














Figure B-9. Rainfall for 24 hours ending 12:00 UTC on July 22: (a) observed,
(b) manual forecast, (c) AVN forecast, (d) RAFS forecast, and (e) ETA forecast.

Over the next 3 days, portions of southeastern Nebraska received rainfall amounts totaling
10-15 inches. Since some observations are missing, it is difficult to know the exact totals. At
this point, it is appropriate to quote from the Extended Forecast Discussion that was issued at
3:30 p.m. EDT on July 20, 1993, "What this means is that over the next 5 days...portions of
especially Iowa, Kansas and Missouri could easily receive 6-12 inches of new rainfall". It is
most unusual to mention specific amounts of rain in this discussion, which is usually issued by
categories. For the specific 24-hour period ending July 23, 1993, the focus of the observed
rainfall became southeastern Nebraska, Figure B-10(a). The three models did little to highlight
this specific region, Figure B-10(c-e). The forecaster did but was a little bit too far east,
Figure B-10(b); and overall, the forecast area was much too large, mainly with its southward
extension through Missouri.

During the 24-hours ending 12:00 UTC, July 24, individual amounts up to 6 inches were
reported from the southeastern corner of Nebraska, Figure B-11(a), and important rainfall
occurred in northern Illinois. The models did a remarkably poor job--the RAFS,
Figure B-11(d), showed a large 1-inch isohyet, which was virtually completely outside of the
0.5-inch analyzed area; the AVN’s 0.5-inch isohyet, Figure B-11(c), was completely outside of
the observed 0.5-inch area; the ETA, Figure B-11(e), fared a little better but not by much. The
forecaster, Figure B-11(b), showed knowledge of a major event but was either a little too far
north for the Nebraska event or too far west for the Illinois event. The forecaster also showed
more knowledge of the events in the Dakotas than the models.
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Figure B-10. Rainfall for 24 hours ending 12:00 UTC on July 23: (a) observed,
(b) manual forecast, (c) AVN forecast, (d) RAFS forecast, and (e) ETA forecast.
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Figure B-11. Rainfall for 24 hours ending 12:00 UTC on July 24: (a) observed,
(b) manual forecast, (c) AVN forecast, (d) RAFS forecast, and (e) ETA forecast.



Figure B-12. Rainfall for 24 hours ending 12:00 UTC on July 25: (a) observed,
(b) manual forecast, (c) AVN forecast, (d) RAFS forecast, and (e) ETA forecast.

On the final day of the sequence, ending 12:00 UTC, July 25, the AVN, Figure B-12(c), finally
produced some precipitation--a maximum of 2.33 inches near Duluth which, unfortunately, was
in the analyzed minimum. Without going into each detail, the overall shape of the forecaster
1-inch isohyet, Figure B-12(b), clearly showed emphasis over eastern Nebraska-Iowa, with a
secondary focus in the Dakotas. This was a much better definition than any of the models.

B.2.3 SUMMARY AND CONCLUSIONS ON QUANTITATIVE PRECIPITATION
FORECASTS AND MODELS

The numerical models all did a good job of defining the large-scale forcing environment except,
as noted, for a few small problems with respect to circulation forecasts. These are characteristic
errors of each model, which forecasters are well aware of and which were compensated for in
the manual forecasts. The details from the models, particularly with respect to precipitation and
the timing of events, was less than desired. It has been shown that the NMC forecasters
provided guidance forecasts that were overall substantially better than the models. Clearly, the
24-hour QPFs, which are issued about 6 a.m. EDT about 12-18 hours in advance of the typical
nocturnal convective precipitation events, do not completely capture all of the details that occur.
Quotes from some of the excessive rainfall discussions and other narratives clearly showed,
however, that the NMC forecasters were very aware of the events prior to their occurrence.
The major flooding which occurred in the central United States was not the result of a daily
heavy rainfall event/flash flood but rather resulted from the sum of many days of heavy rains,
which correlate nicely with the data shown in Figures 3-7 and 3-8. Figure B-2 showed the TSs
for the forecaster compared to the RAFS and clearly establishes the vital role that is played by
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Figure B-13. Comparative model verification for the RAFS, ETA, and AVN in terms of the
Equitable Threat Score: (a) June 1993 and (b) July 1993.
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the NMC forecaster in the QPF process. The continued updating of information also clearly
showed the need, both prior to and during an event, for extensive and continued dialogue
between field hydrologists, meteorologists, and NMC forecasters.

During the discussion of the models, it was commonly noted that the ETA was perhaps the best
of all the models in forecasting the rainfall patterns. Figure B-13 shows the different model
gridpoint verifications for various rainfall thresholds. This figure uses the Equitable Threat
Score, which is similar to the usual TS; however, this score removes any effects that might
occur from a random-chance forecast. For very low frequency occurrence events, such as
1 inch of rain, the differences between the TS and the equitable TS are negligible. Figure B-13
shows these scores for June and July for the AVN, RAFS, and ETA models. For the 1-inch
forecast (also for other values), the ETA shows a clear edge over the other models.

The NMC verification program will be undergoing some changes in the near future. As
adequate resources become available, the ETA 24-hour forecast fields will be added to the
verification statistics. The entire verification project will be ported to a workstation where
regionalization of results and computation of additional and useful statistics will be possible.
Finally, 6-hour forecasts will be verified in a similar areal manner as are the 24-hour forecasts.

B.3 HYDROLOGIC ANALYSES OF SELECTED QUANTITATIVE
PRECIPITATION FORECASTS

The preceding discussion amply demonstrates that significant skill often exists in QPFs.
However, these forecasts are not currently used on a routine basis in river forecasting. This
section examines some reasons why this is the case.

NMC forecasters demonstrated an excellent ability to predict the general location and magnitude
of extreme rainfall events experienced during The Great Flood of 1993. The skill level is
highest at the synoptic scale'?; considerable skill exists to scales as small as, or somewhat
smaller than, a typical midwestern state. At these scales, individual convective events are not
delineated. As shown above, the models and especially the forecasters are quite successful in
identifying general regions of excessive precipitation. But, as discussed in the preceding
sections, the positioning of the QPF centers is a continuing challenge for NMC forecasters.
Limits in spatial and temporal resolution of observations, limits in numerical modeling
capabilities, and limits in scientific understanding all make it impossible to provide highly
specific QPFs (in terms of the positioning of the smallest rainfall centers). '

On the other hand, as indicated in Chapter 4, current river forecast modeling systems are
designed for input on the basis of subbasins that are much smaller than the current ability for
QPFs to specify. This inherent "scale mismatch" between the spatial scale, where QPFs show

12 A synoptic scale feature is one comparable in size to a mature, winter cyclone, or 600-1,000 miles.
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their best skills, and the scale needed as input to river forecast models will continue to be a
challenge to the meteorological and hydrologic forecasters.

Comparisons between QPF and observed precipitation in this section are based on volumes of
water, either predicted or observed, in contrast with areal precipitation coverage above a
threshold, as used in computing the TS. In addition, the comparisons in these sections are made
at a finer resolution than the national scale used for the TS computations. Indeed, as shown in
Figure B-1, on a national scale, June and July 1993 precipitation was quite ordinary--hardly the
case in the upper Mississippi basin! A volumetric comparison is most meaningful in terms of
input to hydrologic models: river forecasting is based essentially on an accounting system that
tracks the volume of water as it flows through the basins being modeled/forecasted.

Section B.3.1 compares QPFs with observed precipitation amounts for 21 selected days during
this event, including all the days discussed in the case studies of Section B.2. This is followed
by a more detailed comparison between QPF and observed precipitation at the scale of a state
(Section B.3.2). Iowa was chosen for this purpose, as it was one of the hardest hit states, both
in terms of precipitation and flooding. Finally, a briefer comparison between QPF and observed
precipitation is made in Section B.3.3 for the basins contributing to the flooding that led to the
closing of the water treatment plant in Des Moines. This case overlaps with both the QPF case
study discussed in Section B.2.2.2 and the hydrologic case study in Section 6.9.1.

B.3.1 STATE-SCALE COMPARISON OF QUANTITATIVE PRECIPITATION
FORECASTS AND OBSERVED PRECIPITATION

A rough comparison was made between: (1) NMC’s operational (manually analyzed) 24-hour
QPF (Day 1 forecast) and (2) NMC’s manually analyzed observed 24-hour precipitation. As
discussed above, the first analysis is NMC’s best estimate of future precipitation based on the
output from several models, as well as individual forecaster judgment and experience. The
second analysis includes observed data from the NWS’s surface aviation observation network,
all automated data used by RFCs, and available cooperative observer data.

Five major flooding episodes were chosen for analysis: (1) major-to-record flooding along the
Minnesota River, (2) development of a significant flood crest on the upper Mississippi River,
(3) propagation and intensification of the flood crest downstream into the middle Mississippi
River, (4) development of a record flood crest on the Raccoon and Des Moines Rivers in and
near the city of Des Moines, and (5) development of a near-record-to-record flood crest along
the lower Missouri and middle Mississippi Rivers.

