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ABSTRACT
Understanding the impact of postdam climate feedbacks, resulting from land use/land cover (LULC)
variability, on modification of extreme precipitation (EP) remains a challenge for a twenty-first-century approach to dam design and operation. In this study, the Regional Atmospheric Modeling System (RAMS,
version 6.0) was used, involving a number of predefined LULC scenarios to address the important question
regarding dams and their impoundments: How sensitive are the hydroclimatology and terrain features of
a region in modulating the postdam response of climate feedbacks to EP? The study region covered the
Owyhee Dam/Reservoir on the Owyhee River watershed (ORW), located in eastern Oregon. A systematic
perturbation of the relative humidity in the initial and boundary condition of the model was carried out to
simulate EP. Among the different LULC scenarios used in the simulation over the ORW, irrigation expansion
in the postdam era resulted in an increase in EP up to 6% in the 72-h precipitation total. The contribution of the
reservoir on EP added 8% to the 72-h total when compared to the predam LULC conditions. To address the
science question, a previously completed investigation on the Folsom Dam [American River watershed
(ARW)] in California was compared with the ORW findings on the basis of contrasting differences in hydroclimatology and terrain features. The results indicate that the postdam LULC change scenarios impact EP
of ORW (Owyhee Dam) much greater than the EP of the ARW (Folsom Dam) because of its semiarid climate
and flat terrain. EP was less sensitive to LULC changes on the windward side of the mountainous terrain of
ARW as compared to the leeward side of the flat terrain of ORW.

