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The Red River valley flood of 1997: A call for worst-case scenario approaches to flood risk management

PE Todhunter1

1. Department of Geography, University of North Dakota, Grand Forks, ND, USA

Abstract: The performance of the flood forecast-response system (FFRS) during the 1997 Red River of the North Flood is examined.  The individual FFRS steps of data collection, flood forecasting, forecast dissemination, decision-making, and action implementation are reviewed.  Unique challenges or breakdowns occurred at each step due to the extraordinary magnitude of the flood disaster.  The commitment to a FFRS based upon probability-thinking contributed to the flood catastrophe.  The adoption of a worst-case thinking approach based upon possibility-thinking may have produced a more positive outcome.
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1. INTRODUCTION

Flood damages continue to rise in the United States despite the investment of billions of dollars in structural flood control works over the past century, and the implementation of the 100-year floodplain as the basis for national floodplain management over the past three decades.  A large percentage of national flood damages result from a relatively small number of flood disasters that exceed the 100-year peak discharge.  These floods are often produced by an unusual combination of hydroclimatological processes that are unlikely to be adequately sampled in the historical record.  

Clarke (2005) argued for the adoption of worst-case thinking to develop preemptive resilience as a national disaster mitigation strategy.  He called for a paradigm shift from thinking that emphasized probabilism (probability thinking focused on the likelihood of something happening), to an approach based upon possibilism (possibility thinking focused upon what could happen).  This paper reviews the performance of the FFRS during the 1997 Red River Valley of the North Flood from the two perspectives of probabilism and possibilism.  Flood forecasting and emergency response are two key components of the United States flood mitigation program.  The spectacular failure of the FFRS during this flood catastrophe led to significant changes in national flood forecasting procedures.

2. BACKGROUND

The Red River Valley of the North is formed from glacial Lake Agassiz, and experiences a chronic spring snowmelt flood hazard (Todhunter, 1998).  The extremely small main channel gradient creates a flood conveyance problem any time large snowmelt production occurs.  The magnitude of individual spring flood peaks depends upon the following flood causal factors:

· Fall precipitation, which controls the infiltration capacity and soil moisture storage content of the seasonally frozen soils;

· Snowfall amount, which determines the snow water equivalent (SWE) of the snowpack;

· Rate of spring snowmelt, which establishes the rate of snowmelt production;

· Spring rain-on-snow totals, which contributes to the volume of spring runoff; and, 

· River ice, which creates unsteady flow conditions and ice jams.

The first two factors are known in advance of the spring flood season, which allows for considerable lead-time in the projection of spring flood peaks.  The next two factors can change rapidly with seasonal and daily weather patterns, and results in a dynamic spring flood environment.  The final factor is relatively unpredictable, and leads to random short-term variations in river level, and unsteady flow conditions that compromise river forecasts.  

During the winter of 1996-97 the above factors combined to produce a catastrophic regional snowmelt flood that far exceeded any previous flood in the historical record (Todhunter, 2001).  Twenty-one of the 34 National Weather Service (NWS) river forecast points experienced peak river stages equal to or greater than the previous flood-of-record.  Total direct flood damages within the Grand Forks, North Dakota/East Grand Forks, Minnesota metropolitan area reached nearly $3.6 billion, making it the most costly flood, on a per capita basis, for a major metropolitan area in United States history.  Although four of the five flood causal factors occurred at levels conducive to extreme flooding, the absence of any significant spring rain-on-snow during the flood season means that an even larger spring flood event is physically possible.  LeFever et al. (1999), for example, document that nearly half of all major floods at Grand Forks have involved a significant spring rain-on-snow contribution.  

2.1 Hydroclimatology of the 1997 Red River Valley Flood Catastrophe

A thorough review of the hydroclimatological basis of the 1997 Red River Valley of the North Flood is provided in Todhunter (2001).  A brief review is provided as background to evaluating the FFRS performance during the 1997 flood.  

High fall precipitation amounts led to the development of a relatively impermeable concrete frost layer with very limited soil water storage capacity when seasonally frozen soils became established in the late fall.  Record levels of snowfall led to a uniformly deep and dense snowpack throughout the entire basin.  The initial spring thaw was optimal, consisting of several weeks of radiative melting that produced daily pulses of snowmelt and gradually lowered the SWE of the regional snowpack.  The optimism created by the early melt pattern ended abruptly with the record blizzard of 4-6 April that replaced most of the early melt season snowmelt, and removed three days of melting.  The blizzard was followed by a sudden transition to spring-like conditions accompanied by continuous advective melting.  Snowmelt production continued to increase, confounding flood forecasting, flood defense strategies, and emergency management efforts.  The peak discharge of 3,880 cms occurred on Friday, 18 April.  The peak river stage of 16.57 m occurred on Tuesday, 22 April due to backwater effects along the main stem of the Red River.

