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By pooling many sources of hydrologic information,
a multilaboratory investigation of a watershed in Kansas identified ways to achieve closure

of the water budget in observations and modeling.

n 1999, the U.S. Global Change Research Program
(USGCRP) formed a Water Cycle Study Group
(Hornberger et al. 2001) to organize research efforts
in regional hydrologic variability, the extent to which
this variability is caused by human activity, and the in-
fluence of ecosystems. The USGCRP Water Cycle Study
Group was followed by a U.S. Department of Energy
(DOE) Water Cycle Research Plan (Department of
Energy 2002) that outlined an approach toward im-
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proving seasonal-to-interannual hydroclimate predict-
ability and closing a regional water budget. The DOE
Water Cycle Research Plan identified key research ar-
eas, including a comprehensive long-term observa-
tional database to support model development, and
to develop a better understanding of the relationship be-
tween the components of local water budgets and large-
scale processes. In response to this plan, a multilaboratory
DOE Water Cycle Pilot Study (WCPS) demonstration
project began with a focus on studying the water bud-
get and its variability at multiple spatial scales.
Previous studies have highlighted the need for con-
tinued efforts to observationally close a local water
budget, develop a numerical model closure scheme,
and further quantify the scales in which predictive ac-
curacy are optimal. A concerted effort within the Na-
tional Oceanic and Atmospheric Administration
(NOAA)-funded Global Energy and Water Cycle Ex-
periment (GEWEX) Continental-scale International
Project (GCIP) put forth a strategy to understand vari-
ous hydrometeorological processes and phenomena
with an aim toward closing the water and energy bud-
gets of regional watersheds (Lawford 1999, 2001). The
GCIP focus on such regional budgets includes the
measurement of all components and reduction of the
error in the budgets to near zero. To approach this goal,
quantification of the uncertainties in both measure-
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ments and modeling is required. Model uncertainties
within regional climate models continue to be evalu-
ated within the Program to Intercompare Regional
Climate Simulations (Takle et al. 1999), and model
uncertainties within land surface models are being
evaluated within the Program to Intercompare Land
Surface Schemes (e.g., Henderson-Sellers 1993; Wood
etal. 1998; Lohmann et al. 1998).

In the context of understanding the water budget
at watershed scales, the following two research ques-
tions that highlight DOFE’s unique water isotope analysis
and high-performance modeling capabilities were
posed as the foci of this pilot study:

1) Can the predictability of the regional water budget
be improved using high-resolution model simula-
tions that are constrained and validated with new
hydrospheric water measurements?

2) Can water isotopic tracers be used to segregate
different pathways through the water cycle and
predict a change in regional climate patterns?

To address these questions, numerical studies using
regional atmospheric-land surface models and

multiscale land surface hydrologic models were gen-
erated and, to the extent possible, the results were
evaluated with observations. While the number of po-
tential processes that may be important in the local wa-
ter budget is large, several key processes were exam-
ined in detail. Most importantly, a concerted effort was
made to understand water cycle processes and feedbacks
at the land surface-atmosphere interface at spatial
scales ranging from 30 m to hundreds of kilometers.

A simple expression for the land surface water bud-
get at the watershed scale is expressed as

AS=P+G_-ET-Q-G,, ©)

where AS is the change in water storage, P is precipita-
tion, ET is evapotranspiration, Q is streamflow, G,_ is
groundwater entering the watershed, and G_ is
groundwater leaving the watershed, per unit time.
The WCPS project identified data gaps and neces-
sary model improvements that will lead to a more ac-
curate representation of the terms in Eq. (1). Table 1
summarizes the components of this water cycle pilot
study and the respective participants. The following
section provides a description of the surface observa-
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tion and modeling sites. This is followed by a section — a. [EF ! 7 R
on model analyses, and then the summary and con-
cluding remarks.

K- ! A 'Waum

SITE DESCRIPTION. The Walnut River watershed T __::_/__::\,; """""""""""" i
(WRW), located in south-central Kansas, is about
6000 km?, which is an order of magnitude smaller than
the Atmospheric Radiation Measurement (ARM) :. S
Cloud Atmospheric Radiation Testbed (CART) site
within which it is contained (Fig. 1). The major streams
in the WRW are the Walnut River and its tributary, the b,
Whitewater River. The two major reservoirs on the river
system are El Dorado Lake and Winfield Lake. Surface .
water represents 91% of the water used in the WRW.
Over 77% of the water use in WRW is for municipal
purposes, with 10% for irrigation, 6.4% recreational use,
and 3.3% industrial use (Kansas Water Office 1997).

This watershed is a partially closed basin (Karst
geology prevents full closure) that is amenable to com-
puting the components of the hydrological budget, and
is sufficiently small to allow for reasonable observa-
tional coverage while having heterogeneous land cover
types. The 1050 km? Whitewater watershed (WW) is
located in the northwest portion of the WRW, and
within the WW is the 12 km? Rock Creek (RC) water-
shed. These subdomains were selected for detailed _
observation and scaling studies partly because there 10 —
are ongoing and previous studies here providing data : -
and related information (LeMone et al. 2000).

The WRW has strong east-west terrain, precipita-
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Fic. I. (a) The ARM CART Southern Great Plains site,
and (b) the Walnut River watershed with existing

tion, vegetation, and geological gradients. The surface
elevation drops from about 500 m in the east to about
330 m in the southwest. Average precipitation in the
eastern region is 86 cm yr', and in the western region
is 76 cm yr~'. Approximately 65% of the precipitation
falls between April and September, with an annual
average snowfall of about 35-cm snow-water equiva-
lent. The Walnut River floods once a year, on average,
downstream of the town of Towanda (Fig. 1). Land use
in the WW is approximately 65% cropland and 32%
grassland, with the eastern region grassland, and the
western region primarily cropland with urban expan-
sion from nearby Wichita.