1. Introduction
All forms of life on Earth rely on the sustainable presence of water. However, this vital resource is unevenly
distributed over the world. In most cases, this uneven
distribution is restored by constructing dams along rivers. Most dams provide substantial benefits to human
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societies and their economies (Richter and Thomas
2007). According to Oxlade (2006), dams are barriers
constructed across a river to obstruct the flow of river
water. Primarily, dams and reservoirs (hereafter, ‘‘dams’’
will be used interchangeably with ‘‘artificial reservoirs’’)
are used for water supply (International Commission on
Large Dams 1999). However, applications also include
irrigation for agriculture, flood control, hydropower,
land navigation, and recreation.
Past civilizations have used dams for their various
intended purposes. To date, large numbers of dams have
been constructed at different regions in the world that
vary in their hydroclimatology and land features (topography). To meet future demand for water and energy, the construction of numerous large dams has also
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been proposed as a key solution (Graf 1999). For instance, the Southeastern Anatolia Project [Guneydogu
Anadolu Projesi (GAP)] dam and irrigation project in
Turkey (Schleifer 2008); the Itaipu hydroelectric dam
located on the border between Brazil and Paraguay; the
Three Gorges Dam (TGD) hydropower project in China
(Allin 2004); and the Grand Ethiopian Renaissance
(GER) hydroelectric dam on the Blue Nile River, Ethiopia,
(Hammond 2013) are some recent examples to alleviate
water and energy shortages. Although the socioeconomic
benefits of dams are immense, there are undeniable safety
issues posed by aging dams, especially for people living in
the downstream or the ‘‘inundation zone’’ (FEMA 2013).
Structural, hydraulic, and mechanical issues are among
the major risk factors that lead to dam failure and property damage. More importantly, extreme flood events
that result in overtopping and unscheduled opening of
spillways pose the greatest threat when potential loss of
life and property are concerned (Saxena 2004).
No two dams constructed in locations that vary in their
hydroclimatology and terrain pose the same risk as far as
dam safety and security are concerned. However, setting
variations in climatic zone and topography aside, a common issue that applies to all dams remains the same. This
concerns the anthropogenic (human induced) change
observed in the form of creation of reservoirs, irrigation,
and downstream urbanization in the postdam era. The
majority of the factors responsible for the anthropogenic
changes in the postdam era become apparent only over
a long period of time after the dam is operational
(Woldemichael et al. 2012). The relatively immediate response of the presence of a dam is the inundation of
a previously dry landscape by the formation of reservoirs.
The reservoir formed can be large or small depending on
the design capacity of the dam. This involves both reservoir volume and its surface area. From a hydrometeorological point of view, a newly created reservoir can modify
open water evaporation and enhance moisture supply for
precipitation, hence serving as a feedback on precipitation.
A method for estimating evaporative source regions
for extreme precipitation (EP) at selected locations in
Europe was developed in recent studies (Gangoiti et al.
2011a,b). Through the use of a mesoscale model and
kinematic 3D back-trajectory techniques, their study
showed that terrestrial evaporation (including from
lakes and reservoirs) can play an important role in
creating extreme precipitation episodes. In another
study, Kunstmann and Knoche (2011) used a regional
atmospheric model to track the moisture evaporated
from the Lake Volta region in Ghana and followed its
path until the moisture returned to the source as precipitation. Their result indicated that up to 8% of precipitation can be traced to water evaporated from the
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lake region. Eltahir (1989) studied the possible feedback
mechanism for the annual rainfall in the Bahr el Ghazal
basin in Sudan. The study concluded that it is highly likely
that the open water evaporation from the Bahr River has
significant effect on the climate of the nearby dry regions.
Evaporative feedbacks on precipitation have also been
documented in the works of Eltahir and Bras (1996).
Apart from the local evaporative feedback mechanisms established by reservoirs, dams may also influence
the nearby landscape via major changes in the land use/
land cover (LULC) types. For instance, if the dam is
used for irrigation or for expansion of existing irrigation
systems, the majority of the nearby land is generally
converted to agricultural use, which will be supplied by
water from the reservoir. Moreover, the land will be
frequently inundated throughout the year, when the
crop demand for water is met by the supply from the
dams/reservoirs. Irrigation also enhances the atmospheric
water vapor content through evaporation and transpiration. It also has an effect of cooling the ambient surface
and near-surface temperature by decreasing the sensible
heat fluxes and increasing latent heat fluxes (Boucher
et al. 2004; Eungul et al. 2011), although the flux of moist
enthalpy could be increased, thus increasing the convective available potential energy (CAPE; Pielke 2001).
The added moist enthalpy from irrigation tends to
create strong spatial gradients of CAPE with respect to
the surrounding nonirrigated landscape, which in turn
can produce mesoscale wind circulations and thus enhance the likelihood for the formation of convective
precipitation. When this potential for cumulus clouds
is realized, precipitation enhancement due to irrigation
has been observed downwind of the irrigated landscapes where temperature and CAPE are enhanced
(DeAngelis et al. 2010). Surface wetness by itself may
also have a strong influence on precipitation by affecting
these mesoscale circulations. Previous numerical modeling studies have also suggested an enhancement of
precipitation by irrigation (Sacks et al. 2008; Segal et al.
1998; Pielke and Avissar 1990; Gero et al. 2006).
Urbanization is also among the human-induced changes
brought about by the advent of dams. The very reason
that the downstream region of a dam may become inhabitable, owing to a reduced risk of flooding, transforms
a predam landscape into an urban landscape. Urban landscapes have a tendency to modify precipitation budget
and distribution, especially on the downwind direction of
the cities as a result of an alteration in the surface properties (Shepherd 2005; Jin et al. 2007). Trusilova et al.
(2008) investigated the effects of urbanization on European climate by using an atmospheric modeling approach
for nonurban and urban scenarios. They found that urban
areas produce an increase in precipitation during the
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winter and a decrease in the summer. One other important phenomenon that is created by urbanization is the
urban heat island (UHI). UHIs induce a kind of air circulation that is characterized by differential heating
capacity between the rural and urban areas (Shepherd
et al. 2005). This precipitation–conducive UHI effect can
also be exacerbated by the emission of pollutants from
industries, automobiles, and building facilities that can
serve as cloud condensation nuclei (CCN) and ice nuclei
(IN) associated with the formation of precipitation
(Marshall et al. 2004; Huff 1986; Rosenfeld et al. 1995).
An important issue that must be considered for all
dams is the standard (conventional) approach adopted in
the estimation of probable maximum precipitation
(PMP). Although moisture maximization and transposition has been the widely accepted technique for PMP
estimation, there are several limitations and uncertainties
that warrant the need for more accurate methodologies
(Chen and Bradley 2006; Ohara et al. 2011; Tan 2010).
First, this approach only estimates a precipitation value
that is larger than what has occurred historically. This fact
triggers the need for revision of the PMP value each time
a heavy storm occurs. Second, the WMO (1986, emphasis
added) definition of PMP is ‘‘the greatest depth of precipitation for a given duration meteorologically possible for
a given size storm area at a particular location at a particular time of year, with no allowance made for the long term
climate trends.’’ The lack of consideration of long-term
climate trends in modifying the already estimated PMP
value represents a limitation of the stationarity assumption
(Hossain et al. 2012). Moreover, values of PMP that are
used for dam design are derived from hydrometeorological
reports (HMRs), which are arguably outdated and lack
provisions for newer and better-estimated storm events
(Tomlinson and Kappel 2009; Rial et al. 2004).
The direct physical impacts that reservoirs and LULC
change (e.g., irrigation and urbanization) individually
have on the regional climate are beginning to be understood by the scientific community. However, there are
two essential aspects that require further investigation.
First, their combined effect, which is apparent wherever
dams are present, is still not a very well explored subject
matter. Second, the characteristics of these effects for
dams located in different climate zones (e.g., humid versus
semiarid and arid) and topography (e.g., mountainous
versus flat) are not as well understood. Hossain et al.
(2012) emphasized that both observational and numerical
modeling studies around the world’s large dams is key to
understanding their effect on local and regional climate.
Such understanding can lead to better design and operation procedures of future and aging dams, respectively.
Degu and Hossain (2012) and DeAngelis et al.
(2010) quantitatively investigated, from precipitation
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observations, if dams are responsible for altering the
frequency of downwind precipitation in the postdam era.
In another study, Jeton et al. (1996) evaluated the sensitivity of streamflow to climate for two contrasting basins
(i.e., the American River basin west of the Sierra Nevada
and the Carson River basin east of the Sierra Nevada)
that represent contrasting climate and topographic variability. Their study indicated that there is a difference in
the mean precipitation in the two basins, although this
difference did not necessarily result in a higher change in
streamflow. The basic question, however, remains how
climate and terrain influence precipitation. This understanding can be used for future dam design and operational planning. In recent years, the numerical modeling
approach has been found to be a useful tool in this regard.
Numerical modeling approaches have been implemented in a wide range of scenarios to investigate effects
of LULC changes in different hydroclimatic zones and
topography. The effects of land use heterogeneities on
local climate and irrigation effects on the spatial and
temporal variability of vapor and energy fluxes have
been modeled using atmospheric models (e.g., Stohlgren
et al. 1998; Narisma and Pitman 2006; Schneider et al.
2004; Pielke et al. 1999; Marshall et al. 2004; Douglas
et al. 2006). Remote sensing techniques using satellite
imageries such as the Advanced Very High Resolution
Radiometer (AVHRR), Moderate Resolution Imaging
Spectroradiometer (MODIS), and Advanced Spaceborne Thermal Emission and Reflection Radiometer
(ASTER) have also been used to analyze LULC-induced
variability in energy fluxes (Carlson and SanchezAzofeifa 1999; Ray et al. 2003). In addition, numerical
models have been used as a means to estimate PMP
through various degrees of perturbations ingested in the
atmospheric fields (i.e., relative humidity, temperature,
and wind speed/direction) to replicate the traditional
PMP estimation procedures (Woldemichael et al. 2012;
Ohara et al. 2011; Tan 2010; Abbs 1999).
In this study, we used the Regional Atmospheric Modeling System (RAMS, version 6.0), involving a number
of predefined LULC scenarios, to address the important question regarding dams and their impoundments:
How sensitive are the hydroclimatology and terrain
features of a region in modulating the postdam response of climate feedbacks to EP? Findings of this
study allowed a comparison with the findings reported
in Woldemichael et al. (2012) for a contrasting hydroclimate and topography. The study first investigated
the individual effects of the anthropogenic changes on
extreme precipitation for the selected study site. The
impact of commonly experienced LULC changes was
ranked in order of the most detectable alteration of
extreme precipitation. The paper is organized as
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FIG. 1. (a) Topography of the ORW with grid 1 and grid 2, (b) GHCN stations on the simulation domain and Thiessen polygon around
them, (c) annual peak flow (1 ft3 s21 ’ 2.83 3 1022 m3 s21) near Owyhee Dam, and (d) daily streamflow on a station near Owyhee River.
Panels (c) and (d) courtesy of U.S. Geological Survey (http://waterdata.usgs.gov).

