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SUBTASK 7.3 – THE SOCIOECONOMIC IMPACT OF CLIMATE SHIFTS IN THE NORTHERN 
GREAT PLAINS 

 
 
ABSTRACT 
 
 The Energy & Environmental Research Center (EERC) evaluated the water demand 
response/vulnerability to climate change factors of regional economic sectors in the northern 
Great Plains. Regardless of the cause of climatic trends currently observed, the research 
focused on practical evaluation of climate change impact, using water availability as a primary 
factor controlling long-term regional economic sustainability. Project results suggest that the 
Upper Missouri, Red River, and Upper Mississippi Watersheds exhibit analogous response to 
climate change, i.e., extended drought influences water availability in the entire region. The 
modified trend suggests that the next period for which the Red River Basin can expect a high 
probability of below normal precipitation will occur before 2050. 
 
 Agriculture is the most sensitive economic sector in the region; however, analyses 
confirmed relative adaptability to changing conditions. The price of agricultural commodities is 
not a good indicator of the economic impact of climate change because production and price do 
not correlate and are subject to frequent and irregular government intervention.  
 
 Project results confirm that high water demand in the primary economic sectors makes the 
regional economy extremely vulnerable to climatic extremes, with a similar response over the 
entire region. Without conservation-based water management policies, long-term periods of 
drought will limit socioeconomic development in the region and may threaten even the 
sustainability of current conditions. 
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SUBTASK 7.3 – THE SOCIOECONOMIC IMPACT OF CLIMATE SHIFTS IN THE NORTHERN 
GREAT PLAINS 

 
 
EXECUTIVE SUMMARY 
 
 Climate changes, the duration of extremes, and the transition between wet and dry 
periods control the distribution and availability of water resources and, in broader terms, 
economic and demographic sustainability. Regardless of the cause of climatic trends currently 
observed, Energy & Environmental Research Center (EERC) research focused on practical 
evaluation of climate change impact, using water availability as a primary factor controlling long-
term regional economic sustainability. 
 
 The correlation between the results of paleoclimate reconstruction and mathematical 
processing applied to modern precipitation records provided comparative results. The modified 
trend suggests that the next period for which the Red River Basin can expect a high probability 
of below normal precipitation will occur before the year 2050. 
 
 The frequency of jet stream events does not appear to have a significant impact on 
precipitation across the Red River Basin; its location, however, has likely a greater influence 
than the frequency of jet stream events over the basin. 
 
 The Upper Missouri, Red River, and Upper Mississippi Watersheds are affected by similar 
climate trends or, at least, the response in selected closed-basin lakes exhibits analogous 
trends, i.e., extended drought will influence water availability in the entire region. 
 
 Agriculture is the most sensitive to climate change; however, analyses confirmed relative 
adaptability to changing conditions. The prices of agricultural commodities are not a good 
indicator of the economic impact of climate change because production and price do not 
correlate. Markets are influenced by government intervention in the form of frequent but 
irregular subsidies and programs developed to keep agricultural commodity prices stable. It is 
important to note, however, that available statistics illustrate only relatively recent performance 
of the agriculture sector not affected by major droughts. 
 
 The project results confirmed that high water demand in the primary economic sectors 
makes the regional economy extremely vulnerable to climatic extremes, with a similar response 
over the entire region. Without conservation-based water management policies, long-term 
periods of drought will limit socioeconomic development in the region and may threaten even 
the sustainability of current conditions. 
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SUBTASK 7.3 – THE SOCIOECONOMIC IMPACT OF CLIMATE SHIFTS IN THE NORTHERN 
GREAT PLAINS 

 
 
1.0 INTRODUCTION 
 

1.1 General Introduction 
 

A shift toward the more frequent occurrence of climatic extremes observed in recent 
decades and the increasing magnitude of naturally occurring cycles is generally associated with 
general global-warming patterns. While acceleration of global-warming trends is attributed to 
human-induced atmospheric contamination, available historical records and monitoring data 
are, in general, insufficient to provide conclusive evidence of whether the magnitude of recently 
observed climatic changes represent a human-induced deviation or if they are just a part of 
natural climatic and hydrologic cycles. Aside from heated scientific disputes, and regardless of 
the causes of currently observed climatic trends, the Energy & Environmental Research Center 
(EERC) research presented in this report focused on practical evaluation of climate change 
impact using water availability as a primary factor controlling long-term regional economic 
sustainability. 
 

1.2 Scientific Background and Objectives 
 
 Climate changes, duration of extremes, and transition between wet and dry periods 
control the distribution and availability of water resources and, in broader terms, long-term 
economic and demographic sustainability. The key factors in selecting the upper Midwest region 
as a focus area of this research, in particular the upper watersheds in North Dakota and 
Minnesota, are as follows: 
 

1) The unique position on a transboundary between three climatic provinces: the wetter 
Atlantic province; the drier western Pacific province; and the cold Arctic province.  

 
2) The source area for three large watersheds drained by the Missouri, Mississippi, and 

Red River of the North, i.e., rivers that control the water budget and water-dependent 
economy in large downstream areas far beyond the upper Midwest boundaries. 