Rainfall events that contributed to these flooding episodes during The Great Flood of 1993 were
then defined: (1) June 17-19, (2) June 23-24, (3) July 1-11, and, (4) July 21-25. This resulted
in a total of 21 days for which precipitation data were analyzed.

For each day, two maps (NMC'’s operational QPF, and NMC’s manual analysis of observed
precipitation) were digitized for a nine-state area, including North and South Dakota, Nebraska,
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Figure B-14. Comparison between precipitation volumes calculated from QPF and
observations for the nine-state area impacted by The Great Flood of 1993.

Kansas, Minnesota, Iowa, Missouri, Wisconsin, and Illinois. Prior to digitizing, one difference
was noted between these two analyses: the QPF maps are analyzed beginning with a 0.25-inch
isohyet, while the observed precipitation maps are analyzed beginning with a 0.50-inch isohyet.
Thus, to ensure an internally consistent comparison, the 0.25-inch isohyets on the QPF maps
were not digitized. Therefore, all precipitation calculations were made only for the heavier
amounts that fell or were predicted to fall within the 0.5-inch isohyet.

After digitizing all 42 maps, both predicted and observed precipitation volumes--product of the
precipitation depth (in inches) and the areal extent (in square miles)--were calculated for each
of the nine states affected by the flooding for each of the dates chosen.

Figure B-14 shows predicted precipitation volume (QPF) compared to observed precipitation
volume for each of the 21 "key" precipitation days, summed over the entire nine-state area. It
is clearly evident that for these 21 selected dates, QPF was higher than the observed
precipitation on all days except 3 (June 23, July 4, and July 7). A positive correlation (0.43)
exists between the predicted and the observed.
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Figure B-15 shows the ratio of predicted precipitation volume (QPF) compared to observed

Figure B-15. Ratio of QPF to observed precipitation volumes for a summation over the

21 days indicated in the text.

Also, the TS used by

as well as the ratio for
NMC compares areas above a given threshold and does not reflect the spatial variations in

the entire nine-state area. The ratios range from (.79 in North Dakota (the only ratio less than
one) to 2.7 in Iowa. The overall average is 1.65. These ratios imply a bias higher than
indicated in Section B.2.1. One possible reason for this discrepancy is that the sample used here
magnitude within the selected threshold. The TS does not fully and accurately account for the
volume of precipitation that results from precipitation amounts in excess of whatever threshold

precipitation volume for the 21-day totals over each of the nine states,
is quite small and may not be representative of longer-term statistics.

High-intensity cores, which account for substantial portions of the total storm
B-24
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persist for long durations. The record crests observed during The Great Flood of 1993 came
about from the cumulative effect of many intense precipitation cores over a long period of time
(see Sections 3.3.1 and 3.3.2).

B.3.2 DETAILED COMPARISON BETWEEN QUANTITATIVE PRECIPITATION
FORECASTS AND OBSERVED PRECIPITATION FOR IOWA

The period of July 1-11, 1993, over the state of Iowa, was selected for more detailed study.
Both the observed and the QPF isohyetal patterns were interpolated to a grid of discrete points
spaced about 1 mile apart. At each of these grid points, the ratio of the QPF to observed
precipitation was calculated. An example of the two input fields, as well as the resulting ratio
field for July 9, is shown in Figure B-16. QPF (Figure B-16(a)) showed a southwest-northeast
oriented maximum of 3 inches or more. The observed precipitation (Figure B-16(b)) showed
a more east-west oriented axis, with peak values about double that indicated by QPF.
Figure B-16(c) shows that the underprediction was focused in the west-central part of the state.
At the same time, areas in both the northwest and southeast portions of the state experienced less
precipitation than was indicated by QPF. The median of some 55,000 ratios of QPF to observed
precipitation was 1.38, indicative of the fact that QPF overpredicted the total volume of water
falling in Iowa on this day.

It is interesting to note that this overprediction occurred in spite of QPF not identifying the
observed rainfall centers above 3 inches (see Figure B-16(b)). While these centers show
extremely high rainfall amounts, their areal extent is rather compact. On the other hand, the
QPF 2-inch isohyet (Figure B-16(a)) covers much of the state, whereas the corresponding
observed areal coverage is much smaller. In this example, QPF was too broad in its delineation
of the 1- and 2-inch isohyets and was not able to delineate the centers of heaviest precipitation.

Similar analyses were performed for each of the first 11 days in July. The results are
summarized in Figure B-17. The horizontal tick shows the median value of the more than
55,000 grid point ratio estimates. The vertical line for each day encompasses the ratios falling
between the 25th and 75th percentiles. Not shown on this figure are ratios for July 3, 7, and 10.
On both July 3 and 10, no significant precipitation (greater than 0.5 inch) was observed in Iowa,
while QPF values ranged from 0.25 to 2 inches on July 3 and from 0.5 to 4 inches on July 10.
On July 7, there was no rainfall and QPF also did not predict significant rain. The average ratio
for the 8 days shown is 1.6. If July 3 and 10 were factored in, this ratio would be higher still.
Again, as in Section B.3.1, this analysis suggests that QPF may systematically produce estimates
that exceed observed values while at the same time failing to delineate intense rainfall centers.
Only one day selected (July 4) had a median ratio significantly less than one.
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Figure B-16. Spatial variation of precipitation in Iowa on
July 9, 1993: (a) QPF, (b) observed, (c) ratio of QPF to
observed.
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Figure B-17. Ratio of QPF to observed precipitation in Iowa for each of the first 11 days in
July and the average for the 8-day period (July 3, 7, and 10 excluded).

B.3.3 COMPARISON BETWEEN QUANTITATIVE PRECIPITATION FORECASTS
AND OBSERVED PRECIPITATION FOR SUBBASINS ABOVE DES MOINES

Figure B-18 is a map of the subbasins used to compute river stage forecasts in the Des Moines
area. (See also the case study in Section 6.9.1.) Using both QPF and observed precipitation,
volume estimates were made for July 8-11 over each of these subbasins. The comparison
between these two estimates for the 4-day total is shown in Figure B-19. Again, the 4-day QPF
total consistently exceeds the observed precipitation amounts for each subbasin; however, the
positive correlation (0.98) between forecast and observed is remarkably good for the 4-day
aggregation. The average ratio over the entire 4-day period for all subbasins is 1.4.
Figure B-20 shows the same volumetric ratios for the total precipitation that fell over all the
basins shown in Figure B-18 for each day of the 4-day period. On July 8, 10 and 11, QPF
characteristically overforecasted the volume of water, especially on July 10 when QPF predicted
substantial precipitation and no significant rainfall was observed. However, on July 9, the
region received about double the volume of water predicted by the QPF.
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Figure B-18. Subbasins used to calculate river stages in the Des Moines area.

B.4 MONTHLY AND SEASONAL PRECIPITATION OUTLOOKS

NMC also produces 30- and 90-day precipitation outlooks. (See Figure B-21 for examples.)
Especially for major floods that last for months (or during prolonged droughts), use of such
information could prove highly beneficial to long-term forecast accuracy. Sections 6.4.2 and
6.5.2 showed the significant errors that resulted on the Mississippi and Missouri Rivers when
extended forecasts did not include the June through August deluge. As shown in Figure B-21,
the 30-day outlook for July clearly indicated increased chances of above-normal precipitation.
Had this information been incorporated into the long-term forecast procedures, the degree of
underestimation should have been reduced. A prerequisite for routine use of such outlooks in
river forecasting algorithms is the systematic assessment of their accuracy.
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Figure B-19. Comparison of 4-day (July 8-11) total volume of water computed from QPF
and observed precipitation for basins above Des Moines. See Figure B-18 for location and
boundaries of each basin.

Current widely used operational procedures do not lend themselves to incorporation of this type
of probabilistic outlook. However, systems based on ESP techniques™ could accommodate
information such as that presented in these outlooks. ESP provides probability forecasts based
on historical hydrometeorological data used with advanced (physically based) meteorological and
hydrological models. Such forecasts will provide water and emergency managers with an ability
to incorporate forecast uncertainty in their decisions.