follows: section 2 presents the study region. Section 3
explains the data and methodology used in the study.
Section 4 discusses the various findings. Finally, section
5 delivers the conclusions and recommendations of the
work.

2. Study region
The Owyhee Dam and Reservoir on Owyhee River,
located in Malheur County, Oregon, was selected for
this study (Fig. 1a). It is a concrete dam that became
functional in 1932, with a reservoir capacity of 1 183 300

acre feet (1.46 3 109 m3). At the time of its construction,
Owyhee ranked as the world’s highest dam (U.S. Bureau
of Reclamation 2009). The Owyhee River watershed
(ORW) covering an area of 11 049 mi2 (28 617 km2) made
it one of the largest subbasins of the Columbia basin.
Primarily, the dam has been used to irrigate the arid
desert area of approximately 120 000 acres (490 km2) over
the Owyhee irrigation district. It is also used for flood
damage reduction, fishery, recreation, and hydropower.
During the postdam period, there have been reported
extreme flood events in the ORW. The two largest episodes occurred on 18 March 1993 and 2 January 1997

APRIL 2014

WOLDEMICHAEL ET AL.

781

TABLE 1. Summary of model configuration used in this study.
Initialization method

Horizontally heterogeneous using NCEP–NCAR reanalysis datasets

Lateral boundary conditions

Klemp and Wilhelmson condition in which the normal velocity component specified at the
lateral boundary is effectively advected from the interior assuming a propagation speed
Kain–Fritsch (after calibration) for grid 1, not activated for grid 2
Harrington scheme (after calibration)
Level-3 bulk microphysics parameterization that includes the precipitation process
LEAF-3 model that represents surface features interaction with the atmosphere
Horizontal diffusion coefficients computed as the product of horizontal deformation rate
and a length scale squared based on Smagorinsky formulation. Vertical diffusion is
parameterized according to the Mellor and Yamada scheme, which uses a prognostic
turbulent kinetic energy.

Cumulus parameterization
Radiative transfer
Microphysics
Land surface model
Diffusion scheme

(Figs. 1c,d). During these periods, very heavy precipitation generated a runoff that forced the Owyhee reservoir
to rise to a critical level and result in an unscheduled
release of water downstream. The outflow resulted in
flooding as the river entered Treasure Valley near Adrian,
Oregon (http://sbk-family.us/owyhee.htm).
In the Pacific Northwest, where the Owyhee Dam/
Reservoir is located, high runoff can occur as a result of
midwinter rain-on-snow effects that originate from
mountains located in southwestern Idaho (such as the
Owyhee Mountains; Marks et al. 2001). The flooding
episode of January 1997 was driven by one such hydrometeorological phenomenon. Apart from that, the winter of 1996/97 encountered an atmospheric river (AR)
phenomenon, which transported large amounts of atmospheric moisture from the Pacific Ocean onto land
(Dettinger et al. 2012). In this study, we hypothesize that
the human-induced LULC change during the postdam era
may have influenced the storm through land–atmosphere
and reservoir–atmosphere feedback mechanisms. Thus,
this study selected the 1996/97 heavy precipitation episode. The 1996/97 flood episode is also consistent with the
flood period studied in a previous work on the American
River watershed (ARW; Woldemichael et al. 2012),
which therefore allowed a comparison of the two impounded watersheds and the role of contrasting hydroclimatology and terrain (i.e., the key science question).

3. Data and methodology
RAMS (version 6.0) was used for this study. RAMS
was developed to investigate cloud and land surface
atmospheric phenomena and interactions, among other
atmospheric weather features (Pielke et al. 1992;
Tremback et al. 1985). The model is three-dimensional
and nonhydrostatic, with the horizontal grid using a rotated polar-stereographic projection to minimize distortion while the vertical structure uses a terrain-following
coordinate system (Tripoli and Cotton 1980; Liston and
Pielke 2000). The model’s grid-nesting capability has

