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5 [1]1 Very little is known about the vulnerability of dams and reservoirs to man-made

6 alteration of extreme precipitation and floods as we step into the 21st century. This is

7 because conventional dam and reservoir design over the last century has been “one-way”
8 with no acknowledgment of the possible feedback mechanisms affecting the regional water
9 cycle. Although the notion that an impoundment could be built to increase rainfall was
10 suggested more than 60 years ago, dam design protocol in civil engineering continues to
11 assume as “static” the statistical parameters of a low exceedance probability precipitation

12 event during the lifespan of the dam. It is time for us to change our perceptions and
13 embrace a hydrometeorological approach to dam design and operations.

14 Citation:

Hossain, F., I. Jeyachandran, and R. Pielke Sr. (2010), Dam safety effects due to human alteration of extreme

15 precipitation, Water Resour. Res., 46, XXXXXX, doi:10.1029/2009WR007704.

16 1. Introduction

17 [2] One of the most common public infrastructures with
18 the longest heritage of modern design and operations
19 experience are perhaps dams and their impounded water
20 reservoirs. Reservoirs today may serve more than, one
21 application, such as hydropower generation, fisheries, nav-
22 igation, recreation, water supply (for public consumption
23 and irrigation) and flood control. In the United States alone,
24 there are about 75,000 registered dams capable of storing a
25 volume of water almost equaling 1 year’s meanyrunoff of
26 the nation [Graf, 1999]. Around thé world, the\World
27 Commission on Dams [2000] reports thatthere have
28 been at least 45,000 dams built since.the 1930s. It is es-
29 timated that half of the world’s rivers have at least one
30 dam somewhere along the reach.

31 [3] While it may be argued that most large reservoirs that
32 needed to be planned are already injoperation, there is a
33 critical need to reassesssthe whole™ concept of reservoir
34 operations and dam design from the paradigm of safety dur-
35 ing this century. Numerical experiments involving climate
36 model output, water budgets; and socioeconomic population
37 data, clearly indicate that water stress is projected to worsen
38 by 2025 in the United- States [Sun et al., 2008] and around
39 the globe [Vordsmarty et al., 2000, 2003, 2005]. This rising
40 water demand due to population growth will require the
41 continuation of existing reservoirs and the construction of
42 new dams at water-stressed locations [Gleick, 2002].

43 [4] Also, dams and their impounded reservoirs are types
44 of infrastructures that trigger a systematic change in large-
45 scale land use and land cover (LULC) due to the multiple
46 purposes they serve. With the advent of a dam, more land
47 may be brought under irrigation and the downstream regions
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may become/more urbanized due to a reduced risk of
flooding. Research over the last two decades has demon-
strated that achange in LULC can alter the regional
hydroclimatology [e.g., National Research Council, 2005;
Kabat et al., 2004; Cotton and Pielke, 2007; Pielke and
Avissar, 1990, Pielke, 2005; Feddema et al., 2005; Pielke
et al, 2007; Ray et al, 2009]. For example, data and
modeling studies support the notion that atmospheric
moisture added by irrigation can increase rainfall, provided
that the mesoscale conditions are appropriate [Lohar and
Pal, 1995; Barnston and Schickedanz, 1984; Stidd, 1975].
[s] If a dam-driven land cover change (LCC) can trigger
changes in precipitation patterns, then it will mostly likely
also change the patterns of extreme precipitation [Avissar
and Liu, 1996; Pielke and Zeng, 1989]. If extreme precipi-
tation patterns change, then the assumption of stationarity in
flood frequency relationships that is fundamental to the
current design practice for flood-safe dams is violated [see
also Milly et al., 2008]. It is therefore possible that a large
dam may be found years later to actually have been de-
signed for a flood with a much shorter recurrence interval
(or higher frequency) than the original design flood. Such a
possibility raises concerns on dam safety if the loss of
storage (i.e., reservoir fill-up due to sedimentation [7rimble
and Bube, 1990]) is assessed in conjunction with an unac-
counted increase in flood volume from extreme precipitation
events that would need to be routed through the reservoir.
[6] Have large dams and their impounded reservoirs re-
ally played a significant role in altering the extreme pre-
cipitation patterns the last century? The notion that a large
reservoir could be built to alter the natural precipitation
patterns in the vicinity is not new [Eltahir and Bras, 1996].
More than 60 years ago, Jensen [1935] suggested such an
idea to “engineer” rainfall, which has also been debated by
Holzman [1937] and Horton [1943]. However, due to lack
of awareness or regulations, the potential impact of these
large civil infrastructures on climate was not studied during
the dam-building stage of the early 20th century. Now that
there are a sufficient number of dams around the world with
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Influence of Large Dams on Precipitation
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Figure 1.

