactive land, atmosphere, and ocean) incorporating the upgraded CLM. These 
simulations with improved representation of the hydrologic cycle will complement 
existing CCSM transient climate simulations being conducted by the CCSM Climate 
Change Working Group. The simulations include interactive ocean and sea ice models 
and the appropriate climate forcings (e.g., greenhouse gases, ozone, solar variability, 
aerosols). The simulations will be evaluated for their ability to produce droughts with 
severity-area-duration characteristics similar to those of observed droughts in the U.S. 
such as the 1930s Dust Bowl (it is important to note that in fully coupled simulations, 
individual years are “tagged” only by global greenhouse gas emissions; because of the 
chaotic nature of the system results can only be compared with observations in terms of 
statistical characteristics of drought, like severity-area-duration). Particular attention will 
be given to the period since 1950, which will be compared to the historical analyses in 
Task 3 for the same period. This will provide the basis for our evaluation of future 
changes in U.S. drought risk in the 21st Century. Because drought is highly variable in 
space and time, a 5-member ensemble will be performed for the transient climate 
simulations (comparable to the CCSM Climate Change Working Group). In addition, 
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runs will be performed with prescribed (present-day) and interactive vegetation to 
evaluate the role of possible future changes in vegetation and carbon storage on drought 
susceptibility. The spatial resolution of the model will be the same as that used in Task 3. 

 
Task 5:  Drought recovery evaluation.  We will explore the possibility for using coupled 
and off-line simulations to evaluate drought recovery by running simulations initialized 
to off-line simulated reproductions of past droughts.  In particular, we will explore a 
resampling method (similar to the off-line approach used in our westwide streamflow 
forecast system (Wood et al, 2004)).  The approach will be generalized to the coupled 
model framework by initializing ensemble members of limited length with land surface 
(and ocean) conditions associated with particular simulated droughts in the past historic 
record.  We know that persistence is a key characteristic of droughts, induced both by 
remote (ocean) conditions, and persistence in the land state (primarily soil moisture).  
Recovery from droughts is a critical management issue – it is especially important for 
water managers, for instance, to have some idea of the probability of conditions returning 
to “normal” over a range of time horizons.  Using off-line simulations, it is relatively 
straightforward to evaluate drought recovery probabilities, and we will use off-line 
simulations based on ESP as a benchmark.  We will perform a parallel analysis using 
ensemble climate simulations of relatively short duration (several years at most per 
ensemble) for the same historic droughts to determine the likelihood of emergence from 
drought within planning horizons of one to several years.  The coupled and uncoupled 
simulations will be compared, and evaluated in comparison with the observed history of 
recovery over multiple droughts, to determine whether skill is added to forecasts of 
drought recovery in the coupled model environment.  As in Task 3, we will focus 
primarily on the 1950-2000 period, although we will extend this period earlier in the 20th 
century if gridded SST data suitable for use with CAM become available.  
 
Task 6:  High resolution land surface simulations for the U.S. We will develop a 
prototype high-resolution version of the CLM that runs on a finer spatial grid than the 
current CLM (which runs on the same spatial grid as the atmosphere model). A high-
resolution coupled model (e.g., at less than one degree or so spatial resolution) is not yet 
computationally feasible for global climate simulations. Consequently, we propose to 
implement a variable mesh grid that will be run on a 1/8 degree grid for the U.S. and the 
standard T85 (1.4 degree) or T42 (2.8 degree) grid elsewhere. We expect that this high-
resolution version of the model will better resolve spatial variability in surface properties 
important to drought (e.g., vegetation, soil) and lead to better simulation of U.S. drought 
in the CCSM. Use of a 1/8 degree grid complements existing historical analyses of U.S. 
drought conducted with the VIC model on the 1/8 degree LDAS grid (sections 4, 5.2.2, 
5.3). A 1/8 degree grid uses about 125 more grid cells than the T85 (1.4 degree) grid and 
500 times more grid cells than the T42 (2.8 degree) grid. The atmosphere model will still 
run on its native T85 or T42 grid. Critical to this implementation of a high-resolution land 
surface is the downscaling of atmospheric fields from the coarser resolution atmosphere 
model. There are several methods to do this based on lapse rate, statistical correlations 
among various fields, and subgrid-scale fields produced by the atmosphere model (e.g., 
convective cloud fraction). Robert Dickinson (Georgia Tech.) is leading a project in the 
CCSM Land Model Working Group to develop appropriate downscaling techniques. 
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Steve Ghan (Pacific Northwest Laboratories) is developing another such approach for 
CCSM as part of the Atmospheric and Land Model Working Groups. We expect that our 
proposed high resolution CLM for the U.S. will provide strong focus to these ongoing 
CCSM research efforts.  We view this task as exploratory in nature, and it will proceed in 
parallel with Tasks 1-5, which are not dependent on results from Task 6.  However, 
depending on early results, we may implement the high resolution land scheme in some 
of the Task 3 and 4 simulations. 
 
 
7.0 DISSEMINATION OF MODEL CODE 

Co-PI Bonan is co-chair of the CCSM Land Model Working Group, which monitors 
and controls revisions to CLM.  We will work with this group to integrate changes to 
CLM hydrology proposed in Task 1 into the archival version, once the testing proposed 
in Tasks 2 and 3 have been completed, and the Land Model Working Group has had a 
chance to review the code revisions. 
 
