J. Water Resource and Protection, 2009, 1, 299-315
doi:10.4236/jwarp.2009.15037 Published Online November 2009 (http://www.scirp.org/journal/jwarp)

o5 Scientific
(> )
+* Research

Upstream-Downstream Relationships in Terms of Annual
Streamflow Discharges and Drought Events in Nebraska

Hong WU', Leen Kiat SOH?, Ashok SAMAL?, Tao HONG?, David MARX?®, Xunhong CHEN*
"Texas Institute for Applied Environmental Research, Tarleton State University, Stephenville, USA
Department of Computer Science and Engineering, University of Nebraska-Lincoln, Reno, USA
3Department of Statistics, University of Nebraska Lincoln, Reno, USA
4School of Natural Resources, University of Nebraska Lincoln, Reno, USA
E-mail: lksoh@cse.unl.edu
Received July 21, 2009; revised August 19, 2009; accepted August 26, 2009

Abstract

Upstream-downstream relationships of annual streamflow discharges and severity and frequency of stream-
flow drought events are critical in understanding how streamflow droughts propagate over time and space.
Such information can be used to resolve water disputes, trigger mitigation strategies, and understand how
streamflow changes due to changes in the environment. During drought years, such information is even more
critical as water resources are contested. The objective of this research is to study the upstream-downstream
relationships of streamflow in Nebraska along four major river systems with diverse hydrologic characteris-
tics and human activities: North Platte, Big Blue, Republican, and Niobrara. The relationships among the
upstream and downstream stations along the four rivers are investigated by comparing several statistics de-
rived from the annual flow discharge and on drought events. Trend analysis and coefficient of variation are
applied to annual flow discharge values, and a host of drought-related parameters (e.g., annual maximum
drought duration, annual accumulated drought duration, number of drought events) are also computed with
respect to five different levels of streamflow drought events: water shortage, mild drought, moderate drought,
significant drought, and extreme drought. The paired-¢ test and ANOVA with MIXED procedure are subse-
quently applied to the statistics to observe whether there is a significant difference between upstream and
downstream stations along a river. The analysis allows us to characterize the upstream-downstream relation-
ships of the four river systems, laying the groundwork for further investigations to identify the reasons for
some of the trends and observations. These findings will be essential in water resources management during
or prior to hydrological droughts.

Keywords: Streamflow Drought, Upstream-Downstream Relationship, Paired 7-Test, Repeated Measures
ANOVA with MIXED Procedure, Nebraska

quences can occur downstream. If the upstream and
downstream water scarcity differs, it could indicate that
the causes are not only natural but also management re-
lated.

In the High Plains Region of the United States, water
resources management is especially critical to rapidly

1. Introduction

About 40 percent of the world population lives in 250
major river basins that are shared by multiple countries
[1]. Competing uses of these rivers have led to conflicts
and disputes between upstream and downstream coun-

tries. Downstream water users are directly affected by
the water use of the upstream counterparts and are vul-
nerable to water overuse and misuse upstream. The con-
struction of reservoirs and dams can prevent flooding
and drought conditions downstream. On the other hand,
if the upstream dams do not release water because of
drought or water needs of the reservoirs, serious conse-
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expanding cities, rural communities, the management of
public lands (national forests and grasslands, state parks,
and wildlife refuges), agricultural communities, and the
nation’s economy. But the competing demands have cre-
ated many water conflicts among the users along the
same river. Even more, droughts often accelerate the
impacts of the water conflicts. During the peak of the
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1934 drought, for example, downstream Nebraskans had
little water for irrigation because the water users in
Wyoming held back as much water as they could, lead-
ing to fiercely contested arguments between the two
states [2].

Frequent and severe hydrological droughts result in
serious environmental, economic, and social conse-
quences in a region. One concern is that extreme hydro-
logical events (e.g., floods and droughts) or observable,
statistically significant trends in hydrological measure-
ments will increase in frequency and magnitude. The
possible causes for this trend include local and global
climate variation and change, water regulations, indus-
trial and urban water withdrawals, excessive irrigation
and land use, and loss of vegetation cover [3—12]. If the
magnitude and frequency of hydrological droughts
change spatially and temporally, the impacts on water
management, agriculture, and aquatic ecosystems will be
significant. In view of this, water accounting strategies
have also been proposed to take into account groundwa-
ter and surface water management to use water more
productively in parts of the world with water shortages
[13]. In addition, Wilhite [14] indicated that drought
vulnerability shows an increasing trend. Therefore, the
knowledge of the characteristics of hydrological drought
event and its spatial and temporal variability is essential
for the efficient management of water resources in a spe-
cific region.

Thus, the examination of the relationships of stream-
flow annual discharges and severity and frequency of
streamflow droughts among the upstream and down-
stream stations will be helpful to understand the influ-
ence of human activities and its consequences during the
low-flow periods. To accomplish this objective, this
study investigates these relationships by 1) comparing
the basic statistical characteristics (i.e., mean, standard
deviation, coefficient of variation, and trend slope) on
the annual flow discharges; and 2) comparing the statis-
tics of drought-related parameters (i.e., annual maximum
drought duration, annual accumulated drought duration,
number of drought events per year, total number of drou-
ght events with a duration greater than three weeks, larg-
est drought deficit and its time period, and longest str-
eamflow drought duration and its time period). To facili-
tate the analysis, we also devise a definition for different
levels of drought events based on low flow range. For
each river system, we identify two sets of streamflow
stations: upstream and downstream. We then compute
the above statistics for each set. Subsequently, the
paired- ¢ test is performed on the trend slopes (as they are
scalar values) while the MIXED procedure [15] is used
on all other parameters to determine whether the differ-
ence between the upstream set and the downstream set
along a river is significant. These values help us define
upstream-downstream relationships along each of the
four river systems in our study area.

Copyright © 2009 SciRes.

2. Study Area

2.1. River Systems

The State of Nebraska in the United States was chosen as
the pilot study area because Nebraska, located on the
High Plains region, represents a dynamic test bed for the
integration of water resources monitoring systems. Ne-
braska is the transition zone between humid, semiarid,
and arid climates, with major streams transecting these
climate regions [16]. This study focuses on four major
rivers in climatically distinct regions in Nebraska—the
North Platte, Niobrara, Big Blue and Republican, as
shown in Figure 1.