2.2 Data Sources

Three sources of data are utilized in the analysis.  First, the full set of variables examined in Todhunter (2001) are used to establish the basic climatological and hydrological setting of the regional flood.  Second, the first numerical flood outlook river gage heights are compared to the final peak gage heights for all 34 NWS river forecast points within the Red River Basin.  Third, copies of all of the flood statements issued by the NWS-Eastern North Dakota (NWS-END) Forecast Office during the 1997 flood season are obtained from Ms. Wendy Pearson, then the staff hydrologist with the NWS-END Forecast Office.  These statements provide clear documentation of the timing, nature, and content of the flood warning information communicated to local decision-makers throughout the entire flood season.  Fourth, the local Grand Forks Herald newspaper archives are searched for all information related to flood hazard, flood warning, and emergency preparations before, during and after the flood season.  This information provides insight to the understanding and perspectives of local officials as the flood season progressed. 

3. FLOOD FORECAST-RESPONSE SYSTEM PERFORMANCE

This analysis is organized around the flood forecast-response system (FFRS) structure presented by Krzysztofowicz (1983), which consists of five distinct components: (1) data collection, (2) flood forecasting, (3) forecast dissemination, (4) decision-making, and (5) action implementation.  All of the components are independent entities that are sequentially linked through a communication process.  Failure of the FFRS can result from a failure of any one of the individual components, or a breakdown in any one of the communication processes (Sorenson, 2000).  Pielke and Carbone (2002) argue that the FFRS can only be evaluated as an integrated system, and its effectiveness can only be assessed by whether the end-product achieves the desired outcome.  This case study will illustrate why FFRSs often do not produce their intended level of economic benefits (Parker et al., 2007).

3.1 Data Collection

The United States Geological Survey (USGS) is responsible for the collection of real-time river stage data at NWS forecast points and transmitting the information to the National Weather Service River Forecast Center (NWSRFC) offices.  This data provides the initial conditions to the NWS River Forecast System (NWSRFS) modeling system used by the NWSRFC offices.  Realizing that an electrical power failure at individual USGS gaging stations was possible under extreme flood conditions, and that such a failure would compromise the NWSRFC modeling efforts, the Bismarck, ND USGS Office had a field crew of hydrologic technicians on site to provide manual back-up measurements of river stage at the Red River-Grand Forks gaging station throughout the flood season.  Although the automatic telemetry of river stage data did fail eventually, the field crew was able to maintain a continuous record of manual recordings and transmittals under very hazardous conditions.  This example of possibility thinking in anticipating a worst-case scenario earned the Bismarck USGS Regional Office a national USGS award.

3.2 Flood Forecasting

Responsibility for river forecasting in the United States lies with the NWS through its 13 River Forecast Centers.  The Red River of the North basin lies within the North Central River Forecast Center (NCRFC).  The organizational structure, operational procedures, and technical state of the NWS River and Flood Program at the time of the 1997 flood are reviewed in Stallings and Wenzel (1995), Larson et al. (1995), and Fread et al. (1995).  

The history of the numerical outlooks and operational forecasts issued by the NCRFC for the Red River of the North-Grand Forks forecast point (RRGF) is shown in Figure 1.  In 1997 the NCRFC skipped its first outlook, a qualitative indication of flood conditions within the basin and, due to intense local interest, issued its first numerical outlook two weeks earlier than normal on 28 February 1997 (Pielke, 1999).  The numerical outlook was based upon present conditions within the basin and average spring temperature and precipitation, and called for a flood peak of 49.0 feet (14.94 m).  When the first forecast point within the basin reaches its official flood stage the NCRFC shifts from outlook mode to forecast mode and begins to issue operational forecasts based upon the NWSRFS modeling system.  This shift coincides with the issuance of the first flood statement by the NWS-END Forecast Office.  Operational mode is maintained until the last forecast point within the basin falls below official flood stage.

The history of NCRFC outlooks and forecasts shown in Figure 1 illustrates a classic pattern of stair-stepping.  The original numerical outlook of 49.0 feet for the RRGF issued on 28 February was maintained for 45 days.  Then, beginning on 19 April, the forecast peak stage was raised six times within an 87-hour period to an eventual forecast stage of 54.0 feet (16.46 m).  Although the first numerical outlook issued during outlook mode provided very useful information to local decision-makers, the operational forecasts issued during operational mode proved to be relatively useless to emergency management efforts.
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Figure 1: History of the numerical outlooks and operational forecasts issued by the NCRFC for the Red River of the North-Grand Forks, 1997

The magnitude of the 1997 Red River Valley of the North Flood appeared to have been beyond the capabilities of the NWSRFS modeling system to provide accurate real-time forecasts.  A quote from the 2008 LST flood statement of Friday, 18 April 1997 summarizes the situation: “This situation is unlike any flooding conditions ever experienced in eastern ND and NW MN.  The NWS is working very hard with local, state, and federal agencies to give the public the most accurate information possible.”  

