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Conversion Factors
Inch/Pound to SI

Multiply By To obtain

Length
mile (mi) 1.609 kilometer (km)

Area
acre 4,047 square meter (m

2
)

acre 0.004047 square kilometer (km
2
)

square mile (mi
2
) 2.590 square kilometer (km

2
) 

Volume
cubic foot (ft

3
) 0.02832 cubic meter (m

3
)

acre-foot (acre-ft) 1,233 cubic meter (m
3
)

Flow rate
foot per second (ft/s) 0.3048 meter per second (m/s)

cubic foot per second (ft
3
/s) 0.02832 cubic meter per second (m

3
/s)

Temperature in degrees Fahrenheit (°F) may be converted to degrees Celsius (°C) as follows:

°C=(°F-32)/1.8

Vertical coordinate information is referenced to the National Geodetic Vertical Datum of 1929 
(NGVD 29).

Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83). 

Altitude, as used in this report, refers to distance above the vertical datum.

Water year, as used in this report, refers to the 12-month period October 1 through 
September 30. It is designated by the calendar year in which it ends.



Drained scour hole west of Mound City, Missouri where Missouri Trooper Fred Guthrie and 
his K-9 Reed were swept away by floodwaters, November 2011. Photograph by Jeff Herzer 
(jeffherzer.com) and Missouri State Highway Patrol. Pilot: Sgt. Kevin G. Haywood.



The Effects of Missouri River Mainstem Reservoir System 
Operations on 2011 Flooding Using a Precipitation-Runoff 
Modeling System Model

By Adel E. Haj, Daniel E. Christiansen, and Roland J. Viger

Abstract
In 2011 the Missouri River Mainstem Reservoir System 

�5HVHUYRLU�6\VWHP��H[SHULHQFHG�WKH�ODUJHVW�YROXPH�RI�ÀRRG�
waters since the initiation of record-keeping in the nineteenth 

century. The high levels of runoff from both snowpack and 

rainfall stressed the Reservoir System’s capacity to control 

ÀRRG�ZDWHUV�DQG�FDXVHG�PDVVLYH�GDPDJH�DQG�GLVUXSWLRQ�
DORQJ�WKH�ULYHU��7KH�ÀRRGLQJ�DQG�UHVXOWLQJ�GDPDJH�DORQJ�
the Missouri River brought increased public attention to the 

U.S. Army Corps of Engineers (USACE) operation of the 

Reservoir System.

To help understand the effects of Reservoir System opera-

WLRQ�RQ�WKH������0LVVRXUL�5LYHU�ÀRRG�ÀRZV��WKH�8�6��*HRORJL-
cal Survey Precipitation-Runoff Modeling System was used 

to construct a model of the Missouri River Basin to simulate 

ÀRZV�DW�VWUHDPJDJHV�DQG�GDP�ORFDWLRQV�ZLWK�WKH�HIIHFWV�RI�
5HVHUYRLU�6\VWHP�RSHUDWLRQ��UHJXODWLRQ��RQ�ÀRZ�UHPRYHG��
Statistical tests indicate that the Missouri River Precipitation-

5XQRII�0RGHOLQJ�6\VWHP�PRGHO�LV�D�JRRG�¿W�IRU�KLJK�ÀRZ�
PRQWKO\�DQG�DQQXDO�VWUHDP�ÀRZ�HVWLPDWLRQ��$�FRPSDULVRQ�RI�
VLPXODWHG�XQUHJXODWHG�ÀRZV�DQG�PHDVXUHG�UHJXODWHG�ÀRZV�
VKRZ�WKDW�UHJXODWLRQ�JUHDWO\�UHGXFHG�VSULQJ�SHDN�ÀRZ�HYHQWV��
FRQVROLGDWHG�WZR�VXPPHU�SHDN�ÀRZ�HYHQWV�WR�RQH�ZLWK�D�
markedly decreased magnitude, and maintained higher than 

QRUPDO�EDVH�ÀRZ�EH\RQG�WKH�HQG�RI�ZDWHU�\HDU�������)XUWKHU�
FRPSDULVRQ�RI�UHVXOWV�LQGLFDWH�WKDW�ZLWKRXW�UHJXODWLRQ��ÀRZV�
greater than those measured would have occurred and been 

sustained for much longer, frequently in excess of 30 days, 

DQG�ÀRRGLQJ�DVVRFLDWHG�ZLWK�KLJK�ÀRZ�HYHQWV�ZRXOG�KDYH�
been more severe.

Overflow at Craig, Missouri, with Interstate 29 in the foreground, 
July 8, 2011. Photograph by Jeff Herzer (jeffherzer.com) and 
Missouri State Highway Patrol. Pilot: Sgt. Kevin G. Haywood.
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Introduction
The Missouri River, a tributary to the Mississippi River, 

drains about 529,350 mi
2
, approximately one-sixth of the con-

terminous United States, and encompasses parts of 10 States 

DQG�&DQDGD��6SUDJXH�DQG�RWKHUV���������¿J������7KH�0LVVRXUL�
5LYHU�ÀRZV�WKURXJK�WKH�ODUJHVW�UHVHUYRLU�V\VWHP�LQ�1RUWK�
America. The Missouri River Mainstem Reservoir System 

�5HVHUYRLU�6\VWHP���DXWKRUL]HG�E\�WKH������)ORRG�&RQWURO�
Act, consists of six dams (and reservoirs) constructed on the 

0LVVRXUL�5LYHU²)RUW�3HFN�'DP��)RUW�3HFN�/DNH���*DUULVRQ�
'DP��/DNH�6DNDNDZHD���2DKH�'DP��/DNH�2DKH���%LJ�%HQG�
'DP��/DNH�6KDUSH���)RUW�5DQGDOO�'DP��/DNH�)UDQFLV�&DVH���
DQG�*DYLQV�3RLQW�'DP��/HZLV�DQG�&ODUN�/DNH���8�6��$UP\�
&RUSV�RI�(QJLQHHUV���������¿J������7KH�1RUWKZHVWHUQ�'LYLVLRQ�
of the U.S. Army Corps of Engineers (USACE) operates the 

5HVHUYRLU�6\VWHP�WR�PDQDJH�0LVVRXUL�5LYHU�ÀRZV��KHUHDI-
ter referred to as regulation) for congressionally authorized 

SXUSRVHV�RI�ÀRRG�FRQWURO��LUULJDWLRQ��QDYLJDWLRQ��K\GURHOHFWULF�
power generation, water supply, water quality, recreation, and 

¿VK�DQG�ZLOGOLIH�HQKDQFHPHQW��8�6��$UP\�&RUSV�RI�(QJLQHHUV��
�������)ORZV�LQ�WKH�0LVVRXUL�5LYHU�UHSUHVHQW�FRQWULEXWLRQV�
from large tributary watersheds, such as the Yellowstone, the 

Cheyenne, the White, the Platte, the Kansas, and the Republi-

FDQ�5LYHUV��¿J������DQG�DUH�DIIHFWHG�E\�D�ZLGH�UDQJH�RI�FOLPDWH�
conditions and land-use practices. 

The USACE maintains records of Missouri River Basin 

runoff volumes dating back to 1898. In 2011 the Reservoir 

6\VWHP�H[SHULHQFHG�WKH�ODUJHVW�YROXPH�RI�ÀRRG�ZDWHUV�VLQFH�
WKH�LQLWLDWLRQ�RI�UHFRUG�NHHSLQJ��'XULQJ�������WKH�DQQXDO�UXQ-

off into the Reservoir System (upstream of Sioux City, Iowa) 

ZDV�HVWLPDWHG�DW������PLOOLRQ�DFUH�IHHW��0$)���,Q�FRPSDULVRQ��
WKH�SUHYLRXV�JUHDWHVW�DQQXDO�UXQRII�YROXPHV�ZHUH����0$)�
LQ������DQG�DERXW��URXJKO\�HVWLPDWHG�����0$)�LQ�������7KH�
5HVHUYRLU�6\VWHP�ÀRRG�FRQWURO�VWRUDJH�DOORFDWLRQ�DQG�ÀRRG�
FRQWURO�PDQDJHPHQW�ZDV�SDWWHUQHG�DIWHU�WKH������ÀRRG�HYHQW��
GXULQJ�ZKLFK�DQ�HVWLPDWHG����0$)�RI�UXQRII�ZDV�SURGXFHG�
GXULQJ�0DUFK±-XO\��'XULQJ�������WKH�0DUFK±-XO\�UXQRII�ZDV�
�����0$)��JUHDWO\�H[FHHGLQJ�WKH�SUHYLRXV�UHFRUG�RI������0$)�
LQ�������7KH������DQQXDO�UXQRII�YROXPH�RI������0$)�HTXDWHV�
to an average daily rate of about 83,980 cubic feet per sec-

ond (ft
3�V��RYHU�D����PRQWK�SHULRG��*ULJJ�DQG�RWKHUV���������

The high levels of runoff from both snowpack and rainfall 

VWUHVVHG�WKH�5HVHUYRLU�6\VWHP¶V�FDSDFLW\�WR�FRQWURO�ÀRRG�
waters and caused massive damage and disruption along the 

ULYHU��1DWLRQDO�2FHDQLF�DQG�$WPRVSKHULF�$GPLQLVWUDWLRQ��
�������7KH�ÀRRGLQJ�DQG�UHVXOWLQJ�GDPDJH�GXULQJ������EURXJKW�
increased public attention to the USACE operation of the 

Reservoir System. 

Reservoir System regulation prior to 2011 did not com-

SOHWHO\�HOLPLQDWH�ÀRRG�GDPDJHV�GXULQJ�PDMRU�ÀRRGV��)ORRG�
damages on the Missouri River downstream of the Reservoir 

System occurred in 1952, 1967, 1975, 1993, 1996, 1997, and 

������+RZHYHU��LQ�OLNHO\�DOO�FDVHV��UHJXODWLRQ�UHGXFHG�ÀRRG�
stages in all downstream reaches, resulting in a substantial 

ÀRRG�GDPDJH�UHGXFWLRQ��*ULJJ�DQG�RWKHUV���������7KH�H[FHS-

WLRQ�LV������ZKHQ�RQO\�)RUW�3HFN�'DP�KDG�EHHQ�FRQVWUXFWHG�
�*ULJJ�DQG�RWKHUV���������

7KH������ÀRRG�HVWDEOLVKHG�UHFRUG�ÀRZV�WKURXJKRXW�WKH�
basin and was a result of exceptional runoff from snowmelt. At 

the end of March, one of the heaviest snow covers on record 

was present on the upper Plains. In April, a peak discharge of 

500,000 ft
3�V�RFFXUUHG�DW�%LVPDUFN��1RUWK�'DNRWD²FRPSDUHG�

to 2011 levels of about 150,000 ft
3
/s as a result of releases 

IURP�*DUULVRQ�'DP��$OWKRXJK�SHDN�GLVFKDUJHV�ZHUH�UHFRUGHG�
DORQJ�PRVW�RI�WKH�0LVVRXUL�5LYHU�UHDFKHV��SHDN�ÀRZV�JHQHU-
ally decreased downstream because most of the runoff origi-

QDWHG�XSVWUHDP�LQ�0RQWDQD��1RUWK�'DNRWD��DQG�6RXWK�'DNRWD�
DV�D�UHVXOW�RI�VQRZPHOW��*ULJJ�DQG�RWKHUV���������%HFDXVH�RI�
the mostly unregulated conditions, as well as availability of 

PHDVXUHG�GLVFKDUJHV�DQG�VWDJHV�RI�WKH�UHFRUG�KLJK�ÀRZV��WKH�
�����ÀRRG�LV�XVHIXO�IRU�FRPSDULVRQ�ZLWK�VLPXODWHG��XQUHJX-

ODWHG������ÀRZV��
In order to provide a better understanding of the effects 

of regulation on the magnitude and duration of Missouri River 

ÀRRGLQJ�LQ�������WKH�8��6��*HRORJLFDO�6XUYH\��86*6��FRQ-

VWUXFWHG�DQG�FDOLEUDWHG�D�ZDWHUVKHG�PRGHO�WR�VLPXODWH�ÀRZV�
without the effects of regulation.

Purpose and Scope
This report documents the construction and calibration 

of a precipitation-runoff model of the Missouri River Basin. 

0RGHO�VLPXODWHG�XQUHJXODWHG�ÀRZV�GXULQJ�WKH������ZDWHU�\HDU�
�2FWREHU���������WKURXJK�6HSWHPEHU�����������ZHUH�FRPSDUHG�
ZLWK�PHDVXUHG�UHJXODWHG�ÀRZV�GXULQJ�WKH�VDPH�SHULRG�WR�
TXDQWLI\�WKH�HIIHFWV�RI�UHJXODWLRQ�RQ�ÀRRG�ÀRZV��$�FRPSDUL-
son of simulated peak discharges with and without regulation 

is presented for selected locations along the Missouri River, 

IURP�QHDU�/DQGXVN\��0RQWDQD�WR�6DLQW�&KDUOHV��0LVVRXUL��QHDU�
WKH�FRQÀXHQFH�RI�WKH�0LVVRXUL�DQG�0LVVLVVLSSL�5LYHUV��¿J������
Simulated unregulated peak discharges for 2011 also are 

FRPSDUHG�ZLWK�KLVWRULFDO�SHDN�GLVFKDUJHV�IRU�WKH������ÀRRG��
)LQDOO\��D�FRPSDULVRQ�RI�WKH�GXUDWLRQ�RI������VLPXODWHG�DQG�
PHDVXUHG�ÀRZV�WKDW�H[FHHGHG�1DWLRQDO�:HDWKHU�6HUYLFH�ÀRRG�
stage thresholds, at selected locations, is presented.

Modeling Methods and Techniques
The Precipitation-Runoff Modeling System (PRMS) is 

a modular, distributed parameter, physical-process watershed 

model constructed to evaluate the effects of various combina-

tions of precipitation, climate, and land use on surface-water 

runoff (Markstrom and others, 2008). The hydrologic system 

is simulated by PRMS with known physical laws and empiri-

cal relations derived from watershed characteristics (Mark-

strom and others, 2008), and PRMS is designed to account for 
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EXPLANATION
Missouri River watershed

Base from Esri digital data, 2000, 1:3,000,000
Albers Equal-Area Conic projection
Standard parallels 20°N and 60°N, central meridian 96°W
North American Datum of 1983 (NAD 83)

Watershed boundaries from Watermolen, 2005
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Figure 1. Location of Missouri River Basin.
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Figure 2. Location of U.S. Army Corps of Engineers (USACE) major dams along the Missouri River.
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spatially distributed watershed features and characteristics. A 

VFKHPDWLF�GLDJUDP��¿J�����VKRZV�KRZ�D�W\SLFDO�3506�PRGHO�
uses climate inputs to simulate watershed hydrology. 

In PRMS, a watershed, or drainage basin (basin), is 

divided into a series of contiguous spatial units called hydro-

logic response units (HRUs) and these are based on hydrologic 

and physical characteristics such as land surface altitude, 

slope, aspect, plant type and cover, land use, soil morphology, 

geology, drainage boundaries, distribution of precipitation, 

WHPSHUDWXUH��VRODU�UDGLDWLRQ��DQG�ÀRZ�GLUHFWLRQ��0DUNVWURP�
DQG�RWKHUV���������+58V�UHFHLYH�DQG�SURGXFH�VWUHDPÀRZ�
from and to each other, and to the drainage network consisting 

RI�VWUHDP�VHJPHQWV��*RRGH�DQG�RWKHUV���������(DFK�+58�LV�
considered homogenous with respect to hydrologic and physi-

cal characteristics and to its hydrologic response. Energy and 

a water balance are computed by PRMS daily for each HRU 

(Markstrom and others, 2008).

The Missouri River PRMS model (Missouri River model) 

constructed for this report is a coarse-resolution model based 

RQ�WKH�*HRVSDWLDO�)DEULF��*)���9LJHU��������������WR�DOLJQ�
ZLWK�WKH�86*6�1DWLRQDO�5HVHDUFK�3URJUDP��153��1DWLRQDO�
+\GURORJLF�0RGHO�VSHFL¿FDWLRQV�RXWOLQHG�LQ�VHFWLRQ�³'HOLQHD-
WLRQ�DQG�3DUDPHWHUL]DWLRQ�RI�6SDWLDO�)HDWXUHV´��9LJHU�������� 
The Missouri River model contains 18,897 HRUs and 9,468 

stream segments and was divided at dam and streamgage 

ORFDWLRQV�LQWR����VXEEDVLQ�PRGHOV�IRU�FDOLEUDWLRQ��¿JV����DQG�
����0RGHO�FDOLEUDWLRQ�ZDV�FRPSOHWHG�XVLQJ�WKH�/XFD��Let 

us caOLEUDWH��VRIWZDUH��D�PXOWLSOH�REMHFWLYH��VWHSZLVH��DXWR-

mated procedure for hydrologic model calibration (Hay and 

Umemoto, 2006). 

Delineation and Parameterization of Spatial 
Features

)RU�WKH�0LVVRXUL�5LYHU�PRGHO��D�SUHOLPLQDU\�YHUVLRQ�RI�
WKH�*)�ZDV�XVHG�WR�DJJUHJDWH�WKH�FDWFKPHQWV�DQG�ÀRZ�OLQHV�
GH¿QHG�LQ�WKH�1DWLRQDO�+\GURJUDSK\�'DWDVHW�3OXV�GDWDVHW�
�1+'3OXV���+RUL]RQ�6\VWHPV�&RUSRUDWLRQ��������LQWR�+58V�
and stream segments that were relevant for modeling at the 

UHJLRQDO�VFDOH��7KH�*)�XVHV�PHWKRGV�WKDW�ZHUH�HVWDEOLVKHG�LQ�
WKH�*HRJUDSKLFDO�,QIRUPDWLRQ�6\VWHPV��*,6��:HDVHO�VRIWZDUH�
�9LJHU�DQG�/HDYHVOH\��������WR�GHWHUPLQH�+58�DQG�VHJPHQW�
parameters. These methods are currently being revised and 

used to create a national database that aggregates parameters 

that characterize the physical features of the watersheds in 

WKH�8QLWHG�6WDWHV��7KLV�GDWDEDVH�LV�UHIHUUHG�WR�DV�WKH�*)�IRU�
1DWLRQDO�+\GURORJLF�0RGHOLQJ��9LJHU���������������

6SDWLDO�IHDWXUHV�ZHUH�GHOLQHDWHG�E\�¿UVW�LGHQWLI\LQJ�DOO�
SRLQWV�RI�LQWHUHVW��32,V��RQ�WKH�����������VFDOH�1+'3OXV�
QHWZRUN��7KH�32,V�LQFOXGH�86*6�VWUHDPJDJHV�ZLWK�D�UHFRUG�
RI�D�JXDUDQWHHG�PLQLPXP�TXDOLW\��)DOFRQH���������WKH�VHW�
RI�ORFDWLRQV�WR�ZKLFK�WKH�1DWLRQDO�:HDWKHU�6HUYLFH�5LYHU�
)RUHFDVW�&HQWHUV�IRUHFDVW�ÀRRG�VWDJH��85/�DFFHVVHG�2FWR-

ber 24, 2013, http://water.weather.gov/ahps/), and the set of 

QRGHV�XVHG�E\�WKH�86*6�1DWLRQDO�:DWHU�4XDOLW\�$VVHVVPHQW�
3URJUDP¶V�63$552:�PRGHOLQJ�SURMHFW��6FKZDU]�DQG�RWKHUV��
������%URZQ�DQG�RWKHUV���������7KH�32,V�DOVR�DUH�ORFDWHG�DW�
ZKHUH�GRZQVWUHDP�1+'3OXV�ÀRZ�OLQHV�DWWDLQ�D�OHYHO�HTXDO�
to or greater than a Strahler order of 5 (Strahler, 1952) and 

ZKHUH�ÀRZ�OLQHV�FRQYHUJH�DW�LQOHWV�DQG�RXWOHWV�WR�ZDWHU�ERGLHV�
H[FHHGLQJ���PLOOLRQ�DFUHV��2WKHU�32,V�ZHUH�FUHDWHG�WR�HQVXUH�
WKH�TXDOLW\�RI�WKH�UHVXOWDQW�QHWZRUN�DW�WULEXWDU\�VWUHDP�FRQÀX-

HQFHV�ZLWK�6WUDKOHU�RUGHUV�OHVV�WKDQ����DQG�32,V�ZHUH�FUHDWHG�
ZKHUH�WUDYHO�WLPH��DV�VHW�LQ�1+'3OXV�GDWDVHW��EHWZHHQ�32,V�
H[FHHGHG����KRXUV��,Q�WKH�0LVVRXUL�5LYHU�PRGHO�������32,V�
were well-distributed throughout the watershed, approxi-

mately 10 miles apart. To maintain better similarity with the 

1+'3OXV�GDWDVHW��32,V�ZHUH�ORFDWHG�DW�WKH�GRZQVWUHDP�HQG�
RI�WKHLU�DVVRFLDWHG�1+'3OXV�ÀRZ�OLQHV��7KH�VOLJKW�LQFUHDVH�LQ�
WKH�FRQWULEXWLQJ�DUHD�ZDV�MXGJHG�WR�EH�DQ�DFFHSWDEOH�VRXUFH�RI�
error at this coarse scale. 