DATA MEASUREMENTS AND SAMPLING.
Participants in the WCPS compiled an extensive data-
base from archives (meteorology, vegetation types,
topographic maps) and data obtained from a 1 April
to 30 June 2002 intensive observation period (IOP). In
addition, the WCPS conducted event and seasonal
sampling and periodic vegetation mapping. Models
were evaluated at three nested domains—the ARM
CART, the WRW, and the WW (Fig. 1). In the subsec-
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measurements.

tions that follow, observations of components of the
water budget in all three domains are presented. The
observations consist of satellite retrievals of the leaf
area index (LAI), which is a critical parameter in the
evapotranspiration term in Eq. (1); measurements
from local wells, which help constrain the groundwa-
ter terms in Eq. (1); and water isotopic tracers, which
segregate water samples by physical processes.

Leaf area index measurements. Latent heat flux and
surface albedo are sensitive to vegetation distribution,
where the former is modulated by the valvelike action
of the leaf stomata and the latter by the scattering char-
acteristics of the leaf chlorophyll and leaf chemical com-
position. Both are intrinsically tied to the LAL and
should be represented accurately in water cycle mod-
els. In this study, spatially extensive ground-based
measurements were collected on 111 plots (row crops,
woodland, grassland, and pasture) across the entire
WW in July 2002. The plots were 900 m? for compari-
son with the Landsat Enhanced Thematic Mapper
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FiG. 2. Spatial distribution of LAl in the Whitewater wa-
tershed, simulated by applying empirical LAI-NDVI re-
lationships to 30-m Landsat TM NDVI data collected in
Jul 2002.

(TM)/ETM+ [see http://edc.usgs.gov/products/satellite/
landsat7.html for more information on the Enhanced
Thematic Mapper Plus (ETM+)] 30-m resolution.

The spatial distribution of LAI was estimated from
satellite data using empirical relationships between the
measured LAI and the normalized difference vegeta-
tion index (NDVI) derived from above-canopy mea-
surements of reflectance obtained with a field radiom-
eter. LAI-NDVT relationships were first established for
three of the four vegetation types (row crops, grass-
land, and pasture) and, for variations of these types,
combined statistically fitting measured LAI values to
the corresponding NDVT values. Lack of canopy ac-
cess precluded field measurement of woodland reflec-
tance. The LAI-NDVI relationships were then applied
to NDVI derived from the Landsat TM/ETM+ data,
producing high-resolution LAI maps for WW.

Measured LAl values varied greatly within each veg-
etation type, with LAI-NDVT regression (r?) values
ranging from 0.66 to 0.78 for each vegetation type and
for all types combined. Figure 2 shows LAI predicted
for July 2002 from the LAI-NDVI relationship com-
bining measurements for all cropland, grassland, and
pasture plots. The 30-m resolution of the Landsat
ETM+ data describes the spatial heterogeneity of LAI
in the WW, with the spatially explicit LAI values well
within the statistical distributions of field observations
(Table 2).
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In July 2002, the LAT across the WW varied spatially
within each vegetation type from nearly bare ground
to full canopy (Table 2). Accordingly, based on the
model results for minimum (10th percentile) and maxi-
mum (90th percentile) LAI, the within-vegetation spa-
tial LAI variability may result in spatial latent heat flux
variability within a vegetation type as high as 400 W m™
at midday (Fig. 3). For comparison, this spatial vari-
ability in both LAI and latent heat flux is comparable
to the seasonal variability that might be observed for a
warm mesic deciduous/cropland system. This analysis
reinforces the need for accurate characterizations of
spatial LAI variability to accurately simulate the
finescale spatial latent heat flux variability.

Groundwater well and soil moisture transect measurements.
The location of groundwater affects the energy balance
and the exchange of latent heat because deeper-rooted
vegetation may have access to this water, and the long-
term soil moisture memory is linked to the deeper zone
(Maxwell and Miller 2005). In the absence of surface res-
ervoirs, groundwater also flows at a much slower rate
than the other water fluxes in the budget equation [Eq.
(1)]. As such, groundwater exhibits hysteresis in the local
water cycle. Groundwater measurements performed for
the WCPS represent a cursory attempt to provide in-
sight into the groundwater response for the study period.

The hourly water elevation change in three wells
(Potwin, B295, A272) for May 2002-March 2003 are
shown in Figs. 4a—4c. Water-level fluctuations in these
wells are on the order of 0.3 m or less. An indication of
the annual cycle in groundwater elevation can be seen
in Figs. 4b and 4c, but longer time series are needed to
quantify the relationship between the local climate and
groundwater response. Most importantly, the three-
dimensional groundwater flow characteristics across
the various domains examined in this study are un-
known due to cost-constrained undersampling. With-
out a comprehensive groundwater measurement pro-
gram, specification of the groundwater terms in the
water budget is virtually impossible.

One set of soil moisture measurements was made

Grassland 2.08 0.43 3.73
Row crop 2.11 0.46 3.78
Woodland 2.17 0.60 3.77
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tion. The mean soil mois-
ture values (cm?® cm™) were
0.54, 0.51, and 0.49 for 5, 6,
and 7 June, respectively (Fig.
5). The standard deviation
increases from 3.59 on 5
June to 4.00 on 6 June, and 5.20 on 7 June. Again, these
data represent a limited snapshot of the surface soil
moisture distribution in the Whitewater River basin,
but provide some points of reference against which to
check the results of the simulation models.

LAl values.