enabled it to include nonlinear-scale interactions and
to downscale larger-scale circulations to mesoscale or
regional scales. Spatial and temporal precipitation patterns at the regional level have been adequately simulated by RAMS in previous works (e.g., Abbs 1999;
Cotton et al. 2003; Nicolini et al. 2002; Woldemichael
et al. 2012). RAMS also model detailed land use descriptions and various land use scenarios (Pasqui et al.
2000; Woldemichael et al. 2012).
In this study, a nested grid configuration was adopted.
The grid domains are shown in Fig. 1a. The coarser grid
(grid 1) consisted of 66 3 66 grid points at 10-km grid
intervals and covered portions of Oregon, Idaho, and
Nevada in between the Cascade Range in the west and
the Owyhee Mountains in the east. The nested grid (grid
2) contained 86 3 86 grid points at 3-km grid intervals.
Thirty vertical levels were assigned for both grids, with
a vertical grid spacing of 100 m at the ground. The grid
stretch ratio used was 1.15–1.5 km and kept constant from
there on up to the model top. A 20-s time step was set for
the coarser grid and 5 s for the finer grid. Table 1 provides
the specific model configuration used in the study.
The Land Ecosystem–Atmosphere Feedback (LEAF)
model is a submodel in RAMS that represents surface
features such as soil, snow cover, vegetation, and lakes
and/or oceans. It is used to evaluate the interactions
between LULC and the atmosphere (Walko and
Tremback 2005). A recent version, LEAF-3, was used
in this study comprising 11 soil layers, one snow layer,
and 10 patches per grid cell for vegetation. The soil
temperature was initialized based on a default value
applied horizontally homogeneously to all soil model
grid points with the deep layer temperature set to be
58C warmer than the surface. The initial soil moisture
was also set to 0.35 (35% of saturation), kept constant
horizontally homogeneously. The level-3 cloud microphysics parameterization was adopted for this study.
This scheme predicts mixing ratio and number of concentration of rain, pristine ice crystals, snow, aggregates,
graupel, and hail (Meyers et al. 1997). The Klemp and
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Wilhelmson lateral boundary condition scheme (Klemp
and Wilhelmson 1978) was used.
The two-stream radiative parameterization was furnished by the Harrington scheme (Harrington 1997).
This radiative scheme is made up of an approximate set
of equations for the shortwave and longwave radiative
fluxes. The equations include the influence of radiative
cooling or heating from water and ice crystals in clouds.
For grid 1, the Kain–Fritsch (Kain and Fritsch 1993)
convective parameterization was used for deep cumulus
clouds. It is a mass flux scheme that utilizes the Lagrangian parcel method, including vertical momentum
dynamics, which includes the assessment of CAPE and
the properties of the convective clouds, if they develop.
However, this convective parameterization was switched
off for grid 2, as this grid size can resolve convective activities without the use of cumulus parameterization.
The three-dimensional atmospheric variables that
serve as an input for RAMS model initialization were
furnished by the National Centers for Environmental
Prediction–National Center for Atmospheric Research
(NCEP–NCAR) reanalysis data (Kalnay et al. 1996).
The surface characteristic datasets were obtained from
the Atmospheric, Meteorological, and Environmental
Technologies (ATMET) data archive (available at www.
atmet.com). These datasets include digital elevation
model (DEM) data at 300 (;1 km) spatial increments,
soil moisture at various levels, the normalized difference
vegetation index (NDVI), sea surface temperature (SST),
and LULC. Spatial comparison of simulated precipitation
values in the calibration phase was made by the help of the
Parameter-Elevation Regressions on Independent Slopes
Model (PRISM; available at http://prism.oregonstate.
edu). PRISM uses point data, a DEM, and other sets of
spatial datasets to generate gridded monthly and annual
precipitation, among other parameters, on a 4-km spatial grid (Daly et al. 1994). Daily precipitation records
were obtained from the Global Historical Climatology
Network (GHCN; www.ncdc.noaa.gov).
As part of the study objective, a number of LULC
scenarios were created for the study of precipitation
variability. There were two major sources of datasets
utilized to reconstruct reservoir size as well as various
LULC scenarios. The first is the History Database of the
Global Environment (HYDE; http://themasites.pbl.nl/
en/themasites/hyde/index.html) that provided gridded
land use data covering over 12 000 yr (Klein Goldewijk
et al. 2011). Although the HYDE dataset contained
uncertainties, it is the only dataset available, to the best
of our knowledge, in reconstructing the LULC conditions prior to the construction of the Owyhee Dam
(before the 1930s). The second data source was the
MODIS Land Cover Type 2 products from the University
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of Maryland (MCD12Q1; https://lpdaac.usgs.gov/products/
modis_products_table/mcd12q1). Figure 2 (Fig. 2c from
the HYDE dataset and the rest of the figures from
MODIS) shows the reclassified LULC for use in the
RAMS model obtained from the above two data sources, and Table 2 provides the percent area coverage of
each LULC class for all the considered scenarios.
Major categories for the established scenarios represent the postdam and predam conditions. The postdam
represents the LULC conditions long after the construction of the Owyhee Dam. Since the majority of humaninduced changes are anticipated to occur in the postdam
era, this category is further subdivided into the ‘‘control’’
(representing the existing LULC as per MODIS Land
Cover Type 2 products; Fig. 2a), ‘‘reservoir double’’ (same
as the control except the reservoir surface area is double
the original capacity; Fig. 2b), and ‘‘nonirrigation’’
(representing the condition where previously irrigated
landscape in the control over the coarser domain is
transformed to the nearby land use type; Fig. 2c). The
predam, with reconstructed 1930 land use, represents the
landscape unaffected by human interference (Fig. 2d).
Three groups of scenarios were established to evaluate the weather feedbacks brought about by the LULC
changes in the vicinity of the dam. The first scenario, the
predam/postdam scenario, targeted the influence on
precipitation distribution as a dam became operational.
The postdam scenario, in particular, focused on quantifying the cumulative effects of downstream urbanization,
flow regime change, irrigation expansion, and reservoir
creation in comparison to the predam conditions. The
second scenario, the reservoir–atmosphere feedback
scenario, evaluated the changes in precipitation when the
reservoir size changed. Finally, the land–atmosphere
feedback scenario investigated the effect of presence
of irrigation on extreme precipitation modification.
Two distinct types of simulations were carried out.
First, a 1-month simulation (December 1996) was performed on the coarser grid (grid 1) without inclusion of
the finer grid (grid 2) for the purpose of calibrating the
RAMS simulations for the selected parameterization
configurations. Second, an hourly simulation involving
the nested grid for both the ‘‘normal’’ and ‘‘moisturemaximized’’ cases was carried out for all selected LULC
scenarios. The distinction between the normal and
moisture-maximized cases of simulation is that, in the
former case, the atmospheric variables were unperturbed
and retained their observed values. The moisturemaximized case comprised a condition where the relative
humidity was systematically increased to 100% to represent full saturation in the troposphere. The standard
moisture maximization procedure usually involves the use
of surface dewpoint temperature as an index to determine
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FIG. 2. The Olson Global Ecosystem (OGE) reclassified LULC classes for the four scenarios: (a) control, (b) reservoir double,
(c) nonirrigation, and (d) predam cases.