2QFH�WKH�VHW�RI�32,V�ZDV�FUHDWHG��3506�VWUHDP�VHJ-

PHQWV�DQG�+58¶V�ZHUH�GH¿QHG��¿J������$OO�1+'3OXV�ÀRZ�
lines and catchments were aggregated and assigned to the 

QHDUHVW�GRZQVWUHDP�32,��WKHUHE\�DJJUHJDWLQJ�DOO�1+'3OXV�
FDWFKPHQWV�DVVRFLDWHG�ZLWK�D�JLYHQ�32,�LQWR�D�VLQJOH�IHDWXUH�
NQRZQ�DV�D�ORFDO�RU�³LQFUHPHQWDO´�FRQWULEXWLQJ�DUHD��,&$���
$�PLQLPDO�VHW�RI�1+'3OXV�ÀRZ�OLQHV�QHHGHG�WR�VXI¿FLHQWO\�
FUHDWH�D�FRQWLQXRXV�QHWZRUN�EHWZHHQ�DOO�32,V�ZDV�WKHQ�
H[WUDFWHG��7KH�ÀRZ�OLQHV�LQ�WKLV�VXEVHW�ZHUH�DJJUHJDWHG�WR�D�
VLQJOH�3506�URXWLQJ�VHJPHQW�IRU�HDFK�32,��7KH�+58V�ZHUH�
then created by splitting the ICA using the corresponding 

routing segment. In the case of headwater ICAs where the 

segment does not fully divide the ICA, the part of the ICA 

below the segment headwater was split and the contribut-

ing area above the segment headwater point was associated 

ZLWK�WKH�VPDOOHU�RI�WKH�WZR�KDOYHV��)ORZ�ZDV�URXWHG�WKURXJK�
PRMS stream segments using the Muskingum routing method, 

where routing segment length, x, and travel time, k, param-

HWHUV�DUH�GHWHUPLQHG�IURP�WKH�1+'3OXV�ÀRZ�OLQH�DWWULEXWHV�
(Markstrom, 2008).

A geospatial database was created containing param-

eters that characterize the physical features of the basin and 

the stream segments. The database contains layers generated 

IURP�1+'3OXV�GDWD��1DWLRQDO�/DQG�&RYHU�'DWD�%DVH��3HUFHQW�
,PSHUYLRXV��8�6��)RUHVW�W\SHV��8�6��)RUHVW�'HQVLW\��8�6��3HU-
PHDELOLW\��6WDWH�6RLO�*HRJUDSKLF�'DWDEDVH��67$76*2���DQG�
JHQHUDO�VRLO�PDSV��+RPHU�DQG�RWKHUV��������8�6��'HSDUWPHQW�
RI�$JULFXOWXUH��������*OHHVRQ�DQG�RWKHUV��������8�6��*HRORJL-
FDO�6XUYH\��������:RORFN���������7KH�OD\HUV�ZHUH�UHFODVVL¿HG�
WR�FRQIRUP�WR�WKH�FRGH�VFKHPH�GH¿QHG�LQ�WKH�*,6�:HDVHO�
8VHU¶V�0DQXDO��9LJHU�DQG�/HDYHVOH\���������7KHVH�DQG�RWKHU�
data were then processed using software developed as part 

RI�WKLV�SURMHFW�WKDW�UHSOLFDWHG�WKH�*,6�:HDVHO�SDUDPHWHUL]D-
WLRQ�PHWKRGRORJLHV�FUHDWHG�IRU�3506��FUHDWLQJ�WKH�¿QDO�*)��
7KH�*)�GDWD�ZHUH�WKHQ�XVHG�WR�FKDUDFWHUL]H�WKH�SK\VLFDO�
features of the Missouri River model’s HRU and segment 

input parameters. 
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Modified from Markstrom and others, 2008
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Figure 3. Schematic diagram of a watershed and its meteorological inputs (precipitation, air temperature, and solar radiation) 
simulated by the Precipitation-Runoff Modeling System (PRMS).
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7Figure 4. Subbasins and Hydrologic response units (HRUs) in the Missouri River Precipitation-Runoff Modeling System model.
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Figure 5. Stream segments for the Precipitation-Runoff Modeling System (PRMS) representation of the hydrologic system.
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Precipitation-Runoff Modeling System (PRMS) 
Input Data

Precipitation, minimum temperature, and maximum tem-

perature were used in the Missouri River model as the main 

FOLPDWLF�GULYHUV��'DLO\�6XUIDFH�:HDWKHU�DQG�&OLPDWRORJLFDO�
6XPPDULHV��'$<0(7��ZHUH�DFTXLUHG��7KRUQWRQ�DQG�RWKHUV��
������IRU�2FWREHU���������WR�6HSWHPEHU�����������DQG�SRVW�
SURFHVVHG�E\�WKH�86*6�&HQWHU�IRU�,QWHJUDWHG�'DWD�$QDO\WLFV�
�&,'$��WR�SURYLGH����\HDUV�RI�LQSXW�GDWD�DW�D���NLORPHWHU�JULG�
for the Missouri River model construction and calibration. 

'$<0(7�GDWD�ZHUH�VSDWLDOO\�DYHUDJHG�IRU�HDFK�+58�DQG�
GRZQORDGHG�XVLQJ�WKH�86*6�JHRGDWD�SRUWDO��%ORGJHWW���������

In addition to meteorological inputs, PRMS also can 

XVH�VWUHDPJDJH�GDWD�DV�LQÀRZ�WR�WKH�PRGHO��6WUHDPJDJH�GDWD�
DUH�HVSHFLDOO\�XVHIXO�ZKHUH�WULEXWDU\�LQÀRZV�DUH�DIIHFWHG�
heavily by the operation of upstream dams and reservoirs. 

The Missouri River model used streamgage data as input at 

VWUHDPJDJHV�RQ�PDMRU�WULEXWDU\�VWUHDPV�XSVWUHDP�IURP�WKHLU�
FRQÀXHQFH�ZLWK�WKH�0LVVRXUL�5LYHU�IRU�FDOLEUDWLRQ�DQG�VLPXOD-
tion to accurately account for effects of dams and reservoirs 

LQ�WULEXWDU\�VWUHDP�FKDQQHOV��LQÀRZV�WR�DQG�RXWÀRZV�IURP�WKH�
5HVHUYRLU�6\VWHP��DQG�ÀRZV�EHWZHHQ�VXEEDVLQ�PRGHOV��7KH�
location of 100 selected streamgages that provided model 

LQSXW�GDWD�IRU�KLVWRULFDO�VWUHDP�ÀRZV��UHOHDVHV�IURP�UHVHUYRLUV��
WULEXWDU\�LQÀRZV��DQG�PHDVXUHG�VWUHDPÀRZV�IRU�FDOLEUDWLRQ�DUH�
OLVWHG�LQ�WDEOH���DQG�VKRZQ�LQ�¿JXUH����

86*6�VWUHDPJDJH�GDWD�ZHUH�FROOHFWHG�XVLQJ�WKH�86*6�
'RZQVL]HU�SURJUDP��:DUG�*DUULVRQ�DQG�RWKHUV���������7KH�
'RZQVL]HU�SURJUDP�VHOHFWV��GRZQORDGV��YHUL¿HV��DQG�IRUPDWV�
VWUHDPÀRZ��RU�RWKHU�DYDLODEOH�WLPH�VHULHV�GDWD��IRU�3506�
DQG�RWKHU�HQYLURQPHQWDO�PRGHOLQJ�SURJUDPV��7KH�'RZQVL]HU�
SURJUDP�DFFHVVHG�WKH�86*6�1DWLRQDO�:DWHU�,QIRUPDWLRQ�6\V-
WHP��86*6�1:,6��DQG�ZDV�XVHG�WR�UHWULHYH�GDLO\�VWUHDPÀRZ�
PHDVXUHPHQWV�DW�����VLWHV�IRU�2FWREHU����������WR�6HSWHPEHU�
����������8�6��*HRORJLFDO�6XUYH\���������'DLO\�UHVHUYRLU�
release data also were included in the model for all Reservoir 

System dams for that period (U.S. Army Corps of Engineers, 

������.��*URGH��8�6��$UP\�&RUSV�RI�(QJLQHHUV��ZULWWHQ�
commun., 2012). 

Surface-Water Model Calibration

Because of the large input datasets and extended run time 

of a singular model for the Missouri River Basin, the basin 

ZDV�GLYLGHG�LQWR����VXEEDVLQ�PRGHOV��)RUW�3HFN�'DP��&XOE-

HUWVRQ��*DUULVRQ�'DP��%LVPDUFN��2DKH�'DP��%LJ�%HQG�'DP��
)RUW�5DQGDOO�'DP��*DYLQV�3RLQW�'DP��6LRX[�&LW\��2PDKD��
1HEUDVND�&LW\��6DLQW�-RVHSK��.DQVDV�&LW\��*ODVJRZ��%RRQ-

YLOOH��DQG�6DLQW�&KDUOHV��¿J������6XEEDVLQ�PRGHOV�DUH�JHQHUDOO\�
named after their calibration points, which are typically their 

outlets, except in the case of the Boonville subbasin model 

which outlets at Jefferson City, Missouri. Model calibration 

for parameters listed in table 2 began at the headwaters and 

SURFHHGHG�WKURXJK�WKH�EDVLQ�WR�WKH�FRQÀXHQFH�RI�WKH�0LVVRXUL�
and Mississippi Rivers. 

)RU�WKH�HLJKW�VXEEDVLQ�PRGHOV�XSVWUHDP�RI�*DYLQV�3RLQW�
'DP��)RUW�3HFN�'DP��&XOEHUWVRQ��*DUULVRQ�'DP��%LVPDUFN��
2DKH�'DP��%LJ�%HQG�'DP��)RUW�5DQGDOO�'DP��DQG�*DYLQV�
3RLQW�'DP���HDFK�PRGHO�ZDV�FDOLEUDWHG�WR�QDWXUDOL]HG�ÀRZ�
UHFRUGV��8�6��$UP\�&RUSV�RI�(QJLQHHUV��������.��*URGH��
U.S. Army Corps of Engineers, written commun., 2012) at 

GDPV�DQG�DW�VXEEDVLQ�RXWOHWV��¿J���A-H���1DWXUDOL]HG�ÀRZ�
GDWD��ZKLFK�UHSUHVHQW�XQUHJXODWHG�ÀRZ��DUH�DYDLODEOH�WR�WKH�
SXEOLF�XSRQ�UHTXHVW�IRU�WKH�0LVVRXUL�5LYHU�DW�)RUW�3HFN�*DUUL-
VRQ��2DKH��%LJ�%HQG��)RUW�5DQGDOO��DQG�*DYLQV�3RLQW�GDPV��DW�
three inter-reach locations (Culbertson, Montana; Wolf Point, 

0RQWDQD��DQG�%LVPDUFN��1RUWK�'DNRWD��DQG�DW�VHYHQ�ORFDWLRQV�
GRZQVWUHDP�RI�*DYLQV�3RLQW�'DP��<DQNWRQ��6RXWK�'DNRWD��
6LRX[�&LW\��,RZD��'HFDWXU��1HEUDVND��2PDKD��1HEUDVND��
1HEUDVND�&LW\��1HEUDVND��5XOR��1HEUDVND�DQG�6DLQW�-RVHSK��
0LVVRXUL���1DWXUDOL]HG�ÀRZV�ZHUH�FDOFXODWHG�E\�WKH�0LVVRXUL�
5LYHU�%DVLQ�:DWHU�0DQDJHPHQW�'LYLVLRQ��05%:0'��RI�
WKH�1RUWKZHVWHUQ�'LYLVLRQ��86$&(��XVLQJ�D�OHJDF\�VRIWZDUH�
SURJUDP�ZULWWHQ�LQ�)2575$1��-��.QRIF]\QVNL��8�6��$UP\�
Corps of Engineers, written commun., 2014). The program 

XVHG�LQSXW�GDWD�IURP�¿IWHHQ�8�6��%XUHDX�RI�5HFODPDWLRQ�
(USBR) reservoirs; fourteen of which are located on tribu-

taries to the Missouri River. Input data included USBR and 

USACE reservoir area-capacity tables, simple routing reaches, 

GHSOHWLRQV�IRU�5HVHUYRLU�6\VWHP�GDPV��UHVHUYRLU�LQÀRZV�DQG�
RXWÀRZV��PRQWKO\�UHVHUYRLU�VWRUDJH�FKDQJHV��SUHFLSLWDWLRQ�
DQG�HYDSRUDWLRQ�GDWD�IRU�DOO�UHVHUYRLUV��DQG�VWUHDPÀRZ�IURP�
streamgages (J. Knofczynski, U.S. Army Corps of Engineers, 

written commun., 2014). The eight remaining subbasin models 

�6LRX[�&LW\��2PDKD��1HEUDVND�&LW\��6DLQW�-RVHSK��.DQVDV�
&LW\��*ODVJRZ��%RRQYLOOH��DQG�6DLQW�&KDUOHV��ZHUH�FDOLEUDWHG�
WR�PHDVXUHG�ÀRZV��86*6�VWUHDPJDJHV��VHH�WDEOH����¿J�����
¿J��I-P). 

Subbasin model calibration was completed in a stepwise 

fashion from headwaters to the mouth, where each model was 

calibrated using tributary streamgage data and output from the 

upstream subbasin model as input, where applicable. Tributary 

ÀRZV�XSVWUHDP�IURP�LQÀRZ�VWUHDPJDJHV�ZHUH�QRW�VLPXODWHG�
LQ�WKH�0LVVRXUL�5LYHU�PRGHO��¿J������&OLPDWH�DQG�VWUHDPÀRZ�
GDWD�IRU�2FWREHU����������WR�6HSWHPEHU�����������ZHUH�XVHG�
to construct the model and ensure antecedent conditions were 

DWWDLQHG�LQ�WKH�EDVLQ�SULRU�WR�WKH������ÀRRG��7KH�SHULRG�RI�
FDOLEUDWLRQ�ZDV�UHVWULFWHG�WR�2FWREHU���������WR�6HSWHPEHU�����
�����WR�RSWLPL]H�PRGHO�VLPXODWLRQ�RI������ÀRZV��EHFDXVH�
of the targeted application of the model, no validation period 

ZDV�FRPSOHWHG��7KH�86*6�VRIWZDUH�SDFNDJH��/XFD��ZDV�
XVHG�WR�FRPSOHWH�DQ�DXWRPDWHG��VWHSZLVH��PXOWLSOH�REMHFWLYH�
FDOLEUDWLRQ�RI�FOLPDWH�DQG�VWUHDPÀRZ�UHODWHG�SDUDPHWHUV�IRU�
each subbasin model at a daily time step (Hay and Umemoto, 

2006). Emphasis was placed during calibration on match-

LQJ�PRGHO�VLPXODWHG�GDLO\�VWUHDPÀRZV�ZLWK�PHDVXUHG�GDLO\�
VWUHDPÀRZV�GXULQJ�KLJK�ÀRZ�SHULRGV��



10  The Effects of Missouri River Reservoir Operations on 2011 Flooding Using the Precipitation-Runoff Modeling System

Table 1. U.S. Geological Survey (USGS) streamgages used in the Missouri River Precipitation-Runoff Modeling System (PRMS) model.

>86*6��8�6��*HRORJLFDO�6XUYH\��ODWLWXGH�DQG�ORQJLWXGH�LQ�GHFLPDO�GHJUHHV��PL2��VTXDUH�PLOHV��1*9'�����1DWLRQDO�*HRGHWLF�9HUWLFDO�'DWXP�RI�������QD��QRW�
available]

Map 
number 
(fig. 6)

USGS 
streamgage 

number
USGS streamgage name Latitude 

(north)
Longitude 

(west)

Drainage area  
measured at gage 

(mi2)

Elevation 
(feet above 
NGVD 29)

1 06115200 0LVVRXUL�5LYHU�QHDU�/DQGXVN\��0RQWDQD 47.631 -108.688 40,987 7,349

2 06130500 Musselshell River at Mosby, Montana 46.995 -107.889 7,846 8,182

3 06131000 %LJ�'U\�&UHHN�QHDU�9DQ�1RUPDQ��0RQWDQD 47.349 -106.358 2,554 7,644

4 06131200 1HOVRQ�&UHHN�QHDU�9DQ�1RUPDQ��0RQWDQD 47.537 -106.153 100 7,546

5 06132000 0LVVRXUL�5LYHU�EHORZ�)RUW�3HFN�'DP��0RQWDQD 48.044 -106.356 57,556 6,621

6 06174500 0LON�5LYHU�DW�1DVKXD��0RQWDQD 48.130 -106.364 22,332 6,653

7 06177500 Redwater River at Circle, Montana 47.414 -105.576 547 7,855

8 06181000 Poplar River near Poplar, Montana 48.171 -105.179 3,174 6,408

9 06183450 Big Muddy Creek near Antelope, Montana 48.673 -104.512 967 6,562

10 06185500 Missouri River near Culbertson, Montana
1

48.124 -104.473 88,386 1,883

11 06329500 Yellowstone River near Sidney, Montana 47.677 -104.155 69,083 6,172

12 06329597 &KDUERQQHDX�&UHHN�QHDU�&KDUERQQHDX��1RUWK�'DNRWD 47.851 -103.794 149 6,529

13 06331000 /LWWOH�0XGG\�5LYHU�EHORZ�&RZ�&UHHN�QHDU�:LOOLVWRQ��
1RUWK�'DNRWD

48.284 -103.573 875 6,113

14 06332000 :KLWH�(DUWK�5LYHU�DW�:KLWH�(DUWK��1RUWK�'DNRWD 48.376 -102.767 780 6,791

15 06332515 %HDU�'HQ�&UHHN�QHDU�0DQGDUHH��1RUWK�'DNRWD 47.787 -102.769 74 6,390

16 06332523 (DVW�)RUN�6KHOO�&UHHN�QHDU�3DUVKDOO��1RUWK�'DNRWD 47.949 -102.215 360 6,201

17 06332770 'HHSZDWHU�&UHHN�DW�PRXWK�QHDU�5DXE��1RUWK�'DNRWD 47.738 -102.108 220 6,010

18 06337000 /LWWOH�0LVVRXUL�5LYHU�QHDU�:DWIRUG�&LW\��1RUWK�'DNRWD 47.590 -103.252 8,310 6,329

19 06338490 0LVVRXUL�5LYHU�DW�*DUULVRQ�'DP��1RUWK�'DNRWD 47.502 -101.431 181,400 na

20 06339000 0LVVRXUL�5LYHU�EHORZ�*DUULVRQ�'DP��1RUWK�'DNRWD1
47.386 -101.393 181,400 5,249

21 06340500 .QLIH�5LYHU�DW�+D]HQ��1RUWK�'DNRWD 47.285 -101.622 2,240 5,618

22 06341800 3DLQWHG�:RRGV�&UHHN�QHDU�:LOWRQ��1RUWK�'DNRWD 47.275 -100.792 427 5,790

23 06342260 6TXDUH�%XWWH�&UHHN�EHORZ�&HQWHU��1RUWK�'DNRWD 47.057 -101.196 146 6,119

24 06342450 %XUQW�&UHHN�QHDU�%LVPDUFN��1RUWK�'DNRWD 46.915 -100.814 108 5,538

25 06342500 0LVVRXUL�5LYHU�DW�%LVPDUFN��1RUWK�'DNRWD1
46.814 -100.821 186,400 1,618

26 06349000 +HDUW�5LYHU�QHDU�0DQGDQ��1RUWK�'DNRWD 46.834 -100.975 3,310 5,376

27 06349500 $SSOH�&UHHN�QHDU�0HQRNHQ��1RUWK�'DNRWD 46.794 -100.657 1,680 5,376

28 06349600 +D\�&UHHN�DW�0DLQ�$YHQXH�LQ�%LVPDUFN��1RUWK�'DNRWD 46.807 -100.734 31 5,416

29 06354000 &DQQRQEDOO�5LYHU�DW�%UHLHQ��1RUWK�'DNRWD 46.376 -100.934 4,100 5,491

30 06354580 %HDYHU�&UHHN�DW�/LQWRQ��1RUWK�'DNRWD 46.269 -100.253 717 5,519

31 06354882 2DN�&UHHN�QHDU�:DNSDOD��6RXWK�'DNRWD 45.712 -100.559 354 5,545

32 06357800 *UDQG�5LYHU�DW�/LWWOH�(DJOH��6RXWK�'DNRWD 45.658 -100.818 5,322 5,330

33 06360500 0RUHDX�5LYHU�QHDU�:KLWHKRUVH��6RXWK�'DNRWD 45.256 -100.843 4,894 5,451

34 06438500 &KH\HQQH�5LYHU�QHDU�3ODLQYLHZ��6RXWK�'DNRWD 44.529 -101.930 21,425 6,065

35 06439000 &KHUU\�&UHHN�QHDU�3ODLQYLHZ��6RXWK�'DNRWD 44.743 -102.054 1,190 7,080

36 06440000 0LVVRXUL�5LYHU�DW�3LHUUH��6RXWK�'DNRWD1
44.373 -100.368 243,500 4,640

37 06441500 %DG�5LYHU�QHDU�)RUW�3LHUUH��6RXWK�'DNRWD 44.327 -100.384 3,147 4,684

38 06442000 0HGLFLQH�.QROO�&UHHN�QHDU�%OXQW��6RXWK�'DNRWD 44.563 -99.914 440 5,286

39 06442500 0HGLFLQH�&UHHN�DW�.HQQHEHF��6RXWK�'DNRWD 43.905 -99.876 446 5,445
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Map 
number 
(fig. 6)