Water isotopic monitoring and sampling. The stable hy-
drogen and oxygen isotope ratios of atmospheric
moisture vary depending on the source of the water,
the extent of precipitation loss, and physical param-
eters (such as temperature and humidity). These rela-
tionships provide a critical link between local water cycle
processes and the larger climate system. Isotope sam-
pling helps to quantify terms in the water budget equa-
tion, while at the same time providing information on
the historical movement of water that is currently a
component of the local water cycle.

As part of the WCPS, an extensive study of the iso-
topic compositions of all components of the water cycle
in the WRW was conducted. This work included event-
based precipitation sampling (consisting of one or more
samples of every significant storm) at two sites within
the WRW. Samples of selected precipitation events
were also collected from four other sites in the WRW
to examine the spatial variability of precipitation at the
watershed scale. To determine the isotopic composi-
tion of storm systems and related large-scale climate
variations affecting the WRW, precipitation samples
from 10 National Atmospheric Deposition Program
(NADP) stations located along the primary storm

AMERICAN METEOROLOGICAL SOCIETY

Julian Day of 1999

Fic. 3. TOPLATS-simulated latent heat flux for different vegetation types in
the Whitewater watershed, assuming different values of LAl. See Table 2 for

tracks impacting the WRW were obtained. Addition-
ally, water isotope samples of near-surface atmospheric
vapor, surface water bodies, soil moisture, and ground-
water were, and are still, collected every 3-4 months
to monitor the response of isotopic compositions of
components of the water cycle to seasonal and spatial
variations in precipitation. During the IOP, a series of
atmospheric vapor samples were collected at elevations
up to 4000 m above the land surface to examine mix-
ing between locally derived water vapor and moisture
aloft. A detailed study of isotopic variations in the RC,
a small tributary of the Whitewater River, in response
to two intense storm events, was also undertaken to
quantify the response of streamflow to specific pre-
cipitation events (Machavaram et al. 2003).

In general, the 8D and 8'*O values of storm systems
decrease with distance from the source (primarily the
Gulf of Mexico, in this case), reflecting the progressive
loss of higher 0D and 8"0 precipitation. However, the
isotopic compositions of precipitation are also affected
by the addition of moisture from other sources, includ-
ing evaporation of surface water and mixing with mois-
ture from other storm tracks. The effect of secondary
moisture from evapotranspiration can be estimated
from changes in the deuterium excess of atmospheric
vapor and precipitation. Initial isotopic measurements
of the NADP and WRW rain samples show a system-
atic increase in the deuterium excess of precipitation
as storms move from the Gulf of Mexico region north-
ward into the WRW. Conversely, moisture derived
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FiG. 4. Hourly water surface elevations for (a) well A272,
a shallow saturated zone, (b) well B295, a deeper satu-

rated zone, and (c) a Potwin supply well.

from the high-latitude jet stream causes significant
drops in 8D and 80 values of precipitation, especially
during the colder winter months.

Figure 6a contains volume-weighted oxygen isotope
ratios (8'*0O) for precipitation samples collected from
one site in the WRW. In general, the §"*0 values range
from approximately —4%o in the summer to —10%o in
the winter. However, the isotope data also vary in re-
sponse to significant differences in the weather from
one year to the next. In July-August 2001, mean tem-
peratures were almost 3°C higher than during July-
August 2002. Despite nearly identical rainfall totals, the
average 6"0 and deuterium-excess values of the pre-
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cipitation were significantly higher in 2001 (2.5%o0 and
5%o, respectively), reflecting the increased role of mois-
ture derived from the land surface during the warmer
weather. Conversely, the mean temperature during
October-November 2002 was 4°C lower than during
October-November 2001, and there was unusually
high precipitation during October 2002 (more than
3 times normal). The average 6'*O values of the pre-
cipitation samples collected during this period were ap-
proximately 1.5%o lower than during October 2001,
indicating a significant input of cold Arctic moisture
derived from the high-latitude jet stream.

Both the general precipitation patterns and the ex-
treme events also cause measurable shifts in the isoto-
pic compositions of the rivers in the WRW (Fig. 6b).
The 80 values of the Whitewater ranged between
—4.4%o and —5.9%o, with the summer samples greater
than -5%o and the winter samples less than —5.7%o,
reflecting the general seasonal variations in precipita-
tion. However, the two samples collected in the fall
differed by 1.4%o as a direct result of the intense, cold
low-6'*0 storm system in October 2002. The 8'*0O val-
ues of the Walnut River above its confluence with the
Whitewater River were not strongly influenced by the
precipitation because this section is primarily fed by
water from the El Dorado Reservoir that has been
shifted to higher 8"O values due to evaporation.
Because of the size of the reservoir, this water domi-
nates flow in the Walnut River, causing its 8'*O values
to remain relatively constant from -2.8%o to —3.5%o.
Downstream of the Whitewater River, the §*O value
of the water is a mixture of the two signals, with the
proportions varying due to the intensity of storm ac-
tivity and the amount of water released from El Dorado
Reservoir. For example, during October 2002 the §'*0
value of the lower Walnut River was closer to the §"*O
value of the Whitewater River due to the high precipi-
tation levels during the fall of that year.

These data demonstrate the sensitivity of the iso-
tope compositions of water to climatic factors impact-
ing the water cycle. The regional precipitation data
highlight the impacts of deviations from normal tem-
peratures on the water cycle. Systematic changes in
temperature due to factors such as global climate
change should be readily recognizable. Monitoring the
isotopic compositions of rivers and lakes provides a
good, long-term average of precipitation patterns,
modified by the effects of evaporation from the lakes
(reservoirs) and infiltration of soil water. This also pre-
sents a potential monitor of the impacts of land-use
changes (e.g., building reservoirs, increased crop irri-
gation, changes in vegetation) on the local water cycle.
Ultimately, however, the most beneficial use of isotope



monitoring will be to validate nu- June 5, 2002
merical simulations of the water a7 Sy

cycle in order to enable the use of (=

these models for long-term pre-
dictions of the climate patterns.