atmospheric moisture. Accordingly, two dewpointrelated values of atmospheric moisture, that is, the
dewpoint representative of moisture inflow during the
storm and the maximum dewpoint for the location and
time considered, are determined. The respective precipitable water at these dewpoint values is then determined,
and their ratio is established as a moisture adjustment

and is linearly applied to the existing amount of precipitation. However, in our study, while estimating the
maximum moisture, convergence is the ideal approach
to estimate the maximum possible precipitation; we
chose to saturate the atmosphere with the assumption
that the lateral flux of saturated air into the model domain is a reasonable estimate for the maximum possible
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TABLE 2. Percentage coverage of the LULC classes in each of the considered scenarios.
Percent area (%)
LULC class name

Predam

Control

Reservoir double

Nonirrigation

Urban and built up
Evergreen needleleaf forest
Deciduous needleleaf forest
Closed shrubs
Water
Mixed forest
Irrigated croplands
Grasslands
Savannas
Barren or sparsely vegetated
Woody savanna
Open shrublands
Crops, grass, and shrubs

0.5
32.7
1.7
2.7
0.5
0.6
13.2
15.9
1.0
2.8
16.1
10.5
0.5

0.8
32.7
1.7
2.7
0.6
0.6
14.7
15.7
1.0
2.8
16.1
10.6
0.8

0.8
32.7
1.7
2.7
0.7
0.6
14.7
15.7
1.0
2.8
16.1
10.6
0.8

0.4
32.7
1.7
2.7
0.5
0.6
10.0
20.0
1.0
2.8
16.1
10.5
0.4

precipitation that could occur. In this study, rather than
referring it as PMP, we find it more appropriate to assign
the name extreme precipitation so as not to confuse this
approach with the conventional engineering practice of
PMP estimation from predam observations.

4. Results and discussion
a. RAMS calibration and ensemble experiments
As mentioned in section 3, a run was initiated for the
whole month of December 1996 to compare the RAMS
simulation with the PRISM gridded precipitation values.
A combination of cumulus parameterization and radiative transfer schemes (run options) were evaluated to
identify the combination that best matched with the
PRISM values. The considered run options are shown in
Table 3. We had to limit the selection of the parameterization into only two schemes in order to compromise
with the limited resources we had to carry out more robust simulations with all the other parameterization
schemes considered. Table 4 shows the monthly basinaveraged precipitation simulated by the four RAMS
model run options along with the PRISM. The table also
shows the difference in percent between the PRISM data
and each model run options. In general, run option 4

TABLE 3. The four run options explored in RAMS for model
calibration.
Run
option

Cumulus
parameterization

Radiative
transfer

1
2
3
4

Kuo
Kuo
Kain–Fritsch
Kain–Fritsch

Mahrer and Pielke
Harrington
Mahrer and Pielke
Harrington

(Kain–Fritsch and Harrington schemes) yielded relatively
the most accurate result in calibration for RAMS. Figure 3
shows the spatial comparison of the PRISM versus
three of the run options considered. The figure shows
that the model was reasonably robust at capturing the
overall spatial patterns of precipitation during the
simulation period.
Further independent validation was performed with
the GHCN in situ gauges located in and around the
ORW (Fig. 1b). This allowed the assessment of temporal accuracy of the model simulations. The daily precipitation values simulated with RAMS were compared
against the GHCN station values (Figs. 4, 5). At the
point scale, the model was able to capture the precipitation trends consistently at various locations within the
simulation domain.
To test the model’s signal-to-noise ratio, a perturbation ensemble experiment (not shown here) was performed through a sensitivity experiment of the initial
boundary conditions. In this case, a 5% change (both
increase and decrease) was introduced in the wind
speed/direction, temperature, and relative humidity
terms at the start of the simulation. The objective was to
find out if the artificially introduced model noise of the
RAMS-simulated precipitation was larger than that

TABLE 4. Monthly precipitation and percent difference over ORW
during December 1996 by PRISM and RAMS simulations.

PRISM
Precipitation
(mm)
Difference
(%)

142
—

Run
option
1

Run
option
2

Run
option
3

Run
option
4

177

173

166

158

24.65

21.83

16.9

11.27

APRIL 2014

WOLDEMICHAEL ET AL.

785

FIG. 3. Spatial comparison of monthly accumulated (December 1996) precipitation among (a) PRISM and (b)–(d) the other three
considered run options indicated. KF is Kain–Fritsch and MP is Mahrer and Pielke.

obtained (i.e., the signal) from the difference between
each LULC scenarios. It was found that these ensemble
experiments influenced precipitation values an order
less than those shown in Figs. 4 and 5.