USGS 
streamgage 

number
USGS streamgage name Latitude 

(north)
Longitude 

(west)

Drainage area  
measured at gage 

(mi2)

Elevation 
(feet above 
NGVD 29)

40 06443000 0LVVRXUL�5LYHU�DW�&KDPEHUODLQ��6RXWK�'DNRWD1
43.811 -99.336 na 4,331

41 06452000 :KLWH�5LYHU�QHDU�2DFRPD��6RXWK�'DNRWD 43.748 -99.556 9,920 4,519

42 06452320 3ODWWH�&UHHN�QHDU�3ODWWH��6RXWK�'DNRWD 43.327 -98.971 747 4,495

43 06467500 0LVVRXUL�5LYHU�DW�<DQNWRQ��6RXWK�'DNRWD1
42.866 97.394 279,500 3,739

44 06478513 -DPHV�5LYHU�QHDU�<DQNWRQ��6RXWK�'DNRWD 42.996 -97.370 20,947 3,784

45 06479010 9HUPLOOLRQ�5LYHU�QHDU�9HUPLOOLRQ��6RXWK�'DNRWD 42.817 -96.924 2,253 3,691

46 06485500 Big Sioux River at Akron, Iowa 42.838 -96.562 7,879 3,671

47 06486000 Missouri River at Sioux City, Iowa
2

42.486 -96.414 314,600 3,468

48 06600000 Perry Creek at 38th Street at Sioux City, Iowa 42.535 -96.411 65 3,648

49 06600500 )OR\G�5LYHU�DW�-DPHV��,RZD 42.577 -96.311 886 3,585

50 06601000 2PDKD�&UHHN�DW�+RPHU��1HEUDVND 42.322 -96.488 174 3,545

51 06602400 0RQRQD�+DUULVRQ�'LWFK�QHDU�7XULQ��,RZD 41.964 -95.992 900 3,330

52 06607500 /LWWOH�6LRX[�5LYHU�QHDU�7XULQ��,RZD 41.964 -95.973 3,526 3,346

53 06608500 Soldier River at Pisgah, Iowa 41.831 -95.931 407 3,401

54 06609500 %R\HU�5LYHU�DW�/RJDQ��,RZD 41.642 -95.782 871 3,312

55 06610000 0LVVRXUL�5LYHU�DW�2PDKD��1HEUDVND2
41.259 -95.923 322,800 3,111

56 06610732 %LJ�3DSLOOLRQ�&UHHN�DW�)RUW�6WUHHW�DW�2PDKD��1HEUDVND 41.307 -96.104 129 3,374

57 06805500 3ODWWH�5LYHU�DW�/RXLVYLOOH��1HEUDVND 41.015 -96.158 85,370 3,304

58 06806500 :HHSLQJ�:DWHU�&UHHN�DW�8QLRQ��1HEUDVND 40.794 -95.911 241 3,040

59 06807000 0LVVRXUL�5LYHU�DW�1HEUDVND�&LW\��1HEUDVND2
40.682 -95.847 410,000 2,970

60 06810000 1LVKQDERWQD�5LYHU�DERYH�+DPEXUJ��,RZD 40.602 -95.645 2,806 2,934

61 06811500 /LWWOH�1HPDKD�5LYHU�DW�$XEXUQ��1HEUDVND 40.393 -95.813 792 2,920

62 06813000 7DUNLR�5LYHU�DW�)DLUID[��0LVVRXUL 40.339 -95.406 508 2,847

63 06815000 %LJ�1HPDKD�5LYHU�DW�)DOOV�&LW\��1HEUDVND 40.036 -95.596 1,339 2,816

64 06817700 1RGDZD\�5LYHU�QHDU�*UDKDP��0LVVRXUL 40.202 -95.070 1,520 2,796

65 06818000 Missouri River at Saint Joseph, Missouri
2

39.753 -94.857 426,500 2,589

66 06821190 Platte River at Sharps Station, Missouri 39.401 -94.727 2,380 2,475

67 06892350 .DQVDV�5LYHU�DW�'HVRWR��.DQVDV 38.983 -94.965 59,756 2,473

68 06892360 .LOO�&UHHN�DW���WK�6WUHHW�QHDU�'HVRWR��.DQVDV 38.957 -94.974 53 2,513

69 06892495 &HGDU�&UHHN�QHDU�'HVRWR��.DQVDV 38.978 -94.923 58 2,297

70 06892513 0LOO�&UHHN�DW�-RKQVRQ�'ULYH��6KDZQH��.DQVDV 39.029 -94.817 58 2,297

71 06893000 Missouri River at Kansas City, Missouri
2

39.112 -94.588 484,100 2,319

72 06893578 %OXH�5LYHU�DW�6WDGLXP�'ULYH�LQ�.DQVDV�&LW\��0LVVRXUL 39.058 -94.512 256 2,357

73 06894000 /LWWOH�%OXH�5LYHU�QHDU�/DNH�&LW\��0LVVRXUL 39.101 -94.301 184 2,362

74 06894200 )LVKLQJ�5LYHU�DERYH�0RVE\��0LVVRXUL 39.332 -94.337 44 2,559

75 06895000 Crooked River near Richmond, Missouri 39.333 -93.98 159 2,317

76 06896000 Wakenda Creek at Carrollton, Missouri 39.343 -93.486 256 2,104

77 06902000 *UDQG�5LYHU�QHDU�6XPQHU��0LVVRXUL 39.640 -93.274 6,880 2,071

78 06905500 Chariton River near Prairie Hill, Missouri 39.540 -92.791 1,870 2,074

Table 1. U.S. Geological Survey (USGS) streamgages used in the Missouri River Precipitation-Runoff Modeling System (PRMS) 
model.—Continued

>86*6��8�6��*HRORJLFDO�6XUYH\��ODWLWXGH�DQG�ORQJLWXGH�LQ�GHFLPDO�GHJUHHV��PL2��VTXDUH�PLOHV��1*9'����1DWLRQDO�*HRGHWLF�9HUWLFDO�'DWXP�RI�������QD��QRW�
available]
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Map 
number 
(fig. 6)

USGS 
streamgage 

number
USGS streamgage name Latitude 

(north)
Longitude 

(west)

Drainage area  
measured at gage 

(mi2)

Elevation 
(feet above 
NGVD 29)

79 06906000 0XVVHO�)RUN�QHDU�0XVVHOIRUN��0LVVRXUL 39.524 -92.950 267 2,097

80 06906200 (DVW�)RUN�/LWWOH�&KDULWRQ�5LYHU�QHDU�0DFRQ��0LVVRXUL 39.751 -92.519 112 2,433

81 06906500 0LVVRXUL�5LYHU�DW�*ODVJRZ��0LVVRXUL2 39.222 -92.849 498,900 1,925

82 06906800 /DPLQH�5LYHU�QHDU�2WWHUYLOOH��0LVVRXUL 38.702 -92.979 543 2,142

83 06908000 %ODFNZDWHU�5LYHU�DW�%OXH�/LFN��0LVVRXUL 38.992 -93.197 1,120 1,948

84 06909000 Missouri River at Boonville, Missouri
2

38.980 -92.745 500,700 1,856

85 06909500 0RQLWHDX�&UHHN�QHDU�)D\HWWH��0LVVRXUL 39.121 -92.567 75 1,995

86 06909950 Petite Saline Creek at Hwy U near Boonville, Missouri 38.917 -92.704 136 1,969

87 06910230 Hinkson Creek at Columbia, Missouri 38.928 -92.340 70 1,914

88 06910750 Moreau River near Jefferson City, Missouri 38.529 -92.192 561 1,784

89 06926510 2VDJH�5LYHU�EHORZ�6DLQW�7KRPDV��0LVVRXUL 38.421 -92.208 14,584 1,725

90 06927000 Maries River at Westphalia, Missouri 38.432 -91.989 257 1,781

91 06934000 *DVFRQDGH�5LYHU�QHDU�5LFK�)RXQWDLQ��0LVVRXUL 38.389 -91.820 3,180 1,817

92 06934500 Missouri River at Hermann, Missouri 38.710 -91.439 522,500 1,580

93 06935770 %RQKRPPH�&UHHN�QHDU�&ODUNVRQ�9DOOH\��0LVVRXUL 38.658 -90.619 11 1,474

94 06935830 &DXONV�&UHHN�DW�&KHVWHU¿HOG��0LVVRXUL 38.655 -90.595 17 1,489

95 06935890 Creve Coeur Creek near Creve Coeur, Missouri 38.683 -90.489 22 1,475

96 06935955 )HH�)HH�&UHHN�QHDU�%ULGJHWRQ��0LVVRXUL 38.728 -90.447 12 1,483

97 06935965 Missouri River at Saint Charles, Missouri
2

38.789 -90.471 524,000 1,357

98 06935980 Cowmire Creek at Bridgeton, Missouri 38.764 -90.433 4 1,524

99 06935997 0LOO�&UHHN�QHDU�)ORULVVDQW��0LVVRXUL 38.848 -90.286 2 1,418

100 06936475 Coldwater Creek near Black Jack, Missouri 38.818 -90.251 40 1,501

16LWH�XVHG�IRU�KLVWRULFDO�VWUHDPÀRZV�
2
Site used in calibration of the Precipitation-Runoff Modeling System model.

Table 1. U.S. Geological Survey (USGS) streamgages used in the Missouri River Precipitation-Runoff Modeling System (PRMS) 
model.—Continued

>86*6��8�6��*HRORJLFDO�6XUYH\��ODWLWXGH�DQG�ORQJLWXGH�LQ�GHFLPDO�GHJUHHV��PL2��VTXDUH�PLOHV��1*9'����1DWLRQDO�*HRGHWLF�9HUWLFDO�'DWXP�RI�������QD��QRW�
available]
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Figure 6. Location of U.S. Geological Survey (USGS) streamgages used in the Missouri River Precipitation-Runoff Modeling System (PRMS) model.
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Table 2. Calibrated parameters and calibration steps used in the Missouri River Precipitation-Runoff Modeling System (PRMS) model.

>'LPHQVLRQV��QPRQWK��QXPEHU�RI�PRQWKV� �����QKUX� �QXPEHU�RI�K\GURORJLF�UHVSRVQH�XQLWV��+58V�� ���������QVHJPHQW��QXPEHU�RI�VWUHDP�VHJPHQWV� ��������
)��)DKUHQKHLW��&��&HOVLXV��*)9��YDOXHV�VHW�LQ�*HRVSDWLDO�)DEULF@

Name Description Calibration 
step Dimension Units Default value 

(range)

ddsolrad_hru_mo module
dday_intcp_hru Intercept in temperature cloud cover 

relationship

1 nhru x nmonth unitless 1.83 

(0 – 5)

dday_slope Slope in temperature cloud cover rela-

tionship

1 nmonth unitless -0.13 

(-0.5 – -0.01)

potet_jh_prms module
MKBFRHIBKUXBPR +58�DLU�WHPSHUDWXUH�FRHI¿FLHQW���

Jensen-Haise

1 nhru x nmonths GHJUHHV�) 13 

(5 – 20)

climate_hru prms module
UDLQBFEKBDGMBPR 5DLQ�DGMXVWPHQW�IDFWRU�IRU�HDFK�KUX�IRU�

each month

2 nhru x nmonths decimal fraction 1 

(0.6 – 1.4)

VQRZBFEKBDGMBPR 6QRZ�DGMXVWPHQW�IDFWRU�IRU�HDFK�KUX�IRU�
each month

2 nhru x nmonths decimal fraction 1 

(0.6 – 1.4)

gwflow_casc prms module
JZÀRZBFRHI *URXQGZDWHU�URXWLQJ�FRHI¿FLHQW 5 nhru 1/day *)9 

(0.001 – 1)

climate_hru prms module
DGMPL[BUDLQBKUXBPR $GMXVWPHQW�IDFWRU�IRU�UDLQ�LQ�D�UDLQ�VQRZ�

mix

3 nhru x nmonth decimal fraction 1 

(0.6 – 1.4)

tmax_allrain_hru Precipitation all rain if HRU max tem-

perature above this value

3 nhru x nmonth temp units 32 

(34 – 45)

tmax_allsnow_hru Precipitation all snow if HRU max tem-

perature below this value

3 nhru x nmonth temp units 32 

(30 – 40)

intcp_prms module
potet_sublim_hru Proportion of potential evapotranspira-

tion that is sublimated from snow 

surface

3 nhru decimal fraction 0.5 

(0.1 – 0.75)

snowcomp prms module
cecn_coef Convection condensation energy coef-

¿FLHQW
3 nmonth calories per degree 

C above 0

5 

(2 – 10)

emis_noppt_hru Emissivity of air on days without pre-

cipitation

3 nhru decimal fraction 0.757 

(0.757 – 1)

freeh2o_cap_hru )UHH�ZDWHU�KROGLQJ�FDSDFLW\�RI�VQRZSDFN 3 nhru decimal fraction 0.05 

(0.01 – 0.2)
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Name Description Calibration 
step Dimension Units Default value 

(range)

soilzone prms module
fastcoef_lin /LQHDU�SUHIHUHQWLDO�ÀRZ�URXWLQJ�FRHI-

¿FLHQW
4 nhru 1/day *)9 

(0.001 – 0.8)

fastcoef_sq 1RQ�OLQHDU�SUHIHUHQWLDO�ÀRZ�URXWLQJ�
FRHI¿FLHQW

6 nhru unitless 0.8 

(0.05 – 1)

SUHIBÀRZBGHQ 3UHIHUHQWLDO�ÀRZ�SRUH�GHQVLW\ 4 nhru decimal fraction 0 

(0 – 0.1)

sat_threshold Water holding capacity of gravity and 

SUHIHUHQWLDO�ÀRZ�UHVHUYRLUV
4 nhru inches 10 

(1 – 15)

slowcoef_lin /LQHDU�JUDYLW\�ÀRZ�UHVHUYRLU�URXWLQJ�
FRHI¿FLHQW

3 nhru 1/day *)9 

(0.001 – 0.5)

slowcoef_sq 1RQ�OLQHDU�JUDYLW\�ÀRZ�UHVHUYRLU�URXWLQJ�
FRHI¿FLHQW

6 nhru unitless 0.1 

(0.05 – 0.6)

soil_moist_max Maximum value of water for soil zone 3 nhru inches *)9 

(2 – 10)

soil_rechr_max Maximum value for soil recharge zone 3 nhru inches *)9 

(1.5 – 5)

soil2gw_max Maximum value for soil water excess to 

groundwater

5 nhru inches *)9 

(0 – 0.5)

ssr2gw_rate &RHI¿FLHQW�WR�URXWH�ZDWHU�IURP�VXEVXU-
face to groundwater

5 nhru 1/day *)9 

(0.05 – 0.8)

srunoff_smidx prms module
smidx_coef &RHI¿FLHQW�LQ�FRQWULEXWLQJ�DUHD�FRPSXWD-

tions

4 nhru decimal fraction *)9 

(0.001 – 0.06)

smidx_exp Exponent in contributing area computa-

tions

7 nhru 1/inch 0.3 

(0.2 – 0.8)

muskingum prms module
K_coef 6WRUDJH�FRHI¿FLHQW��LQ�KRXUV 7 nsegment hours *)9 

(0 – 24.0)

Table 2. Calibrated parameters and calibration steps used in the Missouri River Precipitation-Runoff Modeling System (PRMS) 
model.—Continued

>'LPHQVLRQV��QPRQWK��QXPEHU�RI�PRQWKV� �����QKUX� �QXPEHU�RI�K\GURORJLF�UHVSRVQH�XQLWV��+58V�� ���������QVHJPHQW��QXPEHU�RI�VWUHDP�VHJPHQWV� ��������
)��)DKUHQKHLW��&��&HOVLXV��*)9��YDOXHV�VHW�LQ�*HRVSDWLDO�)DEULF@
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Figure 7. Daily mean streamflow simulated using the Missouri River Precipitation-Runoff Modeling 
System model as compared to calibration streamflow data sets (A-H, simulated unregulated 
streamflow and naturalized unregulated streamflow; I-P, simulated regulated streamflow and 
measured regulated streamflow) for selected locations on the Missouri River during 2011 water year.
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Figure 7. Daily mean streamflow simulated using the Missouri River Precipitation-Runoff Modeling 
System model as compared to calibration streamflow data sets (A-H, simulated unregulated stream- 
flow and naturalized unregulated streamflow; I-P, simulated regulated streamflow and measured 
regulated streamflow) for selected locations on the Missouri River during 2011 water year.—Continued
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Missouri River Model Performance
Statistical tests were used to assess how well the Mis-

VRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZ�GXULQJ�ZDWHU�\HDU�������
The percent bias (PBIAS), root mean square error-observation 

standard deviation ratio (RSR���1DVK�6XWFOLIIH�HI¿FLHQF\�
(NSE���DQG�FRHI¿FLHQW�RI�GHWHUPLQDWLRQ��R2

) statistics (Moriasi 

DQG�RWKHUV��������6LQJK�DQG�RWKHUV��������1DVK�DQG�6XWFOLIIH��
1970) were used to evaluate model performance. 

The PBIAS measures the average tendency of the simu-

lated data to be larger or smaller than their observed counter-

SDUWV��*XSWD�DQG�RWKHUV���������$�PBIAS value of 0.0 indicates 

ideal performance, whereas positive values indicate underes-

timation bias and negative values indicate overestimation bias 

�0RULDVL�DQG�RWKHUV���������0RGHO�VWUHDPÀRZ�VLPXODWLRQ�LV�
FRQVLGHUHG�³YHU\�JRRG´�LI�WKH�PBIAS is between 0 and plus 

RU�PLQXV��������SHUFHQW��³JRRG´�LI�WKH�PBIAS is between ± 10 

DQG������SHUFHQW��³VDWLVIDFWRU\´�LI�WKH�PBIAS is between ± 15 

DQG������SHUFHQW��DQG�³XQVDWLVIDFWRU\´�LI�WKH�PBIAS is ± 25 

percent and greater (Moraisi and others, 2007).

The RSR was developed to use the standard deviation of 

observations to qualify what is considered a low root mean 

square error for model performance (Singh and others, 2004). 

The RSR�LQFRUSRUDWHV�WKH�EHQH¿WV�RI�HUURU�LQGH[�VWDWLVWLFV�
and includes a normalization/scaling factor. The RSR ranges 

from 0, which is an optimal value, to a large positive value, 

ZKLFK�PHDQV�D�SRRU�¿W��6LQJK�DQG�RWKHUV���������,I�RSR is 

EHWZHHQ���DQG�����WKHQ�SHUIRUPDQFH�ZDV�³YHU\�JRRG´��LI�RSR 

LV�EHWZHHQ�����DQG�����WKHQ�SHUIRUPDQFH�ZDV�³JRRG´��RSR 

EHWZHHQ�����DQG�����LV�³VDWLVIDFWRU\´��DQG�RSR greater than 0.7 

LV�³XQVDWLVIDFWRU\´��0RULDVL�DQG�RWKHUV���������
The NSE is a normalized statistic that provides a measure 

of how well simulated values match measured datasets. The 

NSE�YDOXHV�UDQJH�IURP����WR����9DOXHV�OHVV�WKDQ���LQGLFDWH�
WKDW�WKH�PHDQ�PHDVXUHG�VWUHDPÀRZ�LV�D�EHWWHU�SUHGLFWRU�WKDQ�
VLPXODWHG�VWUHDPÀRZV��$�YDOXH�RI�����LQGLFDWHV�WKH�VLPXODWHG�
VWUHDPÀRZ�LV�DV�JRRG�DV�XVLQJ�WKH�DYHUDJH�YDOXH�RI�DOO�WKH�
PHDVXUHG�GDWD��DQG�D�YDOXH�RI���LQGLFDWHV�D�SHUIHFW�¿W�EHWZHHQ�
measured and simulated values. Moriasi and others (2007) 

suggest that a NSE of greater than 0.50 is satisfactory for 

VWUHDPÀRZV�VLPXODWHG�XVLQJ�PRGHOV�VXFK�DV�3506��
The R2 

evaluates how accurately the simulated model 

results track the variability in the measured data that is 

explained by the simulated output. The R2 
can reveal the 

strength of the linear relation between the predicted and the 

measured values. It can range between 0 and 1, and the closer 

the value is to 1 the better the linear correlation between 

simulated and measured values (Kalin and Hantush, 2006). 