The 633 ICOLD large damssoverlaid with 92 precipitation stations. The pink circles indicate a

250 mile (402.336 km) radius ofiinfluence atound each precipitation station.

87 a fairly long record of precipitation monitoring, we can
88 comment on the effect that dams may have had‘on altering
89 precipitation and the consequential, implications on dam
90 safety.

91 2. Influence of Large'Dams on Extreme
92 Precipitation Alteration

93 [7] According to the/International Commission on Large
94 Dams (ICOLD) and UNESCO, a large dam is defined as
95 having a height higher’than 15 m from the foundation, or
96 holding a reservoir volume of more than 3 x 10° m*. For our
97 analysis of the impact of dams on extreme precipitation, we
98 first acquired the geographic information system (GIS) for a
99 global databank of 633 large impoundments. This GIS da-
100 tabase was available from a series of world dam registers
101 published by the Global Water Systems Project Digital
102 Water Atlas (Dams and capacity of artificial reservoirs
103 (V1.0), Map 41, 2008, available at http://atlas.gwsp.org).
104 This data set was then overlaid with the Global Historical
105 Climate Network (GHCN)-Daily data set. The GHCN-
106 Daily currently serves as the official archive for daily
107 meteorological data from the global climate observing system
108 (GCOS) Surface Network (GSN) of the National Climatic
109 Data Center (NCDC). This data set is particularly appro-
110 priate for analyzing activities related to the frequency and

magnitude of extremes as it contains meteorological
observations at more than 40,000 stations that are distributed
across all continents. We identified a set of 92 precipitation
stations from the GHCN data set that were distributed around
the world and had a sufficiently long and uninterrupted record
(>60 years) of daily precipitation observations. Approxi-
mately half the stations were in the close vicinity of a large
ICOLD dam while the rest were considered too far away to be
influenced by the reservoir (i.e., no dams within the 250 mile
(402.336 km) radius around a station).

[8] Figure 1 shows the location of the 633 large dams
overlaid with the 92 precipitation stations. Our earliest
record of precipitation dated back to the early 1900s while
the most recent record used in the analysis was from 2008.
We analyzed the time series of the 50th and 99th percentile
of precipitation for each station and year. Hereafter, these
percentiles will be called P50 (median) and P99 (extreme
precipitation with 1% probability of exceedance), respec-
tively. The percentiles were computed for a given year using
a moving window of the previous 15 years of record at
the daily time step. This yielded a fairly stable estimate of
the quantiles of precipitation which was not sensitive to the
effect of the El-Nino Southern Oscillation (ENSO) on
precipitation.

[9] In order to generalize our analysis of the time series of
percentiles, we computed the average annual change (%) for
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Figure 2. Change in precipitation perecentile (averaged over the entire record) for the combined set of
stations (those with at least/one dam’within a 250 mile radius and those without) (from Hossain

[2009], with permission from ASCE).

137 a specific percentile over a spéeific time period (i.e., predam
138 period, postdam period or entire/tecord)..First, the percent-
139 age change in a percentile value was computed for each
140 year. A positive change for'a given year indicated that the
141 magnitude of the percentile had increased relative to the
142 previous year. Next, the average annual percentage change
143 was computed for a specific’ period. Figure 2 shows the
144 average annual per¢entage change in percentile value for the
145 entire record. This figure seems to confirm that the extreme
146 precipitation (P99) has been impacted more than the median
147 precipitation (P50) over the last century at several locations.
148 An average annual increase in P99 is observed in the regions
149 of southern Africa, India and central Asia.