b. Evaluation of RAMS simulations for LULC
feedback scenarios
The selected precipitation totals for analysis comprised the 24- and 72-h cumulative, which is a standard
engineering practice adopted in selecting PMP values
for dam design (USACE 2005). There have been number of peak flow years observed in ORW after the
Owyhee Dam construction (Fig. 1c; after USGS, http://
waterdata.usgs.gov/). The 1986 annual peak flow of
more than 1133 m3 s21, the 1993 annual peak flow of
approximately 1557 m3 s21, and the 1996 peak flow that

generated 991 m3 s21 are among the major ones that
generated more than average floods at the Owyhee Dam
outlet. Records of standard PMPs over the ORW were
also published in Hydrometeorological Report (HMR)
57, which covers the Pacific Northwest states (Hansen
et al. 1994). Accordingly, HMR-57 estimated the 24-h
PMP value as 3.7 in. (;94 mm) and the 72-h PMP value
as 6.15 in. (;156 mm).
In this study, all simulations began at 0000 UTC
21 December 1996 and ended at 0000 UTC 10 January
1997. The atmospheric fields were updated each time the
NCEP–NCAR reanalysis data were available (i.e., at 6-h
interval). To nudge the simulated values to the observed
ones and remove any undesirable model drift, fourdimensional data assimilation (4DDA) was activated in
the model. Figure 6 shows the accumulated precipitation
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FIG. 4. Comparison of observed and simulated daily precipitation (mm day21) at selected GHCN stations within grid 2 of ORW extent
during the 1996/97 storm event.
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FIG. 5. Scatterplots of ground observation vs RAMS simulated precipitation values with different statistical measures imbedded in each
figure for the stations presented in Fig. 4.
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FIG. 6. Total accumulated precipitation (mm) for the control case on (a) grid 1 and (b) grid 2, and (c) the 24- and 72-h moving sums over
ORW for (top) normal case and (bottom) moisture-maximized case. Simulation period spans from 21 Dec 1996 to 10 Jan 1997.
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FIG. 7. As in Fig. 6, but for the predam case.
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TABLE 5. Summary of 72-h maximum for the four cases (normal
case).

Run type
Control
Reservoir
double
Nonirrigation
Predam

Maximum
72-h
precipitation
(mm)

Difference
from
control
(mm)

Increase/
decrease
from control
(%)

55.6
59.3

—
23.7

—
16.65

48.78
45.78

6.82
9.82

212.27
217.66

VOLUME 15

TABLE 7. Summary of 72-h maximum for the four cases
(moisture-maximized case).

Run Type
Control
Reservoir
double
Nonirrigation
Predam

Maximum
72-h
precipitation
(mm)

Difference
from
control
(mm)

Increase/
decrease
from control
(%)

91.35
95.17

—
23.82

—
14.18

85.87
83.86

5.48
7.49

26
28.2

The predam represents undisturbed LULC conditions
by human interference, which becomes apparent after

the dam is constructed (postdam). Hence, in order to
understand the effects of the anthropogenic changes
introduced in the postdam era, it is essential to investigate the hydrometeorological conditions before
(predam) and after (postdam) the dam construction.
According to HYDE classification, the 1930 land use
was predominantly grasslands, croplands, and mixed
forests downstream of the Owyhee Dam, along with
a small urbanized zone (Fig. 2c). This condition is
completely transformed after the 1930s, when the dam
became operational. Irrigation intensified and the urbanized areas also expanded around the vicinity of the
dam (Fig. 2a). Figure 7 shows the accumulated precipitation amount for the predam case (on grids 1 and 2)
as well as the 24- and 72-h moving sums for normal and
moisture-maximized cases of simulation. The maximum 24- and 72-h totals for the predam were found
to be 23.86 and 45.78 mm, respectively. This shows
a decrease in simulated values of 4.34 (15.39%) and
9.82 mm (17.66%) in both the 24- and 72-h simulations
from the control, respectively. The 24- and 72-h EP
after moisture maximization was found to be 38.38
and 83.86 mm, respectively. There was a decrease,
from the control, of 2.72 mm (6.62%) in the 24-h total
and 7.49 mm (8.2%) in the 72-h total observed. The
results are also summarized in Tables 5 and 6 for
the normal and Tables 7 and 8 for moisture-maximized
cases.

TABLE 6. Summary of 24-h maximum for the four cases (normal
case).

TABLE 8. Summary of 24-h maximum for the four cases
(moisture-maximized case).

amount for the control case (on grids 1 and 2) as well as
the 24- and 72-h moving sums for normal and moisturemaximized cases of simulation, respectively. It should
be noted that the 24- and 72-h period moving sums
provided in Fig. 6 are labeled by their ending time. For
instance, maximum 24-h precipitation was found at
1600 UTC 2 January 1997, and the corresponding 24-h
period was therefore from 1600 UTC 1 January to
1600 UTC 2 January 1997. Similarly, the maximum 72-h
precipitation was found at 0400 UTC 4 January 1997,
and the corresponding 72-h period was therefore from
0400 UTC 1 January to 0400 UTC 4 January 1997. The
maximum 24- and 72-h precipitation totals over the
ORW were found to be 28.2 and 55.6 mm, respectively.
After the moisture maximization was adopted, these
values increased to 41.1 mm for 24 h and 91.35 mm for
72 h. The moisture-maximized values represent EPs
that resemble the PMP estimated by the standard
methods. In general, through the moisture maximization experience, by making the atmosphere moisture
nonlimiting, there was a 64% increase in simulated precipitation. Further analysis of the various LULC feedback scenarios with respect to the control are presented
in sections 4b(1)–4b(3).

1) THE PREDAM/POSTDAM SCENARIO

Run type
Control
Reservoir
double
Nonirrigation
Predam

Maximum
24-h
precipitation
(mm)

Difference
from
control
(mm)

Increase/
decrease
from control
(%)

28.18
29.32

—
21.14

—
14.05

24.76
23.86

3.42
4.34

212.14
215.39

Run type
Control
Reservoir
double
Nonirrigation
Predam

Maximum
24-h
precipitation
(mm)

Difference
from
control
(mm)

Increase/
decrease
from control
(%)

41.1
43.97

—
22.87

—
16.98

39.97
38.38

1.13
2.72

22.75
26.62
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FIG. 8. Precipitation anomaly (mm h21) of the predam from the control along with the wind vectors at 300-mb level (1 mb 5 1 hPa) on
(a) grid 1 and (b) grid 2. Figures represent the normal case of simulation.