MODELING AND ANALY-
SIS. Mesoscale models provide a
medium for the comprehensive
understanding of the processes
that operate in the local water cycle,
as well as a predictive capability.
There have been a limited num-
ber of studies designed to evalu-
ate the efficacy of the water
cycle-related parameterizations
used in mesoscale models, as well
as tests of the sensitivity of the
models to resolution (both vertical
and horizontal). In this section,
parameterizations in a coupled at-
mosphere-land surface model are @)
compared to observations, and M = |\
resolution sensitivity is tested. In | =ep
addition to these analyses, code
development on the implementa-
tion of stable water isotopes in a
regional climate model is also
discussed.

Coupled mesoscale atmospheric—land surface modeling.
The WCPS used two mesoscale atmospheric models—
the fifth-generation Pennsylvania State University
(PSU)-National Center for Atmospheric Research
(NCAR) Mesoscale Model (MM5; Grell et al. 1995) and
the Regional Atmospheric Modeling System (RAMS;
Pielke et al. 1992). For both MM5 and RAMS, 48-km-
resolution simulations of the continental United States
and portions of the Pacific and Atlantic Oceans were
generated. Nested 12-km-grid-resolution simulations
focused on the High Plains, east of the Rocky Moun-
tains to the eastern Midwest, and the 4-km-grid-
resolution simulations were focused on the ARM
CART domain.

AN EVALUATION OF MM5-siIMULATED AND WSR-88D-DerIVED
PRECIPITATION. An evaluation of the precipitation simu-
lated by MM5 using rain gauge—corrected rainfall esti-
mates from the National Weather Service Weather
Surveillance Radar-1988 Doppler (WSR-88D) was per-
formed for the ARM CART domain and the WRW
domain for March 2000 (Miller et al. 2003). Modeled
and measured precipitation was compared to MM5
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simulations at three resolutions (4, 12, and 48 km) to
determine the impact of scale on the model’s ability to
predict precipitation.

The regional WSR-88D rain gauge-calibrated ra-
dar precipitation was provided by the National Weather
Service’s Arkansas-Red River Forecast Center. To
evaluate the quality of the radar estimates, the rainfall
measurements from March 2000 were compared to
independent measurements collected using the high-
resolution Atmospheric Boundary Layer Experiments
(ABLE) rain gauge network in the WRW (11 gauges).
Comparisons were made by matching the nearest
ABLE rain gauge measurement with the nearest radar
estimate in nonconvective conditions (Fig. 7). Two days
were excluded from the analysis due to obvious con-
vection. For the 27 days that were nonconvective, the
total accumulated precipitation for the radar and rain
gauge estimates was ~56 mm, and the two techniques
differed in their measurements by 10 mm day~' (Fig. 7).
Hence, this point-to-point comparison suggests that
the two techniques agree to within 20% in
nonconvective situations. This result is somewhat ex-
pected in light of recent studies showing the vulner-
ability of radar-based precipitation estimates to the
spatial variability of precipitation within the measure-
ment volume (Miriovsky et al. 2004) and many past
studies that demonstrate other susceptibilities, includ-
ing precipitation phase and beam filling. It is assumed
that the radar-based estimates for the entire ARM
CART domain have similar differences.

MMS5 was initialized and updated with the National
Centers for Environmental Prediction (NCEP)-NCAR
reanalysis II data, and the simulated cumulative 6-h
precipitation was archived for March 2000 for the three
different model resolutions. Radar-based rainfall esti-

Rain Gauge vs. Radar Based Eslimates for WRW at 4km Resolution
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Fic. 7. Results from two independent rainfall estimates
over the WRW using the Hydrologic Rainfall Analysis
Data (HRAP) 4-km data.
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mates within each MM5 48- and 12-km grid cell were
averaged to produce a rainfall estimate that could be
directly compared with the MM5-simulated rainfall.
The radar-based rainfall estimates had a typical reso-
lution of 4-6 km over the ARM CART domain and
approximately 5 km over the WRW domain, so no
averaging was used for the 4-km comparison.

The MMS5 6-h rainfall estimates over the WRW
using 4-km resolution simulations, excluding the 2 days
with obvious convection, show that MM5 underesti-
mates precipitation by 60%, assuming that the radar
estimates were accurate to within 20% (Fig. 8a).
Although one event (day 3) seems to show a phase lag
between the onset of precipitation in MM5 and ob-
served precipitation, in general, the timing of precipi-
tation events seems to be well represented by the
model when it is run at 4-km resolution. The model
has good skill at predicting the occurrence of precipi-
tation, though it has less skill in predicting the amount
of precipitation that was actually observed. Considering
the entire ARM CART domain (Fig. 8b) improves over-
all agreement, but MM5 still underestimates precipi-
tation by 37% for the month.

Similar comparisons for the 12- and 48-km simula-
tions demonstrate that the agreement between mod-
eled and measured precipitation is scale dependent for
March 2000 (Table 3). As discussed above, the MM5
6-h forecast tends to underestimate the amount of pre-
cipitation that was actually observed at a 4-km resolu-
tion, regardless of the size of the domain used in the
comparison. In contrast, the 12-km-resolution MM5
shows good skill at forecasting the total amount of

MMS ve, Radar Based Estimates for WRW at 4km Resolution
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observed precipitation. At 48 km, the size of the com-
parison domain becomes an important issue; the
precipitation in the WRW is significantly underesti-
mated, while that over the ARM CART domain is
well represented.