In retrospect, the NCRFC appears to have misjudged the efficacy of the NWSRFS to accurately forecast such a catastrophic flood event, or else to not have communicated that uncertainty to the public and local decision-makers.  Several factors either have been or can be identified as having contributed to the failure of the NWSRFS modeling effort.  Most of these involve unique challenges associated with forecasting snowmelt flood conditions (Larson et al., 1995).  These include:

· Basin SWE estimation: The eventual peak river stage exceeded the flood-of-record in 21 of 34 river forecast points, including every river forecast point within the former glacial Lake Agassiz (Figure 2).  This seems to indicate a systematic underestimation of the basin SWE.  Basin SWE is estimated from airborne measurements of emitted terrestrial gamma radiation.  The root mean square error of the SWE estimates is significant, and increases exponentially with the spatial variability of the SWE (Carroll and Carroll, 1989).   Pomeroy et al. (1993) observed very large spatial variability in both snow depth and snowpack density in prairie snow covers.  Estimation of basin SWE from terrestrial gamma radiation emission also incorporates empirical calibrations derived from historical snow surveys that did not contain data values approaching those present in 1997.  Terrestrial gamma radiation is also fully attenuated at a SWE content of 0.30 m (Carroll and Vose, 1984).  The observations of Pomeroy et al. (1993) show that such SWE values are often reached along shelterbelts in prairie agricultural landscapes.  Finally, there may not have been sufficient time to adequately evaluate the snow deposited by the blizzard of 4-6 April.  All of these factors likely contributed to an underestimation of the SWE content within the basin;

· The NWSRFS requires model calibration based upon historical snowmelt, temperature, and streamflow.  The assumption of adequate model calibration is seriously strained when the flood event in question far exceeds the magnitude of all floods in the historical database.  Larson et al. (1995) state that ‘The accuracy of the model is very dependent on the quality of the calibrations.’ ;

· The NWSRFS, like all hydrological models, makes assumptions about snowmelt generation, river channel characteristics, streamflow conditions, surface runoff and other hydrological factors.  If the conditions occurring within the basin do not meet the model assumptions the accuracy of the model forecasts is compromised.  The flood statements issued by the NWS-END Forecast Office make early and continuous remarks about the presence of overland flooding, ice jams, river ice, and river breakouts that are not accommodated by the NWSRFS;

· The forecasted peak discharge must be converted to a peak river stage through a rating curve.  This crucial step depends upon a historical database that establishes the relationship between peak discharge and river stage.  Because the 1997 flood far exceeded any previous flood-of-record, the rating curve had to be extrapolated empirically to obtain the forecasted peak stage.  The International Red River Basin Task Force (1997) determined that backwater effects along the main channel north of Grand Forks created a hysteresis loop in the rating curve that relates river discharge to river stage that contributed significantly to the river forecast error.

The Head of the NCRFC later said ‘… we really didn’t have an indication we were going to get 54 feet until all the pieces fell into place and we put the puzzle together.”  (USA Today, 14 June 1997)   Forecasters at the NCRFC exhibited confidence in the ability of the NWSRFS modeling system to forecast a flood peak that greatly exceeded any previous flood event within their historical database.  They remained committed to a probabilistic forecast based upon what they thought was likely to happen, rather than to consider worst-case thinking and what possibly could happen.  
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Figure 2: Red River basin NCRFC forecast points that experienced a flood-of-record in 1997

3.3 Forecast Dissemination

The flood forecast products generated by the NCRFC during operational mode are disseminated to public agencies, local agencies and decision-makers through a series of flood warnings and statements issued by the staff hydrologist at each NWS Forecast Office.  The Red River of the North basin lies within the NWS-END Forecast Office district.  The flood statements issued by the NWS-END Forecast Office clearly document the severity of the flood situation, the presence of conditions within the basin that were not handled within the NWSRFS, and some measure of the uncertainty of the forecast products.  The flood statements explicitly mentioned when new floods-of-record occurred at each forecast point within the Red River Valley (Figure 2).   By 15 April the information contained within the flood statements showed a pattern of actual flood peak discharges consistently exceeding the forecasted flood peaks.  