)RU�K\GURORJLF�PRGHOLQJ��YDOXHV�DERYH�����DUH�FRQVLGHUHG�WR�
EH�VDWLVIDFWRU\��*DVVPDQ�DQG�RWKHUV���������

The statistics PBIAS, RSR, NSE, and R2�DUH�GH¿QHG�DV�
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where

 Qobs,i  is the iWK�PHDVXUHPHQW�IRU�EDVLQ�VWUHDPÀRZ�

 Qsim,i  is the iWK�VLPXODWHG�EDVLQ�VWUHDPÀRZ�

 Qobs i, �� LV�WKH�PHDQ�RI�WKH�PHDVXUHG�EDVLQ�VWUHDPÀRZ�

 Qsim i, �� LV�WKH�PHDQ�RI�WKH�VLPXODWHG�EDVLQ�VWUHDPÀRZ�

 RMSE  is the root mean square error,

 STDEVobs  is the standard deviation of the observations, 

and 

 n  is the total number of measurements.

6LPXODWHG�UHJXODWHG�ÀRZV�IURP�WKH�0LVVRXUL�5LYHU�PRGHO�
were evaluated at nine subbasin calibration points: Bismarck, 

1RUWK�'DNRWD��6LRX[�&LW\��,RZD��2PDKD��1HEUDVND��1HEUDVND�
&LW\��1HEUDVND��6DLQW�-RVHSK��0LVVRXUL��.DQVDV�&LW\��0LV-
VRXUL��*ODVJRZ��0LVVRXUL��%RRQYLOOH��0LVVRXUL��DQG�6DLQW�
&KDUOHV��0LVVRXUL��IRU�WKH������ZDWHU�\HDU��WDEOH����¿J������7KH�
PBIAS, RSR, NSE, and R2

 monthly and annual values for the 

2011 water year are listed for each of these calibration sites 

(table 3). Based on statistical results, the Missouri River model 

LV�D�JRRG�¿W�IRU�DQQXDO�VWUHDPÀRZ�HVWLPDWLRQ�DW�DOO�ORFDWLRQV��
with PBIAS and RSR ratings of very good and NSE and R2

 rat-

ings of satisfactory. Monthly statistics indicate a few unsatis-

factory ratings, in particular, the months of January and July. 

These ratings, explained in detail below, may be attributed 

to the selected model calibration method (January), and the 

VLPSOL¿HG�DSSURDFK�IRU�PRGHO�FRQVWUXFWLRQ��-XO\��
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The Missouri River model was calibrated with emphasis 

SODFHG�RQ�WKH�SHDN�ÀRZ�WLPLQJ�DQG�YROXPHV�GXULQJ�KLJK�ÀRZ�
PRQWKV��$SULO�$XJXVW���DQG�OHVV�HPSKDVLV�GXULQJ�ORZ�ÀRZ�
months (September-March), and, because of this, simulated 

ÀRZ�SHDN�WLPLQJ�DQG�YROXPHV�GXULQJ�ORZ�ÀRZ�PRQWKV�PD\�
be less accurate. This may explain the unsatisfactory ratings 

RI�WKH�PRGHO�IRU�-DQXDU\��DV�ZHOO�DV�RWKHU�ORZ�ÀRZ�PRQWKV��
)XUWKHU�FDOLEUDWLRQ�RI�WKH�0LVVRXUL�5LYHU�PRGHO�ZRXOG�OLNHO\�
LPSURYH�VLPXODWLRQV�GXULQJ�ORZ�ÀRZ�PRQWKV�

'XULQJ�WKH�KLJK�ÀRZ�PRQWKV�RI�������OHYHHV�ZHUH�
breached and overtopped and, as a result, a large portion 

RI�ÀRZ�WKURXJK�WKH�DGMDFHQW�FKDQQHO�ZDV�GLUHFWHG�LQWR�WKH�
ÀRRGSODLQ��7KH�0LVVRXUL�5LYHU�PRGHO�ZDV�QRW�FRQVWUXFWHG�WR�
simulate this process of overbank storage, and therefore the 

PRGHO�ZLOO�RYHUHVWLPDWH�ÀRZ�GRZQVWUHDP�IURP�DQ�RYHUWRS-

ping event. This phenomenon had taken place at many loca-

tions along the river, but was most pronounced in July 2011 

DW�.DQVDV�&LW\��0LVVRXUL�ZKHUH�XSVWUHDP�ÀRRGLQJ�GLUHFWHG�D�
ODUJH�SRUWLRQ�RI�ÀRZ�LQWR�WKH�ÀRRGSODLQ��¿J������8QVDWLVIDF-
tory ratings in calibration statistics for July are associated with 

WKHVH�RYHUEDQN�VWRUDJH�HYHQWV��6LQFH�WKH�3506�³GRHV�QRW�
DFFRXQW�IRU�RYHUEDQN�VWRUDJH�ZKLFK�RFFXUV�GXULQJ�KLJK�ÀRRG�
HYHQWV´��5�6��5HJDQ��8�6��*HRORJLFDO�6XUYH\��ZULWWHQ�FRP-

mun., 2013), the statistical tests for months where these events 

occur are invalid, and may be omitted from results. Moreover, 

WKH�PRGHO�ZDV�GHVLJQHG�WR�DFFXUDWHO\�VLPXODWH�ÀRZV�LQ�WKH�
Missouri River without the effects of Reservoir System regula-

tion, which includes the constructed and managed levees in the 

0LVVRXUL�5LYHU�ÀRRGSODLQ��

The Effects of Missouri River Mainstem 
Reservoir System Operations on 2011 
Flooding

'HWHUPLQLQJ�WKH�HIIHFWV�RI�UHJXODWLRQ�RQ������ÀRZV�
was accomplished by: (1) performing model simulations of 

0LVVRXUL�5LYHU�ÀRZV�WKDW�H[FOXGHG�WKH�VWRUDJH�DQG�URXWLQJ�
operations of the Reservoir System; and (2) comparing model-

VLPXODWHG�XQUHJXODWHG�ÀRZ�FRQGLWLRQV��SHDNV�DQG�GXUDWLRQ�
RI�KLJK�ÀRZV��WR�PHDVXUHG�UHJXODWHG�ÀRZ�FRQGLWLRQV�GXULQJ�
2011. The Missouri River model simulation began with the 

PRVW�XSVWUHDP��)RUW�3HFN�'DP��VXEEDVLQ�PRGHO��6LPXODWHG�
ÀRZV�DW�)RUW�3HFN�'DP�ZHUH�WKHQ�URXWHG�DV�LQÀRZ�WR�WKH�QH[W�
downstream subbasin model. This process was continued step-

ZLVH�WKURXJK�WKH�EDVLQ�WR�WKH�FRQÀXHQFH�RI�WKH�0LVVRXUL�5LYHU�
and Mississippi River. Hydrographs of simulated unregulated 

ÀRZV�DQG�PHDVXUHG�UHJXODWHG�ÀRZV�DUH�SUHVHQWHG�IRU�GDP�
DQG�VHOHFWHG�VWUHDPJDJH�ORFDWLRQV�RQ�WKH�0LVVRXUL�5LYHU��)RUW�
3HFN�'DP��0RQWDQD��&XOEHUWVRQ��0RQWDQD��*DUULVRQ�'DP��
1RUWK�'DNRWD��%LVPDUFN��1RUWK�'DNRWD��2DKH�'DP��6RXWK�
'DNRWD��%LJ�%HQG�'DP��6RXWK�'DNRWD��)RUW�5DQGDOO�'DP��
6RXWK�'DNRWD��*DYLQV�3RLQW�'DP��6RXWK�'DNRWD��6LRX[�&LW\��
,RZD��2PDKD��1HEUDVND��1HEUDVND�&LW\��1HEUDVND��6DLQW�
Joseph, Missouri; Boonville, Missouri; Kansas City, Missouri; 

*ODVJRZ��0LVVRXUL��%RRQYLOOH��0LVVRXUL��DQG�6DLQW�&KDUOHV��
0LVVRXUL��¿J������+\GURJUDSKV�SORW�DYHUDJH�GDLO\�GLVFKDUJH�
YDOXHV�IRU�PHDVXUHG�DQG�VLPXODWHG�ÀRZV�LQ�FXELF�IHHW�SHU�
second (ft

3
/s). 

Comparison of Simulated (Unregulated) Flows 
and Measured (Regulated) Flows

6LPXODWHG�GDLO\�DYHUDJH�GLVFKDUJH��6'$'��DQG�PHD-
VXUHG�GDLO\�DYHUDJH�GLVFKDUJH��0'$'��YDOXHV��PD[LPXP�
6'$'�DQG�0'$'�YDOXHV��DQG�VSULQJ�DQG�VXPPHU�6'$'�DQG�
0'$'�SHDN�ÀRZ�YDOXHV��DUH�FRPSDUHG�GLUHFWO\��PDJQLWXGH�
FRPSDULVRQ���6SULQJ�6'$'�DQG�0'$'�SHDN�ÀRZV�DUH�WKRVH�
SHDN�ÀRZV�WKDW�ZHUH�HLWKHU�VLPXODWHG�RU�PHDVXUHG�LQ�)HEUXDU\��
0DUFK��DQG�$SULO��ZKHUHDV�VXPPHU�6'$'�DQG�0'$'�SHDN�
ÀRZV�DUH�WKRVH�WKDW�ZHUH�HLWKHU�VLPXODWHG�RU�PHDVXUHG�LQ�0D\��
June, and July. 

Figure 8. Overbank storage near KCP&L Power Plant, Weston, 
Missouri, upstream from Kansas City, Missouri (streamgage 
06893000). View to south photographed on July 8, 2011. 
Photograph by Jeff Herzer (jeffherzer.com). Aircraft: Missouri 
State Highway Patrol, Sgt. Kevin G. Haywood, pilot.
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Table 3. Statistical test results for model performance at selected U.S. Geological Survey (USGS) streamgages used in the Missouri River Precipitation-Runoff Modeling 
System (PRMS) model.

>:DWHU�\HDU��2FWREHU���������WKURXJK�6HSWHPEHU������������PBIAS, percent bias; RSR, root mean square error-observation standard deviation ratio; NSE��1DVK�DQG�6XWFOLIIH�FRHI¿FLHQW�RI�HI¿FLHQF\��
R2��FRHI¿FLHQW�RI�GHWHUPLQDWLRQ@

Water year and monthly statistics 

Statistic WY October November December January Feburary March April May June July August September

06342500 Missouri River at Bismarck, North Dakota
PBIAS 1.20 3.80 2.40 2.40 6.30 6.60 -2.30 -8.60 5.20 2.40 0.500 -1.80 -1.10

RSR 0.0653 0.949 0.218 0.456 0.774 6.77 0.820 0.654 0.178 0.316 0.257 0.208 0.114

NSE 0.996 0.0691 0.951 0.785 0.382 -46.5 0.305 0.558 0.967 0.896 0.932 0.956 0.987

R2
0.996 0.824 0.991 0.868 0.999 0.728 0.327 0.881 0.986 0.965 0.939 0.980 0.992

06486000 Missouri River at Sioux City, Iowa
PBIAS 0.100 0.500 -0.400 2.80 6.10 9.00 1.90 -0.400 1.10 -3.00 1.00 -1.80 -0.100

RSR 0.0522 0.221 0.205 0.190 1.40 0.668 0.142 0.153 0.218 0.227 0.730 0.184 0.0996

NSE 0.997 0.949 0.957 0.963 -1.02 0.538 0.979 0.976 0.951 0.947 0.450 0.965 0.990

R2
0.998 0.981 0.960 0.973 0.457 0.791 0.992 0.981 0.974 0.985 0.687 0.988 0.991

 06610000 Missouri River at Omaha, Nebraska
PBIAS -0.100 -3.10 -2.60 -2.40 4.60 -1.30 4.90 -3.30 -3.60 -0.400 0.300 2.80 1.30

RSR 0.0753 0.498 0.666 0.251 1.94 0.544 0.284 0.508 0.526 0.129 0.715 0.344 0.235

NSE 0.994 0.744 0.541 0.935 -2.91 0.693 0.917 0.733 0.714 0.983 0.471 0.877 0.943

R2
0.994 0.937 0.848 0.952 0.115 0.745 0.958 0.791 0.887 0.984 0.490 0.957 0.965

06807000 Missouri River at Nebraska City, Nebraska
PBIAS -1.90 -1.70 -0.800 -2.70 -8.40 -0.100 -2.30 -0.900 -1.50 -3.80 -1.60 -1.00 -1.60

RSR 0.0892 0.168 0.267 0.142 3.37 0.129 0.114 0.111 0.323 0.285 1.68 0.246 0.185

NSE 0.992 0.971 0.927 0.979 -10.7 0.983 0.987 0.987 0.892 0.916 -1.93 0.938 0.965

R2
0.994 0.992 0.956 0.993 0.142 0.985 0.995 0.992 0.956 0.971 0.00 0.948 0.989

06818000 Missouri River at Saint Joseph, Missouri
PBIAS 2.20 0.700 2.30 1.60 9.70 6.20 3.80 1.40 2.00 -4.90 6.50 0.400 3.20

RSR 0.151 0.284 0.604 0.352 3.78 0.519 0.367 0.464 0.486 0.445 1.15 0.401 0.306

NSE 0.977 0.917 0.623 0.872 -13.7 0.721 0.861 0.778 0.756 0.796 -0.366 0.834 0.903

R2
0.979 0.964 0.794 0.905 0.502 0.765 0.910 0.790 0.792 0.837 0.382 0.865 0.972

06893000 Missouri River at Kansas City, Missouri
PBIAS -2.20 -1.80 -0.600 -2.60 -4.50 -1.70 2.30 -2.20 -0.500 -3.90 -6.00 -1.60 1.30

RSR 0.120 0.185 0.235 0.188 1.48 0.190 0.195 0.233 0.282 0.893 1.50 0.359 0.164

NSE 0.986 0.965 0.943 0.964 -1.26 0.963 0.961 0.944 0.918 0.175 -1.34 0.867 0.972

R2
0.991 0.997 0.953 0.986 0.633 0.964 0.992 0.978 0.920 0.907 0.944 0.982 0.988
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Water year and monthly statistics 

06906500 Missouri River at Glasgow, Missouri
PBIAS 0.00 2.20 -2.60 -1.50 -1.70 2.80 3.50 2.20 1.70 -0.800 -3.00 0.500 -0.400

RSR 0.0895 0.203 0.446 0.127 0.571 0.250 0.413 0.278 0.256 0.249 0.675 0.303 0.101

NSE 0.992 0.958 0.794 0.983 0.663 0.935 0.823 0.920 0.933 0.936 0.529 0.905 0.990

R2
0.992 0.992 0.911 0.991 0.948 0.940 0.883 0.933 0.940 0.942 0.972 0.959 0.991

06909000 Missouri River at Boonville, Missouri
PBIAS 0.800 1.60 1.40 1.20 0.900 -0.100 -1.20 1.90 0.200 1.40 1.00 -0.200 1.90

RSR 0.0487 0.145 0.208 0.0906 0.309 0.0759 0.234 0.185 0.110 0.177 0.221 0.130 0.172

NSE 0.998 0.978 0.955 0.992 0.901 0.994 0.943 0.965 0.987 0.968 0.950 0.983 0.969

R2
0.998 0.992 0.988 0.996 0.959 0.994 0.972 0.975 0.988 0.982 0.989 0.986 0.999

06935965 Missouri River at Saint Charles, Missouri
PBIAS 0.300 0.900 -2.00 -0.600 -0.400 4.90 1.50 -0.600 -0.900 -0.200 1.00 0.600 -0.500

RSR 0.0697 0.119 0.801 0.108 0.549 0.146 0.244 0.0758 0.151 0.297 0.221 0.448 0.174

NSE 0.995 0.985 0.336 0.988 0.688 0.978 0.939 0.994 0.976 0.909 0.950 0.792 0.969

R2
0.995 0.988 0.741 0.989 0.892 0.988 0.949 0.995 0.982 0.912 0.972 0.823 0.977

Table 3. Statistical test results for model performance at selected U.S. Geological Survey (USGS) streamgages used in the Missouri River Precipitation-Runoff Modeling 
System (PRMS) model.—Continued

>:DWHU�\HDU��2FWREHU���������WKURXJK�6HSWHPEHU������������PBIAS, percent bias; RSR, root mean square error-observation standard deviation ratio; NSE��1DVK�DQG�6XWFOLIIH�FRHI¿FLHQW�RI�HI¿FLHQF\��
R2��FRHI¿FLHQW�RI�GHWHUPLQDWLRQ@
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Figure 9. Unregulated daily mean streamflow simulated using the Missouri River 
Precipitation-Runoff Modeling System model as compared to measured regulated 
streamflows for selected locations on the Missouri River during 2011 water year.
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Figure 9. Unregulated daily mean streamflow simulated using the Missouri River 
Precipitation-Runoff Modeling System model as compared to measured regulated 
streamflows for selected locations on the Missouri River during 2011 water year.—
Continued
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Figure 9. Unregulated daily mean streamflow simulated 
using the Precipitation-Runoff Modeling System (PRMS) 
model as compared to measured regulated streamflows for 
selected locations on the Missouri River during 2011 water 
year.—Continued

7R�IXUWKHU�FRPSDUH�WKH�HIIHFWV�RI�UHJXODWLRQ�RQ�ÀRRG�
duration and severity, two additional methods of compari-

VRQ�DUH�SUHVHQWHG��7KH�¿UVW�PHWKRG�FRPSDUHV�WKH�QXPEHU�RI�
GD\V�LQ�ZKLFK�6'$'�YDOXHV�ZHUH�JUHDWHU�WKDQ�RU�HTXDO�WR�
WKH�PD[LPXP�0'$'�YDOXH��WDEOH�����7KLV�GLIIHUHQFH�LV�WKH�
QXPEHU�RI�GD\V�VWUHDPÀRZ�ZRXOG�KDYH�H[FHHGHG�WKH�PHD-
VXUHG�SHDN�GDLO\�ÀRZ�KDG�QR�UHJXODWLRQ�EHHQ�LQ�SODFH��7KH�
VHFRQG�PHWKRG�RI�FRPSDULVRQ�XVHV�VLPXODWHG�ÀRZ��PHDVXUHG�
ÀRZ��PHDVXUHG�VWUHDP�VWDJH�UHFRUG��HOHYDWLRQ�RI�WKH�VXUIDFH�
RI�WKH�VWUHDP�DERYH�1$9'����GDWXP���DQG�1DWLRQDO�:HDWKHU�
6HUYLFH��1:6�������ÀRRG�FDWHJRU\�VWDJH�WKUHVKROGV�IRU�
0LQRU��0RGHUDWH��DQG�0DMRU�)ORRG�HYHQWV��:��5RVV��1DWLRQDO�
2FHDQLF�DQG�$WPRVSKHULF�$GPLQLVWUDWLRQ��ZULWWHQ�FRPPXQ���
2013). This method establishes a metric, the unregulated dif-

IHUHQFH�LQ�VWDJH��8'6���ZKLFK�LV�FDOFXODWHG�IRU�HDFK�1:6�
ÀRRG�FDWHJRU\�VWDJH�WKUHVKROG��0LQRU��0RGHUDWH��DQG�0DMRU���
and represents the number of additional days a stage threshold 

ZRXOG�KDYH�EHHQ�H[FHHGHG�LI�QR�UHJXODWLRQ�ZDV�LQ�SODFH��8'6�
is calculated:

UDS Q Q Q Qstage stage stageSIM M= >( )− >( )no. of days no. of days  (5)

where 

 QSIM  LV�VLPXODWHG�ÀRZ
 QM�� LV�PHDVXUHG�ÀRZ
 Qstage  LV�WKH�PLQLPXP�VWUHDP�ÀRZ�DVVRFLDWHG�ZLWK�

1:6�ÀRRG�VWDJH�WKUHVKROG��DQG
 no.  is number.