The North Platte River, originated in Colorado and
Wyoming, flows to Nebraska. It is the most important
river in western Nebraska. The North Platte River has
several small tributaries. A number of canals were con-
structed in the North Platte River valley for irrigation.
Lake McConaughy and Kingsley Dam were constructed
more than 60 years ago on the North Platte River for the
purposes of irrigation, power development, and recrea-
tion. In the River valley, coarse alluvial materials form a
principal aquifer unit where wells are constructed for
irrigation. The North Platte River on the alluvial sedi-
ments can have a good hydrologic connection to the un-
derlying aquifer. The annul precipitation from 1948 to
2001 in Scottsbluff of the North Platte River Valley,
about 32 km to the western border of Nebraska, was 39.1
cm.

The Niobrara River originates in far eastern Wyoming
and snakes across northern Nebraska. The river in Ne-
braska is about 491 km in length (Figure 1). The unique
nature of this river is its diversity from its wide, verdant
valleys to its steep sandstone canyons, waterfalls and
cliffs. Thus, recreation such as canoeing, tubing and air
boating, is the main activity. A number of small creeks
join the river and two major tributaries, the Snake River
and Key Paha River, are located down stream. Five dams
are constructed in this basin, four on the Niobrara River
and one on the Snake River. To the south of the river lies
the unique grass-covered Sandhills where a large amount
of groundwater is stored. Groundwater feeds numerous
lakes and streams in the Sandhills area [17]. Groundwa-
ter irrigation exists in the Niobrara River valley but most
irrigation wells concentrate in the upstream area. Annual
precipitation at Valentine near the middle stream of the
Niobrara River was 55.6 cm from 1948 to 2001.

The North Fork Republican River flowing through
Colorado and the South Fork Republican River flowing
through Kansas conjoin in Nebraska to form the Repub-
lican River, which drains southern Nebraska and eventu-
ally flows to Kansas. For the river reach in Nebraska,
three creeks, Frenchman Creek, Red Willow Creek, and
Medicine Creek, join the Republican River on its north
side. Beaver Creek joins the Republican River on the

JWARP



H. WU ET AL. 301

Legend

# Surface weter stream gage
iy Blue River
e R pp Ublica N R iver

—nrth Pltts R iver 0 15 30 50 90

wm— Plinbrara River
- Lakes
l:lElaSinS

12%_ SOURCES:
iles 1J.S. Geological Survey (IUSGS)
Mebraska Game and Parks Commission

Figure 1. Distribution of the selected surface stream gages along the four rivers in Nebraska.

south side. In the main stem of the river, there are two
reservoirs: Swanson Lake in upstream and Harlan Coun-
ty Lake in downstream. One reservoir was constructed
on each of the three creeks in the north side of the Re-
publican River: Enders Lake on Frenchman Creek, Hugh
Butler Lake on Red Willow Creek, and Harry Strunk
Lake on Medicine Creek. Sediments in the river valley of
the Republican River consist of alluvial sand and gravel.
Groundwater wells were constructed in the Basin for irri-
gation. There are also several canals which divert stream-
flow for irrigation. A depletion of streamflow at some
specific locations in this river basin has been the starting
point of water right disagreements between the users. For
instance, rights to the streamflow in the Republican
River basin have been in dispute between Nebraska and
Kansas, as well as Colorado. The annual precipitation
between 1948 and 2001 from a rain gauge of Benkleman
(near streamflow gauge 06827500, see Figure 1) in the
upstream of the Republican River was 47.4 cm.

The Big Blue River drains southeastern Nebraska.
Several tributaries conjoin the river. The river flows to
Kansas. The annual precipitation between 1948 and 2001

Copyright © 2009 SciRes.

from a rain gauge of Crete (near the stream gauge
0688100, see Figure 1) was 75.6 cm. The top soil can be
glacial or loess deposits. The river banks are usually
composed of silt and clay. The groundwater system has a
little hydrologic connection to the river [18]. Groundwa-
ter irrigation is well developed in the Big Blue Basin.
The Big Blue agreement between Nebraska and Kansas
has been more amicable than the Republican debates
because of the higher annual precipitation levels and
reduced threat of water shortage in the Big Blue basin,
compared with those conditions in the southwestern and
south-central parts of the state, where the Republican
River basin lies. Among the four basins, the Big Blue
River Basin has little impact of canal diversion or reser-
voir regulations on streamflow.

2.2. Stream Gauge Station Selection
and Streamflow Data Sources

Choice of stream gages for this study posed a significant
problem. All stations were chosen from a national data-
base maintained by the U.S. Geological Survey (USGS).
However, most stations with the most recent data did not
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have long-term historical data and the stations with
long-term data were without up-to-date data. We decided
to use the long-term data because they will be more
meaningful in the statistical analysis. Therefore, the time
periods of the selected stations were a somewhat out-
of-date. Along the four selected major river systems,
thirty eight (38) stream gauge stations were identified
based on the relative long-term streamflow data records.
Specifically, four stations were chosen along the North
Platte River with a period of measurement from 1930 to
1991; six stations along the Niobrara River (1957 —
1991); four stations along the Republican River (1952 —
2001); and four stations along the Big Blue River (1964
— 1994). USGS ended operations on some of these sta-
tions in 1990s. As a result, we selected the streamflow
series based on the gauge with a shortest record. Never-
theless, the time period is still 30 years or longer for each
study area. Figure 1 shows the stations used in this study
along with the spatial coverage of the four selected riv-
ers.

3. Methodology

In this study, we compare the streamflow stations on two
sets of statistics: 1) the basic statistical characteristics de-
rived from the annual streamflow discharges, and 2) the
drought-related parameters derived from the identified
streamflow drought events. To identify different levels of
streamflow droughts, we devise a definition based on low
flow range. Here we discuss these in detail.

3.1. Basic Statistical Characteristics on Annual
Streamflow Discharge

Based on the streamflow data over the specific time pe-
riod for each gauge station, the following basic statistical
characteristics on the streamflow discharge were com-
puted:

1) annual mean discharge: the average amount of wa-
ter through a station per year;

2) standard deviation of the annual mean discharge;

3) coefficient of variation, the ratio of the standard de-
viation to the annual mean discharge; and

4) trend slope of the annual mean discharge based on
linear regression analysis.