Techniques could be developed to condition the probability distribution of the historical series
of hydrometeorological data by weighting the data series according to the outlook patterns. This
would enhance long-term river forecasts. While these techniques would not predict all-time
record flooding levels produced by future meteorological events well outside the historical range,
such as observed in The Great Flood of 1993, they could produce forecasts that indicate

* Day, Gerald N., and Edward J. VanBlargan. 1983. The use of hydrometeorological data in the NWS
Extended Streamflow Prediction program. Fifth Conf. Hydromet., Tulsa, Oklahoma, American Meteorological
Society.
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Figure B-20. Comparison of daily total volume of water over 11 basins above Des Moines
computed from QPF and observed precipitation.

significant probabilities of flood levels approaching record levels of the past. Incorporation
of long-term precipitation outlooks into river forecasts within an ESP framework could
provide credible ranges of future flood stages, allowing emergency management agencies
at all levels of government to better prepare for flooding. The probability range of the
forecast would provide an indicator of the level of risk. The technique would also be highly
effective in identifying the likelihood of when the flood would recede. Finally, this same
system would be quite useful to water managers. They could make risk-based decisions in
their operation of water management structures, such as reservoirs, that could optimize use
of limited water supplies, especially in areas such as the western United States. It is
estimated that nationwide implementation of an advanced hydrologic modeling system based
on ESP techniques would cost less than $15 million per year and would save the Nation
more than $100 million per year.

B-30



“
B
o 0
3 > 5
o
o
3 X
3
55
70
+ 3B\ ~F
PRECIPITATION Y
b
=] [¢]
a L
o> °
[: 4
ﬁ X
3
3532
o"‘ . 3
B8 ) iy
32/ LN
isi N
PRECIPITATION PROBABILITIES (b)

Figure B-21. Examples of NMC precipitation
outlooks for (a) 30 days (July 1993) and
(b) 90 days (July-September 1993).

B-31




B.S SUMMARY AND CONCLUSIONS

NWS river forecasting models currently used for the upper Mississippi and Missouri River
basins do not routinely and objectively take advantage of QPF. One reason for this is limitations
in the forecast system infrastructure. There is now no efficient way to translate QPFs into
subbasin input quantities needed by the river forecast models. This function, along with
preparation of detailed observed precipitation estimates based on in situ gages, radars, and
satellite information, will be accomplished by the Hydrometeorological Analysis and Support
functions at each RFC in the modernized Weather Service.

A more significant problem with incorporating QPF into river forecast models is the inherent
scale mismatch. As discussed above, the scientific complexity in predicting rainfall from small-
scale convective cells makes detailed positioning of high-intensity rainfall centers beyond our
current scientific capabilities. This problem increases as both the duration of the forecast
interval and target area (i.e., subbasin) decrease and as the forecast period moves further into
the future. The limited analyses in Sections B.3.2 and B.3.3 suggest that, in spite of biases
(which are probably tractable), the random variation of QPFs from day-to-day and/or basin-to-
basin can be quite large (see Figure B-20). This creates a significant challenge to incorporate
QPF information into the current river forecast system. Despite this challenge, it is important
to use the QPF in hydrologic forecasting since QPFs demonstrated a high level of skill in
predicting the persistence of unprecedented precipitation events that led to The Great Flood of
1993. As discussed above, the ESP framework is key to accomplishing this task.

Through the ESP approach, it may be possible to overcome the limitations in current application
of QPF to river forecast procedures. As outlined in Section B.4, the ESP approach is ideally
suited to incorporating outlooks such as those routinely prepared by NMC. If reasonable
uncertainty levels can be inferred for 3- to 5-day and 6- to 10-day categorical outlooks, the ESP
framework could also be used to incorporate this information into river forecasts. Finally, if
the scale mismatch between QPF and hydrologic models can be better characterized in
probabilistic terms, it may be possible to describe the effect of smaller scale precipitation
fluctuations around the QPF on the uncertainty in future hydrologic conditions.
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APPENDIX C

USE OF SATELLITE DATA DURING
THE GREAT FLOOD OF 1993

Rod Scofield and Rao Achutuni

C.1. GEOSTATIONARY SATELLITE IMAGERY

The geostationary satellite has the unique ability to observe the atmosphere and its cloud
cover from the global scale down to the storm scale, frequently and at relatively high
resolution, through its instrument complement of sounders and imagers. This makes the
geostationary satellite an important tool for weather analysis and forecasting including
diagnosing flash floods. Floods are multiscale and concatenating events which occur on
scales from "global scale" to "synoptic scale" to "mesoscale" and finally to the "storm or
event scale." Conceptual models and satellite features have been developed to diagnose
systems on all meteorological scales that, through the process of multiscale interaction, lead
to flash floods.

On the global scale to synoptic scale, the 6.7 um water vapor imagery detects northward
movements or surges of mid- to upper-level moisture from the tropics into the mid-latitudes.
These surges are called water vapor plumes and are usually associated with large-scale
circulations (Scofield, 1991, 1990b; Thiao, 1993). As the plumes move northward into the
United States, they often become coupled with low-level, moist, unstable air and upper-level
forcing mechanisms, such as jet streaks'. These interactions often result in flash floods.
Such was the case during the Upper Midwest floods of this past summer where water vapor
plumes persisted on the back side of the subtropical ridge (located over the eastern United
States), and jet streaks repeatedly occurred on the western and northern boundary of the
plume. An example of a water vapor plume and rather large Mesoscale Convective System
(MCS) over Iowa and Missouri (at M) is shown in Figure C-1. Jet streaks were located over
Kansas and Minnesota. Over northern Missouri, 5-7 inches of rain occurred with this
system.

! Jet streak is a "local wind maxima embedded within the jet stream.” (Palmen and Newton. 1969.
Atmospheric Circulation Systems. Academic Press [see Chaps. 4,5,8,9,13]).
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On the synoptic scale and mesoscale, the water vapor plume along with the high equivalent
potential temperature (f,) air can produce MCSs if acted upon by a forcing mechanism, such
as a jet streak. A water vapor plume and an accompanying jet streak (at J-S) are helping to
produce the MCS (at M) and flash floods over Minnesota in Figure C-2.

For this same event over Minnesota, on the mesoscale and storm scale, the enhanced infrared
imagery (Figure C-3) depicts a rapidly growing MCS (at A). This MCS merges with smaller
convective systems to the west (at C); the result is a back-building MCS (at B). Back-
building MCSs often prolong the heavy rainfall and cause flash floods, e.g., 5-7 inches of
rain over southern Minnesota. MCSs, such as the one over southern Minnesota, often feed
back to the larger scales by producing outflow boundaries. In this case, the visible imagery
shows that an outflow boundary was produced ("dashed lines” in Figure C-4). This helped
to create new convection and continued the heavy rainfall over Jowa and Minnesota. On the
storm scale, the intensity, movement, and propagation of thunderstorms are used to
determine how much, when, and where the heavy rain is going to move during the next
0-3 hours.

The Synoptic Analysis Branch (SAB) of the National Environmental Satellite, Data and
Information Service (NESDIS) makes satellite rainfall estimates nationwide whenever heavy
rains are threatening to produce, or are already producing, flash flooding (Borneman, 1988).
SAB meteorologists monitor the growth trends of thunderstorms on the GOES-7
geostationary satellite imagery using techniques developed by Scofield and Oliver (1977,
1987) to quantify rainfall estimates. In support of the National Weather Service (NWS),
estimates are disseminated over the Automation of Field Operations and Services (AFOS)
system in an alphanumeric message called "SPENES" directed to the affected area through
the alarm/alert feature of the AFOS system. In addition to the estimated amounts of rainfall,
the message also contains information on trends as seen in the satellite imagery and short-
range forecasting (nowcasting) information. Estimates are done on the Interactive Flash
Flood Analyzer (IFFA) that is part of the VAS Data Utilization Computer (VDUC) system
located at the National Oceanic and Atmospheric Administration (NOAA) Science Center in
Camp Springs, Maryland. IFFA-derived graphics products are sent to the River Forecast
Centers (RFC) in Fort Worth, Texas, and Slidell, Louisiana.

Throughout June, July, and August of 1993, large- and small-scale convective systems passed
over the Midwest almost daily contributing to the devastating flooding. SAB precipitation
meteorologists logged over 900 hours during this period monitoring the convection for heavy
rainfall and issuing satellite rainfall estimates. Around 400 satellite rainfall messages were
issued to the NWS Central Region, most of which were for rains that contributed to the
flooding. This represents 50-80 percent of the total workload for the SAB precipitation
meteorologists for that 3-month period. There were 29 cases documented where over
5 inches of rain were estimated in a 24-hour period over the Upper Midwest. Statistics
computed over the past several years have shown that the current technique underestimates
extreme rainfall events (5 inches or more in a 24-hour period) and overestimates the lighter
events (2 inches or less). However, these statistics are computed from relatively dense rain
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Figure C-3. Enhanced infrared imagery (MB curve) during the evening
hours of June 16, 1993: (a) 7:30 p.m. CDT (00:30 UTC, June 17),
(b) 9:30 p.m. CDT (02:30 UTC, June 17), and (c) 11:30 p.m. CDT (04:30
UTC, June 17). Note growth and movement of one Mesoscale Convective
System (MCS) (labeled A), development of a second MCS (labeled C), and
merger of two MCSs (labeled B).
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“(b)

(c)

Figure C-4. Visible imagery during the morning hours of
June 17, 1993: (a) 9 a.m. CDT (14:00 UTC), (b) 10 a.m.
CDT (15:00 UTC), and (c) 11 a.m. CDT (16:00 UTC). Note
outflow boundaries (shown as dashed lines) produced by the
previous evening’s Mesoscale Convective System.
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gages that are not available in real-time. Therefore, these satellite estimates are useful as a
"first guess” for determining the severity of a situation. Nevertheless, the estimates need to
be validated and calibrated.