$YDLODEOH�86*6�1:,6�PHDVXUHG�VWDJH�UHFRUGV�DW�HDFK�
VWUHDPJDJH�ZHUH�FROOHFWHG�IURP�86*6�:DWHU�6FLHQFH�&HQWHUV�
IRU�:<������DQG�XVHG�LQ�WKH�8'6�FDOFXODWLRQ��8�6��*HRORJL-
cal Survey, 2013). Simulated stage values were determined 

from simulated discharge values using 2011 stage-discharge 

UDWLQJV�WKDW�ZHUH�GHYHORSHG�DW�HDFK�86*6�VWUHDPJDJLQJ�VWD-
WLRQ��8�6��*HRORJLFDO�6XUYH\���������)RU�WKLV��0'$'�YDOXHV�
DVVRFLDWHG�ZLWK�HDFK�1:6�ÀRRG�VWDJH�H[FHHGDQFH�RQ�ERWK�ULV-
LQJ�DQG�IDOOLQJ�OLPEV�ZHUH�HVWDEOLVKHG��:KHQ�6'$'�H[FHHGHG�
WKH�0'$'�DVVRFLDWHG�ZLWK�D�1:6�ÀRRG�VWDJH�WKUHVKROG��WKH�
Missouri River (simulation) was inferred to have exceeded the 

ÀRRG�VWDJH��7KH�QXPEHU�RI�GD\V�HDFK�1:6�ÀRRG�VWDJH�ZRXOG�
have been met or exceeded were counted in both the mea-

VXUHG�DQG�VLPXODWHG�GDWD��DQG�FRPSDUHG�XVLQJ�WKH�8'6�PHWULF�
�WDEOH�����,I�D�SDUWLFXODU�1:6�ÀRRG�VWDJH�FDWHJRU\�WKUHVKROG�
ZDV�QRW�UHDFKHG�DW�D�VSHFL¿F�VWUHDPJDJH�LQ�WKH�PHDVXUHG�
UHFRUG��EXW�ZDV�PHW�RU�H[FHHGHG�LQ�WKH�VLPXODWLRQ��WKH�86*6�
1:,6�VWDJH�GLVFKDUJH�UDWLQJ�FXUYH�LQ�HIIHFW�IRU������ZDV�XVHG�
WR�HVWLPDWH�ÀRZ�IRU�VWDJH�H[FHHGDQFH�

Fort Peck Dam and Culbertson, Montana

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�IRU�WKH�
VWUHDPJDJH�ORFDWLRQ�EHORZ�)RUW�3HFN�'DP�VKRZ�WKDW�WKH�GDP�
HOLPLQDWHG�DQ�HDUO\�VXPPHU�SHDN�ÀRZ�ZLWK�D�6'$'�YDOXH�RI�
79,300 ft

3�V��¿J���A). The dam also lowered a second summer 

SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�6'$'�YDOXH�RI��������IW3/s to 

65,900 ft
3�V��0'$'���%RWK�PD[LPXP�6'$'�DQG�0'$'�

values for 2011 are greater than the measured peak discharge 

YDOXHV�IURP�������WDEOH�����6LPXODWHG�ÀRZV�GXULQJ�$XJXVW�
and September show the river receding to approximately 

10,000 ft
3
/s, whereas, because of regulated releases from 

)RUW�3HFN�'DP��DFWXDO��PHDVXUHG�ÀRZV�UHPDLQHG�DW�DSSUR[L-
mately 25,000 ft

3
/s during those months. Model results show 

WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�KDYH�
HTXDOHG�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V�
�WDEOH�����1:6�ÀRRG�FDWHJRU\�VWDJH�WKUHVKROGV�DUH�QRW�
HVWDEOLVKHG�DW�WKLV�ORFDWLRQ��WKHUHIRUH�8'6�PHWULFV�ZHUH�QRW�
calculated. 

)RU�WKH�VWUHDPJDJH�ORFDWLRQ�QHDU�&XOEHUWVRQ��0RQWDQD��
the downstream effects of regulation are similar to those at 

)RUW�3HFN�'DP��+HUH�DQ�HDUO\�VXPPHU�SHDN�ZLWK�D�6'$'�
value of 102,400 ft

3
/s was eliminated by upstream regulation, 

DQG�D�VHFRQG�VXPPHU�SHDN�ZLWK�WKH�PD[LPXP�6'$'�YDOXH�
of 117,900 ft

3
/s was reduced to 97,200 ft

3�V��¿J���B). Both 

PD[LPXP�6'$'�DQG�0'$'�YDOXHV�IRU������DUH�JUHDWHU�WKDQ�
the measured peak discharge values from 1952 (table 4). The 

PRGHO�UHVXOWV�VKRZ�WKDW�GXULQJ�$XJXVW�DQG�6HSWHPEHU��6'$'�
values would have been approximately 11,000 ft

3
/s. Instead, 

FRQWUROOHG�UHOHDVHV�IURP�)RUW�3HFN�'DP�PDLQWDLQHG�D�EDVH�
ÀRZ�RI�DSSUR[LPDWHO\��������IW3/s during these months. Model 

UHVXOWV�VKRZ�WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�
ZRXOG�KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU�
���GD\V��WDEOH�����'XULQJ�������0'$'�DQG�6'$'�YDOXHV�GLG�
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QRW�H[FHHG�WKH�1:6�0LQRU�)ORRG�VWDJH�WKUHVKROG��WKHUHIRUH�
8'6�PHWULFV�ZHUH�QRW�FDOFXODWHG�DW�WKLV�JDJH��

Garrison Dam and Bismarck, North Dakota

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�IRU�WKH�
VWUHDPJDJH�ORFDWLRQ�DW�*DUULVRQ�'DP�VKRZ�WKDW�XSVWUHDP�
UHJXODWLRQ�HOLPLQDWHG�DQ�HDUO\�VXPPHU�SHDN�ÀRZ��ZLWK�WKH�
PD[LPXP�6'$'�YDOXH�RI���������IW3�V��¿J���C). Upstream 

UHJXODWLRQ�DOVR�ORZHUHG�D�VHFRQG�VXPPHU�SHDN�ÀRZ��ZLWK�DQ�
6'$'�YDOXH�RI���������IW3/s to 150,600 ft

3�V��0'$'���%RWK�
PD[LPXP�6'$'�DQG�0'$'�YDOXHV�IRU������DUH�OHVV�WKDQ�
the measured peak discharge values from 1952 (table 4).The 

PRGHO�VKRZV�GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�
6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��ZKLFK�FRQYHUJH�ZLWK�
0'$'�YDOXHV�RI�DSSUR[LPDWHO\��������IW3/s by the end of 

the water year (September 30, 2011). Model results show that 

ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�KDYH�PHW�
RU�H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V��WDEOH�����
1R�1:6�ÀRRG�VWDJH�LQIRUPDWLRQ�ZDV�DYDLODEOH�DW�WKLV�ORFD-
WLRQ��WKHUHIRUH�QR�8'6�PHWULFV�FRXOG�EH�FDOFXODWHG�

)RU�WKH�VWUHDPJDJH�ORFDWLRQ�DW�%LVPDUFN��1RUWK�'DNRWD��
ZKLFK�LV�GRZQVWUHDP�RI�*DUULVRQ�'DP��XSVWUHDP�UHJXODWLRQ�
HOLPLQDWHG�DQ�HDUO\�VXPPHU�SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�
6'$'�YDOXH�RI���������IW3�V��WDEOH���DQG�¿J���D). Upstream 

UHJXODWLRQ�DOVR�ORZHUHG�D�VHFRQG�VXPPHU�SHDN�ÀRZ�ZLWK�DQ�
6'$'�YDOXH�RI���������IW3/s to 154,000 ft

3
/s (the maximum 

0'$'�YDOXH���%RWK�PD[LPXP�6'$'�DQG�0'$'�YDOXHV�
for 2011 are less than the measured peak discharge values 

IURP�������WDEOH�����$V�DW�*DUULVRQ�'DP��WKH�PRGHO�VKRZV�
GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�6HSWHPEHU�UHOD-
WLYH�WR�0'$'�YDOXHV��ZKLFK�FRQYHUJH�ZLWK�0'$'�YDOXHV�RI�
approximately 25,000 ft

3
/s by the end of the water year. Model 

UHVXOWV�VKRZ�WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�
ZRXOG�KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU�
35 days (table 4).

'XULQJ�������WKH�1:6�0DMRU�)ORRG�VWDJH�ZDV�UHDFKHG�DW�
%LVPDUFN��1RUWK�'DNRWD��7KH�8'6�IRU�0DMRU�)ORRG�VWDJH�LV�
��GD\V��KRZHYHU�WKH�8'6�IRU�0RGHUDWH�)ORRG�VWDJH�LV����GD\V�
DQG�0LQRU�)ORRG�VWDJH�LV�����GD\V��7KHVH�UHVXOWV�LQGLFDWH�WKDW�
XSVWUHDP�UHJXODWLRQ�GHFUHDVHG�WKH�QXPEHU�RI�GD\V�DW�0DMRU�
)ORRG�VWDJH�DQG�LQFUHDVHG�WKH�QXPEHU�RI�GD\V�DW�0LQRU�DQG�
0RGHUDWH�)ORRG�VWDJHV�

Oahe Dam, South Dakota

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�IRU�WKH�
VWUHDPJDJH�ORFDWLRQ�DW�2DKH�'DP�VKRZ�WKDW�XSVWUHDP�UHJXOD-
WLRQ�HOLPLQDWHG�DQ�HDUO\�VXPPHU�SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�
6'$'�YDOXH�RI���������IW3�V��¿J���E). Upstream regulation 

DOVR�ORZHUHG�D�VHFRQG�VXPPHU�SHDN�ÀRZ�ZLWK�DQ�6'$'�YDOXH�
of 212,800 ft

3
/s to 160,300 ft

3�V��WKH�PD[LPXP�0'$'�YDOXH���
%RWK�PD[LPXP�6'$'�DQG�0'$'�YDOXHV�IRU������DUH�OHVV�
than the measured peak discharge values from 1952 (table 4). 

7KH�PRGHO�VKRZV�GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�
6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�WR�FRQYHUJH�
ZLWK�0'$'�YDOXHV�DW�WKH�HQG�RI�WKH�ZDWHU�\HDU��0RGHO�UHVXOWV�
VKRZ�WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�
KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V�
�WDEOH�����1R�1:6�ÀRRG�VWDJH�LQIRUPDWLRQ�ZDV�DYDLODEOH�DW�
WKLV�ORFDWLRQ��WKHUHIRUH�QR�8'6�PHWULFV�FRXOG�EH�FDOFXODWHG�

Big Bend Dam, South Dakota

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�IRU�WKH�
VWUHDPJDJH�ORFDWLRQ�DW�%LJ�%HQG�'DP�VKRZ�WKDW�UHJXODWLRQ�
HOLPLQDWHG�DQ�HDUO\�VXPPHU�SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�
6'$'�YDOXH�RI���������IW3�V��¿J���F). Upstream regula-

WLRQ�DOVR�ORZHUHG�D�VHFRQG�VXPPHU�SHDN�ÀRZ��ZLWK�D�6'$'�
value of 217,600 ft

3
/s to 166,300 ft

3�V��WKH�PD[LPXP�0'$'�
YDOXH���%RWK�PD[LPXP�6'$'�DQG�0'$'�YDOXHV�IRU������
are less than the measured peak discharge values from 1952 

�WDEOH����7KH�PRGHO�VKRZV�GHFUHDVHG�6'$'�YDOXHV�GXULQJ�
$XJXVW�DQG�6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�
WR�FRQYHUJH�ZLWK�0'$'�YDOXHV�DW�WKH�HQG�RI�WKH�ZDWHU�\HDU��
0RGHO�UHVXOWV�VKRZ�WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�
YDOXHV�ZRXOG�KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�
YDOXH�IRU����GD\V��WDEOH�����1R�1:6�ÀRRG�VWDJH�LQIRUPDWLRQ�
ZDV�DYDLODEOH�DW�WKLV�ORFDWLRQ��WKHUHIRUH�QR�8'6�PHWULFV�FRXOG�
be calculated.

Fort Randall Dam, South Dakota

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�IRU�WKH�
VWUHDPJDJH�ORFDWLRQ�DW�)RUW�5DQGDOO�'DP�VKRZ�WKDW�UHJXODWLRQ�
HOLPLQDWHG�DQ�HDUO\�VXPPHU�SHDN�ÀRZ�ZLWK�DQ�6'$'�YDOXH�
of 221,000 ft

3�V��¿J���G). Upstream regulation also lowered a 

VHFRQG�VXPPHU�SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�6'$'�YDOXH�RI�
236,700 ft

3
/s to 160,000 ft

3�V��WKH�PD[LPXP�0'$'�YDOXH���
%RWK�PD[LPXP�6'$'�DQG�0'$'�YDOXHV�IRU������DUH�OHVV�
than the measured peak discharge values from 1952 (table 4). 

7KH�PRGHO�VKRZV�GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�
6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�WR�FRQYHUJH�
ZLWK�0'$'�YDOXHV�DW�WKH�HQG�RI�WKH�ZDWHU�\HDU��0RGHO�UHVXOWV�
VKRZ�WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�
KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V�
�WDEOH�����1R�1:6�ÀRRG�VWDJH�LQIRUPDWLRQ�ZDV�DYDLODEOH�DW�
WKLV�ORFDWLRQ��WKHUHIRUH�QR�8'6�PHWULFV�FRXOG�EH�FDOFXODWHG�

Gavins Point Dam, South Dakota

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�IRU�WKH�
VWUHDPJDJH�ORFDWLRQ�DW�*DYLQV�3RLQW�'DP�VKRZ�WKDW�UHJXODWLRQ�
HOLPLQDWHG�DQ�HDUO\�VXPPHU�SHDN�ÀRZ�ZLWK�DQ�6'$'�YDOXH�
of 223,300 ft

3�V��¿J���H). Upstream regulation also lowered a 

VHFRQG�VXPPHU�SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�6'$'�YDOXH�RI�
241,100 ft

3
/s to 160,700 ft

3�V��WKH�PD[LPXP�0'$'�YDOXH���
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Table 4. Maximum measured and maximum simulated daily average discharge and number of days that the National Weather Service (NWS) flood category stage threshold 
was exceeded for selected U.S. Geological Survey (USGS) streamgages and United States Army Corps of Engineers (USACE) dam outflow sites.

>86*6��8�6��*HRORJLFDO�6XUYH\��0'$'��0HDVXUHG�'DLO\�$YHUDJH�'LVFKDUJH��6'$'��6LPXODWHG�'DLO\�$YHUDJH�'LVFKDUJH��IW��V��FXELF�IHHW�SHU�VHFRQG��1:6��1DWLRQDO�:HDWKHU�6HUYLFH��6WDJH��KHLJKW�RI�
ZDWHU�VXUIDFH�DERYH�GDWXP�DW�ZKLFK�PLQRU��PRGHUDWH��RU�PDMRU�ÀRRGLQJ�RFFXUV��0HDV��0HDVXUHG�GDWD��6LP��6LPXODWLRQ�GDWD��8'6��8UHJXODWHG�'LIIHUHQFH�LQ�6WDJH��WKLV�QXPEHU�UHSUHVHQWV�WKH�LQFUHDVH�RU�
GHFUHDVH�LQ�WKH�QXPEHU�RI�GD\V�DW�RU�DERYH�1:6�)ORRG�6WDJH�GXULQJ�WKH������)ORRG�LI�QR�UHJXODWLRQ�ZDV�SUHVHQW�RQ�WKH�0LVVRXUL�PDLQ�VWHP���±��1R�ÀRRGV�VWDJHV�GHWHUPLQHG�DW�WKHVH�VLWHV��
��PHDVXUHG�RU�
VLPXODWHG�ÀRZV�GLG�QRW�PHHW�RU�H[FHHG�VWDJH��QD��QRW�DYDLODEOH@

USGS 
streamgage 

number
USGS station name

2011  
Maximum 

MDAD  
(ft3/s)

2011  
Maximum 

SDAD  
(ft3/s)

Number of days stage was at or above NWS flood stage threshold Number of 
days maxi-
mum SDAD 

exeeded 
maximum 

MDAD

1952 Mea-
sured peak 
discharge, 

(ft3/s), 
(wells,  
1955)

Minor flood Moderate flood Major flood

Meas Sim UDS Meas Sim UDS Meas Sim UDS

06132000 Missouir River 

EHORZ�)RUW�3HFN�
'DP��0RQWDQD

65,900 92,000 – – – – – – – – – 23 27,400

06185500 Missouri River 

near Culbertson, 

Montana

97,200 117,900 
 
 
 
 
 
 
 
 
 13 46,800

06338490 Missouri River at 

*DUULVRQ�'DP��
1RUWK�'DNRWD

1
150,600 206,800 – – – – – – – – – 35

7
348,000

06342500 Missouri River at 

%LVPDUFN��1RUWK�
'DNRWD

154,000 207,700 99 89 -10 77 68 -9 49 53 4 35 500,000

509990006 Missouri River at 

2DKH�'DP��6RXWK�
'DNRWD

2
160,300 220,900 – – – – – – – – – 36

8
440,000

509990007 Missouri River at 

%LJ�%HQG�'DP��
6RXWK�'DNRWD

3
166,300 220,400 – – – – – – – – – 35

9
440,000

06453000 Missouri River 

DW�)RUW�5DQGDOO�
'DP��6RXWK�
'DNRWD

160,000 236,700 – – – – – – – – – 39 447,000

509990008 Missouri River at 

*DYLQV�3RLQW�
'DP��6RXWK�
'DNRWD

4
160,700 241,100 – – – – – – – – – 40

10
480,000

06486000 Missouri River at 

Sioux City, Iowa

189,000 264,500 81 84 3 66 56 -10 
 635 35 37 441,000

06610000 Missouri River at 

2PDKD��1HEUDVND
212,000 279,500 101 131 30 75 66 -9 
 
 
 34 396,000
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USGS 
streamgage 

number
USGS station name

2011  
Maximum 

MDAD  
(ft3/s)

2011  
Maximum 

SDAD  
(ft3/s)

Number of days stage was at or above NWS flood stage threshold Number of 
days maxi-
mum SDAD 

exeeded 
maximum 

MDAD

1952 Mea-
sured peak 
discharge, 

(ft3/s), 
(wells,  
1955)

Minor flood Moderate flood Major flood

Meas Sim UDS Meas Sim UDS Meas Sim UDS

06807000 Missouri River at 

1HEUDVND�&LW\��
1HEUDVND

221,000 303,800 169 154 -15 65 93 28 10 53 43 45 414,000

06818000 Missouri River at 

Saint Joseph, 

Missouri

270,000 317,000 160 152 -8 104 91 -13 46 51 5 26 397,000

06893000 Missouri River at 

Kansas City

243,000 327,700 8 41 33 
 626 26 
 
 
 34 400,000

06906500 Missouri River at 

*ODVJRZ��0LV-
souri

254,000 374,200 95 92 -3 70 67 -3 
 628 28 33 na

06909000 Missouri River at 

Boonville, Mis-

souri

260,000 374,200 102 103 1 
 
 
 
 
 
 32 360,000

06934500 Missouri River at 

Hermann, Mis-

souri

274,000 385,200 107 100 -7 3 53 50 
 
 
 52 368,000

06935965 Missouri River at 

Saint Charles, 

Missouri

277,000 387,100 71 90 19 
 628 28 
 
 
 51 na

13HDN�UHVHUYRLU�RXWÀRZ�VDPH�DV�86*6�VWUHDPJDJH�����������0LVVRXUL�5LYHU�EHORZ�*DUULVRQ�'DP��1RUWK�'DNRWD��
23HDN�UHVHUYRLU�RXWÀRZ�VDPH�DV�86*6�VWUHDPJDJH�����������0LVVRXUL�5LYHU�DW�3LHUUH��6RXWK�'DNRWD��
33HDN�UHVHUYRLU�RXWÀRZ�VDPH�DV�86*6�VWUHDPJDJH�����������0LVVRXUL�5LYHU�DW�&KDPEHUODLQ��6RXWK�'DNRWD��
43HDN�UHVHUYRLU�RXWÀRZ�VDPH�DV�86*6�VWUHDPJDJH�����������0LVVRXUL�5LYHU�DW�<DQNWRQ��6RXWK�'DNRWD��
58�6��$UP\�&RUSV�RI�(QJLQHHUV�UHVHUYRLU�RXWÀRZ�VLWHV��
66WDJH�QRW�PHW�LQ������ZDWHU�\HDU��VWDJH�GLVFKDUJH�UHODWLRQ�LQIHUUHG�IURP������UDWLQJ�FXUYH��8�6��*HRORJLFDO�6XUYH\��������
7'LVFKDUJH�YDOXHV�IURP����������0LVVRXUL�5LYHU�EHORZ�*DUULVRQ�'DP��1RUWK�'DNRWD�
8'LVFKDUJH�YDOXHV�IURP����������0LVVRXUL�5LYHU�DW�3LHUUH��6RXWK�'DNRWD�
9'LVFKDUJH�YDOXHV�IURP����������0LVVRXUL�5LYHU�DW�&KDPEHUODLQ��6RXWK�'DNRWD�
10'LVFKDUJH�YDOXHV�IURP���������0LVVRXUL�5LYHU�DW�<DQNWRQ��6RXWK�'DNRWD�

Table 4. Maximum measured and maximum simulated daily average discharge and number of days that the National Weather Service (NWS) flood category stage threshold 
was exceeded for selected U.S. Geological Survey (USGS) streamgages and United States Army Corps of Engineers (USACE) dam outflow sites.—Continued

>86*6��8�6��*HRORJLFDO�6XUYH\��0'$'��0HDVXUHG�'DLO\�$YHUDJH�'LVFKDUJH��6'$'��6LPXODWHG�'DLO\�$YHUDJH�'LVFKDUJH��IW��V��FXELF�IHHW�SHU�VHFRQG��1:6��1DWLRQDO�:HDWKHU�6HUYLFH��6WDJH��KHLJKW�RI�
ZDWHU�VXUIDFH�DERYH�GDWXP�DW�ZKLFK�PLQRU��PRGHUDWH��RU�PDMRU�ÀRRGLQJ�RFFXUV��0HDV��0HDVXUHG�GDWD��6LP��6LPXODWLRQ�GDWD��8'6��8UHJXODWHG�'LIIHUHQFH�LQ�6WDJH��WKLV�QXPEHU�UHSUHVHQWV�WKH�LQFUHDVH�RU�
GHFUHDVH�LQ�WKH�QXPEHU�RI�GD\V�DW�RU�DERYH�1:6�)ORRG�6WDJH�GXULQJ�WKH������)ORRG�LI�QR�UHJXODWLRQ�ZDV�SUHVHQW�RQ�WKH�0LVVRXUL�PDLQ�VWHP���±��1R�ÀRRGV�VWDJHV�GHWHUPLQHG�DW�WKHVH�VLWHV��
��PHDVXUHG�RU�
VLPXODWHG�ÀRZV�GLG�QRW�PHHW�RU�H[FHHG�VWDJH��QD��QRW�DYDLODEOH@



28  The Effects of Missouri River Reservoir Operations on 2011 Flooding Using the Precipitation-Runoff Modeling System

%RWK�PD[LPXP�6'$'�DQG�0'$'�YDOXHV�IRU������DUH�OHVV�
than the measured peak discharge values from 1952 (table 4). 