The coefficient of variation provides a comparison of
the standard deviation of the annual mean discharge in
units of the mean. These basic statistical characteristics
will be compared among the upstream and downstream
stations along each river to study the streamflow drought
patterns of the four rivers.

3.2. Definition of a Streamflow Drought

Generally, a hydrological drought event for streams is

Copyright © 2009 SciRes.

characterized by three components: duration, severity,
and magnitude [19]. Duration is the period during which
streamflow stays below the long-term mean. Severity is
the cumulative water deficiency. Magnitude is the aver-
age water deficiency during the period. Figure 2 illus-
trates these three drought components and the definition
of a drought event schematically. Magnitude is also
sometimes known as intensity [20]. Drought severity has
also been defined as a combination of duration, deficit
and maximum intensity [21].

The relationships among the three components are
given by Equation (1):

. severi
magnitude = Severily

duration M

Prior to computing the three components, one needs to
make sure that the distribution of streamflow is normal.
If it is not, a logarithmic transformation on the flow data
is necessary.

To obtain the “above normal” and “below normal”
sections of a streamflow time series, the widely used
threshold-based approach was employed [22]. A thresh-
old level (or truncation level) divides a time series into
two quantized sections. It is considered desirable to use a
mean truncation level, since the mean is more sensitive
to the extreme values of the distribution. Particularly in
the study of drought events, these extreme droughts are
generally of primary interest. In order to keep a consis-
tent analysis of drought events, the average annual low-
and high-flow seasons for each station were identified
based on the multi-year average monthly discharge [23,
1]. Consequently, the stream drought events were defi-
ned in the low- and high-flow seasons separately.

3.3. Drought-Related Parameters

To describe the severity and frequency of streamflow
droughts over the study period for each station from dif-
ferent aspects, several parameters were derived based on
the three components of an event: duration, severity, and
magnitude. The derived parameters were:

1) the annual maximum drought duration (AMD);

2) the annual accumulated drought duration (ACD);

3) the number of drought events per year (ND) [1];

4) the total number of drought events with a duration
greater than three weeks over the study period;

5) the largest drought deficit and its time period over
the study period; and

6) the longest streamflow drought duration and its
time period over the study period [24].

Using annual results allows us to analyze the long-
term trends and sensitivity of the streamflow. Similar
parameters have also been used in analyzing other cli-
mate data such as evapotranspiration [25]. Comparisons
of these parameters among the stations along a river

JWARP



H. WU ET AL. 303

M=8/D
S i 4
l— Arrwsal Mean

\:ﬁgz

Difference of daily streamflow from the annual mean
T

Time (days)

Figure 2. The three components of a drought event. M de-
notes the magnitude of a drought event; S the severity; and
D the duration.

will reveal the upstream-downstream relationships in

term of the severity and frequency of streamflow drought.

Streamflow drought condition is essential information in
the evaluation of water storage in rivers.

Two statistical tests were used to determine the dif-
ferences of those statistical parameters between the up-
stream and downstream stations: the paired t-test and
ANOVA using MIXED procedure. The paired t-test is

no drought
water shortage
mild drought

drought level(d) =
moderate drought

extreme drought

The time scale of streamflow used in the drought
analysis is important. Using daily streamflow to define

the drought events will introduce two particular problems:

mutually dependent droughts and minor droughts [26].
Mutually dependent droughts are produced when the
flow, which exceeds the threshold level in a short time
period, divides a long-term drought event into a number
of droughts of shorter duration. Minor droughts are re-
sults of flow fluctuations around the threshold level. In
such cases, pooling successive events to define an inde-
pendent sequence of droughts is necessary. The moving
average procedure (MA) is a method for pooling de-
pendent droughts into a single event. Based on a sensi-
tivity analysis, Tallaksen et al. [27] and Hisdal ef al. [1]
concluded that an averaging interval 10 or 11 days is the
“optimal” value in MA, respectively. As a result, the 11-
day moving average procedure was applied to the daily
streamflow data before performing drought identification
on the data in this study. Thus, the streamflow data were
smoothed by removing small, insignificant peaks and va-

Copyright © 2009 SciRes.

commonly used for evaluating matched pairs of data
with the assumption that the paired differences are nor-
mally distributed [7]. Since the parameters were driven
from the daily streamflow data, repeated measurement
data were involved. Therefore, the MIXED procedure
was used to run an analysis of variance (ANOVA) be-
cause the MIXED procedure is able to accommodate
data that have both fixed and random factors [5]. The two
analyses were performed using SAS [20]. The level of
significance was set at 0.05.

3.4. Classification of the Streamflow Drought
Levels

In order to obtain greater resolution in the understanding
of drought we propose a multi-level approach. We define
six levels of droughts of increasing intensity from no
drought to extreme drought. Based on the range of val-
ues of daily stream flow, we define the low flow range
for a stream for a given day as follows:

Ifr (d) = mean(d) - min(d), 2)
where Ifr (d) is the low flow range, mean(d) and min(d)
are the average value and the minimum value of the
stream flow for the day (d), respectively. The six levels
of droughts are defined using the computed /fi(d) and
daily flow (water(d)) as follows:

water(d) = mean(d)

min(d) + 0.5 Ifr(d) < water(d) < min(d) +1.0fr(d)

min(d) +0.25 Ifr(d) < water(d) < min(d) + 0.50 Ifi(d) 3)
min(d)+0.10 Ifr(d) < water(d) < min(d) + 0.25 Ifr(d)

significant drought min(d)+0.05 Ifr(d) < water(d) < min(d) + 0.10 [fi(d)

0 < water(d) <min(d)+0.05 Ifr(d)

lleys above the threshold level and pooling some minor
and dependent droughts together.

4. Results and Discussions

Here we discuss the results from two statistical compara-
tive studies on the upstream-downstream relationships of
the four major river systems in Nebraska. In each study,
we will first present the statistics derived from the
streamflow stations before comparing the upstream and
downstream stations.