The SAB generated 38, 101, 206, and 95 satellite rainfall estimates for the Central Region in
May, June, July, and August, respectively. May is included for comparison to show the
period prior to the onset of the heaviest rains.

Satellite rainfall estimates are also passed on to the National Meteorological Center (NMC)
meteorologists in the Heavy Precipitation Unit for input into their quantitative precipitation
forecasts. The SAB has recently collocated with the Heavy Precipitation Unit to form the
National Precipitation Prediction Unit (NPPU). During July and August, the NPPU provided
the Federal Emergency Management Agency and the White House with daily briefings on the
status of the heavy rains and flooding. The IFFA rainfall estimates and significant SPENES
messages were included in these briefings.

Examples of an IFFA-derived graphic, text messages, and an analysis based on rain gage
observations for a flash flood event over Missouri are shown in Figures C-5, C-6, and C-7,
respectively. The IFFA graphic shows a large area of heavy rain from eastern Kansas to just
west of St. Louis. Estimates ranged 5-8 inches over this area with a maxima of 8.5 inches in
Bates County, Missouri (extreme western Missouri). The Satellite Precipitation Messages
(SPENES) in Figure C-6 mention the presence of training and back-building MCSs over
western Missouri and a 7-7.5 inch estimate over Bates County between 12:00-21:00 UTC.
As mentioned above, back-building MCSs are frequently associated with flash floods.
Rainfall observations in Figure C-7 were comparable to the IFFA estimates, except they
were somewhat lower, especially over western Missouri. The Weather Surveillance Radar
1988 Doppler (WSR-88D) estimates (Figure C-8) show a local maximum just west of
St. Louis of 8-9 inches of rain. Satellite estimates and rain gage observations indicate
rainfall amounts of 7 inches near this same location.

In the spring of 1994, NOAA’s next generation of geostationary satellites (GOES I-M) is
scheduled for launch. The first satellite in that series in GOES 1. The GOES I-M system
promises to be a significant advancement in geostationary environmental satellite capabilities,
especially for mesoscale prediction such as flash floods. All major portions of the system are
new including: (1) improved multispectral imaging capability and (2) separate sounding and
imaging systems. For application to flash flood diagnostics and prediction, the higher
resolution IR (10.2-11.2 um) and 6.7 um water vapor data will lead to better detection of
features that lead to heavy precipitation. Low-level water vapor can be diagnosed from the
difference between the 11.2 um and the 12.7 um bands (the "split window"). Precipitable
water, stability, and temperature can be derived from the satellite soundings. Winds at
various levels can also be computed from the satellite data. GOES I in combination with the
polar satellite data (discussed in the next section) places satellites at the very heart of
understanding mesoscale weather development such as flash floods.
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SATELLITE PRECIPITATION ESTIMATES.. DATE/TIME/ 7/06/93 1935Z
PREPARED BY THE SYOPTIC ANALYSIS BRANCH/NESDIS TEL (301) 763-8444
VALUES REFLECT MAX OR SGFNT ESTS. OROGRAPHIC EFFECTS NOT ACCTD FOR.

REFER TO TPB*375 FOR DETAILS. LATEST DATA USED: 061900Z SJK
LOCATION RATE TOTAL TIME
E. KS CNTYS...
NE ALLEN/EXT NW BOURBON/SE ANDERSEN 1.0 3.3"-3.8" 15-19Z
E LINN 1.0 4.6" SE LINN "
W CENTRAL MO...
W/NW BATES 11" 5.0"-5.5" C BATES "
C/SW CASS 1.0" 4.3" SE CASS "

3.5 S CENTRAL CASS "

REMARKS..REDVLPMT ON BACK END OF MCS GIVING ADDTL HVYS RAIN TO E CENTRAL
KS INTO W CENTRAL MO...TRAINING AND BACK BUILDING OVER E CENTRAL KS/

W CENTRAL MO..WILL MAKE FF POTNEITAL HIGH DURING THE NXT 3 HRS... WILL
CONTINUE TO MONITOR WITH NXT MSG AFTER 217 PIX...

SATELLITE PRECIPITATION ESTIMATES... DATE/TIME 7/06/93 2135Z
PREPARED BY THE SYOPTIC ANALYSIS BRANCH/NESDIS TEL. (301) 763-8444
VALUES REFLECT MAX OR SGFNT ESTS. OROGRAPHIC EFFECTS NOT ACCTD FOR.

REFER TO TPB*375 FOR DETAILS. LATEST DATA USED: 062100Z SJK
LOCATION 3 HR RATE TOTALS TIME
W CENTRAL MO...E KS 18-21Z
W/SW CASS(MO) 3.0" 6.0"-6.5"EXT S/SW 12-21Z
EXT E MIAMI(KS) 2.6 5.0"-5.5"EXT SE MIAMI "
NE LINN(KS) 15" 5.0"-5.5" "
NW BATES (MO) 207 7.0"-7.5" C BATES

EXT S JACKSON TO SW JOHNSON(MO)L.5"

NW HENRY TO SW LAFAYETTE 1.6

N BENTON TO MILLER TO S FRANKLIN(MO) 0.9"-1.2" 18-21Z
REMARKS...ONE LAST CONVECTIVE CELL SHUD TRAIN ACROSS SOUTHERN BACK PORTION
ON AREA OF CONVECTION THAT HAS BEEN AFFECTING E KS/W CENTRAL MO PAST SEVERAL
HRS...WILL BE MONITORING AREAS FROM JUST SW/SSE OF MKC THRU C MO TO S IL
FOR HVY RAIN AND FF POTENTIAL OVER THE NXT 3 HRS...

Figure C-6. Satellite precipitation messages for 2:35 p.m. CDT (19:35 UTC) and
4:35 p.m. CDT (21:35 UTC), July 6, 1993.
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Figure C-7. Analysis of total observed precipitation for the 24-hour period ending at
7 a.m. CDT (12:00 UTC) on July 7, 1993.
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C.2. POLAR-ORBITING SATELLITE IMAGERY

The NOAA/NESDIS scientists used passive microwave data from the Defense Meteorological
Satellite Program (DMSP) F-10 and F-11 series of polar-orbiting satellites to monitor the
flooding in the Midwest.

Satellite imagery from polar-orbiting earth resource satellites, such as SPOT (France) and
Landsat (USA), can be used to provide imagery of flood extent with spatial resolutions of
10 m and 30 m, respectively. Such high-resolution data are extremely useful in assessing the
extent of damage caused by natural disasters. Corbley (1993) provides examples on the use
of data from Landsat Thematic Mapper (TM) bands 7,4,3 for monitoring The Great Flood
of 1993.

Thermal infrared data from the Advanced Very High Resolution Radiometer (AVHRR)
instrument on board the NOAA-N series of satellites can aiso be used to examine flooding at
spatial resolutions of up to 1.1 km. It is useful to compare images of the area of interest
prior to and during the flood.

One of the key deficiencies of environmental satellites, such as the NOAA, Landsat, and
SPOT series of satellites, is that they cannot see through clouds. The presence of clouds
makes it very difficult to monitor land surface characteristics using visible (VIS) and thermal
infrared (TIR) channel data. It is possible to overcome this limitation to some extent by
compositing several images of the area of interest and selecting the relatively cloud-free
pixels. However, in situations such as that in Towa (where during the summer of 1993 it
rained 40 out of 43 days), the applicability of VIS/TIR techniques for large area flood
monitoring is somewhat limited by the requirement of relatively cloud-free days.

Clouds and ice crystals present in cirrus are "transparent” to radiation emanating from the
earth in the microwave (MW) frequencies. The MW radiation still cannot penetrate rain,
However, the MW techniques do provide better cloud and vegetation penetration than optical
waves (Ulaby et al. 1981).

The Special Sensor Microwave/Imager (SSM/I) instrument on board the DMSP series of
satellites measures passive MW radiation in seven frequencies: (1) 19.35 V (vertically
polarized) GHz, (2) 19.35 H (horizontally polarized) GHz, (3) 22.235 V GHz, (4)37.0 V
GHz, (5) 37.0 H GHz, (6) 85.5 V GHz, and (7) 85 H GHz (Grody 1991).