7KH�PRGHO�VKRZV�GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�
6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�WR�FRQYHUJH�
ZLWK�0'$'�YDOXHV�DW�WKH�HQG�RI�WKH�ZDWHU�\HDU��0RGHO�UHVXOWV�
VKRZ�WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�
KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V�
�WDEOH�����1R�1:6�ÀRRG�VWDJH�LQIRUPDWLRQ�ZDV�DYDLODEOH�DW�
WKLV�ORFDWLRQ��WKHUHIRUH�QR�8'6�PHWULFV�FRXOG�EH�FDOFXODWHG�

Sioux City, Iowa

At the Sioux City, Iowa streamgage location, the model 

VLPXODWHG�WZR�VSULQJ�SHDN�ÀRZV�ZLWK�6'$'�YDOXHV�RI�
132,300 and 134,800 ft

3�V��DQG�WZR�VXPPHU�SHDN�ÀRZV�ZLWK�
6'$'�YDOXHV�RI���������DQG���������IW3�V��¿J���I). Upstream 

UHJXODWLRQ�HOLPLQDWHG�WKH�VSULQJ�SHDN�ÀRZV�DQG�FRQVROLGDWHG�
WKH�VXPPHU�SHDN�ÀRZV�LQWR�RQH�ORQJ��KLJK�ÀRZ�HYHQW�ZLWK�
D�PD[LPXP�0'$'�YDOXH�RI���������IW3/s. Both maximum 

6'$'�DQG�0'$'�YDOXHV�IRU������DUH�OHVV�WKDQ�WKH�PHDVXUHG�
peak discharge values from 1952 (table 4). The model shows 

GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�6HSWHPEHU�UHOD-
WLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�WR�FRQYHUJH�ZLWK�0'$'�
values at the end of the water year. Model results show that 

ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�KDYH�PHW�RU�
H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V��WDEOH����

'XULQJ�������WKH�1:6�0RGHUDWH�DQG�0LQRU�)ORRG�
stages were reached at this streamgage. Model results show 

WKDW��ZLWKRXW�XSVWUHDP�UHJXODWLRQ��0DMRU�)ORRG�VWDJH�DOVR�
ZRXOG�KDYH�EHHQ�UHDFKHG��7KH�8'6�IRU�0DMRU�)ORRG�6WDJH�LV�
���GD\V��WKH�8'6�IRU�0RGHUDWH�)ORRG�VWDJH�LV�����GD\V��WKH�
8'6�IRU�0LQRU�)ORRG�VWDJH�LV���GD\V��7KHVH�PHWULFV�LQGLFDWH�
that upstream regulation decreased the number of days at 

0DMRU�DQG�0RGHUDWH�)ORRG�VWDJHV�DQG�LQFUHDVHG�WKH�QXPEHU�RI�
GD\V�DW�0LQRU�)ORRG�VWDJH�

Omaha, Nebraska

$W�WKH�2PDKD��1HEUDVND�VWUHDPJDJH�ORFDWLRQ��WKH�
PRGHO�VLPXODWHG�WZR�VSULQJ�SHDN�ÀRZV�ZLWK�6'$'�YDOXHV�RI�
137,300 and 145,200 ft

3�V��DQG�WZR�VXPPHU�SHDN�ÀRZV�ZLWK�
6'$'�YDOXHV�RI���������DQG���������IW3�V��¿J���J). Upstream 

UHJXODWLRQ�HOLPLQDWHG�WKH�VSULQJ�SHDN�ÀRZV�DQG�ORZHUHG�WKH�
VXPPHU�SHDN�ÀRZV�WR���������DQG���������IW3�V��0'$'�YDO-
XHV���UHVSHFWLYHO\��%RWK�PD[LPXP�6'$'�DQG�0'$'�YDOXHV�
for 2011 are less than the measured peak discharge values 

IURP�������WDEOH�����7KH�PRGHO�VKRZV�GHFUHDVHG�6'$'�YDO-
XHV�GXULQJ�$XJXVW�DQG�6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��
ZKLFK�EHJLQ�WR�FRQYHUJH�ZLWK�0'$'�YDOXHV�DW�WKH�HQG�RI�WKH�
water year. Model results show that without upstream regula-

WLRQ��6'$'�YDOXHV�ZRXOG�KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�
0'$'�YDOXH�IRU����GD\V��WDEOH����

'XULQJ�������WKH�1:6�0RGHUDWH�DQG�0LQRU�)ORRG�VWDJHV�
were exceed at this streamgage in both the measured and 

VLPXODWHG�ÀRZ�UHFRUGV��7KH�8'6�IRU�0RGHUDWH�)ORRG�VWDJH�LV�
���GD\V�DQG�WKH�8'6�IRU�0LQRU�)ORRG�VWDJH�LV����GD\V��7KHVH�
metrics indicate that upstream regulation increased the number 

RI�GD\V�DW�0RGHUDWH�)ORRG�VWDJH�DQG�ODUJHO\�GHFUHDVHG�WKH�
QXPEHU�RI�GD\V�DW�0LQRU�)ORRG�VWDJH��EXW�GR�QRW�LQGLFDWH�WKDW�
UHJXODWLRQ�LQFUHDVHG�WKH�VHYHULW\�RI�WKH�ÀRRGLQJ��$OWKRXJK�
0DMRU�)ORRG�VWDJH�ZDV�QRW�PHW�DW�2PDKD��1HEUDVND��VLPXODWHG�
ÀRZV�GLG�H[FHHG�WKH�PD[LPXP�PHDVXUHG�ÀRZ�IRU����GD\V��
7KH�GHFUHDVH�LQ�WKH�PD[LPXP�SHDN�ÀRZ�E\�UHJXODWLRQ�LV�WKH�
cause for the increase in the number of days at or above Mod-

HUDWH�)ORRG�VWDJH�

Nebraska City, Nebraska

$W�1HEUDVND�&LW\��1HEUDVND��WKH�PRGHO�VLPXODWHG�
WZR�VSULQJ�SHDN�ÀRZV�ZLWK�6'$'�YDOXHV�RI���������DQG�
161,500 ft

3�V��DQG�WZR�VXPPHU�SHDN�ÀRZV�ZLWK�6'$'�YDOXHV�
of 288,300 and 303,800 ft

3�V��¿J���K). Upstream regulation 

HOLPLQDWHG�WKH�VSULQJ�SHDN�ÀRZV�DQG�ORZHUHG�WKH�VXPPHU�
SHDN�ÀRZV�WR���������IW3�V��PD[LPXP�0'$'�YDOXH���%RWK�
PD[LPXP�6'$'�DQG�0'$'�YDOXHV�IRU������DUH�OHVV�WKDQ�
the measured peak discharge values from 1952 (table 4). The 

PRGHO�VKRZV�GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�
6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�WR�FRQYHUJH�
ZLWK�0'$'�YDOXHV�DW�WKH�HQG�RI�WKH�ZDWHU�\HDU��0RGHO�UHVXOWV�
VKRZ�WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�
KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V�
(table 4).

'XULQJ�������WKH�1:6�0DMRU�)ORRG�VWDJH�ZDV�H[FHHGHG�
DW�WKLV�VWUHDPJDJH�LQ�ERWK�WKH�PHDVXUHG�DQG�VLPXODWHG�ÀRZ�
UHFRUGV��7KH�8'6�IRU�0DMRU�)ORRG�VWDJH�LV����GD\V�DQG�
WKH�8'6�IRU�0RGHUDWH�DQG�0LQRU�)ORRG�VWDJHV�DUH����DQG�
-15 days. These metrics indicate that upstream regulation 

GHFUHDVHG�WKH�QXPEHU�RI�GD\V�DW�0DMRU�)ORRG�DQG�0RGHUDWH�
)ORRG�VWDJHV�DQG�LQFUHDVHG�WKH�QXPEHU�RI�GD\V�DW�0LQRU�)ORRG�
stage (table 4).

Saint Joseph, Missouri

At the Saint Joseph, Missouri streamgage location, the 

PRGHO�VLPXODWHG�WZR�VSULQJ�SHDN�ÀRZV�ZLWK�6'$'�YDOXHV�RI�
150,100 and 167,200 ft

3�V��DQG�RQH�VXPPHU�SHDN�ÀRZ�ZLWK�WKH�
PD[LPXP�6'$'�YDOXH�RI���������IW3�V��¿J���L). Upstream 

UHJXODWLRQ�UHGXFHG�WKH�VSULQJ�SHDN�ÀRZV�LQ�QXPEHU�DQG�PDJ-

QLWXGH�WR�D�VLQJOH�VSULQJ�ÀRRG�SHDN�ZLWK�D�PD[LPXP�0'$'�
value of 104,000 ft

3�V��DQG�UHGXFHG�WKH�VXPPHU�SHDN�ÀRZ�WR�
D�PD[LPXP�0'$'�YDOXH�RI���������IW3/s. Both maximum 

6'$'�DQG�0'$'�YDOXHV�IRU������DUH�OHVV�WKDQ�WKH�PHDVXUHG�
peak discharge values from 1952 (table 4). The model shows 

GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�6HSWHPEHU�UHOD-
WLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�WR�FRQYHUJH�ZLWK�0'$'�
values at the end of the water year. Model results show that 

ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�KDYH�PHW�RU�
H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V��WDEOH����
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'XULQJ�������WKH�1:6�0DMRU�)ORRG�VWDJH�ZDV�H[FHHGHG�
DW�WKLV�VWUHDPJDJH�LQ�ERWK�WKH�PHDVXUHG�DQG�VLPXODWHG�ÀRZ�
UHFRUGV��7KH�8'6�IRU�0DMRU�)ORRG�VWDJH�LV���GD\V�DQG�WKH�
8'6�IRU�0RGHUDWH�DQG�0LQRU�)ORRG�VWDJHV�DUH�����DQG�
-8 days. These metrics indicate that upstream regulation 

GHFUHDVHG�WKH�QXPEHU�RI�GD\V�DW�0DMRU�)ORRG�VWDJH�DQG�
LQFUHDVHG�WKH�QXPEHU�RI�GD\V�DW�0RGHUDWH�)ORRG�DQG�0LQRU�
)ORRG�VWDJHV��WDEOH����

Kansas City, Missouri

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�DW�WKH�.DQ-

sas City, Missouri streamgage location show that upstream 

UHJXODWLRQ�ORZHUHG�D�VSULQJ�SHDN�ÀRZ�ZLWK�DQ�6'$'�YDOXH�
of 173,000 ft

3
/s to 117,000 ft

3�V��0'$'�YDOXH���DQG�ORZ-

HUHG�D�VXPPHU�SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�6'$'�YDOXH�
of 327,700 ft

3
/s to 243,000 ft

3�V��PD[LPXP�0'$'�YDOXH��
�¿J���M���%RWK�PD[LPXP�6'$'�DQG�0'$'�YDOXHV�IRU������
are less than the measured peak discharge values from 1952 

�WDEOH�����7KH�PRGHO�VKRZV�GHFUHDVHG�6'$'�YDOXHV�GXULQJ�
$XJXVW�DQG�6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�
WR�FRQYHUJH�ZLWK�0'$'�YDOXHV�DW�WKH�HQG�RI�WKH�ZDWHU�\HDU��
0RGHO�UHVXOWV�VKRZ�WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�
YDOXHV�ZRXOG�KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�
value for 34 days (table 4).

'XULQJ�������WKH�1:6�0LQRU�)ORRG�VWDJH�ZDV�H[FHHGHG�
DW�WKLV�VWUHDPJDJH�LQ�WKH�PHDVXUHG�DQG�VLPXODWHG�ÀRZ�UHFRUGV�
DQG�0RGHUDWH�)ORRG�VWDJH�ZDV�H[FHHGHG�LQ�WKH�VLPXODWHG�
ÀRZ�UHFRUGV��7KH�8'6�IRU�0RGHUDWH�)ORRG�VWDJH�LV����GD\V��
DQG�WKH�8'6�IRU�0LQRU�)ORRG�VWDJH�LV����GD\V��7KHVH�PHWULFV�
indicate that upstream regulation decreased the number of 

GD\V�DW�0RGHUDWH�)ORRG�DQG�0LQRU�ÀRRG�VWDJHV��WDEOH�����7KH�
VLPXODWLRQ�LQGLFDWHV�WKDW�0DMRU�)ORRG�VWDJH�ZRXOG�KDYH�QRW�
been reached.

Glasgow, Missouri

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�DW�WKH�
*ODVJRZ��0LVVRXUL�VWUHDPJDJH�VKRZ�WKDW�XSVWUHDP�UHJXODWLRQ�
ORZHUHG�D�VSULQJ�SHDN�ÀRZ�ZLWK�DQ�6'$'�YDOXH�RI���������
ft

3
/s to 153,000 ft

3�V��0'$'�YDOXH���DQG�ORZHUHG�D�VXPPHU�
SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�6'$'�YDOXH�RI���������IW3/s to 

254,000 ft
3�V��PD[LPXP�0'$'�YDOXH���¿J���N���1R�PHD-

sured peak discharge value was available for 1952 (table 4). 

7KH�PRGHO�VKRZV�GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�
6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�WR�FRQYHUJH�
ZLWK�0'$'�YDOXHV�DW�WKH�HQG�RI�WKH�ZDWHU�\HDU��0RGHO�UHVXOWV�
VKRZ�WKDW�ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�
KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V�
(table 4).

'XULQJ�������WKH�1:6�0RGHUDWH�)ORRG�VWDJH�ZDV�
exceeded at this streamgage in the measured and simulated 

UHFRUGV�DQG�1:6�0DMRU�)ORRG�VWDJH�ZDV�H[FHHGHG�LQ�WKH�
VLPXODWHG�ÀRZ�UHFRUGV��7KH�8'6�IRU�0DMRU�)ORRG�VWDJH�LV�

���GD\V�DQG�WKH�8'6�IRU�0RGHUDWH�DQG�0LQRU�)ORRG�VWDJHV�
are both -3 days. These metrics indicate that upstream regula-

WLRQ�GHFUHDVHG�WKH�QXPEHU�RI�GD\V�DW�0DMRU�)ORRG�VWDJH�DQG�
LQFUHDVHG�WKH�QXPEHU�RI�GD\V�DW�0RGHUDWH�)ORRG�DQG�0LQRU�
)ORRG�VWDJHV��WDEOH����

Boonville, Missouri

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�DW�WKH�%RRQ-

ville, Missouri streamgage location show that upstream 

UHJXODWLRQ�ORZHUHG�D�VSULQJ�SHDN�ÀRZ�ZLWK�DQ�6'$'�YDOXH�
of 199,300 ft

3
/s to 168,000 ft

3�V��0'$'�YDOXH���DQG�ORZ-

HUHG�D�VXPPHU�SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�6'$'�YDOXH�
of 374,200 ft

3
/s to 260,000 ft

3�V��PD[LPXP�0'$'�YDOXH��
�¿J���M���7KH�PD[LPXP�0'$'�YDOXH�IRU������LV�OHVV�WKDQ�
the measured peak discharge values from 1952, however the 

PD[LPXP�6'$'�YDOXH�IRU������LV�JUHDWHU�WKDQ�WKH�PHDVXUHG�
peak discharge value from 1952 (table 4). The model shows 

GHFUHDVHG�6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�6HSWHPEHU�UHOD-
WLYH�WR�0'$'�YDOXHV��ZKLFK�EHJLQ�WR�FRQYHUJH�ZLWK�0'$'�
values at the end of the water year. Model results show that 

ZLWKRXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�KDYH�PHW�RU�
H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V��WDEOH����

'XULQJ�������WKH�1:6�0LQRU�)ORRG�VWDJH�ZDV�H[FHHGHG�
DW�WKLV�VWUHDPJDJH�LQ�WKH�PHDVXUHG�DQG�VLPXODWHG�ÀRZ�UHFRUGV��
7KH�8'6�IRU�0LQRU�)ORRG�VWDJH�LV���GD\��7KH�VLPXODWLRQ�
LQGLFDWHV�WKDW�0DMRU�DQG�0RGHUDWH�)ORRG�VWDJH�ZRXOG�KDYH�QRW�
EHHQ�UHDFKHG�LQ�WKH�DEVHQFH�RI�UHJXODWLRQ��1RWH�WKH�VPDOO�8'6�
YDOXH�LV�GXH�WR�WKH�HOLPLQDWLRQ�RI�VSULQJ�ÀRRG�SHULRG�DW�WKLV�
VWUHDPJDJH�EHFDXVH�RI�UHJXODWLRQ��$OWKRXJK�WKH�VXPPHU�ÀRRG�
period was extended because of regulation, the total measured 

QXPEHU�RI�GD\V�LQ�ÀRRG�LV�URXJKO\�HTXDO�WR�WKH�VXP�RI�WKH�
VLPXODWHG�VSULQJ�ÀRRG�DQG�VXPPHU�ÀRRG�SHULRGV��¿J���O). 