 
3) The frequent occurrence of natural disasters, especially in the Red River Basin. 

 
 The primary project objectives focused on 1) summary evaluation of regional climatic 
variability based on modern and historic records; 2) evaluation of the feasibility of using current 
models in a predictive manner, including the assessment of using jet stream trends;  
3) identification of the primary sectors of the regional economy with respect to their vulnerability 
to climate change and determination of economic and sociodemographic impact; 4) the 
feasibility of using market records and currently available data sets for quantification of noted 
impacts; 5) verification/dispute of hypotheses pertaining to regional water resource distribution 
and long-term availability.  
 
 This final report focuses on presentation of selected primary climatic and economic 
indicators that can be easily understood and applied. Detailed scientific verification and 
integration of available information exceeds the intended scope of the project.  
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2.0 EXPERIMENTAL 
 
 Modern precipitation records, stream flow monitoring, and lake level records are 
insufficient for evaluation of long-term climatic cyclicity; reliable data representative of regional 
trends are not available prior to 1920–1930. Contrary to short monitoring series, reconstruction 
of paleoclimatic trends based on cyclicity of fresh and saline conditions documented from 
bottom lake sediments and inferred fluctuation of water levels for terminal lakes confirmed cyclic 
trends that could be extrapolated for a specific region to predict reoccurrence of wet and dry 
cycles (Solc et al., 2005). As such, the “match and extrapolation” hypothesis focuses on the 
feasibility of integrating paleoclimate reconstruction data with modern precipitation records using 
linear regression and fast Fourier analysis, i.e., if mathematical data processing could 
complement conclusions derived from paleorecords.  
 
 The second scientific objective focused on evaluation of jet stream patterns and their 
shifts between Atlantic, Pacific, and Arctic climate provinces, including their hypothetical 
influence on regional climate cyclicity.  
 
 The third “independence” hypothesis focused on verification/dispute of generally adopted 
regional water demand/supply models that are based on regional or interbasin transfer to cover 
long-term water supply shortages. The research focused on closed basin lakes in the Upper 
Mississippi, Missouri, and Red River Watersheds to provide evidence for hydrological/climatic 
independence that we consider to be a technical prerequisite for water transfer. In other words, 
if all regions selected are affected by the same drought conditions, there will be no water 
available for transfer without serious environmental, economic, technical, and sociopolitical 
implications. 
 
Aside from basic scientific objectives, the regional economic sectors were evaluated with 
respect to their climate/water demand sensitivity and vulnerability to climate extremes. The key 
activities focused on assessment of key industrial and agricultural commodity markets and 
evaluation of their response to documented climate events. In addition, evaluation of water 
appropriation activity and water demand variability was carried out because of its anticipated 
direct relationship to a shortage/surplus of water supplies. 
 
 
3.0 RESULTS AND DISCUSSION 

 
3.1 CLIMATE CHANGE AND RESOURCE INDICATORS 

 
3.1.1 Rationale 

 
 The development of regional infrastructure and long-term economic sustainability in the 
northern Great Plains will be increasingly more dependent on the availability of water supplies. 
In the absence of representative information from modern monitoring records noted in previous 
sections, all available climate change indicators have to be considered in long-term planning 
and development (including sustainability of current conditions). Regrettably, numerous past 
and current decisions ignore existing hydrologic and climatic evidence and result in costly 
implications affecting all sectors of economic activity. 
 
 Generally adopted regional water demand/supply models rely heavily on regional or 
interbasin transfer to cover long-term water supply shortages. The Upper Missouri or Upper Red 
River Watersheds were targeted by numerous studies to evaluate resource availability and the 
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feasibility of water transfer to growing centers to cover increasing water demand in the Red 
River Basin. In order to do so, we assume that areas to be exploited have to be controlled by 
different climate patterns in order to provide a hydrologically independent sustainable resource. 
For example, if all regions selected are affected by the same drought conditions, there will be no 
water available for transfer without serious environmental, economic, technical, and 
sociopolitical implications in the source areas. 
 

3.1.2 Selected Lakes 
 
 The research focused on closed-basin lakes in the Upper Mississippi, Upper Missouri, and 
Red River Watersheds to demonstrate hydrological/climatic independence that we consider to 
be a technical prerequisite for water transfer. Three closed-basin lakes, namely Devils Lake, 
Bad Medicine Lake, and Long Lost Lake, were selected to evaluate whether their response to 
climate variability is the same or independent.  
 
 A watershed of about 8600 km2 is a tributary to Devils Lake (Figure 1). Devils Lake 
represents a typical terminal lake setting with extremely limited potential for hydraulic 
communication with ambient sediments. Lake recharge is dominated by surface inflow and 
depends almost entirely on regional precipitation. Groundwater input from the underlying 
Spiritwood Aquifer is considered negligible in the overall lake water budget. The historical record 
of lake level fluctuation is provided in Figure 2. 
 
 

 
 

Figure 1. Research area. 
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Figure 2. Devils Lake level fluctuation (1867–November 2005). 
 