3.4 Decision-Making

The flood warnings issued by the NWS-END Forecast Office were regularly communicated to local emergency managers, city engineers, mayors, and other officials who had the responsibility for making emergency flood defense decisions and strategies.  Such decision-making processes involve a complex interaction of scientific information, societal factors, and risk perception (Morss et al., 2005).  Pielke (1999) has discussed the local decision-making processes during 1997 in some detail.  Some of the issues he identified, as well as some factors identified in this investigation, are as follows:

· Local decision-makers were not familiar with NWS forecast products.  The flood stages reported in the numerical flood outlooks and operational forecasts were interpreted by officials in different and often incorrect ways.  These misunderstandings clearly influenced their decisions;

· The challenges involved in snowmelt modeling, the uncertainty associated with such products, and the dynamic manner in which snowmelt conditions can change were not recognized.  The difference between a numerical flood outlook, which is based upon long-term seasonal basin conditions, and an operational forecast, which reflects the dynamic meteorological conditions as they develop within a basin, was not understood.  Local decision-makers anchored their understanding of the flood potential in the original 49.0 feet flood outlook value.  The fact that this flood stage remained unchanged for 45 days (Figure 1) only reinforced this perception.  The history of sizeable forecast errors along the Red River of the North was apparently unknown (Pielke, 1999); 

· The original numerical flood outlook of 49.0 feet contributed to this anchoring of perception or misplaced concreteness.  This was the same flood stage of the previous flood-of-record in 1979, when flood defenses and emergency sandbagging prevented flooding along the main channel, and flooding was confined along the English Coulee in the southwest section of the metropolitan area.  Improvements in the city flood defenses since that time, including the construction of the English Coulee Retention Dam and Diversion to the southwest of the city, the reinforcement of city emergency dikes, and the construction of additional lift stations, buoyed the confidence of city officials and the public alike;

· This anchoring of perception produced a narrow flood defense strategy.  The initial plan relied upon emergency dikes constructed by the United States Army Corps of Engineers to an elevation of 49.0 feet, with an additional 3.0 feet of freeboard.  The backup plan called for emergency sandbagging of the emergency dikes to an additional 2.0 feet of protection.  There was no real alternative should this backup plan prove to be inadequate; and,

· From early on the efforts of city officials focused upon reassuring the public of the adequacy of the emergency flood defense plans, calming public anxiety, building confidence in the emergency plans and strategies, and encouraging a massive volunteer sandbagging effort.  An editorial in the 26 March 1997 Grand Forks Herald captured this spirit when it said “Cooperation will beat the flood of 1997,” and “… the spirit of cooperation will help the valley lick the flood.” Relocation of contents and voluntary evaluation were never publicly encouraged.

In summary, local decision-makers exhibited an approach to emergency response planning and management that was completely focused upon probability-thinking, and devoid of possibility-thinking.  As Clarke (2005) states “When officials disregard the value of worst-case thinking they do so at the risk of great consequence.”

3.5 Action Implementation

Emergency response plans developed by local decision-makers must be effectively implemented. The reliance upon emergency sandbagging as the last wall of defense was never questioned.  It was assumed that volunteers would be able to provide the required 2.5 million sandbags, and that the sandbag dikes would hold against the massive and sustained hydraulic pressures of the snowmelt flood crest.

4. POST-1997 FLOOD MITIGATION RESPONSES

In the aftermath of the failure of the FFRS during the 1997 flood the NWS initiated a series of changes to its flood forecasting procedures (McEnery et al., 2005).  Chief among these changes was the adoption of probabilistic river forecasts in an attempt to quantify uncertainty and to provide additional flood risk information to decision-makers.  An example of the Advanced Hydrologic Prediction System (AHPS) forecast product is given in Figure 3 for the Red River-Grand Forks during the 2006 flood season.  

[image: image3.wmf]0

10

20

30

40

50

60

70

80

90

100

110

120

J

u

l

i

a

n

 

D

a

y

0

10

20

30

40

50

60

R

i

v

e

r

 

S

t

a

g

e

 

(

f

t

)

0

.

9

0

,

 

0

.

7

0

,

 

0

.

5

0

,

 

0

.

3

0

,

 

0

.

1

0

 

P

r

o

b

a

b

i

l

i

t

i

e

s

O

b

s

e

r

v

e

d

 

R

i

v

e

r

 

S

t

a

g

e

 

-

 

2

0

0

6

F

l

o

o

d

 

S

t

a

g

e

O

u

t

l

o

o

k

m

o

d

e

F

o

r

e

c

a

s

t

m

o

d

e


Figure 3: Example of the AHPS and observed river stages for the Red River–Grand Forks, 2006
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