Hermann, Missouri

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�DW�WKH�+HU-
mann, Missouri streamgage location show that upstream 

UHJXODWLRQ�ORZHUHG�D�VSULQJ�SHDN�ÀRZ�ZLWK�DQ�6'$'�YDOXH�
of 292,700 ft

3
/s to 235,000 ft

3�V��0'$'�YDOXH���DQG�ORZ-

HUHG�D�VXPPHU�SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�6'$'�YDOXH�RI�
385,200 ft

3
/s to 261,000 ft

3�V��0'$'�YDOXH���¿J���P���1RWH�
WKLV�VXPPHU�0'$'�SHDN�ÀRZ�LV�QRW�WKH�PD[LPXP�0'$'�
value of 274,000 ft

3
/s, which occurred in May. The maximum 

0'$'�YDOXH�IRU������LV�OHVV�WKDQ�WKH�PHDVXUHG�SHDN�GLV-
FKDUJH�YDOXH�IURP�������KRZHYHU�WKH�PD[LPXP�6'$'�YDOXH�
for 2011 is greater than the measured peak discharge value 

IURP�������WDEOH�����7KH�PRGHO�VKRZV�GHFUHDVHG�6'$'�YDO-
XHV�GXULQJ�$XJXVW�DQG�6HSWHPEHU�UHODWLYH�WR�0'$'�YDOXHV��
ZKLFK�EHJLQ�WR�FRQYHUJH�ZLWK�0'$'�YDOXHV�DW�WKH�HQG�RI�WKH�
water year. Model results show that without upstream regula-

WLRQ��6'$'�YDOXHV�ZRXOG�KDYH�PHW�RU�H[FHHGHG�WKH�PD[LPXP�
0'$'�YDOXH�IRU����GD\V��WDEOH����
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'XULQJ�������WKH�1:6�0RGHUDWH�)ORRG�VWDJH�ZDV�
exceeded at this streamgage in the measured and simulated 

ÀRZ�UHFRUGV��7KH�8'6�IRU�0RGHUDWH�)ORRG�VWDJH�LV����GD\V��
DQG�WKH�8'6�IRU�0LQRU�)ORRG�VWDJHV�LV����GD\V��7KHVH�PHW-
rics indicate that upstream regulation decreased the number 

RI�GD\V�DW�0RGHUDWH�)ORRG�VWDJH�DQG�LQFUHDVHG�WKH�QXPEHU�RI�
GD\V�DW�0LQRU�)ORRG�VWDJH��WDEOH����

Saint Charles, Missouri

7KH�0LVVRXUL�5LYHU�PRGHO�VLPXODWHG�ÀRZV�DW�WKH�6DLQW�
Charles, Missouri streamgage location show that upstream 

UHJXODWLRQ�ORZHUHG�D�VSULQJ�SHDN�ÀRZ�ZLWK�DQ�6'$'�YDOXH�RI�
292,400 ft

3
/s to 239,000 ft

3�V��0'$'���DQG�ORZHUHG�D�VXPPHU�
SHDN�ÀRZ�ZLWK�WKH�PD[LPXP�6'$'�YDOXH�RI���������IW3/s 

to 271,000 ft
3�V��0'$'�YDOXH���¿J���Q���1RWH�WKLV�VXPPHU�

SHDN�ÀRZ�LV�QRW�WKH�PD[LPXP�0'$'�YDOXH�RI���������IW3/s, 

which occurred earlier in May. Measured peak discharge was 

not available for 1952 (table 4). The model shows decreased 

6'$'�YDOXHV�GXULQJ�$XJXVW�DQG�6HSWHPEHU�UHODWLYH�WR�
0'$'�YDOXHV��ZKLFK�EHJLQ�WR�FRQYHUJH�ZLWK�0'$'�YDOXHV�
at the end of the water year. Model results show that with-

RXW�XSVWUHDP�UHJXODWLRQ��6'$'�YDOXHV�ZRXOG�KDYH�PHW�RU�
H[FHHGHG�WKH�PD[LPXP�0'$'�YDOXH�IRU����GD\V��WDEOH����

'XULQJ�������WKH�1:6�0LQRU�)ORRG�VWDJH�ZDV�H[FHHGHG�
at this streamgage in the measured and simulated records and 

0RGHUDWH�)ORRG�VWDJH�ZDV�H[FHHGHG�LQ�WKH�VLPXODWHG�ÀRZ�
UHFRUGV��7KH�8'6�IRU�0LQRU�)ORRG�VWDJH�LV����GD\V�DQG�WKH�
8'6�IRU�0RGHUDWH�)ORRG�VWDJH�LV����GD\V��$W�6DLQW�&KDUOHV��
Missouri, regulation reduced number of days at or exceed-

LQJ�0LQRU�)ORRG�VWDJH�DQG�HOLPLQDWHG�DOO�GD\V�ZKHQ�WKH�ULYHU�
ZRXOG�KDYH�PHW�RU�H[FHHGHG�0RGHUDWH�)ORRG�VWDJH�

Model Limitations
There are several notable limitations in the Missouri 

5LYHU�PRGHO��)LUVW��WKH�PRGHO�VLPXODWHV�D�GDLO\�WLPH�VWHS��
ZLWK�DOO�ÀRZV�DQG�VWRUDJHV�H[SUHVVHG�DV�GDLO\�PHDQ�YDOXHV��
Because of this, error may result because of the daily averag-

LQJ�RI�ÀRZV��RU�ZKHQ�VWUHDPÀRZ�FKDQJHV�DW�VXEGDLO\�WLPH�
increments (Markstrom and others, 2012). Second, the HRU 

VL]HV�DUH�ODUJH��DQG�SDUDPHWHU�YDOXHV��ÀRZV��DQG�VWRUDJHV�DUH�
assumed to be homogeneous within each HRU. Because of 

the coarse spatial resolution of the model, some hydrologic 

complexity and parameter variability within an HRU are lost. 

Third, the method of simulating solar radiation values for 

each HRU does not account for variations in solar activity or 

changes in weather events. This limitation, however, typi-

cally results in only small changes in solar radiation, which 

KDYH�D�PLQLPDO�HIIHFW�RQ�K\GURORJLF�YDULDEOHV�DQG�SURMHFWHG�
EDVLQ�UXQRII��0DUNVWURP�DQG�RWKHUV���������)RXUWK��FRPSOLFD-
tions occur in simulations when rain falls on the snowpack in 

excess of its available pore space; either the water will runoff 

the snowpack, in which case it is erroneously simulated as 

snowmelt, or the water will freeze to the snowpack, caus-

ing the model to later report more snowmelt than snowfall 

(Markstrom and others, 2012). Both of these cases may com-

plicate interpretation of the model results with regard to rain 

RQ�VQRZSDFN�HYHQWV��)LIWK��WKLV�VWXG\�XVHG�WKH�-HQVHQ�+DLVH�
method (Jensen and others 1970; and Markstrom and others, 

2008) to estimate stationary monthly mean values for potential 

evapotranspiration (PET) at each calibration point for subbasin 

model calibration, which may be a source of uncertainty in 

WKH�PRGHO��6WXGLHV��.LQJVWRQ�DQG�RWKHUV��������'RQRKXH�DQG�
others, 2010) report that this uncertainty is reduced because 

PRMS uses simulated PET, vegetation type, land-use charac-

teristics, soil type, simulated atmospheric conditions, and soil 

moisture availability to compute actual evapotranspiration 

(AET), and it is AET that PRMS used in the water balance 

simulation (Markstrom and others, 2008; and Markstrom and 

others, 2012). A more detailed discussion of PET uncertainty 

in the PRMS model is presented in Markstrom and others 

(2012).

The Missouri River model was designed and calibrated 

WR�VLPXODWH�WKH�SHDN�ÀRZV�LQ�WKH�0LVVRXUL�5LYHU�IRU�WKH������
water year. Because of this, the model has further assumptions 

DQG�OLPLWDWLRQV�WKDW�EHDU�PHQWLRQLQJ��)LUVW��WKH�PRGHO�ZDV�
EXLOW�XVLQJ�VWUHDPJDJH�GDWD�IURP�WULEXWDU\�VWUHDPV�DV�LQÀRZV�
to better simulate the effects of Missouri River regulation on 

ÀRZV��%HFDXVH�RI�WKLV��WKH�PRGHO�GRHV�QRW�VLPXODWH�WULEXWDU\�
VWUHDP�ÀRZV��6HFRQG��VHYHUDO�WULEXWDU\�LQÀRZ�DQG�FDOLEUDWLRQ�
streamgages on the Missouri River have limited measurement 

records, which reduced the model calibration and simulation 

periods in certain reaches, making it impossible in the current 

PRGHO�FRQ¿JXUDWLRQ�WR�VLPXODWH�ÀRZV�IRU�DOO�\HDUV��7KLUG��
precise calibration of the Missouri River subbasin models 

XSVWUHDP�IURP�*DYLQV�3RLQW�'DP�ZDV�SUREOHPDWLF�EHFDXVH�
available streamgage data on the reaches affected by storage 

DQG�FRQWUROOHG�UHOHDVHV�UHSUHVHQW�UHJXODWHG�ÀRZ�FRQGLWLRQV��
and are therefore not appropriate for model calibration. In 

WKHVH�FDVHV��86$&(�QDWXUDOL]HG�ÀRZV�ZHUH�XVHG�IRU�PRGHO�
calibration at subbasin outlets, which may create more uncer-

WDLQW\�LQ�VLPXODWHG�ÀRZV�XSVWUHDP�RI�*DYLQV�3RLQW�'DP��7KLV�
is evident in the statistical test results (PBIAS, PSP, NSE, 

and R2��IRU�WKH�0LVVRXUL�5LYHU�DW�%LVPDUFN��1RUWK�'DNRWD�
�WDEOH�����)RXUWK��WKH�3506�PRGHO�DVVXPHV�WKDW�DOO�UXQRII�
ÀRZV�WR�WKH�FKDQQHO�DQG�LV�URXWHG�WR�GRZQVWUHDP�VHJPHQWV��
The model cannot simulate the effects of overbank storage 

IURP�HYHQWV�VXFK�DV�QDWXUDO�ÀRRGLQJ�DQG�OHYHH�IDLOXUHV��7KLV�
PD\�UHVXOW�LQ�RYHU�VLPXODWLRQ�RI�ÀRRG�SHDNV�GXULQJ�H[WUHPH�
ÀRRG�HYHQWV��)LIWK��WKH�PRGHO�ZDV�FDOLEUDWHG�ZLWK�HPSKDVLV�
SODFHG�RQ�WKH�SHDN�ÀRZ�WLPLQJ�GXULQJ�KLJK�ÀRZ�PRQWKV�
(April-August). As part of this approach and use of the Musk-

ingum routing method, routing segment travel times, k, were 

GHFUHDVHG�WR�LPSURYH�SHDN�WLPLQJ��$V�D�UHVXOW��VLPXODWHG�ÀRZ�
SHDN�WLPLQJ�GXULQJ�ORZ�ÀRZ�PRQWKV�PD\�EH�OHVV�DFFXUDWH��
Sixth, water withdrawals or wastewater discharges were not 
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addressed in the model. The effects were assumed to not be 

VLJQL¿FDQW�FRPSDUHG�WR�UXQRII�YROXPHV�RI�:<������
7KH�FRPSDULVRQ�RI�VLPXODWLRQ�UHVXOWV�DQG�PHDVXUHG�ÀRZV�

at streamgages indicate that U.S. Army Corps of Engineers 

operation of the Reservoir System eliminated or greatly 

UHGXFHG�VSULQJ�SHDN�ÀRZ�HYHQWV��FRQVROLGDWHG�WZR�VXPPHU�
SHDN�ÀRZ�HYHQWV�WR�RQH�ZLWK�D�PDUNHGO\�GHFUHDVHG�PDJQL-
WXGH��DQG�PDLQWDLQHG�KLJKHU�WKDQ�QRUPDO�EDVH�ÀRZ�EH\RQG�WKH�
end of the water year. Additional comparative metrics using 

1DWLRQDO�:HDWKHU�6HUYLFH�ÀRRG�VWDJHV�VKRZ�WKDW�ZLWKRXW�WKH�
5HVHUYRLU�6\VWHP��ÀRZV�JUHDWHU�WKDQ�WKRVH�PHDVXUHG�ZRXOG�
have been sustained for much longer, commonly in excess of 

���GD\V��DQG�RYHUDOO�WKH�ÀRRGLQJ�DVVRFLDWHG�ZLWK�KLJK�ÀRZ�
events would have been more severe, often progressing to a 

KLJKHU�1:6�ÀRRG�VWDJH�WKUHVKROG��

Summary
7KH�0LVVRXUL�5LYHU�ÀRZV�WKURXJK�WKH�ODUJHVW�UHVHUYRLU�

V\VWHP�LQ�1RUWK�$PHULFD��7KH�0LVVRXUL�5LYHU�0DLQVWHP�
Reservoir System (Reservoir System), authorized by the 

�����)ORRG�&RQWURO�$FW��FRQVLVWV�RI�VL[�GDPV��DQG�UHVHUYRLUV��
FRQVWUXFWHG�RQ�WKH�0LVVRXUL�5LYHU²)RUW�3HFN�'DP��)RUW�3HFN�
/DNH���*DUULVRQ�'DP��/DNH�6DNDNDZHD���2DKH�'DP��/DNH�
2DKH���%LJ�%HQG�'DP��/DNH�6KDUSH���)RUW�5DQGDOO�'DP��/DNH�
)UDQFLV�&DVH���DQG�*DYLQV�3RLQW�'DP��/HZLV�DQG�&ODUN�/DNH���
7KH�1RUWKZHVWHUQ�'LYLVLRQ�RI�WKH�8�6��$UP\�&RUSV�RI�(QJL-
neers (USACE) operates the Reservoir System to manage Mis-

VRXUL�5LYHU�ÀRZV��UHJXODWLRQ��IRU�FRQJUHVVLRQDOO\�DXWKRUL]HG�
SXUSRVHV�RI�ÀRRG�FRQWURO��LUULJDWLRQ��QDYLJDWLRQ��K\GURHOHFWULF�
power generation, water supply, water quality, recreation, 

DQG�¿VK�DQG�ZLOGOLIH�HQKDQFHPHQW��7KH�ÀRRGLQJ�DQG�UHVXOW-
ing damage during 2011 brought increased public attention to 

the U.S. Army Corps of Engineers (USACE) operation of the 

Reservoir System. 

In order to provide a better understanding of the effects 

of regulation on the magnitude and duration of Missouri River 

ÀRRGLQJ�LQ�������WKH�8�6��*HRORJLFDO�6XUYH\��86*6��3UHFLSL-
tation-Runoff Modeling System (PRMS) was used to construct 

DQG�FDOLEUDWH�D�ZDWHUVKHG�PRGHO�WR�VLPXODWH�XQUHJXODWHG�ÀRZV��
RU�ÀRZV�WKDW�H[FOXGH�WKH�HIIHFWV�RI�5HVHUYRLU�6\VWHP�RSHUD-
tions, during the 2011 water year. Model results were com-

SDUHG�ZLWK�PHDVXUHG�UHJXODWHG�ÀRZV�GXULQJ�WKH�VDPH�SHULRG�WR�
TXDQWLI\�WKH�HIIHFWV�RI�UHJXODWLRQ�RQ�VWUHDP�ÀRZ�DQG�ÀRRGLQJ�
at selected locations along the Missouri River. Simulated 

unregulated peak discharges for 2011 also are compared with 

KLVWRULFDO�SHDN�GLVFKDUJHV�IRU�WKH������ÀRRG�
The Missouri River PRMS model was built at a coarse-

UHVROXWLRQ�XVLQJ�WKH�*HRVSDWLDO�)DEULF��*)���D�QHZ�VHW�RI�
PHWKRGV�XVHG�E\�WKH�86*6�1DWLRQDO�5HVHDUFK�3URJUDP�
�153��WR�DJJUHJDWH�WKH�FDWFKPHQWV�DQG�ÀRZ�OLQHV�GH¿QHG�LQ�
WKH�1DWLRQDO�+\GURJUDSK\�'DWDVHW�3OXV�GDWDVHW��1+'3OXV��
WR�DOLJQ�ZLWK�WKH�1DWLRQDO�+\GURORJLF�0RGHO�VSHFL¿FDWLRQV��

'DLO\�6XUIDFH�:HDWKHU�DQG�&OLPDWRORJLFDO�6XPPDULHV�
�'$<0(7��ZHUH�DFTXLUHG�IRU�2FWREHU���������WR�6HSWHP-

EHU�����������DQG�SRVW�SURFHVVHG�E\�WKH�86*6�&HQWHU�IRU�
,QWHJUDWHG�'DWD�$QDO\WLFV��&,'$��WR�SURYLGH����\HDUV�RI�
input data at a 1-kilometer grid for the Missouri River model 

FRQVWUXFWLRQ�DQG�FDOLEUDWLRQ��'$<0(7�GDWD�ZHUH�VSDWLDOO\�
DYHUDJHG�IRU�HDFK�+58�DQG�GRZQORDGHG�XVLQJ�WKH�86*6�JHR-

GDWD�SRUWDO��86*6�VWUHDPJDJH�GDWD�ZHUH�FROOHFWHG�XVLQJ�WKH�
86*6�'RZQVL]HU�SURJUDP�ZKLFK�DFFHVVHG�WKH�86*6�1DWLRQDO�
:DWHU�,QIRUPDWLRQ�6\VWHP��86*6�1:,6��DQG�UHWULHYHG�GDLO\�
VWUHDPÀRZ�PHDVXUHPHQWV�DW�����VLWHV�IRU�2FWREHU����������
WR�6HSWHPEHU�����������'DLO\�UHVHUYRLU�UHOHDVH�GDWD�DOVR�ZHUH�
included in the model for all Reservoir System dams for that 

period. 

The Missouri River PRMS model calibration was 

UHVWULFWHG�WR�2FWREHU���������WR�6HSWHPEHU�����������WR�RSWL-
PL]H�PRGHO�VLPXODWLRQ�RI������ÀRZV�ZLWK�HPSKDVLV�SODFHG�RQ�
WKH�SHDN�ÀRZ�WLPLQJ�DQG�YROXPHV�GXULQJ�KLJK�ÀRZ�PRQWKV�
(April–August). The percent bias (PBIAS), root mean square 

error-observation standard deviation ratio (RSR���1DVK�6XW-
FOLIIH�HI¿FLHQF\��NSE���DQG�FRHI¿FLHQW�RI�GHWHUPLQDWLRQ��R2

) 

statistics were used to evaluate model performance. Statistical 

WHVWV�LQGLFDWH�WKDW�WKH�PRGHO�LV�D�JRRG�¿W�IRU�PRVW�KLJK�ÀRZ�
PRQWKV�DQG�IRU�DQQXDO�VWUHDPÀRZ�HVWLPDWLRQ�DW�DOO�ORFDWLRQV��
ZLWK�LQFUHDVHG�HUURU�DVVRFLDWHG�ZLWK�ORZ�ÀRZ�PRQWKV�DQG�GXU-
LQJ�KLJK�ÀRZ�HYHQWV�WKDW�LQYROYH�RYHUEDQN�VWRUDJH�

6LPXODWHG�GDLO\�DYHUDJH�GLVFKDUJH��6'$'��DQG�PHD-
VXUHG�GDLO\�DYHUDJH�GLVFKDUJH��0'$'��YDOXHV��PD[LPXP�
6'$'�DQG�0'$'�YDOXHV��DQG�VSULQJ�DQG�VXPPHU�6'$'�
DQG�0'$'�SHDN�ÀRZ�YDOXHV��DUH�FRPSDUHG�GLUHFWO\��PDJQL-
tude comparison). Two additional methods of comparison are 

SUHVHQWHG�WR�IXUWKHU�FRPSDUH�WKH�HIIHFWV�RI�UHJXODWLRQ�RQ�ÀRRG�
GXUDWLRQ�DQG�VHYHULW\��WKH�QXPEHU�RI�GD\V�LQ�ZKLFK�6'$'�YDO-
XHV�ZHUH�JUHDWHU�WKDQ�RU�HTXDO�WR�WKH�PD[LPXP�0'$'�YDOXH��
DQG�WKH�QXPEHU�RI�DGGLWLRQDO�GD\V�D�1DWLRQDO�:HDWKHU�6HUYLFH�
�1:6��0LQRU��0RGHUDWH��DQG�0DMRU�)ORRG�VWDJH�WKUHVKROGV�
would have been exceeded if no regulation was in place.