The variability in the radar-observed and MM5-
simulated precipitation is also scale dependent. At
4 km, MMS5 faithfully represents the observed
variability in precipitation from point to point, while
at 12-km resolution, the model, particularly in the
WRW domain, overestimates variability in observed
precipitation.

These results suggest that MM5 simulations of
nonconvective rainfall over the WRW and the ARM
Climate Research Facility (ACRF) site, which is ap-
proximately the size of a global climate model grid cell,
are sensitive to the selected horizontal resolution, at
least during the month that was analyzed here. This
sensitivity should be analyzed in more detail in future
studies and should be considered when using MM5
to simulate hydrologic processes—either as an inde-
pendent entity, or as a future parameterization in a
global climate model (Raisanen et al. 2004). It is diffi-
cult to make a credible attempt to evaluate the re-
quired accuracy of precipitation estimates, because it
is both application dependent and integrally linked to
other processes within the hydrologic system (i.e.,
evapotranspiration).

IMPLEMENTATION OF WATER ISOTOPES MODELING IN MM5. An
important tool for testing the moisture process param-
eterizations in mesoscale models is to track stable wa-
ter isotopes. Because the physical processes that alter
isotopic ratios are well known, they can be used as
benchmarks when simulated isotopic ratios are com-
pared to observations. A stable isotope routine is be-
ing developed for MM5 (Foster et al. 2003). While a
number of global climate models (GCMs) have
isotope-tracing routines (Noone and Simmonds 2002;
Jouzel et al. 1987), this will be one of the first regional
climate models with such a scheme. A major obstacle
to evaluating a regional isotope model is the lack of a
dense network of isotopic measurements. The inten-
sive observations and modeling carried out via the
WCPS offers an opportunity to locally evaluate isoto-
pic predictions of the regional climate model. As with
the modeled rainfall versus radar, as well as the mod-
eled vegetation cover versus satellite imagery, stable
isotope simulations are being tested at several spatial
scales. At the largest grid (48 km), the United States
and parts of the Pacific and Atlantic Oceans are simu-
lated. At this scale, tests for the observed trend of de-
creasing isotopic values along inland-heading transects,
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TasLE 3. Ratios of means (i) and standard
deviations (o) between radar-measured and
modeled precipitation over the WRW and the
entire ARM CART site.

4-km 12-km 48-km
WRW 168 [1.10]  1.07[068]  1.32[0.92]
CART 141 [1.14]  1.11 [084] 1.0l [0.83]

including from southern Texas to Oklahoma, used the
data sampled from the NADP network. Because GCMs
can capture similar latitudinal gradients (Jouzel et al.
1987), we expect the MM5/isotope model to be able to
capture this signal. We will also examine the increase
of the deuterium excess observed in Oklahoma rela-
tive to Texas. The nested grid with a 12-km resolution
will be tested against the seasonal source signal in the
isotopic values seen in Oklahoma. And, finally, we are
attempting to use the nested 4-km-resolution simula-
tions to reproduce the isotopic values of the atmo-
spheric vapor samples collected over the WRW
domain. Work has been initiated to reproduce the de-
creasing isotopic ratios observed in the 22-26 May 2002
convective events that were part of the IOP. Should
these tests prove successful, we will be able to deter-
mine the sources of the local water, and to what extent
itis advected into the region and locally reevaporated.
The value of the deuterium excess has long been used
as a proxy for the source of water, and this model will
allow us to test this hypothesis on a small scale. This
substudy is not yet complete, and forthcoming results
will be reported elsewhere.

FINESCALE SENSITIVITY SIMULATIONS USING RAMS. Another
critical issue with the use of mesoscale models is the
relationship between the models’ vertical resolution
and the amount and distribution of precipitation that
it produces. Relatively fine vertical grid spacing can al-
low for better resolution of the vertical structure of the
moisture and wind fields, but leads to higher compu-
tational costs. Simulations were generated with the
four-nested-grid configuration of RAMS, employing
two different vertical resolutions near the surface, and
the precipitation results were compared as a test of the
model’s sensitivity to vertical resolution. The simula-
tion with the finer vertical resolution used 50-m verti-
cal grid spacing near the surface and a total of 46 ver-
tical levels. At heights of 300 m above ground level
(AGL), the grid spacing was gradually increased to
750 m. In the coarser vertical resolution case, the ver-
tical grid spacing began at 200 m and increased above

MARCH 2005 BAIS | 367



y (kin;

0.

20.;

368

400 m AGL to 750 m. In this run, 35 vertical levels were
used. In both cases, the model top extended above
20 km.

Model predictions of the precipitation event on
2-3 March 2000 were compared between the two runs.
Precipitation in the WRW began in the southern and
western sections, with the Oxford precipitation gauge
(Fig. 1) initially recording measurable amounts at about
1330 UTC on 2 March. The rain then spread to the east
and north, ending in the WRW by roughly 1100 UTC
on 3 March. RAMS predictions also indicate that the
precipitation started in the southern and western sec-
tions of the watershed; however, both of the RAMS
simulations tend to initiate the precipitation a couple
of hours later than observed, and precipitation totals
for the event were underpredicted, particularly at the
two most northern rain gauge stations—Whitewater
and Beaumont.