Note that the orientation of the Big Blue River is ba-
sically north-south while others are west-east. Since cli-
matic condition varies largely across west-east, it proba-
bly has a larger effect on the streamflow for the Repub-
lican, Niobrara, and the North Platte rivers, especially on
the Niobrara due to its significantly large distance be-
tween the most upstream and most downstream stations
used in our studies. Further, the Big Blue watershed has
a relatively small drainage area and that might cause the
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Table 1. Basic streamflow statistics of the stations along the four rivers and high- and low-flow seasons. Stations are listed in
order of flow directions, i.e. the upstream stations are listed before the downstream stations. Note: the Distance value is the
distance between the most upstream and most downstream stations.

River v ) Slope of
(Drainage . p- Mean Dis- Std. Dev. Coeff. annual High- Flow Low- Flow
area in square Streamflow Station  stream/Down chz;rge (m’lyr) of _mean Season Season
km) stream (m/yr) Var. dlsc?arge
(m’/yr)
. 06879900 (BB1) Up 295.60 199.86 0.68 3.20 Mar. — Jul. Aug. — Feb.
?f%;é‘;; 06880500 (BB2) Up 1537.19 887.68 0.58 31.01 Mar. — Jul. Aug. - Feb.
Distaﬂkcr‘ii ~122° 06881000 (BB3) Down 4521.40 2522.51 0.56 98.29 Mar. — Jul. Aug. — Feb.
06882000 (BB4) Down 9954.64 6882.53 0.69 224 44 Mar. — Jul. Aug. — Feb.
06454100 (N1) Up 139.86 16.88 0.12 -1.02 Feb. — Jun. Jul. - Jan.
06454500 (N2) Up 279.77 36.02 0.13 -1.50 Feb. — Jun. Jul. - Jan.
Niobrara
(32,633) 06457500 (N3) Up 1158.19 132.18 0.11 -7.02 Feb. — Jun. Jul. - Jan.
Distaﬂkcrii ~490 06461500 (N4) Down 7643.98 778.72 0.10 25.51 Feb. — Jun. Jul. - Jan.
06465000 (N5) Down 15179.50 232253 0.15 39.47 Feb. — Jun. Jul. - Jan.
06465500 (N6) Down 16781.25 2758.47 0.16 -6.74 Feb. — Jun. Jul. - Jan.
06679500 (NP1) Up 7546.42 5664.76 0.75 100.47 Sep. -. Jun. Jul.- Aug.
@’&‘32;‘%‘}2_ 06682000 (NP2) Up 9879.66 5868.87 0.59 106.76 Sep. -. Jun. Jul.- Aug.
tance: ~115km 06684500 (NP3) Down 12748.94 6061.23 0.48 97.67 Sep. -. Jun. Jul.- Aug.
06686000 (NP4) Down 13728.68 5919.73 0.43 97.81 Sep. -. Jun. Jul.- Aug.
06823000 (R1) Up 436.51 85.09 0.19 -4.50 Oct. — Apr. May. — Sep.
(?;gl;‘;l)igil; 06827500 (R2) Up 31891 225.06 0.71 9.71 Mar. — Jun. Jul. — Feb.
tance: ~273 km 06843500 (R3) Down 2269.15 1051.10 0.46 -47.54 Jun. - Aug. Sep. — May.
06849500(R4) Down 2275.02 1733.68 0.76 -50.06 Jun. —Aug. Sep. — May.

streamflow characteristics to be more volatile over time.
The downstream flow is much larger than that in the up-
stream for this small Big Blue watershed because a larger
precipitation in eastern Nebraska leads to large surface
runoff on less permeable top soils. Soils in other three
basins are more permeable; this can likely accelerate
precipitation infiltration and reduce surface runoff during
rain events.

4.1. Study 1: Upstream-Downstream
Relationships of Streamflow

4.1.1. Statistical Characteristics of Streamflow

Table 1 summarizes the basic statistics of streamflow
including the 1) annual mean discharge, 2) its standard
deviation, 3) its coefficient of variation, 4) its slope of
trend, and the distribution of the annual 5) high- and 6)
low- flow seasons for each station along the 4 river sys-
tems. (The measurements are shown in British units
since the original streamflow measurements are reported
as such.) As expected, the annual mean discharges of
downstream stations generally are greater than those of
upstream stations. This is because the discharges in-
crease downstream in a river as tributaries enter and most

Copyright © 2009 SciRes.

rivers tend to increase downstream hydraulic parameters
(i.e. width, depth, and mean velocity) [28].

The coefficients of variation shown in Table 1 indicate
that the variability of the annual discharges is between
60-70% among the 4 stations on the Big Blue River, while
the variability is about 10% among the 6 stations on the
Niobrara River. The common thing between the two rivers
is that the coefficients of variation are consistent among
the stations along each river. On the other hand, the coef-
ficients of variation for the stations on the other two rivers
of North Platte and Republican are discrepant. For the
North Platte River, the station NP1, located at the very
beginning of the river, has the highest coefficient (0.75)
among the 4 stations. The coefficient of variation de-
creases downstream. In contrast, the station R4, located on
the lower Republican River, has the highest coefficient of
variation (0.76) compared with other upstream stations,
especially R1. This could be explained by the fact that the
Harlan County Reservoir is located between the two sta-
tions R3 and R4. In addition, a canal system originates just
below this reservoir. The canals divert streamflow during
each irrigation season, leading to a high variation of the
downstream station. A high coefficient of variation (0.71)
is also observed for R2. This is very likely due to Haigler
Canal constructed above R2 which diverts water from the
North Fork Republican River.
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All stations along the Big Blue and North Platte indi-
cate a positive trend in the annual discharge over the
study period, while the stations along the Republican
indicate a negative trend. All stations along the Niobrara
show a negative trend except for one downstream station.
The detected negative trend along the Republican is con-
sistent with what has been reported in Wen and Chen [29]
as results of groundwater irrigation. Streamflow diver-
sion to canals and consumption of water by riparian ve-
getation can also reduce streamflow. According to Chen
and Shu [30], the rate of groundwater use by riparian
vegetation can be up to 5 mm/day in the Republican
River Valley. The negative trend is also consistent with
the primary reasons for the dispute between the two
states of Nebraska and Kansas.