Large bodies of water (such as lakes), as well as flooding following heavy rainfall events,
lower the brightness temperatures at all MW frequencies. McFarland and Neale (1991) used
a threshold of 4°K for the difference between the 22.235 V GHz and the 19.35 V GHz
brightness temperatures to identify large bodies of water and flooding after heavy
precipitation events. Scattering by clouds containing large water droplets and/or ice lowers
the brightness temperature, particularly at the higher frequencies.
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C.3 SOIL WETNESS INDEX

The experimental, NOAA-developed Soil Wetness Index uses the difference between the
85 GHz and 19 GHz horizontally polarized data from the SSM/I on board the DMSP
satellites. The brightness temperature difference values in the range 10-30°K are then scaled
between 0-255 and displayed. The experimental product is extremely useful for monitoring
the areal extent of flooding under nearly all weather conditions, excluding actively
precipitating cloud areas.

The Soil Wetness Index is used by NOAA to monitor soil wetness and flooding.
Progressively wet ground conditions are depicted in shades of green, orange, and red,
respectively (Figure C-9). Flooded or puddled land surfaces and large water bodies are
shown in shades of blue. One can look for persistence of high soil wetness values in order
to infer potential flooding conditions. Precipitation falling on already saturated soil can
result in additional flooding. The images are composited with time to identify the flooded
areas that may otherwise be obscured by precipitation.

The SSM/I channel data are readily available on a near real-time basis on the VDUC system
located within the NOAA Science Center in Camp Springs, Maryland. The experimental
Soil Wetness Index is being produced operationally on the YDUC system and is available in
both digital and hard copy (color). SAB is already using it on an operational basis.

Figure C-9 shows the Soil Wetness Index for four different time periods. The June 6, 1993,
imagery shows extremely wet to puddled soil conditions in southeastern Nebraska, much of
Towa and east-central [llinois. The flooding situation continued to persist in Iowa through
June and late July. The flooding in Iowa reached a peak around July 15, 1993. The July 15
image also shows flooding in Kansas and along the Missouri River near St. Joseph, Kansas
City, and Boonville. By July 20, surface waters were receding across farmlands in the
Midwest. The Missouri and Mississippi Rivers and their tributaries continued to crest
through August. The July 29 image shows flooded areas along the Missouri and Mississippi
Rivers. Surface water detectable by the SSM/I sensors had largely disappeared in Iowa by
this time.

The composite image of July 14, 1993, (Figure C-10) was used by Vice President Gore in a
nationally televised press conference to illustrate the areal extent of the midwestern flooding.
He said, "It is as if another Great Lake has been added to the map of the United States.”
Although the area is not really a lake, it does depict land surfaces that are either heavily
puddled or almost submerged. Figure C-10 shows that large areas in Iowa, Illinois, Kansas,
Missouri, Nebraska, Minnesota, and South Dakota were severely impacted by flooding at
that time.

The Soil Wetiness Index can also be used to monitor coastal and inland flooding due to

hurricanes. The index was able to identify flooded areas in Florida after the passage of
Hurricane Andrew. -

C-13



66T ‘62 Knr (p) puv ‘gz Kmr (3) ‘S &g (q) ‘9 aung (v) :a0f Xapuj Ssautam 10§ /WSS YL *6-D sandi]

HY0,/SIAS3IN/HHON j =T o -
x3ONI WY cce1 ‘0z hinrs
NL3IM 1T0S I/WSS :

=

EET |




€661 ‘FI ANf 40f X3puy SSoUIdM 110§ J/NSS YL 0¥~ Ny

|
0340014 13N AT3W341X3

€esl ‘I ATINC
X3ONI SSANL3M TTI0S
I/USS

(N

C-15



The Soil Wetness Index is an extremely useful tool for monitoring large area flooding. In its
present form, the index values have been scaled to identify large geographic areas that are
either extremely wet, puddled, or flooded. The puddled and flooded fields are indicated in
various shades of blue. However, one has to look for persistence with time of these features
in order to infer flooding.

C.4 SUGGESTIONS FOR FUTURE STUDY OF SATELLITE
"IFFA-DERIVED" PRECIPITATION ESTIMATES

Additional research is needed to better use the satellite "IFFA-derived" precipitation
estimates and the Soil Wetness Index. This will enhance our understanding of future
hydrometeorological events. Listed below are suggestions for future studies for the satellite
"IFFA-derived" precipitation estimates and for the Soil Wetness Index.

1. Since IFFA normally underestimates extreme rainfall, an objective correction
factor must be derived that will automatically enhance the estimates during
extreme rainfall events.

2. Validate and calibrate the estimates using doppler radar estimates and dense
rain gage networks.

3. Integrate the estimates with the doppler radar estimates and rain gages.

4. Perform sensitivity studies to determine how to best insert the satellite

estimates into hydrological models.
5. Use satellite estimates to help validate and initialize NMC’s Numerical
Weather Prediction Models.

C.5 SUGGESTIONS FOR FUTURE STUDY OF SOIL WETNESS INDEX

1. Archives of SSM/I channel data are available in-house within the Office of
Research and Application for the period 1991 to present. It will be very
useful to develop a climatology of the index over this period.

2. Compare the satellite-derived Soil Wetness Index with conventional indicators
such as the Palmer Drought Index (PDI) and cumulative rainfall.

3. It may also be very useful to compare the Soil Wetness Index with the NOAA
AVHRR channel data, especially the thermal channels.
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4, Calibrate the index with ground-truth data (on field conditions) available
weekly from the U.S. Department of Agriculture field offices in the impacted
areas. The depth of flooding may be difficult to infer since the SSM/I
instrument gets saturated even with the presence of a thin film of water on the
surface. The index should be modified to flag desert areas.

5. Establish criteria for the proper interpretation of the index and develop a
User’s Manual for training purposes. The index could then be validated by the
RFCs and other Weather Service Forecast Centers during the 1994 season.

6. Investigate procedures for integrating the Soil Wetness Index into hydrological
models, such as over the Mississippi River basin.
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APPENDIX D

LOCATIONS WITH NEW RECORD AND
NEAR-RECORD STAGES

Locations with new (preliminary) record stages in the upper Mississippi River basin
(44 locations), the Missouri River basin (49 locations), and the Red River of the North basin
(2 locations) are given in Tables D-1, D-2, and D-4, respectively. Locations that approach
the flood of record in the Missouri River basin (24 locations) are given in Table D-3.



Table D-1. Locations with new (preliminary) record stages in the upper Mississippi
River basin.

‘ PRELIMINARY
LOCATION FLOOD OLD RECORD NEW RECORD
Index STAGE Stage Date Stage Date
Number (ft.) (ft.) (ft.)
Mississippi R
1. Quad Cities L/D15 15 22.5 650428 22.6 930709
2. Muscatine 1A 16 24.8 650429 25.6 930709
3. Keithsburg IL 13 20.4 650427 24.2 930709
4. Burlington IA 15 21.5 730425 25.1 930710
5. Keokuk L/D19 1A 16 23.4 730424 27.2 930710
6. Gregory Landing MO 15 24.6 730424 26.4 930707
7. Quincy IL 17 28.9 730423 32.2 930713
8. Hannibal MO 16 28.6 730425 31.8 930716
9. Louisiana MO 15 27.0 730424 28.4 930728
10. Clarksville MO L/D24 25 36.4 730424 37.7 930729
11. Winfield MO L/D25 26 36.8 730427 39.6 930801
12. Grafton IL 18 33.1 730428 38.2 930801
13. Melvin Price IL 21 36.7 730428 42.7 930801
14. St Louis MO 30 43.2 730428 49.58 930801
15. Chester IL 27 43.3 730430 49.7 930807
Illinois R
16. Hardin IL 425 438.2 730429 442.3 930803
Rock R
17. Joslin IL 12 17.8 790322 18.4 930326
Spoon R
18. Seville IL 22 31.8 740624 33.1 930726
Squaw Creek
19. AmesIA 7 16.0 900617 18.5 930709
South Skunk R
20. Oskaloosa IA 15 23.1 900623 25.2 930715
21. Squaw Creek IA 9 13.9 440520 14.2 930709



PRELIMINARY

LOCATION FLOOD OLD RECORD NEW RECORD
Index STAGE Stage Date Stage Date
Number (ft.) (ft.) (ft.)

Cedar R
22. Conesville IA 12 16.9 900618 17.2 930406

English R
23. Kalona IA 14 21.5 650921 22.6 930706

Beaver Creek
24. New Hartford IA 8 13.5 470613 13.45 930331

Iowa R
25. Marshalltown IA 13 20.5 900618 20.6 930709
26. Marengo IA 14 19.8 690712 20.3 930719
27. Lone Tree IA 15 20.3 650922 22.9 930707
28. Wapello IA 20 28.9 900619 29.5 930707

RECORD FLOW

E Fork Des Moines

29. Algona IA 14 22.0 790823 22.65 930401
Raccoon R

30. Van Meter IA 13 22.7 860701 25.8 930710

31. Des Moines SW18 12 19.8 470613 26.7 930711
North Raccoon R

32. Pemry IA 13 22.7 790320 23.0 930710
Des Moines R

33. Des Moines 2ND AV 23 30.2 540624 31.7 930711

34. Des Moines SE 14TH 23 29.8 650411 34.3 930711

35. Ottumwa IA 10 21.0 470607 22.1 930712

36. Keosauqua IA 25 29.4 650411 32.7 930713

37. St Francisville MO 18 30.2 790314 32.0 930715
Baraboo R

38. Baraboo WI 16 20.7 920920 22.8 930718
Black R

39. Galesville WI 12 15.5 800923 16.6 930621



PRELIMINARY

LOCATION FLOOD OLD RECORD NEW RECORD
Index STAGE Stage Date Stage Date
Number (ft.) (ft.) (ft.)