 
 Landlocked Bad Medicine Lake and Long Lost Lake are closed-basin lakes without a 
natural inlet, i.e., their water budgets are dominated solely by groundwater recharge/discharge 
and precipitation/evaporation. As such, the lake levels correspond with the groundwater table 
fluctuation in the wider area and, with respect to highly permeable sediments around the lake, 
are extremely sensitive to climate changes. The volume of available recharge is controlled by 
the size of the relatively small watershed positioned on a hydrologic divide between the upper 
Mississippi and Red River Watersheds. Figure 3 provides hydrograph for Bad Medicine 
compared to the same monitoring period for Devils Lake. Monitoring at Long Lost Lake was 
initiated in 1998 in response to “unprecedented” lake level rise.  
 

3.1.3 Lake Level and Area/Volume Fluctuation 
 
 The intensity and magnitude of lake level and volume changes are controlled by regional 
changes of the hydrological cycle. Long-term climatic trends and the occurrence of floods and 
droughts have resulted in dramatic changes in lake levels with attendant decline or increase in 
lake area. The historical record of Devils Lake levels provided in Figure 2 indicates that lake 
level fluctuated over 14 m in the period from 1867 to 2004, with the fastest documented 
increase between 1940 and 1998. The estimated lake area corresponding to water level was 
363 km2 in 1867 (lake level at 438.4 m above sea level), 26.4 km2 (Wiche, 1994; Pusc, 1993) in 
1940 (426.99 m), and 521 km2 in November 2004 (over 441.3 m).  
 
 It follows from Figures 2 and 3 that lake level records are insufficient for evaluation of 
long-term cyclicity; except for a historical low documented for Devils Lake from 1930 to 1940, 
data for the complete period of high lake levels are unavailable prior to 1886 and past 2006. In 
addition, the accuracy of data recorded before 1920 may be questionable. The first lake 
elevation data for Bad Medicine Lake and Long Lost Lake were reported in 1971 (with a long 
gap until 1986) and 1998, respectively; again, the records are insufficient.  
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Figure 3. Devils Lake and Bad Medicine Lake Hydrographs (1986–November 2005). 
 
 
 Interpretation of aerial photographs, however, provides evidence that currently high lake 
stages are part of a natural cycle. Clearly preserved erosional scars of the exposed shoreline 
from 1939 photographs (Figures 4 and 5) provide evidence that lake levels reached at least 
once in the recent past are similar to the highest recorded ones from 2000–2004. Assuming that 
hydrograph correlation between Devils Lake and Bad Medicine Lake for period of 1986–2005 is 
not incidental and aerial photographs confirm low lake levels in 1939, the extrapolation to the 
1930s and beyond could be used in reconstruction of relatively recent lake levels. The 
correlation between Devils Lake and Bad Medicine Lake disputes the “independence” 
hypothesis. On the contrary, the response to climate variability in the Upper Mississippi and 
western Red River Watersheds appears to be the same. In practical terms, if North Dakota 
suffers from extended drought, the Upper Mississippi Watershed will experience a similar 
precipitation deficit. 
 

3.1.4 Regional Climatic Trends – Paleohydrologic History and Extrapolation 
 
 In the absence of modern monitoring data and with respect to correlations and trends 
presented in a previous section, the reconstruction of lake levels provides valuable information 
for predictive scenarios. Reconstruction of the paleohydrologic history of Devils Lake, North 
Dakota (Solc et al., 2005) has been completed by the EERC and St. Croix Watershed Research 
Station (SCWRS) in 2005.  
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Figure 4. Bad Medicine Lake Shoreline configuration in 1939 and 2003. 
 
 
 A principal assumption for reconstruction of Devils Lake history was based on the inverse 
relationship between water elevation and salinity, allowing inferences to be made about the 
history of lake level changes using diatom-inferred salinity (high or low lake water levels 
resulting in fresh or saline conditions, respectively). Results for Devils Lake were integrated with 
diatom-inferred salinity and ostracode shell magnesium:calcium ratios derived for Coldwater 
Lake, Moon Lake, and Rice Lake, North Dakota (Fritz et al., 2000), and Waubay Lake, South 
Dakota (Shapley et al., in press).  
 
 The study allowed for reconstruction of regional climate change record (Figure 6). The 
results indicate that frequent climatic fluctuations resulting in alternating periods of drought and 
wet conditions are typical for the northern Great Plains and suggest that the severity and length 
of extremes exceeded those on modern record. The lake-specific characteristics and hydrology 
determine the differences in the sedimentary record: the small lakes are more sensitive to minor 
climate fluctuations.  
 
 All of these records indicate a shift in climate conditions between the period of 0–1070 
A.D. and the period of 1070 A.D. to present. Wet and dry conditions reoccur at intervals ranging 
between 100 and 300 years, or at about a 150-year average recurrence interval. Based on 
correlation between Devils Lake and Bad Medicine Lake, analogous climate trends and 
conditions likely shaped recent 2000 years in both the Upper Mississippi and Red River 
Watersheds.  
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Figure 5. Long Lost Lake Shoreline configuration in 1939 and 2003. 
 