Comparing the two simulations with different ver-
tical resolutions shows that precipitation totals were
similar in the southern half of the watershed. In the
RAMS simulation with the 50-m vertical grid spacing
near the surface, the precipitation pattern moves to the
east with little rain spreading to the northern sections
of the watershed. The simulation with the 200-m ver-
tical resolution produces a rainfall pattern that spreads
to the east and north, and precipitation totals at the
Whitewater and Beaumont locations are closer to,
although still somewhat less than, that observed.
Figure 9 presents the rainfall rates at 0000 UTC on
3 March 2000, as predicted by the two RAMS simula-
tions. While the amounts are similar, the coarser ver-
tical resolution places the greatest amounts further
north, which leads to the greater precipitation predic-
tions at the Whitewater and Beaumont sites.

Thus, for this single, nonconvective, synoptically

driven case, finer vertical grid spacing near the surface
does not dramatically affect precipitation totals esti-
mated by the model. However, it does affect the hori-
zontal distribution of the modeled precipitation within
the WRW. In this case, the horizontal distribution is in
better agreement with observations when the coarser
vertical resolution is used. The results will likely be dif-
ferent for other cases, particularly where near-surface
features, such as a low-level jet, play an important role;
but, higher computational costs can be avoided by us-
ing coarser vertical resolution.

Land surface hydrologic modeling. The treatment of the
land surface is an essential element of water cycle mod-
eling. In this section, model results from two schemes
are discussed.

ScALE ANALYsIS USING THE TOPMODEL-BASED LAND
ATMOSPHERE TRANSFER ScHEME: TOPLATS. The land sur-
face hydrologic model used here for evaluating scale
dependent processes is the Topographic Model
(TOPMODEL)-based Land-Atmosphere Transfer
Scheme (TOPLATS; Famiglietti and Wood 1994). For
this study, TOPLATS was set up and calibrated in sev-
eral modes, including a fully distributed 30-m-resolu-
tion mode, a 30-m combined statistical-distributed
mode (1-km probability distributions based on 30-m
resolution data), a 1-km-resolution fully distributed
mode, and a single-column mode. Several variations
of these modes were calculated using uniform or dis-
tributed input forcing and characterizations. In the
absence of finescale spatial observations, the 30-m-
resolution fully distributed mode was used as a baseline
for relative comparison of model performance.
Simulations were from 1 January 1999 to 31 Decem-
ber 2000 for all modes, except the 30-m fully distrib-
uted mode, which was limited
to 14 July-22 September 2000
due to computational de-

a. b.
Precipitation Rate dz50 Precipitation Rate
. g . y (ki .
.
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White Dot
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FiG. 9. The rainfall rates at 0000 UTC 3 Mar 2000, as predicted by the RAMS
simulations with (a) 35 vertical levels and (b) 46 vertical levels.

mands. TOPLATS verification,
based on comparison of the
1-km distributed model runoff
data and the observed stream-
flow data at the Towanda
gauge, had fair to good agree-
ment, with a Nash efficiency of
0.65. TOPLATS modes were
compared for the common 14
July-22 September 2000 time
period.

Eleven simulations were
performed with different
modes, and with several varia-
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were determined. These rep-
resented the topography as
uniform at 1-km resolution,
and nonuniform at 1 km and
30 m for the whole catch-
ment. Finally, the soil types
were represented at 1-km resolution, or uniform over
the watershed. For this study, TOPLATS was set up
and calibrated in several modes, including a fully dis-
tributed 30-m resolution mode, a 30-m combined sta-
tistical-distributed mode, a 1-km-resolution fully dis-
tributed mode, and a single column mode (Bashford
etal. 2002).

Model results suggest that in parts of the catchment
evapotranspiration switched between being atmo-
spherically controlled to soil-moisture controlled af-
ter 19 July. A comparison between the TOPLATS
modes (Fig. 10) indicates that the combined distrib-
uted-statistical approach and the 30-m fully distrib-
uted mode (both evaluated at a 1-km resolution) re-
sulted in near-identical water and energy fluxes, soil
moisture, and runoff values. The statistical-distributed
mode is significantly less computationally demanding
and has far fewer parameters. The fully distributed
1-km resolution of TOPLATS led to an underestimate
of runoff and an overestimate of evapotranspiration.
The statistical mode resulted in an overestimate of
runoff, and the column mode gave no runoff and had
an extreme overestimate of evapotranspiration. Re-
sults of this study are summarized in Table 4a and 4b.

This study provides insight into how spatial vari-
ability can be represented without using a fully distrib-

runoff for 28 Jul 2000.
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time (hours since July 14 1:00)

time (hours since July 14 1:00)

uted model at finescale. The similarity between the
spatially averaged data from the distributed-statisti-
cal and the fully distributed simulations suggests that
the distributed-statistical mode is an effective way of
reducing the computer resources required, while re-
producing vertical fluxes. Lateral transport remains
dependent on local information that is carried via a fully
distributed mode.

PARAMETERIZATION OF SUBGRID-SCALE SURFACE MODEL. It is
important for regional surface modeling to have accu-
rate descriptions of subgrid and seasonal variations in
surface fluxes, or biases may be introduced. To address
this, and to aid in the study of the interannual variabil-
ity of key surface hydrological components, the Param-
eterization of Subgrid-Scale Surface (PASS) model
(Song et al. 2000a,b) focused on a 5-yr simulation (1996-
2000) at the WRW. This study ties in with the TOPLATS
study by providing finer-scale data with a longer simu-
lation period. Long multiyear simulations and analy-
ses with the fully distributed 30-m-resolution version
of TOPLATS were not computationally feasible within
the constraints of this pilot project.