150 [10] When only stations with at least one dam within a
151 250 mile radius are analyzed (Figure 3) as a function of
152 predam (before the commissioning of the dam) and postdam
153 (after the commissioning of the dam), some interesting
154 trends are observed. For southern Africa and southern
155 Europe, dams appeared to have increased extreme precipi-
156 tation (P99 events) by as much as 20% during the last
157 century. Stations in southern India are found to have expe-
158 rienced a modest increase in the P99 value (Figure 3). In the
159 U.S., the P50 (mean) and P99 values are found similarly
160 sensitive to the effect of dams. However, the midwestern
161 and western USA regions are found to have been affected

less by the presence of dams. These regions experienced an
average annual increase in the magnitude for the P99 rainfall
event in the ranges of just 1-5% during the last century.
Finally, in Figure 4, the time series of percentiles are shown
for three select stations that experienced an increase in
magnitude of P99 for a distinct period after the construction
of dams within a 250 mile radius. The name and year of
commissioning of the dams are shown in the right column in
parentheses.

3. Issues of Dam Safety Against Human
Alteration to Extreme Precipitation

[11] The past century has witnessed tremendous progress
on dam safety against hazards of earthquakes [e.g., Marcuson
et al, 1996], piping/seepage [e.g., Casagrande, 1961;
Sherard, 1987], and structural instability [e.g., Terzaghi and
LaCroix, 1964; Vick and Bromwell, 1989]. Similarly, much is
now known about the management of postdam effects on
aquatic ecology [e.g., Ligon et al., 1995; Richter et al., 2002],
riparian vegetation [e.g., Merritt and Cooper, 2000], and
geomorphology [e.g., Graf, 2006]. Yet, very little is known
about the vulnerability of dams and reservoirs to man-made
modifications of extreme precipitation and flood frequency
risks. Our global study of precipitation records shows that,
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Figure 3. Same as Figure 2 butionly for/stations that had at least one dam built within a 250 mile radius
during the last century (from Hossain [2009], with permission from ASCE).

185 while there are distinct trends around (the neighborhood of
186 dams, we probably do not know as‘muchiabout the physical
187 mechanisms associated with an attificialreservoir that trigger
188 such observed alteration in précipitation patterns.

189  [12] Our limited knowledge of dam safety against human
190 alteration of extreme precipitation is because conventional
191 dam and reservoir planning over the last century has been
192 “one-way,” without'acknowledging the possible feedback
193 mechanisms on precipitation recycling due to local evapo-
194 ration [Eltahir and Brds, 1996, 1994]. Some of the ques-
195 tions that the we believe the civil engineering profession
196 must address for a more flood-safe design and management
197 of dams and reservoirs for the 21st century are as follows.

198  [13] 1. How can we be certain that the design magnitude
199 of a 100 year precipitation event for a large dam will not be
200 invalidated during the life span of the dam?

201 [14] 2. To what extent can a large reservoir be planned (in
202 terms of volume and surface area of impoundment) to take
203 into account the change in the regional-local flood fre-
204 quency relationship?

205 [15] 3. How much land cover change in the vicinity is
206 sustainable to ensure that the dam will remain flood-safe?

207 [16] 4. The implication of human-altered extreme pre-
208 cipitation statistics on the safety of a large reservoir can be

appreciated with a real-world disaster story of the Folsam
Dam in California described next.

[17] When the Folsam Dam was built in 1955 to impound
the American River and provide flood control for Sacra-
mento City in California, the hydraulic and structural design
features were assumed adequate to withstand a flood with a
recurrence interval of 250 years. Repeated flooding and
overtopping beginning from the late 1950s until the mid
1980s have now led to a revision of the recurrence interval
of the design flood from 250 years to 70 years [Hornberger
et al., 1998; National Research Council (NRC), 1999].
Today, approximately 440,000 people and 110,000 struc-
tures are at risk downstream of Folsom Dam, and the
Sacramento metropolitan area is considered among the
greatest flood risk regions in the nation by the U.S. Army
Corps of Engineers—"USACE [NRC, 1999]. As a remedial
measure, a proposal has recently been put forward by the
USACE to raise the dam height by 7 feet (2.1336 m) at a cost
of 1 billion dollars and make the dam safe against 200 year
flood events (source: USACE).

[18] For now, it cannot be established categorically that
the increase in magnitude of a low-frequency flood for the
American River at Folsam was triggered by the reservoir
impoundment. The overestimation of design recurrence
interval is “officially” attributed to the use of a relatively
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Figure 4. Time series of 99th percentile of precipitation
for three regions that experienced alteration in precipitation
pattern in the vicinity of large dams. (top) Spain (GHCN
station SP000008280) with dam locations at Alarcon
(1955), Cijara (1956), and Negratin (1984). (middle) West-
ern United States (GHCN station USC00425402) with dam
locations at Glen Canyon (1966), Soldier Creek+(1973), and
Flaming Gorge (1964). (bottom) Botswana (GHCN station
SF0001810730) with dam location. at Sterkfontain (1980).
The years indicate the construction year for each dam.