 
 Analysis of data presented in Figure 6 suggests that in the recent 500 years the frequency 
of recurrence shortens from an average of about 150 years to about 100 years, or shortly before 
the middle of each century. Although this study was not under taken to speculate on the timing 
of the next drought, paleohydrologic reconstruction data fit well with mathematical extrapolation 
based on linear regression and fast Fourier analysis, discussed in the following sections.  
 

3.2 Climate Change versus Climate Variability 
 

3.2.1 Input Data and Analysis 
 
 Climate change occurs over long periods of time (i.e., decades, centuries, or millennia), 
while climate variability can be observed from year to year. The analysis presented in this 
section attempts to distinguish the two modes in the data as well as to identify trends that might 
help explain future precipitation as the fundamental precursor to natural disasters. The focus is  
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Figure 6. Regional records of climate change (EERC and SCWRS data integrated with data 
from Fritz et al., 2000, and Shapley et al., in press) 

 
 
on long-term rather than short-term changes in precipitation. Although floods often occur as a 
result of excess precipitation over the short term, floods often happen during wet cycles. Wet 
and dry cycles are the result of natural climate variability. Average annual precipitation totals for 
the Red River Basin are used to identify these cycles. 
 
 From an atmospheric point of view, air temperature and precipitation are the most 
common variables for measuring climate variability. Air temperature and precipitation data have 
been collected across the Red River Valley since the late 1800s. The data have been quality-
assured and stored at the U.S. Department of Commerce National Climatic Data Center 
(National Climatic Data Center, 2007). 
 
 NCDC has compiled the data into climate divisions. A climate division represents a region 
within a state that is thought to have homogeneous climate characteristics. The U.S. portion of 
the Red River Basin is split into nine climate divisions, with the majority of the basin located in 
five divisions (Figure 7). Precipitation data for these five climate divisions were used to estimate 
annual precipitation statistics for the basin. 
 
 The Minnesota Department of Natural Resources (Minnesota Department of Natural 
Resources, 2007) had previously computed annual precipitation totals for the Red River Basin 
from 1895 to 1997 using the aforesaid method. Annual precipitation totals from 1998 to 2006 
were computed from NCDC data and added to the MDNR data set. In short, the study was able 
to compile 112 years of annual precipitation totals for the Red River Basin (Appendix A). 
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Figure 7. NCDC climate divisions. The map illustrates the location of those climate divisions that 

contain a portion of the Red River Basin. Labels consist of four characters. The first two 
characters represent the state abbreviation and the numeric character represents the climate 

division number. 
 
 

3.2.2 Methodology 
 
 Annual precipitation totals for the Red River Basin were plotted over the 112-year period 
of record (Figure 8). Two methods were used to investigate precipitation trends. The first 
method was the application of linear regression. The method simply identifies the line that 
maximizes the coefficient of determination (i.e., measure of fit). 
 
 The second method used fast Fourier analysis to reconstruct the time series of annual 
precipitation totals. Fourier analysis, a type of harmonic analysis, is a mathematical tool used for 
analyzing periodic events by decomposing such an event into a weighted sum of much simpler 
sinusoidal component functions. A fast Fourier analysis refers to a specific algorithm for 
performing the Fourier analysis. 
 
 The linear regression represents the study’s best estimate of climate change. The trend 
line’s slope quantifies the change to the mean state of the climate. For example, a horizontal 
line indicates no change, while a slope to the line indicates change. Fourier analysis breaks 
down the time series of annual precipitation totals into cycles. Cycles have a constant mean 
state about which variability takes place. Hence, Fourier analysis is a tool for analyzing climate 
variability. 
 
 Results from the linear regression and Fourier analysis were used to predict future 
precipitation trends. The cycle or periodicity which best described the long-term variability in the 
precipitation data was extrapolated out to 2075 A.D. The cycle assumes a constant mean state 
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of the climate. To take into account climate change, the best-fit linear trend line was applied to 
the cycle. The adjusted cycle was used to draw inferences about future precipitation. 
 

3.2.3 Results 
 
 The Red River of the North drainage basin averaged 20.75 inches of precipitation per year 
over the 112-year record. Small anomalies in precipitation can make a significant impact in the 
annual total. For example, a 1-inch deficit amounts to 5% of the annual rainfall total. Fortunately, 
the annual rainfall totals are fairly consistent from year to year. Over the past  
112 years, 76 years, or 68% of the time, the average annual precipitation deviated less than  
3.2 inches, or between 17.5 and 24.0 inches. 
 
 The linear trend for precipitation in the Red River Basin is a decadal increase of  
0.182 inches. Ironically, the trend agrees well with the trend in air temperature over this same 
period. The linear trend for air temperature is a decadal increase of 0.13°C, or 0.234°F. Figure 8 
illustrates these two trends. 
 