7KH�FRPSDULVRQ�RI�VLPXODWHG�XQUHJXODWHG�ÀRZV�WR�
PHDVXUHG�ÀRZV�DW�GDP�DQG�VHOHFWHG�VWUHDPJDJH�ORFDWLRQV�RQ�
WKH�0LVVRXUL�5LYHU��)RUW�3HFN�'DP��0RQWDQD��&XOEHUWVRQ��
0RQWDQD��*DUULVRQ�'DP��1RUWK�'DNRWD��%LVPDUFN��1RUWK�
'DNRWD��2DKH�'DP��6RXWK�'DNRWD��%LJ�%HQG�'DP��6RXWK�
'DNRWD��)RUW�5DQGDOO�'DP��6RXWK�'DNRWD��*DYLQV�3RLQW�'DP��
6RXWK�'DNRWD��6LRX[�&LW\��,RZD��2PDKD��1HEUDVND��1HEUDVND�
&LW\��1HEUDVND��6DLQW�-RVHSK��0LVVRXUL��%RRQYLOOH��0LVVRXUL��
.DQVDV�&LW\��0LVVRXUL��*ODVJRZ��0LVVRXUL��%RRQYLOOH��0LV-
souri; and Saint Charles, Missouri) indicate that operation of 

the Reservoir System eliminated or greatly reduced spring 

SHDN�ÀRZ�HYHQWV��FRQVROLGDWHG�WZR�VXPPHU�SHDN�ÀRZ�HYHQWV�
to one with a markedly decreased magnitude, and maintained 

KLJKHU�WKDQ�QRUPDO�EDVH�ÀRZ�EH\RQG�WKH�HQG�RI�WKH�ZDWHU�
\HDU��7KH�VLPXODWHG������ÀRRG�SHDNV�ZHUH�ORZHU�LQ�PDJQLWXGH�
WKDQ�WKRVH�PHDVXUHG�GXULQJ�WKH������ÀRRG��ZLWK�WKH�H[FHSWLRQ�
RI�)RUW�3HFN�DQG�&XOEHUWVRQ��0RQWDQD��ZKHUH�WKH������ÀRRG�
peaks were greater in magnitude. Additional comparative 
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PHWULFV�XVLQJ�1:6�ÀRRG�VWDJHV�VKRZ�WKDW�ZLWKRXW�RSHUDWLRQ�
RI�WKH�5HVHUYRLU�6\VWHP��ÀRZV�JUHDWHU�WKDQ�WKRVH�PHDVXUHG�
would have been sustained for much longer, commonly in 

H[FHVV�RI����GD\V��DQG�RYHUDOO�WKH�ÀRRGLQJ�DVVRFLDWHG�ZLWK�
KLJK�ÀRZ�HYHQWV�ZRXOG�KDYH�EHHQ�PRUH�VHYHUH��RIWHQ�SUR-

JUHVVLQJ�WR�D�KLJKHU�1:6�ÀRRG�VWDJH�WKUHVKROG�

References Cited

%ORGJHWW��'�/���������7KH�8�6��*HRORJLFDO�6XUYH\�FOLPDWH�JHR�
data portal—An integrated broker for climate and geospa-

WLDO�GDWD��8�6��*HRORJLFDO�6XUYH\�)DFW�6KHHW�����±������
2 p., accessed August 19, 2014, at http://pubs.usgs.gov/
fs/2013/3019

%URZQ��-XOLDQH��%���6SUDJXH��/RUL��$���DQG�'XSUHH��-HDQ��$���
������1XWULHQW�VRXUFHV�DQG�WUDQVSRUW�LQ�WKH�0LVVRXUL�5LYHU�
Basin, with emphasis on the effects of irrigation and Reser-

voirs: Journal of the American Water Resources Association 

(JAWRA), v. 47, no. 5, p. 1034–1060, accessed August 19, 

2014, at http://dx.doi.org/10.1111/j.1752-1688.2011.00584.x

'RQRKXH��5�-���0F9LFDU��7�5���DQG�5RGHULFN��0�/���������
Assessing the ability of potential evaporation formulations 

to capture the dynamics in evaporative demand within a 

changing climate: Journal of Hydrology, v. 386, p. 186–197.

)DOFRQH��-���������*$*(6�,,²*HRVSDWLDO�DWWULEXWHV�RI�JDJHV�
IRU�HYDOXDWLQJ�VWUHDPÀRZ��DFFHVVHG�0DUFK������DW�http://
water.usgs.gov/lookup/getspatial?gagesII_Sept2011.

*DVVPDQ��3�:���5H\HV��0�5���*UHHQ��&�+���DQG�$UQROG��-�*���
2007, The soil and water assessment tool—Historical 

development, applications, and future research directions: 

Transactions of the American Society of Agricultural and 

Biological Engineers (ASABE), v. 50, no. 4, p. 1211–1250.

*OHHVRQ��7�, Smith, /���0RRVGRUI��1���+DUWPDQQ��-���'�UU, 
H.H., Manning, $�+���YDQ�%HHN��/�3�+���DQG�-HOOLQHN��$�0�� 
2011, Mapping permeability over the surface of the Earth: 
*HRSK\VLFDO�5HVHDUFK�/HWWHUV, Y������QR��/���������S���
accessed August 19, 2014, at http://onlinelibrary.wiley.com/
doi/10.1029/2010GL045565/pdf.

*RRGH��'�-���.RHUNOH��(�+���+RIIPDQ��6�$���5HJDQ��5�6���+D\��
/�(���DQG�0DUNVWURP��6�/���������6LPXODWLRQ�RI�UXQRII�DQG�
UHVHUYRLU�LQÀRZ�IRU�XVH�LQ�D�ÀRRG�DQDO\VLV�PRGHO�IRU�WKH�
'HODZDUH�5LYHU��3HQQV\OYDQLD��1HZ�-HUVH\��DQG�1HZ�<RUN��
����±������8�6��*HRORJLFDO�6XUYH\�2SHQ�)LOH�5HSRUW�
2010–1014, 68 p., accessed August 19, 2014, at http://pubs.
usgs.gov/of/2010/1014/.

*ULJJ��1HLO��0F&DUWK\��&DUD��/DZUHQFH��%LOO��DQG�2FNHUPDQ��
'DUZLQ��������5HYLHZ�RI�WKH�UHJXODWLRQ�RI�WKH�0LVVRXUL�
5LYHU�PDLQVWHP�UHVHUYRLU�V\VWHP�GXULQJ�WKH�ÀRRG�RI�������
U.S. Army Corps of Engineers, Missouri River Basin Water 

0DQDJHPHQW�'LYLVLRQ�����S���DFFHVVHG�$XJXVW�����������
at http://www.nwd-mr.usace.army.mil/rcc/reports/pdfs/
MRIndependentReviewPanel.pdf.

*XSWD��+�9���6RURRVKLDQ��6���DQG�<DSR��3�2���������6WDWXV�RI�
automatic calibration for hydrologic models—Comparison 

with multilevel expert calibration: Journal of Hydrologic 

Engineering, v. 4, no. 2, p.135–143.

+D\��/�(���DQG�8PHPRWR��0���������0XOWLSOH�REMHFWLYH�VWHS-

ZLVH�FDOLEUDWLRQ�XVLQJ�/XFD��8�6��*HRORJLFDO�6XUYH\�2SHQ�
)LOH�5HSRUW�����±���������S���DFFHVVHG�$XJXVW�����������DW�
http://pubs.usgs.gov/of/2006/1323/pdf/OF06-1323_508.pdf.

+RPHU��&���'HZLW]��-���)U\��-���&RDQ��0���+RVVDLQ��1���/DUVRQ��
&���+HUROG��1���0F.HUURZ��$���9DQ'ULHO��-�1���DQG�:LFN-

KDP��-���������&RPSOHWLRQ�RI�WKH������1DWLRQDO�/DQG�&RYHU�
'DWDEDVH�IRU�WKH�FRQWHUPLQRXV�8QLWHG�6WDWHV��3KRWRJUDP-

metric Engineering and Remote Sensing, v. 73, no. 4, 

p. 337–341.

+RUL]RQ�6\VWHPV�&RUSRUDWLRQ��������1DWLRQDO�+\GURJUDSK\�
'DWDVHW�3OXV��1+'3OXV���+RUL]RQ�6\VWHPV�&RUSRUDWLRQ��
accessed March 16, 2012, accessed August 19, 2014, at 

http://www.horizon-systems.com/nhdplus/.

-HQVHQ��0�(���5REE��'�&�1���DQG�)UDQ]R\��&�(���������6FKHG-

uling irrigations using climate-crop-soil data: Journal of 

,UULJDWLRQ�DQG�'UDLQDJH�(QJLQHHULQJ��Y������S����±���

.DOLQ��/���DQG�+DQWXVK��0�0���������+\GURORJLF�PRGHOLQJ�
RI�DQ�(DVWHUQ�3HQQV\OYDQLD�ZDWHUVKHG�ZLWK�1(;5$'�DQG�
rain gauge data: Journal of Hydrologic Engineering, v. 20, 

no. 11, p. 2285–2307

.LQJVWRQ��'�*���7RGG��0�&���7D\ORU��5�*���7KRPSVRQ��
-�5���DQG�$UQHOO��1�:���������8QFHUWDLQW\�LQ�WKH�HVWL-
mation of potential evapotranspiration under climate 

FKDQJH��*HRSK\VLFDO�5HVHDUFK�/HWWHUV��Y������/�������
GRL�������������*/��������DFFHVVHG�$XJXVW�����������DW�
http://onlinelibrary.wiley.com/doi/10.1029/2009GL040267/
pdf.

0DUNVWURP��6�/���+D\��/�(���:DUG�*DUULVRQ��&�'���5LVOH\��
-�&���%DWWDJOLQ��:�$���%MHUNOLH��'�0���&KDVH��.�-���&KULV-
WLDQVHQ��'�(���'XGOH\��5�:���+XQW��5�-���.RF]RW��.�0���
0DVWLQ��0�&���5HJDQ��5�6���9LJHU��5�-���9LQLQJ��.�&���DQG�
:DONHU��-�)���������,QWHJUDWHG�ZDWHUVKHG�VFDOH�UHVSRQVH�WR�
climate change for selected basins across the United States: 

8�6��*HRORJLFDO�6XUYH\�6FLHQWL¿F�,QYHVWLJDWLRQV�5HSRUW�
2011–5077, 143 p., accessed August 19, 2014, at http://
pubs.usgs.gov/sir/2011/5077/.

http://pubs.usgs.gov/fs/2013/3019
http://pubs.usgs.gov/fs/2013/3019
http://dx.doi.org/10.1111/j.1752-1688.2011.00584.x
http://water.usgs.gov/lookup/getspatial?gagesII_Sept2011
http://water.usgs.gov/lookup/getspatial?gagesII_Sept2011
http://onlinelibrary.wiley.com/doi/10.1029/2010GL045565/pdf
http://onlinelibrary.wiley.com/doi/10.1029/2010GL045565/pdf
http://pubs.usgs.gov/of/2010/1014/
http://pubs.usgs.gov/of/2010/1014/
http://www.nwd-mr.usace.army.mil/rcc/reports/pdfs/MRIndependentReviewPanel.pdf
http://www.nwd-mr.usace.army.mil/rcc/reports/pdfs/MRIndependentReviewPanel.pdf
http://pubs.usgs.gov/of/2006/1323/pdf/OF06-1323_508.pdf
http://www.horizon-systems.com/nhdplus/
http://onlinelibrary.wiley.com/doi/10.1029/2009GL040267/pdf
http://onlinelibrary.wiley.com/doi/10.1029/2009GL040267/pdf
http://pubs.usgs.gov/sir/2011/5077/
http://pubs.usgs.gov/sir/2011/5077/


References Cited  33

0DUNVWURP��6�/���1LVZRQJHU��5�*���5HJDQ��5�6���3UXGLF��'�(���
DQG�%DUORZ��3�0���������*6)/2:²&RXSOHG�JURXQG�ZDWHU�
DQG�VXUIDFH�ZDWHU�ÀRZ�PRGHO�EDVHG�RQ�WKH�LQWHJUDWLRQ�RI�
the Precipitation-Runoff Modeling System (PRMS) and the 

0RGXODU�*URXQG�:DWHU�)ORZ�0RGHO��02')/2:��������
8�6��*HRORJLFDO�6XUYH\�7HFKQLTXHV�DQG�0HWKRGV��±'���
240 p., accessed August 19, 2014, at http://pubs.usgs.gov/
tm/tm6d1/pdf/tm6d1.pdf.

0RULDVL��'�1���$UQROG��-�*���9DQ�/LHZ��0�:���%LQJHU��5�/���
+DUPHO��5�'���DQG�9HLWK��7�/��������0RGHO�HYDOXDWLRQ�
JXLGHOLQHV�IRU�V\VWHPDWLF�TXDQWL¿FDWLRQ�RI�DFFXUDF\�LQ�
watershed simulations: Transactions of the American Soci-

ety of Agricultural and Biological Engineers; v. 50, no. 3, 

p. 885–900.

1DVK��-�(���DQG�6XWFOLIIH��-�9���������5LYHU�ÀRZ�IRUHFDVWLQJ�
through conceptual models part I—A discussion of prin-

ciples: Journal of Hydrology, v. 10, no. 3, p. 282–290.

1DWLRQDO�2FHDQLF�DQG�$WPRVSKHULF�$GPLQLVWUDWLRQ��������
8QLWHG�6WDWHV�ÀRRG�ORVV�UHSRUW²:DWHU�\HDU�������1DWLRQDO�
2FHDQLF�DQG�$WPRVSKHULF�$GPLQLVWUDWLRQ��1DWLRQDO�:HDWKHU�
Service, accessed April 11, 2013, at http://www.nws.noaa.
gov/hic/summaries/WY2011.pdf.

6FKZDU]��*�(���+RRV��$�%���$OH[DQGHU��5�%���DQG�6PLWK��5�$���
������7KH�63$552:�VXUIDFH�ZDWHU�TXDOLW\�PRGHO²
7KHRU\��DSSOLFDWLRQV�DQG�XVHU�GRFXPHQWDWLRQ��8�6��*HR-

logical Survey, Techniques and Methods 6–B3, 248 p. and 

&'±520��DFFHVVHG�$XJXVW�����������DW�http://pubs.usgs.
gov/tm/2006/tm6b3/.

6LQJK��-���.QDSS��+�9���DQG�'HPLVVLH��0���������+\GURORJLF�
PRGHOLQJ�RI�WKH�,URTXRLV�5LYHU�ZDWHUVKHG�XVLQJ�+63)�DQG�
SWAT. ISWS CR 2004–08, Champaign, Ill.: Illinois State 

Water Survey.

6SUDJXH��/�$���&ODUN��0�/���5XV��'�/���=HOW��5�%���)O\QQ��-�/���
DQG�'DYLV��-�9���������1XWULHQW�DQG�VXVSHQGHG�VHGLPHQW�
WUHQGV�LQ�WKH�0LVVRXUL�5LYHU�%DVLQ������±������8�6��*HR-

ORJLFDO�6XUYH\�6FLHQWL¿F�,QYHVWLJDWLRQV�5HSRUW�����±������
80 p., accessed August 19, 2014, at http://pubs.usgs.gov/
sir/2006/5231/.

6WUDKOHU��$�1���������+\SVRPHWULF��DUHD�DOWLWXGH��DQDO\VLV�
RI�HURVLRQDO�WRSRORJ\��*HRORJLFDO�6RFLHW\�RI�$PHULFD�
Bulletin, v. 63, no. 11p, 1117–1142, doi:10.1130/0016-

������������>�����+$$2(7@���&2���

7KRUQWRQ��3�(���7KRUQWRQ��0�0���0D\HU��%�:���:LOKHOPL��1���
:HL��<���&RRN��5�%���������'D\PHW��'DLO\�VXUIDFH�ZHDWKHU�
RQ�D���NP�JULG�IRU�1RUWK�$PHULFD������±�������DFFHVVHG�
1RYHPEHU�����������DW�http://daymet.ornl.gov/�IURP�2DN�
5LGJH�1DWLRQDO�/DERUDWRU\�'LVWULEXWHG�$FWLYH�$UFKLYH�&HQ-

WHU��2DN�5LGJH��7HQQHVVHH��8�6�$�

U.S. Army Corps of Engineers, 2006, Missouri River main-

stem reservoir system master water control manual Mis-

souri River Basin, reservoir control center, U.S. Army 

&RUSV�RI�(QJLQHHUV��1RUWKZHVWHUQ�'LYLVLRQ�0LVVRXUL�
5LYHU�%DVLQ��2PDKD��1HEUDVND��DFFHVVHG�$XJXVW�����������
at www.nwd-mr.usace.army.mil/rcc/reports/mmanual/
MasterManual.pdf.

8�6��'HSDUWPHQW�RI�$JULFXOWXUH��������6WDWH�6RLO�*HRJUDSKLF�
�67$76*2��GDWD�EDVH²'DWD�XVH�LQIRUPDWLRQ��6RLOV�&RQ-

VHUYDWLRQ�6HUYLFH��1DWLRQDO�&DUWRJUDSK\�DQG�*,6�&HQWHU��
)RUW�:RUWK��7H[DV�

8�6��*HRORJLFDO�6XUYH\��������1DWLRQDO�K\GURJUDSK\�GDWDVHW��
8�6��*HRORJLFDO�6XUYH\��DFFHVVHG�$SULO�����������DW�http://
nhd.usgs.gov/.

8�6��*HRORJLFDO�6XUYH\��������8�6��*HRORJLFDO�6XUYH\�
1DWLRQDO�:DWHU�,QIRUPDWLRQ�6\VWHP��DFFHVVHG�1RYHPEHU�����
2013, at http://waterdata.usgs.gov/nwis.

9LJHU��5�-���������*HRVSDWLDO�IDEULF�IRU�D�1DWLRQDO�K\GURORJLF�
PRGHO�XVLQJ�1+'3OXV��3URFHHGLQJV�IURP�WKH�$PHULFDQ�
Water Resources Association 2012 Annual Water Resources 

&RQIHUHQFH��1RY����±����������-DFNVRQYLOOH��)OD�

9LJHU��5�-���������3UHOLPLQDU\�VSDWLDO�SDUDPHWHUV�IRU�3506�
EDVHG�RQ�WKH�*HRVSDWLDO�)DEULF��1/&'�����DQG�6685*2��
8�6��*HRORJLFDO�6XUYH\��DFFHVVHG�$XJXVW�����������DW�http://
dx.doi.org/doi:10.5066/F7WM1BF7.

9LJHU��5�-���DQG�/HDYHVOH\��*�+���������7KH�*,6�ZHDVHO�XVHU¶V�
PDQXDO��8�6��*HRORJLFDO�6XUYH\�7HFKQLTXHV�DQG�0HWKRGV��
book 6, chap. B4, accessed August 19, 2014, at http://pubs.
usgs.gov/tm/2007/06B04/.

:DUG�*DUULVRQ��&KULVWLDQ��0DUNVWURP��6�/���DQG�+D\��/�(���
������'RZQVL]HU²$�JUDSKLFDO�XVHU�LQWHUIDFH�EDVHG�DSSOLFD-
tion for browsing, acquiring, and formatting time-series data 

IRU�K\GURORJLF�PRGHOLQJ��8�6��*HRORJLFDO�6XUYH\�2SHQ�)LOH�
Report 2009–1166, 27 p., accessed August 19, 2014, at 

http://pubs.usgs.gov/of/2009/1166/.

:DWHUPROHQ��-RKQ��������1DWLRQDO�$WODV�RI�WKH�8QLWHG�6WDWHV��
YHUVLRQ������5HVWRQ��9LUJLQLD��������������VFDOH�K\GURORJLF�
unit boundaries.

:HOOV��-�9�%���������)ORRGV�RI�$SULO������LQ�WKH�0LVVRXUL�
5LYHU�EDVLQ��8�6��*HRORJLFDO�6XUYH\�:DWHU�6XSSO\�3DSHU�
1260-B, accessed August 19, 2014, at http://pubs.er.usgs.
gov/publication/wsp1260B/.

:RORFN��'�0���������67$76*2�VRLO�FKDUDFWHULVWLFV�IRU�WKH�
FRQWHUPLQRXV�8QLWHG�6WDWHV��8�6��*HRORJLFDO�6XUYH\�2SHQ�
)LOH�5HSRUW���±�����DFFHVVHG�$XJXVW�����������DW�http://
pubs.er.usgs.gov/publication/ofr97656.

http://pubs.usgs.gov/tm/tm6d1/pdf/tm6d1.pdf
http://pubs.usgs.gov/tm/tm6d1/pdf/tm6d1.pdf
http://www.nws.noaa.gov/hic/summaries/WY2011.pdf
http://www.nws.noaa.gov/hic/summaries/WY2011.pdf
http://pubs.usgs.gov/tm/2006/tm6b3/
http://pubs.usgs.gov/tm/2006/tm6b3/
http://pubs.usgs.gov/sir/2006/5231/
http://pubs.usgs.gov/sir/2006/5231/
http://daymet.ornl.gov/
www.nwd-mr.usace.army.mil/rcc/reports/mmanual/MasterManual.pdf
www.nwd-mr.usace.army.mil/rcc/reports/mmanual/MasterManual.pdf
http://nhd.usgs.gov/
http://nhd.usgs.gov/
http://waterdata.usgs.gov/nwis
http://dx.doi.org/doi:10.5066/F7WM1BF7
http://dx.doi.org/doi:10.5066/F7WM1BF7
http://pubs.usgs.gov/of/2009/1166/
http://pubs.er.usgs.gov/publication/wsp1260B/
http://pubs.er.usgs.gov/publication/wsp1260B/
http://pubs.er.usgs.gov/publication/ofr97656
http://pubs.er.usgs.gov/publication/ofr97656


Drained scour hole west of Mound City, Missouri where Missouri Trooper Fred Guthrie and his K-9 Reed were swept away by 
floodwaters, November 2011. Photograph by Jeff Herzer (jeffherzer.com) and Missouri State Highway Patrol.  
Pilot: Sgt. Kevin G. Haywood.
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