234 drier period (1900-1950) of rainfall to establish flood fre-
235 quency relationships for_a /considerably wetter half of
236 the century [NRC,,1999]. However, the repeated flooding
237 from 1950 onward that was preceded by a period of less
238 frequent flooding may also be a Hurst [1951] phenomenon
239 [Koutsoyiannis, 2003]. Hurst [1951, p.?] wrote: “Although
240 in random events groups of high or low values do occur,
241 their tendency to occur in natural events is greater. This is
242 the main difference between natural and random events.”
243 Another issue might be the inadequacy of current main-
244 stream methodologies to statistically model hydrological
245 extremes, particularly for rainfall [Koutsoyiannis, 2004a,
246 2004b, 2006]. The growth of irrigated landscape around the
247 dam may also have contributed to greater precipitation
248 [Pielke and Zeng, 1989]. Nevertheless, the story of the
249 Folsam Dam clearly indicates the risks posed by the incor-
250 rectly accepted assumption of stationarity in flood frequency
251 analysis that is fundamental to water resources infrastructure
252 design.
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[19] Flood frequency analysis is traditionally computed
under the assumption that annual maximum floods conform
to a stationary, independent, identically distributed random
process. The assumption that floods are independent and
identically distributed in time, therefore, contradicts the
accepted notion that climate naturally varies at all scales,
and that climate additionally may be responding to the
footprint introduced by human activity [Rial et al., 2004].
Milly et al. [2008] and Pielke [2009] have recently ques-
tioned the assumption of stationarity in water management
with bold statements such as “stationarity is dead” or “col-
lateral damage from death of stationarity,” respectively.
Herein, the notion of stationarity should not be confused
with the notion of a process having a “static” or “flat”
temporal average. A process that exhibits a “nonflat” or
“nonstatic” average in time may)also be considered sta-
tionary (e.g., a Hurst-Kolmogrov“process described above).
For example, if one examines Figure 4 (middle and bottom),
it can be argued that the lack'of a flat moving average in the
P99 after the commissioning of the dams is as likely as the
absence of a deterministic component in the P99 trend line
and, this P99 linegeould probably be recreated using the
Hurst-Kolmegroy: process.

[20] We therefore need to recognize that stationarity is a
feature of man-made/models which we have traditionally
used to describe the natural processes, but which requires a
more balanced and rigorous verification given the scientific
tools available today [see, e.g., Villarini et al., 2009]. His-
torically, “stationarity” has been a property that is invoked
more out of necessity for modeling convenience, based on
available information, and in making the design process in
civil engineering more tractable. In the old days of dam
building, there were no atmospheric models available to
simulate possible changes to extreme precipitation during
the life span of the structure and predict the changes in the
flood frequency relationships. But now, since there has been
significant progress on weather and hydrometeorological
modeling, we need to reassess dam safety from the per-
spective of the possible human alteration of extreme pre-
cipitation patterns.

4. Conclusion

[21] Today, we know little about the impact of dams and
reservoirs on the alteration in precipitation patterns as we
step into the 21st century. Dam design protocol in civil
engineering continues to assume as “static” the statistical
parameters of a low exceedance probability precipitation
event during the life span of the dam. Our study seems to
indicate that the impact of large dams on extreme precipi-
tation is clearly a function of surrounding mesoscale and
land use conditions [e.g., see Pielke et al., 2007; Douglas et
al., 2009], and that more research is necessary to gain
insights on the physical mechanisms of extreme precipitation
alteration by dams. The changes in land use, for example
from added irrigation, add a significant amount of water
vapor into the atmosphere in the growing season, thereby
fueling showers and thunderstorms [e.g., see Pielke and
Zeng, 1989; Pielke et al., 1997; Pielke, 2001]. Such land-
scape changes can even alter large-scale precipitation pat-
terns such as the Asian monsoon [e.g., see Takata et al.,
2008].
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313 [22] Although the focus of our paper is primarily on how
314 dams may alter extreme precipitation patterns and conse-
315 quentially the flood frequency relationship, we should also
316 recognize that there are other direct ways that the discharge
317 into a reservoir may increase in frequency and magnitude
318 (such as urbanization and other changes in land cover).
319 Whatever the possible causes might be, it is timely for the civil
320 engineering profession to change perceptions and embrace
321 an interactive hydrology-atmospheric science approach to
322 safe dam design and operations for the 21st century.