 The annual precipitation trend over the past 112 years can be partitioned into 56 different 
cycles. The cycles all explain a portion of the variability in annual precipitation totals. The top  
six cycles are listed below according to significance: 
 

1. 112-year cycle 
2. 56-year cycle 
3. 2.5-year cycle 
4. 3-year cycle 

 
 

 
 

Figure 8. Air temperature and precipitation – comparison of linear trends. The label, TAIR, 
stands for air temperature. “Precip” is short for precipitation. 
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5. 3.2-year cycle 
6. 2.2-year cycle 

 
 One cycle stood out from the others. The 112-year cycle accounted for 4.5% of the linear 
variance in annual precipitation. The other five accounted for 3.0%, 2.8%, 2.6%, 2.2%, and 
2.2% of the linear variance, respectively. The remaining cycles slowly decrease in value from 
2.2% to near 0%. 
 
 Figure 9 illustrates the 112-year cycle placed over the time series of annual precipitation 
totals from 1895 to 2007. The smooth, heavy weight line in the figure represents the 112-year 
cycle. Although the 112-year cycle captures the overall trend in precipitation, dry and wet years 
can occur during any point along the cycle. The cycle can best be described as a probability 
curve. Relative maximums indicate higher probabilities for wet years, while relative minimums 
correspond to greater probabilities of dry years.  
 
 The 112-year cycle is extrapolated into the future in order to determine the next decade(s) 
with a high probability for drought conditions. A linear precipitation trend is added to the cycle to 
account for the gradual increase in the long-term annual precipitation average over time. The 
adjusted cycle is illustrated in Figure 10. The smooth, heavy-weight line represents the adjusted  
 
 

 
 

Figure 9. Annual precipitation totals from 1895 to 2006 for the Red River Basin. The 
precipitation cycle of 112 years is shown as the smooth, thick line. 

 



 

12 

cycle, while the smooth, dashed line represents the original cycle. According to this analysis, the 
next time frame for which the Red River Basin can expect a high probability of below normal 
precipitation is 2037 to 2051 A.D., or a period of about 14 years.  
 

3.2.4 Discussion 
 
 Precipitation statistics for the Red River Basin were analyzed to determine if any long-
term trends can be seen in the data. Ironically, the most significant trend in the 112-year data 
set happens to be a 112-year precipitation cycle. Hence, is it really a cycle? The cycle is most 
likely not 112 years. Instead, it likely varies within some range (e.g., between 100 and  
150 years). Unfortunately, the range cannot be determined with the data available.  
 
 The precipitation data also suggest a gradual increase in mean annual precipitation for the 
Red River Basin. This increase may be the result of climate change, but it could also be the 
result of large variability within the data series. This variability reflects the age of the gauging 
station, instrumentation and data collection method, incomplete records and the necessity to 
substitute missing data, irregular distribution throughout the watershed, varying periods of 
record from different stations, and difficulties with snow/water equivalent estimates for winter 
precipitation. These eventualities have not been sufficiently investigated to ascertain the 
cause(s) for this gradual increase. 
 
 
 

 
 

Figure 10. Adjusted precipitation cycle. The anticipated long-term trend in annual precipitation 
totals is shown as a thick, smooth line. The time frame with the greatest probability for drought 

conditions is found between the two vertical lines (2037–2051 A.D.). 
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 Evaluation based on decadal averages conducted by the EERC in 2005 (Solc et al., 2005) 
yields simplified but similarly increasing trends. With respect to the cyclicity of fresh and saline 
conditions documented from bottom lake sediments and the inferred fluctuation of water levels 
for terminal lakes, we assume that observed shift follows a similar cyclic pattern. The duration of 
the transition period between wet and dry cycle and vice versa is relatively short and 
comparable to salinity changes documented for lake sediments (Solc et al., 2005).  
 
 Results for the 112-year precipitation cycle and the linear increase in the mean annual 
precipitation are combined to produce a modified trend for predicting future precipitation. For the 
purpose of prediction, the gradual increase in the mean annual precipitation for the Red River 
Basin is assumed to continue into the future. The modified trend shown in Figure 10 suggests 
that the next time frame for which the Red River Basin can expect a high probability of below 
normal precipitation is 2037 to 2051 A.D. 
 
 It should be noted that the modified trend line can be described as a probability curve. 
Relative maximums indicate higher probabilities for wet years, while relative minimums 
correspond to greater probabilities of dry years. However, it is not impossible for a wet year or 
years to occur during the dry cycle and vice versa. Yet, the dry portion of the cycle should be on 
the dry side as a whole.  
 

3.3 Jet Streams and Their Impact on Precipitation in the Red River Valley 
 

3.3.1 Jet Stream Characteristics 
 
 Jet stream typically refers to a narrow, fast-flowing current of air located between 6 and  
12 miles above the earth’s surface, which can circumvent the globe. Jet streams can also exist 
within a mile of the earth’s surface. These jets are referred to as low-level jets and will not be 
addressed at this time. For the purpose of this study, reference to jet stream denotes the fast 
current of air located below the tropopause, which can be found between 6 and 12 miles above 
the earth’s surface.  
 
 The jet stream over North America sometimes splits into two distinguishable currents 
called polar and subtropical jet streams. The polar jet stream is collocated with the polar front, 
while the subtropical jet stream is found north of the equator between 20 and 40 degrees 
latitude. Jet streams impact the movement of weather systems, thereby influencing the 
distribution of precipitation around the globe.  
 