Pecatonica R
40. Blanchardville WI 19 21.5 480228 22.0 930706

Little Minnesota R
41. Peever SD 11 13.4 430325 13.6 930727

Minnesota R
42. Mankato MN 19 29.1 650415 30.1 930621

Redwood R
43. Marshall MN 14 15.6 690419 17.0 930509

Meramec R
44. Amold MO 24 439 821206 45.3 930801



Table D-2. Locations with new (preliminary) record stages in the Missouri basin.

PRELIMINARY

LOCATION FLOOD OLD RECORD NEW RECORD

Index STAGE Stage Date Stage Date

Number (ft.) (ft.) (ft.)
Pipestem Creek

45. Pipestem Res ND 1496.3 1468.35 790510 1472.0 930804
James R

46. Mitchell SD 14 18.3 690411 19.1 930704
Weeping Water Creek

47. Union NE 25 29.8 580509 31.2 930723
Wood R

48. Grand Island NE 4.8 6.0 670616 6.4 930722
Salt Creek

49. Greenwood NE 20 26.5 840613 26.5 930724

50. Ashland NE 16 22.0 840613 23.0 930723
W Nishnabotna R

51. Hancock IA 14 22.1 720913 23.53 930710
Nishnabotna R

52. Hamburg IA 16 28.1 870527 30.52 930725
Rock R

53. Rock Rapids 1A 6 10.2 690408 12.5 930509
Nodaway R

54. Graham MO N/A 20.4 840615 26.1 930723
102 R

55. Bedford IA 21 23.5 860714 23.79 930705

56. Maryville MO 14 19.3 731012 20.3 930706
Platte R

57. Sharps Station MO 23 34.6 840610 36.4 930726

58. Agency MO 20 35.1 650720 36.0 930725



PRELIMINARY

LOCATION FLOOD OLD RECORD NEW RECORD
Index STAGE Stage Date Stage Date
Number (ft.) (ft.) (ft.)

South Fork Solomon R
59. Osbormne KS 14 27.7 510713 28.5 930721
60. Waconda Res KS 1488.3 1471.3 870427 1487.0 930728

Saline R
61. Russell KS 18 19.7 640901 254 930721
62. Wilson Res KS 1554 1528.1 930426 1547.9 930801
63. Lincoln KS 30 34.7 580519 37.8 930722
64. Tescott KS 25 30.1 510713 30.8 930723

Big Creek
65. Munjor KS 18 N/A 26.2 930721

Smoky Hill R
66. Abilene KS 27 N/A 32.1 930722
67. Enterprise KS 26 34.0 510713 34.2 930723
68. Junction City KS 22 N/A 29.6 930722

Delaware R
69. Perry Res KS 920.6 917.07 731019 920.9 930725

Big Blue R
70. Blue Rapids KS 26 53.1 731018 63.3 930723
71. Tuttle Creek Res KS 1136 1127.9 731018  1137.76 930722

Fancy Creek
72. Randolph KS 11 26.5 731018 36.3 930722

Black Vermillion
73. Frankfort KS 19 30.1 731011 32.2 930722

Republican R
74. Milford KS 1176.2 1170.03 731017 1181.85 930725
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PRELIMINARY

LOCATION FLOOD OLD RECORD NEW RECORD
Index STAGE Stage Date Stage Date
Number (ft.) (ft.) (fe.)

Grand R
75. Pattonsburg MO 25 34.3 470600 37.6 930724
76. Chillicothe MO 24 34.7 910500 38.5 930709
77. Sumner MO 26 39.5 470607 42.6 930710
78. Brunswick MO 16 26.1 510717 31.7 930713

HWY 24 OBS Downtown Gage 37.7

Chariton R
79. Rathbun Res IA 926 924.46 820722 927.2 930728

Missouri R

80. Plattsmouth NE 26 34.66 840614 35.7 930725
81. Brownville NE 32 41.2 840615 443 930724
82. St. Joseph MO 17 26.8 520422 32.69 930726
83. Kansas City MO 32 46.2 510714 48.9 930728
84. Napoleon MO 17 26.8 510715 27.76 930727
85. Lexington MO 22 33.3 510715 33.4 930708
86. Waverly MO 20 29.2 840623 31.2 930728
87. Miami MO 18 29.0 510716 32.4 930729
88. Glasgow MO 25 36.7 510718 39.6 930729
89. Boonville MO 21 32.8 510717 37.1 930729
90. Jefferson City MO 23 34.2 510718 38.6 930730
91. Gasconade MO 22 38.7 861005 39.6 930731
92. Hermann MO 21 35.8 561005 36.3 930731
93. St. Charles MO 25 37.5 861007 39.5 930801



Table D-3. Locations with near-record stages in the Missouri basin.

PRELIMINARY

LOCATION . FLOOD OLD RECORD 1993 STAGE

Index STAGE Stage Date Stage Date

Number (ft.) (ft.) (ft.)
James R

94. Jamestown Res ND 1454 1444.1 690427 1440.0 930804
Vermillion R

95. Davis SD 11 15.8 690405 15.6 930705
Ponca Creek

96. Verdel NE 12 15.6 600327 14.0 930714
Big Sioux R

97. Hawarden IA 15 24.6 690409 24.3 930712

98. Akron IA 16 23.0 690409 22.6 930713
Soldier R

99. Pisgah IA 28 28.2 500612 27.58 930710

RECORD FLOW

Wood R

100. Alda NE 10 12.2 670616 11.2 930727
Shell Creek

101. Columbus NE 20 22.8 900617 21.5 930710
Platte R

102. Louisville NE 9 12.5 930330 12.0 930724
Tarkio R

103. Fairfax MO 17 25.9 820800 25.7 930723
Platte R

104. Platte City MO 18 37.8 650720 32.0 930726
Solomon R

105. Minneapolis KS 26 34.1 510713 32.4 930721

106. Niles KS 24 31.8 510714 30.2 930722
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PRELIMINARY

LOCATION FLOOD OLD RECORD 1993 STAGE
Index STAGE Stage Date Stage Date
Number (ft.) (ft.) (ft.)

Salt Creek
107. Ada KS 18 233 610523 22.3 930719

Smoky Hill R
108. Ellsworth KS 20 27.2 380601 26.1 930723
109. Kanopolis Res KS 1508 1506.98 510714  1505.7 930726
110. New Cambria KS 27 324 731012 31.6 930722

Republican R
111. Clay Center KS 15 25.7 350603 23.4 930724

Mulberry Creek
112, Salina KS 24 27.4 730926 26.4 930722

South Grand R
113. Urich MO 22 27.9 850223 27.1 930707

Missouri R
114. Nebraska City NE 18 27.7 520418 27.16 930723
115. Rulo NE 17 25.6 520422 25.24 930724
116. Sibley MO 22 35.6 510715 34.6 930729



Table D-4. Locations with new (preliminary) record stages in the Red River of the North

basin.

PRELIMINARY

LOCATION FLOOD OLD RECORD NEW RECORD

Index STAGE Stage Date Stage Date

Number (ft.) (ft.) (ft.)
Buffalo R

117. Hawley MN 7 9.8 750701 10.9 930718
Two Rivers

118. Hallock MN 802 807.5 850627 808.1 930815

810.2 660406 HIGH WATER MARK
PRIOR TO GAGE INSTALLATION
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APPENDIX E

WEATHER SERVICE FORECAST OFFICE PRODUCT
ISSUANCE SUMMARY

The Great Flood of 1993 began in the early spring and continued into the fall of 1993 across the
Upper Midwest. Record flooding occurred at several forecast points in April and May.
Nonetheless, the vast majority of the devastating flooding occurred during June, July, and early
August. A primary goal of this disaster survey report is to assess the quality of services
provided by the National Weather Service during the peak flooding period. Consequently, a
summary of the Weather Service Forecast Office products, by week, from June through mid-
August is given in this appendix. The intent is to convey the order of magnitude of the various
weather and flood forecast products issued by the NWS field offices during the period of the
most disastrous and intense flooding.