The long-term monthly average discharge distribution
over the given time period for each station shows that the
high-flow season is a bimodal distribution, and the high-
and low-flow seasons for the stations along the Big Blue
are consistent (Figure 3). For convenience, this study
combined the two high-flow seasons into a single one,
i.e., the high-flow season is from March through July,
and the low-flow season is from August through Febru-
ary. This pattern is also exhibited by the stations along
the Niobrara and North Platte Rivers. However, the dis-
tribution patterns of the monthly average streamflow of
the stations along the Republican are inconsistent. One
station’s high-flow season is another station’s low-flow
season, for example. This inconsistency is probably due
to the lower stream of the river being diverted via irriga-
tion canals during the crop growing season. Note that the
Republican River Basin has five major dams on the main
stem and its tributaries. These reservoirs regulate water
for irrigation and flood control. They can also contribute
to the inconsistency.

4.1.2. Upstream-Downstream Relationships of
Streamflow

Based on the results described in Table 1, we use the

paired ¢-test to determine whether the trend slopes for the

1699
1557
1415
1274
1132

BB7H300(BE1)

- -6880500(BB2)

(

(
£881000(EE3)

(

m— 558 2000(BE4)

® @
B 9
o =

Streamflow (CubicMeters)
- - ]
AN QO
N oW L N e

Figure 3. Long-term monthly mean discharge of the four
stations along the Big Blue.
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stations upstream are different from the trends for down-
stream stations. To test the differences on other parame-
ters, we utilize the MIXED procedure in SAS to account
for year.

PROC MIXED DATA=RI1
COVTEST;
CLASS YEAR S T;
MODEL Y = T/DDFM=KR;
RANDOM YEAR YEAR*T S(T);
LSMEANS T;

In the above model, * denotes factor interaction and
the parentheses denote factor nesting. That is, S(T) de-
notes the station id of type T, where the type can be ei-
ther upstream or downstream. YEAR is the year of
measurement.

Table 2 summarizes the results obtained from the two
tests. There is no significant difference between up-
stream and downstream stations along the Big Blue and
the Republican rivers, in terms of mean annual stream-
flow, variability and trend slope. For the North Platte
River, there is no significant difference in terms of all the
statistics but standard deviation between upstream and
downstream streamflow. For the Niobrara River the
characteristics between the upstream and downstream
stations are significantly different in the annual mean
streamflow, variability and the trend slope, with an ex-
ception of coefficient of variation. The variability be-
tween upstream and downstream stations is probably
caused by its long stretch for the analysis, lower annual
precipitation in the upstream area, potential effect of in-
tensive groundwater irrigation in parts of the watershed,
and surface water regulation (e.g., reservoirs and dams).

4.2. Study 2: Upstream-Downstream Relationships
of Drought Events and Durations

The parameters associated with the severity and fre-
quency of the streamflow drought—such as the annual
maximum drought duration (4MD), the annual accumu-
lated drought duration (4CD) and the number of drought
events per year (ND) were compared among the up-
stream and downstream stations along the same river to

Table 2. The results of statistical tests to compare the streamflow
statistical characteristics between upstream and downstream
stations.

Streamflow Characteristics

Annual Standard Coefficient Trend
Big Blue X X X
Niobrara N R X
North « ~ x
Republican  x X X X

\: Difference between upstream and downstream is statistically
significant (p=0.05)
x: The difference is not statistically significant
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study the association of the severity and frequency of
streamflow drought occurring along the same river.

In the following, due to space consideration, we pre-
sent figures and tables to show only results of two repre-
sentative stations of each river, one from the set of up-
stream stations and one from the downstream stations.

4.2.1. Number of Drought Days
Figures 4-7 show the distribution of drought days of dif-
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ferent levels for the stations of the four rivers.

4.2.2. Annual Maximum Drought Duration (AMD)
Figures 8-11 show the distribution of AMD of different
levels for the stations of the four rivers.

4.2.3.Annual Accumulated Drought Duration (ACD)
Figures 12-15 show the distribution of ACD of different

levels for the stations of the four rivers.
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Figure 4. Number of drought days of different levels for the Big Blue River. “edd” denotes extreme drought days; “sdd” sig-
nificant drought days, “mdd” moderate drought days, “midd” mild drought days; and “wsd” water shortage days.
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Figure 5. Number of drought days of different levels for the Niobrara River.
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Figure 6. Number of drought days of different levels for the North Platte River.
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Figure 11. AMD of different levels for the Republican River.
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Figure 12. ACD of different levels for the Big Blue River.
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Figure 13. ACD of different levels for the Niobrara River.
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Figure 14. ACD of different levels for the North Platte River.
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Figure 15. ACD of different levels for the Republican River.
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Figure 16. Number of drought events of different levels for the four rivers.

4.2.4. Number of Drought Events per Year (ND).

Drought events could be defined according to one of the
five drought levels as defined earlier in Equation (3). For
each level, the drought event is further classified based
on the duration to show how long the water deficit will
last. We tried durations of 2 weeks, 3 weeks, 4 weeks, 6
weeks, and 8 weeks for each drought type. Therefore
there are 25 different combinations. To compare those
different combinations, we constructed a 5 x 5 matrix for
each station. Each entry in the matrix is one of the 25
different combinations of different drought duration thre-
sholds and drought types. The upper left corner corre-
sponds to the combination of water shortage drought and
a threshold of 2 weeks. The lower right corner corre-
sponds to the combination of extreme drought type and a
threshold of 8 weeks. Tables 3-6 summarize the distribu-

Copyright © 2009 SciRes.

tions of drought events of different levels and durations
for some stations along the four rivers.

Figure 16 shows a graph of number of drought events
versus year for different levels of drought for some sta-
tions along the four rivers.

4.2.5. Discussion on Upstream-Downstream
Relationships of Severity and Frequency
of Drought Events
For the Big Blue River, the AMD, ACD and ND are con-
sistent among the 4 stations over the period 1965-1985
(Figures 4, 8, 12, and 16), indicating that the severity and
frequency of streamflow droughts among the upstream
and downstream stations are statistically similar during
this period. For the time around 1985, the trends of the
three parameters slightly decrease, and then bounce back
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Table 3. Distribution of number of droughts for the Big
Blue River (Station BB1).