323 [23] Acknowledgments. The authors would like to thank the associ-
324 ate editor Demetris Koutsoyiannis and three reviewers for their insightful
325 and thorough critique of the manuscript.

326 References
327 Avissar, R., and Y. Liu (1996), Three-dimensional numerical study of shal-

328  low convective clouds and precipitation induced by land surface forcing,
329  J. Geophys. Res., 101, 7499-7518, doi:10.1029/95JD03031.

330 Barnston, A. G., and P. T. Schickedanz (1984), The effect of irrigation on
331  warm season precipitation in the southern Great Plains, J. Appl. Meteorol.,
332 23(6), 865888, doi:10.1175/1520-0450(1984)023<0865: TEOIOW>2.0.
333 COs2.

334 Casagrande, A. (1961), Control of seepage through foundations and
335  abutment of dams, Geotechnique, 11(3), 161-182, doi:10.1680/
336 geot.1961.11.3.161.

337 Cotton, W. R., and R. A. Pielke Sr. (2007), Human Impacts on Weather

338  and Climate, 330 pp., Cambridge Univ. Press, Cambridge, U. K.

339 Douglas, E., A. Beltran-Przekurat, D. Niyogi, R. A. Pielke Sr., and C. J.
340  Vorosmarty (2009), The impact of agricultural intensification and irriga-
341  tion on land-atmosphere interactions and Indian monsoon precipitation
342  —A mesoscale modeling perspective, Global Planet. Change, 67(1-2),
343 117-128, doi:10.1016/j.gloplacha.2008.12.007.

344 Eltahir, E. A. B., and R. L. Bras (1994), Precipitation recycling in the
345  Amazon basin, Q. J. R. Meteorol., 120, 861-880, doi:10.1002/
346 qj.49712051806.

347 Eltahir, E. A. B., and R. L. Bras (1996), Precipitation recyeling, Rev.

348  Geophys., 34(3), 367-378, doi:10.1029/96RG01927.

349 Feddema, J. J., K. W. Oleson, B. Bonan, L. O. Mearns, L. E{ Buja, G. A.
350  Meehl, and W. M. Washington (2005), The importance ofiland cover
351 change in simulating future climates, Science, 3105 1674-1678,
352 doi:10.1126/science.1118160.

353 Gleick, P. H. (2002), The World’s Water: The Biennial Report on Freshwater
354 Resources (2002-2003), Island, Washington, D. C:

355 Graf, W. L. (1999), Dam nation: A geographic eensus of American dams
356  and their large-scale hydrologic.dmpacts, Water Resour. Res., 35(4),
357  1305-1311, doi:10.1029/1999WR900016.

358 Graf, W. L. (2006), Downstream hydrologic and geomorphic effects of
359  large dams on American rivers, Geomorphology, 79(3—4), 336-360,
360  doi:10.1016/j.geomorph.2006:06.022:

361 Holzman, B. (1937), Sources of moisture for precipitation in the United
362  States, Tech. Bull. 589,U.S. Dep. of Agric., Washington, D. C.

363 Homberger, G. M., J. P. Raffensperger, P. L. Wiberg, and K. N. Eshleman
364 (1998), Elements of Physical Hydrology, 312 pp., Johns Hopkins Univ.
365  Press, Baltimore, Md.

366 Horton, R. (1943), Hydrologic interrelations between lands and oceans, Eos
367  Trans. AGU, 24, 753.

368 Hossain, F. (2009), On the empirical relationship between the presence of
369  large dams and the alteration in extreme precipitation, Nat. Hazards Rev.,
370  doi:10.1061/(ASCE)NH.1527-6996.0000013, in press.

371 Hurst, H. E. (1951), Long term storage capacities of reservoirs, Trans. Am.
372 Soc. Civ. Eng., 116, 776-808.

373 Jensen, J. C. (1935), The relation between surface evaporation from lakes
374 and ponds to precipitation from local thunderstorms in the drought area,
375 Bull. Am. Meteorol. Soc., 16, 142-145.