In both the normal and moisture maximized cases, the
decrease in the precipitation (during predam scenario)
amount compared well with the work of Yusuf and
Salami (2009). They evaluated the effect of the Jebba
Dam on various hydrometeorological variables, including rainfall within the Niger River basin. Their results
indicated an increase in precipitation after the construction
of the dam. This result is also logical because there was
no moisture feedback from the reservoir and only very
limited land was used for irrigation during the predam
era. Fig. 8 shows the precipitation anomaly of the
predam from the control. Areas where the values are
negative indicate that the predam produced less precipitation during the simulation period than the control
case. It is also important to note that the wind direction
is predominantly northeast and that much of the difference is observed in this direction, commonly the downwind region of the dam.

2) RESERVOIR–ATMOSPHERE FEEDBACK
SCENARIO

In the postdam era, the presence of the reservoir affected the precipitation pattern. However, in order to
isolate the impact of the reservoir from the other effects,
one test is to change its size keeping all other LULC
conditions the same. From an engineering perspective, it
is possible to generate a scenario where the reservoir
size is doubled, which is feasible from a terrain analysis.

This may not hold true if economic viability is also
considered. However, the objective here was to evaluate
the sensitivity of precipitation to the surface area of the
reservoir. Figure 9 shows the accumulated precipitation
amount for the reservoir double case (on grids 1 and 2)
as well as the 24- and 72-h moving sums for normal and
moisture-maximized cases of simulation. The maximum
24- and 72-h totals for the reservoir double were found to
be 29.32 and 59.3 mm, respectively. This shows an increase in simulated values of 1.14 (4.05%) and 3.82 mm
(4.18%) in both the 24- and 72-h simulations from the
control, respectively (Tables 5, 6). The 24- and 72-h EP
after moisture maximization was found to be 43.97 and
95.17 mm, respectively. There was an increase, from
the control, of 2.87 mm (6.98%) in the 24-h total and
3.82 mm (4.18%) in the 72-h total observed (Tables 7, 8).
The precipitation anomaly of the reservoir double
from the control is shown in Fig. 10, where the majority
of the regions (on grids 1 and 2) experienced increased
precipitation.
The contribution of evaporation within a region to
precipitation in that same region (also known as precipitation recycling) was studied in the works of Eltahir
and Bras (1996). They estimated that 25% of all rain that
fell in the Amazon basin originated from evaporation
within the basin. Although a distinction should be made
about the extent of the open water evaporation from the
transpiration and bare soil evaporation contributions,
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FIG. 9. As in Fig. 6, but for the reservoir double case.

the results in this study are also indicative of the fact that
there perhaps can be precipitation modification through
direct evaporation from reservoirs.

3) LAND–ATMOSPHERE FEEDBACK SCENARIO
The land feedback to the atmosphere is evaluated in
the form of conversion of the predam land use to irrigation. Presently, much of the downstream area of the

ORW is irrigated extensively. For irrigation contribution
analysis, the reverse process of replacing the already
existing irrigated region by the nearby predominant
land cover type (in this case, grasslands) was performed.
This scenario constitutes the nonirrigation case (Fig. 2d).
The accumulated precipitation amount for the nonirrigation case (on grids 1 and 2), as well as the 24- and
72-h moving sums for normal and moisture-maximized
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FIG. 10. As in Fig. 8, but for the reservoir double from the control.

cases of simulation, are shown in Fig. 11. The maximum
24- and 72-h totals for the nonirrigation were found to
be 24.76 and 48.78 mm, respectively. This is a decrease
in simulated values of 3.42 (12.14%) and 6.82 mm
(12.27%) in both the 24- and 72-h simulations from the
control (Tables 5, 6).
The 24- and 72-h EP after moisture maximization was
found to be 39.97 and 85.87 mm, respectively. There was
a decrease, from the control, of 1.13 mm (2.57%) in the
24-h total and 5.48 mm (6%) in the 72-h total observed
(Tables 7, 8). Figure 12 shows the precipitation anomaly
of the nonirrigation scenario from the control. Much of
the decrease is observed on the downwind (on grid 1)
that aligns with the wind direction. Looking at grid 2
(Fig. 12b), it is clear that there are both decreases (within
the basin) and increases (downwind). Evidently, because
of moist enthalpy changes, precipitation modification
caused by irrigation is seen to occur mostly downwind of
irrigated lands (DeAngelis et al. 2010), which is also obvious from grid 1 (Fig. 12a) of our analysis.

c. Sensitivity of climate zones and topography on
EP modification
In a previous study by Woldemichael et al. (2012),
a climatologically and topographically contrasting region (i.e., the ARW and Folsom Dam) was considered in
the study of dam/reservoir triggered effects on extreme
precipitation modification. In the ARW study, the Folsom Dam predominantly belongs to a climate [interior

Mediterranean (Csa) and coastal Mediterranean (Csb)
from K€
oppen classification] that receives rain primarily
during the winter season (Figure 13). According to the
K€
oppen climate classification (www.eoearth.org/view/
article/162263), such climate is influenced by subtropical
highs in fall, summer, and spring and midlatitude cyclones in the winter. On the other hand, the ORW belongs predominantly to dry (arid) climate [dry semiarid
midlatitudes (BSk) and dry arid midlatitudes (BWk)]
that receives little precipitation during most of the year.
This region usually has a very low relative humidity and
an irregular and unreliable rainfall pattern.
In the previous study of the Folsom Dam on ARW,
terrain plays a strong role in intensifying the precipitation amount generated on the windward side of the
Sierra Nevada. In the Owyhee Dam study, the windward
side that is found west of the Cascade Mountains receives much higher precipitation (not shown here) than
the leeward side, where the Owyhee Dam/Reservoir
resides. Apart from the topographic consideration,
which is flat for Owyhee, the considered study period
(1996/97) was highly influenced by the presence of ARs,
and both of these locations where strongly affected by
the same AR event. However, the amount of precipitation generated at the two dam locations shows a significant difference in the 6-day totals (29 December
1996–3 January 1997) (Fig. 14). These 6 days were chosen
because it was during this time the AR-assisted moisture
resulted in a maximum accumulation of precipitation.
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FIG. 11. As in Fig. 6, but for the nonirrigation case.