2 3 4 6 8
weeks weeks weeks weeks weeks
Water

Shortage 144 142 120 79 62
Mild 105 103 73 54 40
Moderate 88 78 54 34 28
Significant 57 43 32 24 22
Extreme 42 31 25 21 16

Table 4. Distribution of number of droughts for the Nio-
brara River (Station N1).

2 3 4 6 8

weeks weeks weeks weeks weeks

Water

Shortage 115 51 18 5 2
Mild 79 29 9 1 1
Moderate 61 18 6 1 0
Significant 42 7 1 0 0
Extreme 32 3 1 0 0

Table 5. Distribution of number of droughts for the North
Platte River (Station NP1).

2 3 4 6 8

weeks weeks weeks weeks weeks

Water

Shortage 109 130 68 30 13
Mild 94 101 45 18 2
Moderate 88 79 35 9 2
Significant 77 55 19 3 0
Extreme 59 34 9 1 0

Table 6. Distribution of number of droughts for the Repub-
lican River (Station R1).

2 3 4 6 8

weeks weeks weeks weeks weeks

Water

Shortage 165 109 36 7 5
Mild 130 52 11 1 1
Moderate 112 33 5 0 0
Significant 75 8 1 0 0
Extreme 44 3 1 0 0

for the four stations. In addition, in late 1980’s and early
1990’s, the droughts at downstream stations have be-
come more intense, more frequent and last longer than
the upstream droughts. In 1976, the annual precipitation
measured from the rain gauge of Crete was 46.6 cm,
compared to annual average precipitation of 75.6 cm of
53 years. This below-normal precipitation led to a large
number of drought days for up- and downstream stations
(Figure 4), as well as a large value of AMD for these
stations (Figure 8).

For the Niobrara River, the AMD of the upstream sta-
tions is more severe for most of the study period com-
pared to that of the downstream stations. The ACD of the
upstream stations has an increasing trend and exceeds
that of the downstream stations after 1980. Clearly, the
number of droughts (ND) each year at the downstream
stations is greater than the upstream stations (Figures 5, 9,
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13 and 16). Thus, for this river, the upstream stations
encounter more severe droughts, especially in recent
years, while the downstream stations encounter droughts
more frequently. Severe drought in upstream may come
from the combination of two factors: lower annual pre-
cipitation rate in the western Nebraska and groundwater
irrigation. In western Nebraska, the Niobrara River flows
through the north border of Box Butt County where in-
tensive groundwater pumping has caused a large decline
of the water table in the aquifer for several decades. The
decline has been up to 9 m at some locations, compared
to the water table in 1950’s and 1960’s. If the river is
hydrologically connected with the underlying aquifer, the
depleted aquifer will have induced infiltration of stream-
flow to the surrounding aquifers. The trend analysis of
streamflow by Wen and Chen [29] indicated that annual
discharge in upstream of the Niobrara River had a de-
creasing trend in 1946-2003 at station 06454500 (N2)
and in 1945-1991 at station 6457500 (N3).

The relationships of the parameters on the North Platte
River among the 4 stations are shown in Figures 6, 10,
14, and 16. With regard to the AMD and ACD develop-
ment over the years, the upstream stations are similar
with the downstream stations. However, the upstream
stations show a higher value of ND for most drought
categories than the downstream stations for the entire
period.

Figures 7, 11, 15, and 16 show a unique pattern along
the Republican River. The parameters of the downstream
stations more intense drought characteristics than that of
the upstream stations during 1950 to 1990. After 1990,
the three parameters of the station located upstream (R1)
present a strong increasing trend and exceed the down-
stream stations in the severity and frequency, indicating
this upstream station suffers from drought more severely
and more frequently.

Tables 7-10 list the DD, AMD, ACD and ND of up-
stream and downstream stations in different levels of
drought events. The statistical analysis is performed us-
ing the MIXED procedure and the paired #-test.

Tables 7-10 show that while strong trends are apparent
in the drought parameters between upstream and down-
stream stations, many of the differences are not statisti-
cally significant. Table 7 shows that the difference in
drought durations for upstream and downstream stations
is significant only for Big Blue River (significant
droughts) and for North Platte River (moderate droughts).
For the other levels of droughts and for Niobrara River
and Republican River, there are no differences between
the upstream and downstream stations. Table 8 also
shows that there are no differences in AMD between
upstream and downstream stations for Niobrara River
and Republican River. The differences for Big Blue ap-
pear only for mild droughts while those for North Platte
are only for water shortage events. Table 9 shows that
there no significant differences in ACD between up-
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Table 7. Distribution of Drought Duration (DD) of different types for upstream and downstream stations along the four riv-
ers. * denotes significant difference (p<.05).

River Location Extreme Significant Moderate Mild Water Shortage
Up 93 34% 65 55 42
Big Blue
Down 37 27* 67 71 70
Up 14 4 17 47 133
Niobrara
Down 15 4 19 49 124
Up 14 11 38%* 76 119
North Platte
Down 12 7 23% 61 133
Up 13 6 29 63 118
Republican
Down 54 34 45 45 86

Table 8. Distribution of Annual Maximum Drought Duration (AMD) of different types for upstream and downstream sta-

tions along the four rivers. * denotes significant difference (p<.05).

River Location Extreme Significant Moderate Mild Water Shortage
Up 38 48 67 96* 126
Big Blue
Down 10 18 37 59% 105
Up 5 7 12 25 68
Niobrara
Down 4 5 9 20 50
Up 4 8 22 60 143*
North Platte
Down 4 7 16 37 111*
Up 4 6 15 36 98
Republican
Down 20 39 75 103 146

Table 9. Distribution Annual Accumulated Drought Duration (ACD) of different types for upstream and downstream sta-

tions along the four rivers. * denotes significant difference (p<.05).

River Location Extreme Significant Moderate Mild Water Shortage
Up 93 127 192 247 290
Big Blue
Down 37 64 131 202 273
Up 14 18 35 82 214
Niobrara
Down 15 19 38 87 211
Up 15 25 63 139 258%*
North Platte
Down 12 19 42 102 236%*
Up 13 19 48 111 229
Republican
Down 54 87 132 177 263

Table 10. Distribution Number of Drought events per year (ND) of different types for upstream and downstream stations
along the four rivers. * denotes significant difference (p<.05).