 As part of the global atmospheric circulation, the general motion of the jet stream over the 
northern plains is from west to east. Sometimes the jet stream becomes more meridional (i.e., 
north and south) in nature and assumes a wavelike structure (i.e., an oscillation). A southwest to 
northeast orientation of the jet stream across the central United States promotes the formation 
of extratropical cyclones (low-pressure centers) in the lee of the Rocky Mountains. 
 
 Extratropical cyclones are similar to river eddies in that they produce horizontal rotation in 
the atmosphere. When cyclones form over the eastern slopes of the Colorado Rocky 
Mountains, their counterclockwise rotation draws humid air over the Gulf of Mexico into the 
plains located on the east side of the low, while drawing cooler, drier air from Canada southward 
on its northwest side (Figure 10). The interaction of the two different air masses results in 
atmospheric instability. Atmospheric instability combined with upward atmospheric motion  
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Figure 11. Illustration of an extratropical cyclone. The line with red semicircles represents a 
warm front. The line with blue triangles represents a cold front. The light blue, shaded area 

indicates likely areas for precipitation. 
 
 
provided by jet stream dynamics produces precipitation. An objective of this analysis is to 
determine whether the location of the jet stream can explain the apparent shift to a wet cycle 
observed in recent decades in the Red River Basin. 
 

3.3.2 Methodology 
 
 A jet stream climatology was developed at the Institute for Atmospheric and Climatic 
Science (IACS) in Zurich, Switzerland. Dr. Patrick Koch and associates utilized ERA-15 
reanalysis data from the European Centre for Medium-Range Weather Forecasts (ECMWF) to 
derive a spatial frequency distribution data set that reflects the actual day-to-day occurrences of 
jet streams across both hemispheres (Koch et. al, 2006). The data set has a 6-hour temporal 
resolution that spans the period from 1979 to 1993, and it is organized on a 1o x 1o latitude–
longitude grid covering the entire globe. 
 
 Horizontal wind speeds at 100- and 400-millibar pressure fields were extracted from every 
grid cell and averaged between the two pressure levels. A minimum threshold criterion for 
average wind speed was set at 30 meters per second. Each grid cell meeting this criterion is 
considered part of a jet stream event. An “event” is considered to be the location of the jet 
stream(s) at each 6-hour time interval.  
 
 Koch’s climatology was used to investigate the spatial and frequency distributions of jet 
stream events across the northern plains and the Red River Valley. The data set obtained from 
IACS consists of 180 1 x 1 latitude–longitude grids for the Northern Hemisphere. Each grid 
represents a particular month between and including January 1979 and December 1993. Grid 
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cells store decimal values representing the jet stream frequency, that is, the fraction of time 
each grid cell participated in jet stream events. 
 
 Spatial and frequency distributions of jet stream events were compared to average 
monthly precipitation totals for the Red River Valley. For clarification, precipitation refers to the 
combination of rainfall and the snow water content. Monthly precipitation totals were obtained 
from MDNR and NCDC for the period of January 1895 to December 2007 (Appendix A). The 
monthly totals represent a simple average of precipitation data collected within five climate 
divisions on the U.S. side of the Red River Valley. Most of the basin is found within three North 
Dakota and two Minnesota climate divisions (Figure 7). No efforts were made to weight the data 
based on the size of the division or the number of monitoring locations within each division.  
 
 The study identified 15 of the driest years for each calendar month, as well as the  
15 wettest years. The number 15 was chosen subjectively to isolate extreme anomalies in 
monthly precipitation while allowing for a sufficient number of months within the 15-year period 
to perform statistical analyses. Tables 1 and 2 summarize the results from this search. Months 
that fall between 1978 and 1994 are highlighted because they coincide with the data set from 
IACS. Unfortunately, for several of these months, the IACS data set had no frequency 
information for jet stream events over North America. For those months with data, the frequency 
distributions were averaged by season to determine if significant differences exist between 
spatial patterns for dry and wet years in the Red River Valley. The distributions were averaged 
by season because the jet stream shifts a considerable distance north and south throughout the 
course of a year. 
 