PRODUCT ISSUANCE SUMMARY

WSFO BISMARCK

WEEK FLW FLS RVA RVS FFA FFW FFS SVR TOR SVS SPS
06/01-06/06 0 2 0 0 0 0 0 0 0 0 1
06/06-06/12 0 0 0 0 0 9 0 14 24
06/13-06/19 0 2 0 0 0 0 0 0 0 0 9
06/20-06/26 0 1 0 0 0 0 1 13 3 19 23
06/27-07/03 0 1 0 0 0 0 1 9 5 14 39
07/04-07/10 0 0 0 0 0 0 0 2 0 4 27
07/11-07/17 2 5 0 0 5 6 27 11 0 1 27
07/18-07/24 1 14 0 0 8 5 23 9 3 15 39
07/25-07/31 1 12 0 0 5 0o 13 0 1
08/01-08/07 0 13 0 0 0 0 0 0 0
08/08-08/14 0 5 0 0 1 0 1 8 0 5 28
TOTALS 4 55 0 0 19 1166 61 12 74 226

WSFO CHICAGO

WEEK FLW FLS RVA RVS FFA FFW FFS SVR TOR SVS SPS
06/01-06/05 0 0 15 0 0 0 0 0 o *
06/06-06/12 1 38 21 5 1 4 21 3+ .
06/13-06/19 0 30 21 0 4 0 3 8 o .
06/20-06/26 3 3 21 0 1 0 2 3 1. .
06/27-07/03 3 33 21 0 2 2 9 23 0 * .
07/04-07/10 1 39 21 0 2 3 7 2 o .
07/11-07/17 1 3a 21 0 6 2 5 0 o .
07/18-07/24 1 45 21 0 0 5 6 2 o *
07/25-07/31 0 43 21 0 0 0 1 0 o .
08/01-08/07 0 23 21 0 0 0 0 3 o .
08/08-08/14 0 24 210 0 2 4 0 o * .
TOTALS 7 345 225 O 20 15 41 62 4 __* »

FLW-FLOOD WARNING

FLS-FLOOD STATEMENT

RVA-RIVER SUMMARY

RVS-RIVER STATEMENT
FFA-FLASH FLOOD WATCH

FFW-FLASH FLOOD WARNING

E-2

FFS-FLASH FLOOD STATEMENT
SVR-SEVERE THUNDERSTORM WARNING

TOR-TORNADO WARNING
SVS-SEVERE WEATHER STATEMENT
SPS-SPECIAL WEATHER STATEMENT

"*" Denotes data unavailable




PRODUCT ISSUANCE SUMMARY

WSFO DES MOINES

WEEK FLIW FLS RVA RVS FFA FFW FFS SVR TOR SVS SPS
06/01-06/05 O 4 1 0 0 0 0 0 0 0 0
06/06-06/12 O 46 4 0 7 7 23 21 0 26 86
06/13-06/19 4 42 6 4 3 4 16 19 0 24 72
06/20-06/26 O 41 8 0 2 6 13 4 0 4 32
06/27-07/03 1 36 9 3 9 16 33 16 0 18 72
07/04-07/10 11 8 11 0 4 12 30 16 4 23 78
07/11-07/17 7 34 2 0 5 14 30 2 0 3 74
07/18-07/24 0O 26 7 0 11 5 19 0 0 0 82
07/25-07/31 0O 30 9 1 0 5 22 20 0 34 45
08/01-08/07 O 31 13 0 0 0 0 0 0 0 4
08/08-08/14 1 16 7 0 2 3 21 12 0 10 54
TOTALS 24 394 77 8 43 72 207 110 4 142 599 |

WSFO MINNEAPOLIS

WEEK FLW FLS RVA RVS FFA FFW FFS SVR TOR SVS SPS
06/01 -06/05 O 6 5 0 0 0 0 0 0 0 0
06/06 - 06/12 0 9 7 0 0 0 2 5 9 19
06/13 -06/19 2 28 8 0 4 1 4 0 0 0 7
06/20 - 06/26 6 27 9 0 5 0 7 0 0 0 10
06/27 - 07/03 2 11 7 0 4 0 4 2 0 7 16
07/04 -07/10 O 9 10 0 3 0 3 2 1 3 5
07/11-0717 O 7 7 0 2 0 2 0 0 0
07/18-07/24 0O 7 7 0 4 0 2 1 1 2 1
07/25-07/31 0O 8 7 0 6 0 5 4 1 9 8
08/01 -08/07 O 6 6 0 0 0 0 0 0 0 0
08/08 - 08/14 0 6 7 0 2 0 0 2 0 2 4
TOTALS 10 124 80 0 30 1 27 13 8 32 7

FLW-FLOOD WARNING
FLS-FLOOD STATEMENT
RVA-RIVER SUMMARY
RVS-RIVER STATEMENT
FFA-FLASH FLOOD WATCH
FFW-FLASH FLOOD WARNING

FFS-FLASH FLOOD STATEMENT
SVR-SEVERE THUNDERSTORM WARNING

TOR-TORNADO WARNING
SVS-SEVERE WEATHER STATEMENT
SPS-SPECIAL WEATHER STATEMENT
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PRODUCT ISSUANCE SUMMARY

WSFO MILWAUKEE

WEEK FLW FLS RVA RVS FFA FFW FFS SVR TOR SVS SPS
06/01 - 06/05 0 1 5 1 0 0 0 0 0 0o 4
06/06 - 06/12 0 12 7 8 (0] 0 0 15 8 51 39
06/13 - 06/19 3 12 7 10 3 3 9 11 1 30 34
06/20 - 06/26 8 35 7 2 1 0 2 4 2 15 20
06/27 - 07/03 5 16 7 3 0 o 0 7 1 20 26
07/04 - 07/10 8 28 7 5 1 1 1 17 1 45 37
07/11 - 07/17 1 35 7 2 2 0 0 0 0 0 5
07/18 - 07/24 1 21 7 0 4 0 4 0 0 0
07/25 - 07/31 1 21 7 3 0} 0 0 7 1 21 25
08/01 - 08/07 0 12 7 1 0 0o 0 0 0 0
08/08 - 08/14 0 9 7 1 0 0 0 0 0 0 5
TOTALS 27 202 75 36 11 4 16 ___ 61 14 182 208

WSFO OMAHA

WEEK FLW FLS RVA RVS FFA FFW FFS SVR TOR SVS SPS
06/01 - 06/05 O 0 0 0 0 0 0 0 0 0 8
06/06 -06/12 0 1 0 0 0 5 2 0 2 28
06/13 - 06/19 1 1 0 2 2 1 8 4 0 2 15
06/20 - 06/26 0 4 0 1 o 0 1 5 1 7 14
06/27 - 07/03 5 16 0 0o 0 3 10 8 3 8 35
07/04 - 07/10 7 27 0 0 6 1 12 4 3 2 28
07/11 - 07/17 15 24 0 0 8 4 23 2 0 2 24
07/18 - 07/24 19 35 0 0 13 8 28 0 5 5 31
07/25 - 07/31 8 61 0 1 2 0 6 3 0 4 15
08/01 - 08/07 (0] 1 0 0 0 0 0 0 0 2
08/08 - 08/14 0 0 0 0 0 1 2 4 2 6 13
TOTALS 55 170 0 4 33 18 95 32 14 38 213

FLW-FLOOD WARNING FFS-FLASH FLOOD STATEMENT
FLS-FLOOD STATEMENT SVR-SEVERE THUNDERSTORM WARNING
RVA-RIVER SUMMARY TOR-TORNADO WARNING

RVS-RIVER STATEMENT SVS-SEVERE WEATHER STATEMENT
FFA-FLASH FLOOD WATCH SPS-SPECIAL WEATHER STATEMENT

FFW-FLASH FLOOD WARNING



PRODUCT ISSUANCE SUMMARY

WSFO SAINT LOUIS

WEEK FLW FLS RVA RVS FFA FFW FFS SVR TOR SVS SPS
06/01 - 06/06 3 8 30 5 2 0 2 0 0 0 0
06/06-06/12 9 34 42 12 2 3 18 13 1 13 36
06/13-06/19 9 24 50 10 2 3 3 3 0 5 20
06/20-06/26 6 35 48 8 3 4 14 3 0 2 24
06/27-07/03 16 56 42 19 11 16 24 34 5 56 43
07/04-07/10 13 116 42 29 24 61 116 10 0 10 43
0711-0717 7 107 42 21 20 10 66 4 0 7 16
07/18-07/24 13 124 5 11 10 7 28 14 1 25 36
07/25-07/31 2 113 48 5 6 3 15 13 3 12 42
08/01-08/07 O 8 42 0 0 3 8 13 3 12 42
08/08-08/14 8 54 42 7 4 6 22 1 0 2 10
TOTALS 86 756 478 127 84 116 316 108 13 144 312