River Location Extreme Significant Moderate Mild Water Shortage
Up 10 13 15 13 11
Big Blue
Down 11 14 18 18 13
Up 5 6 9 15 18
Niobrara
Down 9 7 11 17 23
Up 3 4 6 9
North Platte
Down 3 3 6 10 9
Up 3 5 9 13 12
Republican
Down 6 7 7 9 9
Copyright © 2009 SciRes. JWARP
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stream and downstream stations along any of the rivers
for any of the drought types with the sole exception of
North Platte River and only for water shortage events.
Table 10 shows that in terms of number of drought
events, there is no difference between upstream and
downstream stations along any of the rivers.

4.2.6. Discussion on Upstream-Downstream Relationships
of Severe Drought Events.

Based on the 5 x 5 matrix as shown in Tables 3-6 above,
we tried to identify severe drought events in terms of
drought level and duration. Since the entries near the
lower right portion of the matrix usually have small val-
ues, those combinations were not an appropriate defini-
tion of severe droughts. If the drought level was set as
water shortage, numerous drought events would be iden-
tified. Thus, the combination of the mild drought type
and a threshold of 3 weeks can be a good definition of
severe droughts. As shown in Tables 3-6, the number of
4-, 6-, and 8-week drought is the largest for the Blue
River Basin. This is probably due to its small drainage
area of the watershed, as well as a small baseflow from
the weak hydrologic connection between the river and
the principal aquifer. The combined effect of the two
situations gives only small amount of water that sustains
the streamflow between precipitation events and makes
the streamflow highly correlated with precipitation pat-
terns. Although the Platte River watershed has the largest
drainage area, the number of 4-, 6-, and 8-week drought
is larger than that for the Niobrara and Republican River
basins. This is in part attributed to the fact that the
streamflow records of the four stations in the North
Platte River used in this analysis are about 30 years
longer than those of other stations. In 1930’s, a severe
drought occurred in Nebraska.

Table 11 summarizes for each station 1) the number of
streamflow droughts with duration of three weeks or
longer, 2) the largest streamflow drought deficit and its
time period, and 3) the longest streamflow drought dura-
tion and its time period during the period of record. As
can be seen, the numbers of droughts with duration
greater than three weeks occurring on each station are
about the same for the Big Blue and North Platte Rivers.
In contrast, the number of droughts on the Niobrara
River increases downstream, indicating that severe
drought becomes more frequent downstream. The Re-
publican River shows an opposite pattern: the severe
droughts occur at the upstream stations more frequently
than the downstream stations.

According to Table 11, the time periods of the drought
events with the largest deficit or the longest duration are
not necessarily consistent among the upstream and
downstream stations along the same river. Over the pe-
riod 1964-1994 along the Big Blue River, the significant
drought events with the largest deficit recorded by the 4
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stations occurred in the1970s, while the events with the
longest duration occurred in the 1970s, 1980s and 1990s.
The largest deficit for stations BB3 and BB4 occurred in
1976 and 1977 (Table 11). This is apparently associated
to the below normal precipitation in 1976. Along the
Niobrara River during 1957-1991, the three downstream
stations (N4-N6) recorded the same severe drought event
with the largest deficit simultaneously, while the 3 up-
stream stations (N1-N3) recorded 3 different events. For
the events with the longest duration, it seems that the
drought events in recent years tend to last longer because
all the 3 upstream stations indicate that the events lasting
the longest happened in 1989-1990. The largest deficit at
stations N4, N5, and N6 of the Niobrara River occurred
in the same year (1976). The precipitation of 1976 meas-
ured from the rain gauge at Valentine near the middle
stream of the Niobrara River was 32.4 cm, compared to
the average annual rate of 55.6 cm from 1948 to 2001.

For the North Platte River in 1930-1991, the one up-
stream and two downstream stations (NP2-NP4) show
the drought events with the largest deficit during 1934-
1935, and with the longest duration during 1954-1955.
Although the annual precipitation of 1976 in Scottsbluff
of the North Platte River Valley was only 24.7 cm, well
below the average of 39.1 cm, this below normal pre-
cipitation did not lead to the largest water deficit in the
North Platte River. The drought of 1934-35 in Nebraska
was apparently much worse.

It appears that 3 out of the 4 stations along the Repub-
lican River indicate the severe drought events occurred
in 2000-2001 during the study period 1952-2001, sug-
gesting that the significant streamflow drought events
become more severe and last longer in recent years. Like
other three basins, the Republican River Basin also suf-
fered a drought in 1976. The precipitation was 28.7 cm at
a rain gauge of Benkleman, below the average rate of
47.4 cm. It is interesting to note that the precipitation in
2000 was 45.8 cm, only slightly below the average pre-
cipitation rate. Yet, as shown in Table 11, the largest
deficit and longest duration of drought for a couple of
stations in the Republican River occurred in 2000.This
might be caused by increasing water use and human ac-
tivities on this river. Another possible reason is that the
study periods of the other 3 rivers do not cover the very
recent years due to the lack of records. So it is impossi-
ble to accurately show the drought situation in the very
recent years. A severe drought started in 1999 and con-
tinued to 2006 in Nebraska and other High Plains region.

Table 11 also reveals the impacts of several major se-
vere droughts in Nebraska history through the statistics
of the largest deficit and the longest drought duration for
each station. In the North Platte River, the drought of the
1930s was the longest dry period for Nebraska in recent
history [16] and is often referred to as the Dust Bowl (see
Stations NP2, NP3 and NP4 on the North Platte River).
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Table 11. Statistics on drought events of duration of at least three weeks.