 
 Table 1. The 15 Wettest Years for Each Calendar Month. The highlighted  
 years fall within the time frame of the Koch et al. data set. Red shading indicates that  
 jet event frequency data are unavailable. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1897 1897 1896 1896 1896 1901 1897 1899 1900 1898 1896 1902
1907 1908 1897 1935 1906 1905 1901 1900 1903 1911 1905 1906
1916 1915 1902 1937 1908 1914 1905 1903 1921 1924 1906 1909
1920 1922 1916 1941 1909 1915 1928 1911 1925 1931 1918 1916
1937 1930 1940 1953 1912 1925 1948 1918 1926 1946 1919 1918
1949 1936 1942 1964 1927 1939 1949 1928 1941 1949 1922 1927
1950 1937 1950 1965 1938 1941 1952 1942 1946 1959 1930 1933
1967 1939 1966 1967 1942 1953 1955 1944 1957 1971 1944 1945
1969 1946 1975 1968 1950 1964 1962 1951 1961 1981 1947 1949
1975 1948 1977 1970 1962 1968 1986 1957 1965 1982 1956 1951
1976 1955 1979 1974 1965 1975 1987 1960 1973 1984 1958 1967
1982 1962 1983 1975 1974 1984 1993 1966 1977 1994 1977 1968
1989 1977 1989 1979 1977 1990 1994 1974 1986 1995 1985 1972
1996 1979 1990 1986 1985 1991 1995 1980 1991 1996 1986 1977
1997 1987 1995 1991 1991 1993 1997 1985 1996 1997 1996 1996
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 Table 2. The 15 Driest Years for Each Calendar Month. The highlighted  
 years fall within the time frame of the Koch et al. data set. Red shading indicates that 
 jet event frequency data are unavailable. 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 
1898 1906 1895 1900 1897 1900 1896 1896 1897 1895 1903 1898
1902 1912 1909 1907 1900 1903 1910 1915 1899 1933 1904 1905
1908 1913 1911 1926 1901 1910 1929 1917 1918 1935 1907 1913
1924 1918 1912 1931 1910 1912 1930 1922 1932 1936 1912 1930
1928 1934 1915 1934 1917 1918 1933 1925 1935 1938 1916 1932
1931 1935 1923 1936 1924 1929 1934 1929 1940 1944 1917 1941
1940 1942 1926 1949 1928 1936 1936 1930 1943 1945 1924 1943
1942 1950 1930 1952 1934 1938 1939 1933 1949 1952 1939 1944
1959 1964 1939 1959 1948 1940 1941 1949 1952 1964 1941 1954
1961 1965 1957 1980 1952 1961 1960 1950 1956 1976 1942 1979
1963 1968 1958 1982 1967 1972 1967 1961 1966 1978 1961 1980
1973 1973 1959 1983 1976 1973 1975 1967 1974 1986 1967 1986
1978 1985 1969 1987 1980 1974 1976 1969 1976 1987 1976 1989
1990 1988 1978 1988 1984 1987 1984 1970 1979 1992 1984 1994
1991 1993 1986 1996 1990 1988 1990 1976 1993 1993 1990 1997

 
 

3.3.3 Results 
 
 Figures 3–6 illustrate the seasonal mean jet stream frequency distributions. Frequencies 
greater than 45.5% (yellow to dark green colors) indicate areas of above average occurrences. 
More specifically, grid cells with values greater than 45.5% make up less than a third of the cells 
and tend to be located in the vicinity of relative maximums. A comparison of relative maximums 
indicates jet stream events to be more concentrated during the winter months and less 
concentrated during the summer months. Winds are largely the result of temperature gradients. 
Consequently, jet streams are better defined during the winter months (i.e., greater wind speeds 
and over a larger area) because stronger horizontal temperature gradients exist across the 
hemisphere.  
 
 Differences between a wet and a dry season as defined by Red River Valley monthly 
precipitation totals are less discernable. According to Figures 12–15, the frequency of jet stream 
events between wet and dry seasons differs at most by a category, or 6.5%. Table 3 lists the 
average frequencies based on grid cells located within the Red River Valley boundaries. The 
student’s T-test was applied to the mean values to determine if significant differences exist. 
Unfortunately, spring, fall, and winter do not show statistically significant differences between 
wet and dry seasons. As for summer, the T-test could not be applied because of a lack of data. 
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Figure 12. Average spatial frequency distribution of jet events for dry (left image) and wet (right 
image) spring season. 

 
 

 
 

Figure 13. Average spatial frequency distribution of jet events for dry (left image) and wet (right 
image) summer season. 
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Figure 14. Average spatial frequency distribution of jet events for dry (left image) and wet (right 

image) fall season. 
 
 

 
 
Figure 15. Average spatial frequency distribution of jet events for dry (left image) and wet (right 

image) winter season. 
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  Table 3. Mean Jet Stream Event Frequencies for Each Season  
  and Precipitation Conditions 

 Mean Jet Stream Event Frequency 
 Dry Conditions Wet Conditions 
Spring 19.3% 23.1% 
Summer 14.3% 20.6% 
Fall 41.9% 46.8% 
Winter 46.4% 47.6% 

 
 
 In spite of the similarities, distinctions can be made between wet and dry seasons. 
Specifically, jet stream events during dry spring months are more frequent over the northwest 
Pacific Ocean and the Gulf Coast, especially Texas. For wet spring months, a relative maximum 
in frequencies occurs over New England and New Brunswick. Unlike the average dry spring, 
frequencies do not exceed 50% at any location. A comparison between wet months during 
spring shows a great spatial diversity in jet stream events. 
 
 Summer months show very weak concentrations in jet stream events for both dry and wet 
scenarios. However, a ribbon of higher frequencies is over the northern plains for both 
scenarios. Under dry conditions, the jet stream forms a ridge over the northern plains as 
illustrated by the black arrow in Figure 7. The ridge is further to the east under wet conditions, 
which would suggest a more southwest- to northwest-oriented jet stream. However, the jet 
stream is typically north of the Red River Valley; hence, extratropical cyclones are not prevalent 
across the region. 
 