376 Kabat, P., M. Claussen, P. A. Dirmeyer, J. H. C. Gash, L. Bravo de Guenni,
377 M. Meybeck, R. A. Pielke Sr., C. J. Vorosmarty, R. W. A. Hutjes, and
378  S.Lutkemeier (Eds.) (2004), Vegetation, Water, Humans and the Climate:
379 A New Perspective on an Interactive System, 566 pp., Springer, Berlin.
380 Koutsoyiannis, D. (2003), Climate change, the Hurst phenomenon, and
381  hydrological statistics, Hydrol. Sci. J., 48(1), 3-24, doi:10.1623/
382  hysj.48.1.3.43481.

HOSSAIN ET AL.: DAM SAFETY AND EXTREME PRECIPITATION

XXXXXX

Koutsoyiannis, D. (2004a), Statistics of extremes and estimation of extreme
rainfall: 1. Theoretical investigation, Hydrol. Sci. J., 49(4), 575-590,
doi:10.1623/hysj.49.4.575.54430.

Koutsoyiannis, D. (2004b), Statistics of extremes and estimation of extreme
rainfall: II. Empirical investigation of long rainfall records, Hydrol. Sci. J.,
49(4), 591-610, doi:10.1623/hysj.49.4.591.54424.

Koutsoyiannis, D. (2006), Nonstationarity versus scaling in hydrology,
J. Hydrol., 324, 239-254, do0i:10.1016/j.jhydrol.2005.09.022.

Ligon, F. K., W. E. Dietrich, and W. J. Trush (1995), Downstream eco-
logical effects of dams: A geomorphic perspective, BioScience, 45(3),
183-192, doi:10.2307/1312557.

Lohar, D., and B. Pal (1995), The effect of irrigation on pre-monsoon
season precipitation over southwest Bengal, India, J. Clim., 8(10),
2567-2570, doi:10.1175/1520-0442(1995)008<2567:TEOIOP>2.0.
CO;2.

Marcuson, W. F., III, P. F. Hadala, and R. H. Ledbetter (1996), Seismic
rehabilitation of earth dams, J. Geotech. Engs 122(1), 7-20, doi:10.1061/
(ASCE)0733-9410(1996)122:1(7).

Merritt, D. M., and D. J. Cooper (2000), Riparian vegetation and channel
change in response to river regulation: A comparative study of regulated
and unregulated streams in the Green River Basin, USA, Reg. Rivers
Res. Manage., 16(6), 543-564, doi:10.1002/1099-1646(200011/12)
16:6<543::AID-RRR590>3.0.CO;2:N.

Milly, P. C. D., J. Betancourt, M. Falkenmark, R. M. Hirsch, Z. W.
Kundzewicz, D. P. Lettenmaier, and R. J. Stouffer (2008), Stationarity is
dead: Whither water management, Seience, 319, 573574, doi:10.1126/
science.1151915.

National Research Council (1999), Improving American River Flood
Frequency‘Analyses, Natl.,Acad. Press, Washington, D. C.

National Research ,Council (NRC) (2005), Radiative Forcing of Cli-
mate Change: Expanding the Concept and Addressing Uncertainties,
208 pp., Natl. Acad. Press, Washington, D. C.

Pielke, R. A., Jr. (2009), Collateral damage from the death of stationarity,
GEWEX Newsl., May, 5-7.

Pielke, R. A., Sr. (2001), Influence of the spatial distribution of vegetation
and soils on the prediction of cumulus convective rainfall, Rev. Geo-
phys., 39(2), 151-177, doi:10.1029/1999RG000072.

Pielke, R. A., Sr. (2005), Land use and climate change, Science, 310,
1625-1626, doi:10.1126/science.1120529.

Pielke, R. A., and R. Avissar (1990), Influence of landscape structure on
local and regional climate, Landscape Ecol., 4, 133-155, doi:10.1007/
BF00132857.

Pielke, R. A., and X. Zeng (1989), Influence on severe storm development
of irrigated land, Natl. Weather Dig., 14, 16—17.

Pielke, R. A., T. J. Lee, J. H. Copeland, J. L. Eastman, C. L. Ziegler, and
C. A. Finley (1997), Use of USGS-provided data to improve weather
and climate simulations, Ecol. Appl., 7, 3-21.