River Station N:;:gg;;tof Largest deficit Longest duration
(Study period)
Total /Year m’ Time Period Days Time Period
06879900 (BB1) 69 2.2 685 9/3/1974—4/27/1975 327 9/9/1980—8/1/1981
p ;zif flll;eg " 06880500 (BB2) 71 23 374 6/26/1971—5/3/1972 313 6/26/1971—5/3/1972
31 years 06881000 (BB3) 74 24 425 6/5/1976—5/23/1977 353 6/5/1976—5/23/1977
06882000 (BB4) 69 2.2 381 8/2/1976—5/26/1977 305 7/25/1991—5/24/1992
06454100 (N1) 70 2.0 125 5/3/1974—9/21/1974 240 4/9/1989—12/4/1989
06454500 (N2) 70 2.0 196 5/17/1964—11/24/1964 253 4/25/1989—1/2/1990
(19Nsigb_r?;;1) 06457500 (N3) 90 2.6 078 2/26/1989—11/18/1989 266 2/26/1989—11/18/1989
35 years 06461500 (N4) 73 2.1 072 5/4/1976—12/16/1976 227 5/4/1976—12/16/1976
06465000 (N5) 96 2.7 070 5/29/1976—11/18/1976 187 4/23/1975—10/26/1975
06465500 (N6) 98 2.8 068 5/29/1976—11/18/1976 178 4/23/1980—10/17/1980
06679500 (NP1) 119 1.9 496 11/19/1959—5/21/1962 915 11/19/1959—5/21/1962
1?10;;3_11’;?1‘; 06682000 (NP2) 117 1.9 336 4/15/1934—1/8/1935 510 1/4/1954—5/28/1955
62 years 06684500 (NP3) 113 1.8 318 4/10/1934—1/6/1935 457 3/29/1954—6/28/1955
06686000 (NP4) 125 2.0 349 4/11/1934—12/12/1934 341 3/30/1954—3/5/1955
06823000 (R1) 118 2.4 202 3/18/2000—12/23/2000 281 3/18/2000—12/23/2000
(gespzui)lzi;ﬁ) 06827500 (R2) 87 1.7 553 3/1/2000—1/27/2001 333 3/1/2000—1/27/2001
50 years 06843500 (R3) 98 2.0 335 7/25/2000—3/3/2001 308 9/6/1998—7/10/1999
06869500 (R4) 76 L5 649 8/20/1991—7/2/1992 318 8/20/1991—7/2/1992

For the Big Blue River Basin and the Niobrara River
Basin, a major drought within the study periods occurred
in the mid-1970s. This drought resulted in loss of over
$10 million in eight counties ([14]; see Stations BBI,
BB3 and BB4 on the Big Blue; N1, N4, N5 and N6 on
the Niobrara River). In addition, the year of 2000 was a
severe drought year ([31]; see stations R1, R2 and R3 on
the Republican River).

It is interesting to note that some severe droughts with
the largest deficit or the longest duration indicated by
some stations were not recorded as a major drought event
in Nebraska history (e.g., station NP1 on the North Platte
River during 1959-1962). Reasons for such omissions
need to be investigated further.

Statistical analysis shows that the difference in the
largest deficit between upstream and downstream sta-
tions along any of the four rivers is not statistically sig-
nificant. The same is also true for the longest drought
duration for all the rivers except the Niobrara River.

5. Summary

In this paper, the upstream-downstream association in
terms of the basic statistical characteristics of annual
flow discharge and the streamflow drought severity and
frequency were explored on 18 stream gauge stations
along 4 major rivers in Nebraska: the North Platte, Nio-
brara, Big Blue and Republican Rivers. We used the
paired #-test and ANOVA with MIXED procedure to test
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whether there were any significant differences in terms
of streamflow- and drought-related parameters between
upstream and downstream stations. Overall, the statisti-
cal tests showed that there are not many significant dif-
ferences between upstream and downstream stations
along the four rivers.

Based on the results of the two comparative studies,
the following upstream-downstream relationships are
summarized for each river:

e For the Big Blue River, the four stations are consistent
with respect to the coefficients of variation and posi-
tive slopes of the annual mean discharge, the distribu-
tion of the annual high- and low-flow seasons, and the
total number of severe drought events occurring dur-
ing the study period. The severity and frequency of
drought events are also similar among the upstream
and downstream stations during 1964-1985. After that
period, the droughts at downstream stations become
more intense, more frequent and last longer than the
upstream droughts.

e For the North Platte River, the four stations show the
consistency on the positive slopes of the annual mean
discharge, the distribution of the high- and low-flow
seasons, the severity of drought events and the number
of severe droughts. On the other hand, the coefficients
of variation of the annual mean discharge increase
from downstream to upstream, and the downstream
stations show a higher number of drought occurring
each year than the upstream stations for the entire
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study period. Because the stations studied are all lo-

cated upstream of the lake and dam, the conclusions

are not as reliable and can only be applied on the up-
stream segments.

e For the Niobrara River, the six stations only show
consistency on the coefficients of variation of the an-
nual mean discharge and the distribution of the annual
high- and low-flow seasons. The stations demonstrate
mixed signs of the annual discharge trend slope, either
positive or negative. Furthermore, the upstream sta-
tions encounter more severe droughts in recent years,
while the downstream stations encounter droughts
more frequently. This complex upstream-downstream
relationship on the Niobrara is attributed to its diverse
nature and its journey through the Sandhills region.

e The relationships along the Republican River are also
complex as expected. The only agreement among the
four stations is the negative trend slope of the annual
mean discharge. The stations exhibit inconsistencies in
other statistical characteristics: increasing coefficients
of variation from upstream to downstream, varying
distributions of high- and low-flow seasons. In addi-
tion, the results suggest that the upstream stations suf-
fer from drought more severely and more frequently in
recent years. Obviously, the water use activities such
as reservoir regulation, canal diversion, and ground-
water pumping in the Republican River Basin influ-
ence the relationships.

The streamflow drought conditions and statistics differ
in each of the four watersheds. They can be influenced
by fluctuation of precipitation, the size of drainage area,
soil types, hydrologic connection between river and
groundwater systems, and the demand levels on surface
and groundwater. Below-normal precipitation seems to
be the most important factor contributing to the largest
deficit of streamflow. Diversion of stream water to ca-
nals and reservoir regulation are probably other major
factors resulting in different features of streamflow
drought and statistics among individual rivers reaches
within a watershed. Future work includes conducting the
above analysis for the irrigation season (June-September)
to identify the impact of streamflow diversion and
groundwater pumping on the streamflow and drought
events.
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