WSFO SIOUX FALLS

WEEK FLW FLS RVA RVS FFA FFW FFS SVR TOR SVS SPS
06/01-06/05 O 7 0 0 0 0 0 0 0 0 0
06/06 - 06/12 0 7 0 3 0 2 9 5 7 12
06/13-06/19 2 7 0 0 2 3 4 9 0 7 17
06/20 - 06/26 1 9 0 0 2 0 1 6 0 7 12
06/27 - 07/03 2 8 0 0 3 11 7 61 5 37 37
07/04 -07/10 0 10 0 0 1 3 1 11 2 8 17
07/11-0717 0 22 0 0 2 0 6 1 0 15
07/18-07/24 0 7 0 0 3 0 3 9 2 1 8
07/25 - 07/31 3 7 0 0 1 1 5 7 0 6 6
08/01-08/07 O 7 0 0 0 0 0 0 0 0 0
08/08 -08/14 0 7 0 0 0 1 1 1 0 2 2
TOTALS 8 98 0 1 17 19 30 114 14 86 126

FLW-FLOOD WARNING
FLS-FLOOD STATEMENT
RVA-RIVER SUMMARY
RVS-RIVER STATEMENT

FFA-FLASH FLOOD WATCH

FFW-FLASH FLOOD WARNING
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FFS-FLASH FLOOD STATEMENT
SVR-SEVERE THUNDERSTORM WARNING

TOR-TORNADO WARNING
SVS-SEVERE WEATHER STATEMENT
SPS-SPECIAL WEATHER STATEMENT




PRODUCT ISSUANCE SUMMARY

WSFO TOPEKA

WEEK FLW FLS RVA RVS FFA FFW FFS SVR TOR SVS SPS
06/01 - 06/05 0 2 0 0 0 0 0 0 0 0 29
06/06 - 06/12 0 0 0 0 0 13 0 23 60
06/13 - 06/19 0 2 4 7 2 0 4 6 2 12 36
06/20 - 06/26 0 23 3 18 2 0 4 0 0 0 53
06/27 - 07/03 4 18 4 5 5 5 20 14 9 29 69
07/04 - 07/10 1 65 4 5 12 10 40 21 5 49 85
07/11 - 07/17 4 83 7 6 5 1 7 0 0 45
07/18 - 07/24 4 141 5 3 11 14 36 9 2 15 55
07/25 - 07/31 1 56 7 0 2 4 13 3 0 32
08/01 - 08/07 0 23 4 2 0] 0] 0 0 4
08/08 - 08/14 0 5 4 2 0 0 0 1 0 2 29
TOTALS 14 418 42 48 39 34 124 67 18 137 497

FLW-FLOOD WARNING
FLS-FLOOD STATEMENT
RVA-RIVER SUMMARY
RVS-RIVER STATEMENT
FFA-FLASH FLOOD WATCH
FFW-FLASH FLOOD WARNING

FFS-FLASH FLOOD STATEMENT

SVR-SEVERE THUNDERSTORM WARNING

TOR-TORNADO WARNING
SVS-SEVERE WEATHER STATEMENT
SPS-SPECIAL WEATHER STATEMENT




APPENDIX F

ANALYSIS OF SELECTED HYDROLOGIC FORECASTS

This appendix is closely linked with Chapter 6, and especially with Sections 6.4 and 6.5,
which discuss hydrologic services for both the upper Mississippi and the Missouri River
basins. Both the North Central River Forecast Center (NCRFC) and the Missouri Basin
River Forecast Center (MBRFC) make routine hydrologic forecasts for numerous points
along the main stems of the Mississippi and Missouri Rivers, respectively. The NCRFC has
27 such forecast points, while the MBRFC has 18. At a few forecast points, long-term
forecasts of river stages are generated that range from 7 to as many as 28 days into the
future. It is possible to evaluate the skill of these long-range forecasts by comparing the
forecast river stages with the observed river stages.

This appendix examines long-range forecasts issued by both the NCRFC and the MBRFC for
two points along the main stem Mississippi River (St. Louis, Missouri, and Chester, Illinois)
and for three points along the main stem Missouri River (Sioux City, Iowa; Boonville,
Missouri; and Hermann, Missouri), respectively. Both River Forecast Centers (RFC)
provided the disaster survey team with forecast and observed data for each forecast point for
the period June-August 1993. A series of hydrographs (some of which appear in Chapter 6,
Figures 6-6 and 6-7) were then generated for each of these five forecast points for lead-times
out to 28 days for all forecast points except Sioux City, Iowa, which has a lead-time only out
to 7 days. These hydrographs appear in Figures F-1 through F-13 following this discussion.

For example, the top panel (a) in Figure F-1 shows the observed stages (solid line) and 1-day
forecast stages (x symbol) for each day during June-August 1993 at the St. Louis, Missouri,
forecast point along the Mississippi River. The forecast stages plotted were actually
generated 1 day earlier than the date which is shown, i.e., the forecast stage plotted for
June 2 was generated and released by the NCRFC 1 day earlier, on June 1. Similarly, the
middle panel (b) in Figure F-1 shows the observed stages again (solid line; note that this line
is the same on each graph, as it represents observed river stages) and the 3-day forecast
stages. On this graph, the forecast stages plotted were actually generated 3 days earlier than
the date indicated, i.e., the forecast stage plotted for June 4 was generated and released by
the NCRFC 3 days earlier, on June 1. All other graphs in this appendix are plotted in the
same manner. Note that at longer forecast ranges, i.e., beyond 7-day forecasts, the forecasts
are not generated by the RFC on a daily basis (see Figure F-2, top panel (a)). Also, plotted
on each graph are the flood stage and the previous record flood stage.
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A degradation in skill is expected as forecast lead-times extend into the future. In other
words, forecasts are typically better at shorter time ranges than at longer time ranges. A
principal reason for the decreased skill with increasing lead-time is associated with the fact
that precipitation that falls after the long-term forecast has been generated is never accounted
for. Consequently, hydrologic forecasts tend to "underforecast,” especially if significant
precipitation falls in the drainage area of the forecast point after the forecast has been made.
A systematic underestimate (or overestimate) is referred to as bias. The longer-duration
forecasts clearly show a systematic underestimate, or bias. Generally, the bias increases with
increasing forecast lead-times.
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Figure F-1. Forecast (x) and observed (solid lines) river stages along the Mississippi River
at St. Louis, Missouri: (a) 1-day forecasts, (b) 3-day forecasts, and (c) 5-day forecasts.
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Figure F-2. Forecast (x) and observed (solid lines) river stages along the Mississippi River
at St. Louis, Missouri: (a) 7-day forecasts, (b) 9-day forecasts, and (c) 12-day forecasts.
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Figure F-3. Forecast (x) and observed (solid lines) river stages along the Mississippi River
at St. Louis, Missouri: (a) 14-day forecasts, (b) 21-day forecasts, and (c) 28-day forecasts.
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Figure F-4. Forecast (x) and observed (solid lines) river stages along the Mississippi River
at Chester, lllinois: (a) 1-day forecasts, (b) 3-day forecasts, and (c) 5-day forecasts.
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Figure F-5. Forecast (x) and observed (solid lines) river stages along the Mississippi River
at Chester, Illinois: (a) 7-day forecasts, (b) 9-day forecasts, and (c) 12-day forecasts.

F-7



:} Previous Record /"""f\

Stage (feet)

Jun 1 Jun 21 Jul 11 Jul 31 Aug 20

80 -
45 | Previous Record M

T Flood Stage |

Ex X x

Stage (feet)

Jun 1 Jun 21 Jul 11 Jul 31 Aug 20

45 Previous Record /V\/—/J\

| Flood Stage |: X

Stage (feet)
8

Figure F-6. Forecast (x) and observed (solid lines) river stages along the Mississippi River
at Chester, lllinois: (a) 14-day forecasts, (b) 21-day forecasts, and (c) 28-day forecasts.
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Figure F-7. Forecast (x) and observed (solid lines) river stages along the Missouri River at
Sioux City, Iowa: (a) 1-day forecasts, (b) 2-day forecasts, and (c) 3-day forecasts.
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Figure F-8. Forecast (x) and observed (solid lines) river stages along the Missouri River at
Sioux City, Iowa: (a) 4-day forecasts, (b) 5-day forecasts, and (c) 7-day forecasts.
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Figure F-9. Forecast (x) and observed (solid lines) river stages along the Missouri River at
Boonville, Missouri: (a) 1-day forecasts, (b) 3-day forecasts, and (c) 7-day forecasts.
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Figure F-10.

Forecast (x) and observed (solid lines) river stages along the Missouri River at

Boonville, Missouri: (a) 14-day forecasts, (b) 21-day forecasts, and (c) 28-day forecasts.
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Figure F-11. Forecast (x) and observed (solid lines) river stages along the Missouri River at
Hermann, Missouri: (a) 1-day forecasts, (b) 2-day forecasts, and (c) 3-day forecasts.
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Figure F-12. Forecast (x) and observed (solid lines) river stages along the Missouri River at
Hermann, Missouri: (a) 4-day forecasts, (b) 5-day forecasts, and (c) 7-day forecasts.
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Figure F-13. Forecast (x) and observed (solid lines) river stages along the Missouri River at
Hermann, Missouri: (a) 14-day forecasts, (b) 21-day forecasts, and (c) 28-day forecasts.
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