Pielke, R. A., Sr., J. Adegoke, A. Beltran-Przekurat, C. A. Hiemstra, J. Lin,
U. S. Nair, D. Niyogi, and T. E. Nobis (2007), An overview of regional
land use and land cover impacts on rainfall, Tellus, Ser. B, 59, 587-601,
doi:10.1111/j.1600-0889.2007.00251 .x.

Ray, D. K., R. A. Pielke Sr., U. S. Nair, R. M. Welch, and R. O. Lawton
(2009), Importance of land use versus atmospheric information verified
from cloud simulations from a frontier region in Costa Rica, J. Geophys.
Res., 114, D08113, doi:10.1029/2007JD009565.

Rial, J., et al. (2004), Nonlinearities, feedbacks and critical thresholds
within the Earth’s climate system, Clim. Change, 65, 11-38,
doi:10.1023/B:CLIM.0000037493.89489.3f.

Richter, B. D., J. V. Baumgartner, J. Powell, and D. P. Braun (2002),
Method for assessing hydrologic alteration within ecosystems, Conserv.
Biol., 10(4), 1163—1174, doi:10.1046/7.1523-1739.1996.10041163 .x.

Sherard, J. L. (1987), Lessons from the Teton Dam failure, Eng. Geol.
Amsterdam, 24, 239-256, doi:10.1016/0013-7952(87)90064-0.

Stidd, C.K. (1975), Irrigation increases rainfall?, Science, 188, 279-280,
doi:10.1126/science.188.4185.279.

Sun, G., S. G. McNully, J. A. M. Myers, and E. C. Cohen (2008),
Impact of multiple stresses on water demand and supply across the south-
eastern United States, J. Am. Water Resour. Assoc., 44(6), 1441-1457,
doi:10.1111/j.1752-1688.2008.00250.x.

Takata, K. Saitoa, and T. Yasunari (2008), Changes in the Asian monsoon
climate during 1700-1850 induced by preindustrial cultivation, Proc.
Natl. Acad. Sci. U. S. A., 106,9586-9589, doi:10.1073/pnas.0807346106.

Terzaghi, K., and Y. LaCroix (1964), Mission dam: An earth and rock-
fill dam on a highly compressible foundation, Geotechnique, 14(1),
14-50, doi:10.1680/geot.1964.14.1.14.

6 of 7

383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457



XXXXXX HOSSAIN ET AL.: DAM SAFETY AND EXTREME PRECIPITATION XXXXXX

458 Trimble, S. W., and K. P. Bube (1990), Improved reservoir trap efficiency
459  prediction, Environ. Prof., 12, 255-272.

460 Vick, S. G., and L. G. Bromwell (1989), Risk analysis for dam design
461  in karst, J. Geotech. Eng., 115(6), 819-835, doi:10.1061/(ASCE)
462 0733-9410(1989)115:6(819).

463 Villarini, G., J. A. Smith, F. Serinaldi, J. Bales, P. D. Bates, and W. F.
464  Krajewski (2009), Flood frequency analysis for nonstationary annual
465  peak records in an urban drainage basin, Adv. Water Resour., 32,
466  1255-1266, doi:10.1016/j.advwatres.2009.05.003.

467 Vordosmarty, C. J., P. Green, J. Salisbury, and R. B. Lammers (2000), Global
468  water resources: Vulnerability from climate change and population
469  growth, Science, 289, 284-288, doi:10.1126/science.289.5477.284.

470 Vordsmarty, C. J., M. Meybeck, B. Fekete, K. Sharma, P. Green, and J. P. M.
471 Syvitski (2003), Anthropogenic sediment retention: Major global impact

from registered river impoundments, Global Planet. Change, 39(1-2),
169-190, doi:10.1016/S0921-8181(03)00023-7.

Vorosmarty, C. J., E. M. Douglas, P. A. Green, and C. Revenga (2005),
Geospatial indicators of emerging water stress: An application to Africa,
Ambio, 34(3), 230-236.

World Commission on Dams (2000), Dams and development: A new
framework for decision making, Dams and Dev. Proj., U.N. Environ.
Programme, Nairobi.

F. Hossain and 1. Jeyachandran, Department of Civil and Environmental
Engineering, Tennessee Technological University, Cookeville, TN 38505-
0001, USA. (thossain@tntech.edu)

R. Pielke Sr., CIRES, University of Colorado at Boulder, Boulder, CO
80309, USA.

7 of 7

472
473
474
475
476
477
478
479

480
481
482
483
484




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