In the ARW domain, precipitation totals reached up
to 700 mm in 6 days, whereas for the ORW domain,
this amount was only 350 mm.
More specifically, the considered LULC change
scenarios for each location generated a significant
difference, as summarized in Table 9. For the moisturemaximized case, the 72-h EP amount is seen to be affected more by the LULC changes introduced in the
ORW than the ARW. Similar effects are observed in the

normal cases of simulation as well (not shown here).
Hence, it is possible to deduce that the effects of postdam
LULC changes on EP are more prominent in arid
(semiarid) regions found on a leeward side of mountains
such as the ORW than the ARW, which is characterized
by a semiarid climate located on the windward side of
mountains. Our finding is consistent with the observational study by Yigzaw et al. (2013, manuscript submitted
to PLoS ONE) that has explored the precipitation
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FIG. 12. As in Fig. 8, but for the nonirrigation from the control.

influence of leeward and windward located dams for the
Sierra Nevada and Cascade mountain ranges. Evaluation
of the physical processes that are responsible for the
variability of the changes introduced in different climate
and terrain features is provided by A. T. Woldemichael
et al. (2013, unpublished manuscript).

5. Conclusions
This study investigated the integrated effects of the
presence of dams/reservoirs and the resulting anthropogenic LULC changes around them on the modification of extreme precipitation. This was accomplished
through the use of numerical atmospheric modeling that
enabled the incorporation of the various LULC change
scenarios in the precipitation simulation. Accordingly,
two essential sets of goals were explored. The first goal
was analysis of the physical modification of precipitation through dam-triggered anthropogenic changes in
LULC. This goal also aims at prioritizing, among the
commonly observed LULC changes due to dams, which
one of them results in the most prominent alteration of
extreme precipitation. It was found out that the LULC
changes introduced because of the presence of a dam did
in fact modify the magnitude and spatial distribution of
extreme precipitation. The predam scenario seemed to
have the most significant change in the 24- and 72-h EP
amount followed by the nonirrigation scenario (i.e., the
impact of irrigation during postdam era). These changes
could further be reinforced by a study of the runoff

response through a use of distributed rainfall–runoff
models that utilize the estimated EP from this study as
a proxy for PMP of standard probable maximum flood
(PMF) estimation procedures. Such rainfall–runoff work
has already been carried out for the Folsom Dam on the
ARW (Yigzaw et al. 2012, 2013, manuscript submitted to
PLoS ONE).
For the second goal, we tested the premise that no
two regions that have a different hydroclimatology and
terrain features generate similar hydrometeorological
variability for the various postdam LULC scenarios.
The ARW is located in a region where abundant rainfall
can be received, especially in the winter season. On the
other hand, the ORW is located in a region that receives
very little rainfall throughout the year because of the
predam physical conditions (leeward of the Cascades).
By exploring the orographic features (or the lack of
thereof), it can be deduced that the precipitation total,
either the 24- or 72-h total, simulated in the ARW is much
higher than what is expected in ORW. However, the results of the two separate studies indicated that EP on
ORW and Owyhee Dam due to postdam LULC changes
is much more sensitive to hydroclimatology and terrain
features than the ARW and Folsom Dam. This result
represents a finding that can be generalized as follows:
extreme precipitation in dry arid or semiarid regions
in the lee of mountain ranges are more sensitive to the
postdam climate feedbacks driven by LULC changes
than for such regions that are located on the windward
side.
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FIG. 13. K€
oppen climate classifications for the ARW and ORW regions. See text for classification definitions.

Although the focus of the study is not on absolute
changes in precipitation values as simulated by the
model, a concern that may be raised is the level of
confidence one can place in these relative (percent)
numbers on change. An earlier study by Woldemichael
et al. (2012) explored the level of confidence in the
RAMS model results for the setup over the ARW and
reported a model simulation noise an order smaller
(;0.5%) than the signal (;5%) that was obtained from
running the model. Another difficulty in understanding
implications that may arise is the plausible mechanism
that should be responsible for impact of a small change

in reservoir size into a significant change in extreme
precipitation. A change in the size of a reservoir can
contribute to modification of precipitation in more indirect (nonlinear) ways than just being a direct source of
moisture. For instance, a change in reservoir size can
1) alter that surface and dewpoint temperature; 2) contribute to the partitioning of latent and sensible heat
fluxes that in turn result in an increase (decrease) of the
amount of water vapor in the atmosphere; and 3) produce
variation in low-level wind flow that can affect localized
circulations, moisture advection, and convergences. The
reader is referred to Pielke and Avissar (1990) for a
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FIG. 14. (left) The 6-day totals of precipitation and on the (top right) OWR domain and (bottom right) ARW domain.

more in-depth explanation of how areal changes in land
surface type can impact precipitation patterns.
A report by Sundaram (2011) claimed that significant
progress had been made to integrate the World Commission on Dams’ equity, efficiency, sustainability, and
accountability in the development of dams in order to
meet the current and future water needs. However, the
report also indicated that there was plenty of room for
significant improvement to address the challenges of
sustainability and climate. For the climate domain, our
findings suggest that postdam feedbacks resulting from

LULC variability need to be addressed extensively as
an additional and essential scenario for dam design and
operation for the twenty-first century.
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