 
8.0 RELEVANCE TO BER MEASURE OF SCIENTIFIC ADVANCEMENT 

BER CCRD is charged with delivering improved data and models for policy makers to 
determine acceptable levels of greenhouse gases in the atmosphere.  The potential for 
increased drought susceptibility of the U.S., as predicted by a number of past climate 
model simulations, is a key concern to U.S. policy makers.  This research will quantify 
drought risk over the 21st century that will be associated with one or more greenhouse gas 
emission scenarios, in a manner directly comparable to the best current reconstruction of 
21st century drought risk, in a manner that will allow policy makers to perform tradeoff 
analyses of drought risk (and cost) in comparison with target greenhouse gas emission 
levels. Droughts by their nature are large scale events that require a global modeling 
approach to represent properly the role of large-scale circulation anomalies.  For this 
reason, we believe that the science questions posed in this proposal can be properly 
addressed only in a global modeling context that utilizes the power of terascale 
computing to support ensemble predictions, and hence requires intensive computing that 
is not available to us absent support through the CCPP Advanced Computing Program. 
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9.0 MANAGEMENT PLAN 

This is a joint project of the University of Washington, the National Center for 
Atmospheric Research, and Princeton University.  The University of Washington PI, who 
will have overall responsibility for the project, is Dennis P. Lettenmaier.  Co-PIs Gordon 
Bonan and Eric Wood will be responsible for the NCAR and Princeton components of 
the project, respectively.  While all PIs will interact across the tasks, we have identified 
below the institutions which will take primary and secondary responsibility for each task 
area.  Letters of intent from NCAR and Princeton University, who will participate as 
subcontractors to the University of Washington, are attached.  Subcontract budget details 
are included in Section 10.0. 
 

Summary of PI task responsibilities (P = primary, S = secondary) 
Task UW NCAR Princeton 
1: CLM hydrology improvements P  S 
2:  Off-line CLM testing P  S 
3: Coupled testing S P  
4: 21st Century drought simulations S P  
5: Drought recovery evaluation: P S  
6: High resolution land scheme: S P S 
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10.0 BUDGET SUMMARY 
Summary budget tables for the University of Washington, and subcontractors NCAR and 
Princeton University, provided below. 
 
 
University of Washington Budget Summary 

BUDGET CATEGORY Year 1 Year 2 Year 3 Total
Salaries     

Facultya $12,634 $13,139 $13,665 $39,438 
Graduate studentsb $19,094 $19,858 $20,652 $59,604 
Post-docc $9,000 $15,000 $9,000 $33,000
Exempt staffd $2,350 $2,444 $2,542 $7,336

Subcontracts 
Princeton $24,902 $25,133 $25,052 $75,087
NCAR $86,900 $90,800 $93,900 $271,600

Travele $1,500 $1,500 $1,500 $4,500 
Supplies $0 $0 $0 $0 
Equipment $8,000 $0 $0 $8,000 
Retirement and benefitsf $7,832 $9,368 $8,310 $25,510 
Graduate Student Tuition $7,097 $7,385 $7,928 $22,410 
Total direct cost $179,309 $184,627 $182,549 $546,485 
Allowable direct costg $102,312 $61407 $55,669 $219,388 
Indirect costh $52793 $31686 $28,725 $113204 

Grand totals $232,102 $216,313 $211,274 $659,689 
 
aD.P. Lettenmaier 1 month year 1; 1 month year 2; 1month year 3 
b12 month years;  1, 2 and 3  
c Post-docs 3 month year 1; 5 month year 2; 3 month year 3 
d Exempt ½ month year 1; ½ month year 2; ½ month year 3 
 eTravel for PI and students to project meetings 
f21.7  % of salaries for faculty, 13.4% for graduate students, 21.7% for post-doc, 24.6% 
for exempt. 
gtotal direct cost less tuition and equipment and subcontracts > $50,000 
h51.6% of allowable direct cost 
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NCAR Budget Summary 
 

 

       
YEAR 

1 
YEAR 

2 
YEAR 

3 TOTALS 
        

SALARIES & BENEFITS        
 Regular Salaries        
  PI     0 0 0 0 
  Project Scientist 1    32,400 34,100 35,400 101,900 
  SUBTOTAL    32,400 34,100 35,400 101,900 
           
 Regular Benefits @  0.494  16,000 16,800 17,500 50,300 
           

MATERIALS & 
SUPPLIES        

  Misc.     1,500 1,500 1,500 4,500 
  SUBTOTAL    1,500 1,500 1,500 4,500 
           

PURCHASED 
SERVICES        

  Misc.     500 500 500 1,500 
  SUBTOTAL    500 500 500 1,500 
           

TRAVEL         
  Domestic    3,000 3,000 3,000 9,000 
  SUBTOTAL    3,000 3,000 3,000 9,000 
           

SUBTOTAL Modified Total Direct Costs (MTDC) 53,400 55,900 57,900 167,200 
           
NCAR INDIRECT COSTS (IC) @ 0.495  26,400 27,700 28,700 82,800 
           

MTDC Items that include IC       
           
 COMPUTING SERVICE CENTER  4,600 4,600 4,600 13,800 
           

TOTAL MTDC + Applied IC   84,400 88,200 91,200 263,800 
           
UCAR Management Fee        
(Applied to MTDC + IC)  0.03  2,500 2,600 2,700 7,800 
           
Exclusions from MTDC        
           
 EQUIPMENT    0 0 0 0 
           

TOTAL Funding to 
UCAR    86,900 90,800 93,900 271,600 
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