The PASS model simulates land surface processes
at subgrid scales up to 1 km and higher using a fairly
simple approach to simulate evapotranspiration and

MARCH 2005 BAMS |

365

Fic. 10. Comparison of the 30-m distributed, combined statistical-distributed,
I-km distributed, and single column modes for (a) evapotranspiration on 24 Jul,
(b) evapotranspiration on 13 Sep, (c) surface runoff for 17 Jul, and (d) surface
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BLFD30m Mean Rmse Mean
COMB 186.97 0.00 86.38
COMBpws 186.76 0.75 85.60
COMBtop I km 186.92 0.77 86.31
STAT 190.40 3.80 95.89
STATnotop 187.18 1.07 88.48
DIST I km 187.31 1.37 89.59
COL 190.17 3.46 93.90

196.37 9.76 97.25

Rmse Mean Rmse Mean Rmse
0.00 95.36 0.00 5.23 0.00
4.44 96.03 3.21 5.14 1.33
5.46 95.13 3.45 5.49 2.33

15.17 89.48 11.07 5.04 4,57
7.73 93.18 5.56 5.53 2.93

10.52 92.32 8.86 5.42 494

13.00 91.22 8.70 5.06 3.68

22.80 9431 14.60 481 12.03

Mean Rmse Mean Rmse Mean Rmse

BLFD30m 0.128 000 9.232E-03 000 2.605E-04 000
COMB 0.127 6.548E-03 9.486E-03 2.040E-03 2.589E-04 1.990E-06
COMBpws 0.128 8.063E-03 9.764E-03  9.157E-03 2.582E-04 2.651E-06
COMBtop | km 0.142 2.255E-02 9.023E-03 1.724E-03 2.423E-04 |1.865E-05
STAT 0.131 1.142E-02 1.087E-02  2.620E-02 2.300E-03 2.216E-03
STATnotop 0.133 1.559E-02 000 1.149E-01 3.593E-03 3.369E-03
DIST I km 0.140 1.934E-02 4.998E-03 5.396E-02 3.082E-04 5.244E-05
COL 3.386E-02 000 1.149E-01 3.402E-03 3.179E-03

Mean Rmse Mean Rmse Mean Rmse
BLFD30m 1924 0.00 0.337 0.0000 0.336 0.0000
COMB 1924 0.77 0.337 0.0012 0.337 0.001 1|
COMBpws 1925 1.25 0.336 0.0025 0.336 0.0004
COMBtop I km 1947 25.86 0.340 0.0052 0.354 0.0186
STAT 1962 39.54 0.340 0.0046 0.342 0.0056
STATnotop 1818 123.49 0.316 0.0224 0.325 0.0208
DIST I km 1870 58.55 0.331 0.0065 0.340 0.0104
COL 1833 108.20 0.314 0.0250 0.315 0.0299

Effect of varying representation of spatial variability on water table depth and soil moisture (catchment average).
(Rmse refers to root-mean-square error relative to the baseline case.)

BLFD Baseline (distributed) 30m
COMB Combined (distributed | km with 30-m index) | km/30 m
COMBpws Combined, uniform precipitation | km/30 m
STAT Statistical 30m
STATnotop Statistical 30m
COoL Lumped column ws

root zone—available soil moisture (RAM). It is based,
in part, on Advanced Very High Resolution Radiom-
eter (AVHRR)-derived NDVI data and conventional
surface meteorological data. Biweekly composite
1-km-resolution NDVT values processed by the U.S.
Geological Survey (USGS) were adjusted to compen-
sate for atmospheric effects producing surface esti-
mates of NDVI. The spatial NDVI variability is large
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and occurs on scales smaller than 1 km. Long-term
simulation of evapotranspiration using PASS requires
continuous biweekly data on surface conditions.

The 5-yr input dataset was constructed from me-
teorological observations at the WRW and the ARM
CART extended facility near Towanda. WRW surface
precipitation consisted of 4-km-resolution radar data
that were adjusted with rain gauge observations sup-
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FiG. | 1. Modeled and observed yearly accumulative values
of surface hydrological components at the WRW and mod-
eled root zone-available moisture during 1996-2000.

plied by the Arkansas—Red River Forecast Center. Daily
streamflow data at Winfield (Fig. 2) were obtained from
the USGS and compared to PASS runoff estimates,
which were derived as the residual term in the water
balance.

The initial RAM value for all pixels was assumed to
be the maximum value, that is, the available moisture
capacity for the dominant soil type in each pixel, and
surface runoff was assumed to occur when the esti-
mated RAM exceeded this value. This water excess was
assumed to be lost from soil layers contributing to evapo-
transpiration, but the additions to local streamflow and
groundwater recharge were not estimated in this
simple model. Total runoff was assumed to be the dif-
ference between precipitation and evapotranspiration
if the RAM for the entire WRW is the same at the end
of the computational period
as it was at the beginning,
and if water losses through
the bedrock were negligible.
Also, the amount of time
for the water balance com-
putations should be suffi- E
ciently long to relegate
changes in soil and ground-
water storage to small con-
tributions relative to pre-
cipitation and evaporation.
Figure 11 shows the result
for this method of runoff
calculation, relative to the
streamflow at the Winfield
stream gauge station. The
average RAM calculated for
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Fic. 12. Comparison of modeled versus observed daily
mean latent heat fluxes in 2000 at the Whitewater site.
The solid line represents a linear regression fit.

the WRW is lowest in the late summer, when rainfall
is limited and evaporative demand is high, and is high-
est in the winter. Except for the transition between 1997
and 1998, this soil moisture storage appears to be con-
sistently at very large values at the end of the yearly
computational periods.

Over the 5-yr period, the modeled water loss from
evapotranspiration at the end of each year accounts
for 70%-90% of precipitation, which is reasonable for
southern Kansas. The differences between the ob-
served streamflow and modeled runoff are less than 25%
and seem to depend on the precipitation amount and

Five-Year Evapotranspiration {mm)

4500 00 800 1000 1200 1400 1600
Five-Year Runoff (mm}

4500 000
Five-Year Precipitation {mm})

FiG. 13. (left) Total modeled evapotranspiration, (middle) total modeled runoff,
and (right) observed precipitation for the WRW during 1996-2000.
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distributions. For example, the differences are smaller
for 1996 and 2000, when precipitation was spread evenly
throughout the year, than for 1998 and 1999, when large
precipitation events occurred rather late in the year.
Relativelylarge evapotranspiration rates, beginning in the
summer of 1997, led to the lower RAM at the end of the
year, and the resulting deficit in the soil moisture in early
1998 led to reduced runoff until a large precipitation event
occurred in October. Rather large evapotranspiration
rates were also simulated for the summer of 1999, mostly
driven by high precipitation rates that increased RAM.
Opverall, the modeled runoft is less than or equal to the
observed streamflow, suggesting that modeled evapo-
transpiration estimates might be too large. It is sus-
pected that when the rain rate is high, more runoff oc-
curs as a result of a limited infiltration rate. This process
will be considered in the next set of PASS model
improvements.

To allow for examination of some of the details of
evapotranspiration, modeled and observed daily
means of latent heat fluxes at WW are plotted (Fig. 12).
While the variations appear to be well captured, the
best-fit line is slightly steeper than the 1:1 line, indicat-
ing some model overestimation. Large spatial varia-
tion exists even for the 5-yr total accumulated values
(Fig. 13). The pattern of higher evapotranspiration cor-
responds to higher precipitation pixels, except in the
southern part of the WRW, where an east-west belt
of higher precipitation corresponds to higher runoft.
Several strong precipitation events had occurred along
this east-west belt in the southern WRW. On average,
evaporative water loss accounts for nearly 80% of pre-
cipitation, and runoft accounts for 20%.

Preliminary results indicate that accumulative sur-
face evapotranspiration was slightly overestimated,
which resulted in underestimates of cumulative run-
off within the WRW as compared to observed
streamflow at the outlet of the WRW; the maximum
yearly underestimate was 25% in 1998. Diurnal and
seasonal changes in modeled evapotranspiration in
2000 matched fairly well with the in situ flux measure-
ments despite a slight overestimation in cumulative
evaporative water loss during certain periods at cer-
tain sites. These results suggest that a highly param-
eterized surface model is of value, but PASS can be im-
proved to efficiently estimate long-term surface
hydrological components. It is expected that contin-
ued work on the selection of proper root-zone depths
for various types of vegetation and on runoff process
treatment will improve the water budget.

SUMMARY AND RECOMMENDATIONS. The
WCPS study represents an organized effort to pool

372 | BAMS MARCH 2005

many sources of hydrologic data to provide a frame-
work for evaluating the hydrologic cycle via regional
models and to better understand the requirements for
linking such regional processes to climatic-scale forces
that modulate the water cycle. It was centered on the
use of observations and modeling toward closing the
water budget of a small, representative watershed, and
understanding the links between large- and local-scale
processes that modulate the water budget.

Primary findings based on the two research questions
addressing water budget closure are summarized below.

The latent heat flux shows large variability at small
scales (< 1 km) and is sensitive to the spatial distribu-
tion of vegetation, soil moisture, access of deep-rooted
plants to groundwater, and local atmospheric
processes. While considerable information about the
surface characteristics can be gained from satellite re-
trievals, sufficient in situ measurements to evaluate
these retrievals and existing parameterizations (e.g.,
TOPLATS and PASS) are seriously lacking. Achieving
true closure of the water budget of the WRW will re-
quire a long-term, coordinated measurement cam-
paign to quantify components of the latent heat flux
and measurement uncertainty.

Soil moisture and deeper groundwater measure-
ments are scarce in the WRW. Soil moisture varies
considerably on scales of only a few meters, and a de-
tailed and coordinated measurement campaign would
be required to properly quantify these variations. To
achieve observational closure, it would be necessary
to sample soil moisture regularly and with sufficient
resolution to resolve the largest sources of variance
(100 m or less). While satellite measurements may pro-
vide a gross measure of soil moisture, they do not have
sufficient resolution to achieve the process-level un-
derstanding that is required to evaluate model repre-
sentations. Deeper groundwater is expensive to mea-
sure and was grossly undersampled during the WCPS,
mostly due to cost. Observational closure in the WRW
would require a sampling strategy that is linked to the
geological structure of the region and a coordinated
measurement strategy.

There is a wealth of precipitation data available for
the WRW. Notwithstanding, there remains considerable
uncertainty in the radar-based measurement of precipi-
tation, although polarized radar is known to provide
better estimates. Simulations with MM5 and RAMS
suggest that the precipitation parameterizations used in
the models are sensitive to vertical and horizontal resolu-
tion. The WCPS suggests that a concerted effort to
measure and model precipitation in the WRW would
involve the long-term use of polarized radar, a dense
network of independent rain gauges (gauges not used



in the radar-precipitation algorithm), and a compre-
hensive study of model performance over many seasons.
Observational closure of the water budget in the
WRW would require systematic measurement of
streamflow at all exit branches, rather than measure-
ments designed primarily for flood forecasting.
Reservoir levels would also have to be measured, along
with the water levels in larger farm ponds.
Long-term monitoring of isotopic fractionations in
the WRW would provide the necessary links to the cli-
mate system and a pathway for examining feedbacks
within the system. Isotopic monitoring of runoff, pre-
cipitation, and groundwater, combined with model
simulations of isotopic fractionations, would provide
a medium for understanding shortfalls in the models
and provide a key element in water cycle prediction by
linking specific conditions within the watershed with
the large-scale transport of water from its sources.
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