 The spatial frequency distributions between wet and dry months according to Red River 
Valley precipitation data are very similar during the fall season. Relative frequency maximums 
occur off the coast of British Columbia and over the Maine/New Brunswick region. The most 
distinguishable difference between a wet and dry fall is the further extension of higher 
frequencies from the relative maximum over New Brunswick to the southwest under wet 
conditions. 
 
 Jet stream events are the most consistent during winter months. Figure 6 shows a 
southwest to northeast swath of very high frequencies (>60%) across the southeastern United 
States with an axis along the Gulf and East Coasts. The consistency and strength of the jet 
events are greatest during the winter because of the strong horizontal temperature gradients 
observed between the warm, moist air mass along the coasts and the cold, polar air mass 
situated over the interior of the continent. During wet winters, the frequency of jet stream events 
is larger farther inland than during dry winters, which would suggest a greater number of 
extratropical cyclones that could impact the Red River Valley. 
 

3.3.4 Summary and Discussion 
 
 The jet stream influences the distribution of precipitation around the globe. For landlocked 
regions such as the Red River Basin, the jet stream is assumed to play a bigger role in the 
determination of precipitation. A spatial frequency distribution data set derived from ECMWF’s 
ERA-15 reanalysis data was analyzed to determine differences in the location of jet stream 
events between wet and dry seasons. 
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 Results indicate that the frequency of jet stream events over the Red River Basin is not 
statistically different between wet and dry seasons, with the exception of summer. Summer, 
unfortunately, did not have enough data to determine if a significant difference exists. Although 
a significant difference was not identified over the Red River Basin, the magnitude and location 
of relative maximums in jet stream event frequencies change between wet and dry seasons.  
 
 In conclusion, the frequency of jet stream events does not appear to have a significant 
impact on precipitation across the basin. However, the location of the jet stream likely has a 
greater influence than the frequency of jet stream events over the Red River Basin. The data 
used by this study did not allow for an analysis of jet stream location in relation to wet and dry 
seasons. Additionally, other nonatmospheric factors such as soil moisture, volcanic eruptions, 
and ocean surface temperatures may impact precipitation in the Red River Basin, which cannot 
be accounted for by the jet stream. 
 
 
4.0 SOCIOECONOMIC IMPACT 
 

4.1 Regional Economics and Water Use 
 
 Climate change, the duration of extremes, and the transitions between wet and dry 
periods control the distribution and availability of water resources and, in broader terms, 
economic and demographic sustainability. The Red River Basin sustained vast damage during 
the flood of 1997 with estimated damages of $2 billion to Grand Forks and $5 billion overall in 
the basin (International Joint Commission, 2000). In spite of the devastating effect of reoccurring 
floods, however, it is the severity and duration of droughts that will have a more pronounced 
impact on the long-term socioeconomic development of the region regardless of its watershed 
boundaries.  
 
 Table 4 presents selected water withdrawal data for Minnesota and North Dakota. Energy 
industry is based in the Upper Missouri Watershed in western North Dakota and in the 
Mississippi Watershed beyond the margins of the study area. Similarly, the most extensive 
withdrawals for mining, industrial, and public water supply are concentrated in larger 
metropolitan areas in Minnesota. With agriculture the primary water user in the target area, food 
processing and tourism complete the regional economic portfolio.  
 
 Water usage in the energy sector in western North Dakota rose by only 2.5% between 
1995 and 2000 and by 8.6% in Minnesota; for the same period, a 24% and 28% increase is 
reported for water use in agriculture in North Dakota and Minnesota, respectively (U.S. 
Geological Survey, 2000). Unlike energy use covered almost entirely by surface water in both 
states, 50% and 87% of water for irrigation in North Dakota and Minnesota, respectively, comes 
from groundwater, i.e., a resource requiring a long period of wet conditions for replenishment.  
 
 Although all economic sectors in the regions are vulnerable with respect to climate 
change, agriculture is by far the most sensitive to temperature and precipitation variability. 
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Table 4. Water Use by Selected Economic Sector (source: U.S. Geological Survey, 1995, 
2000). Values in million gallons per day (MGD) unless otherwise noted. 
    P&D Supply1 Agriculture Mining Energy Industry 
Minnesota      

1995       
 Total  573 219 298 2090 140
 Groundwater 419 182 6 2 58
 Groundwater2 (%) 73 83 2 0 41

2000       
 Total 580.8 279.8 558 2270 154
 Groundwater 410 242.8 7 4 56.3
 Groundwater (%) 71 87 1 0 37
North Dakota       

1995       
 Total 85 141 5.8 880 11
 Groundwater 42 73 3.8 0 3.6
 Groundwater (%) 49 52 66 0  

2000       
 Total 75.5 145 NR 902 17.6
 Groundwater 44.3 72.2 NR 0 6.88
  Groundwater (%) 59 50 0 0 39

1  Public and domestic supply. 
2  Groundwater percentile for individual sector. 
 
 

4.2 Agriculture 
 

4.2.1 Baseline Agriculture Demographics 
 

4.2.1.1 North Dakota Ag-Related Demographics 
  

For the purposes of this study, the target geographic study area for agriculture was 
limited to North Dakota and Minnesota. The following is a summary of demographic statistics 
specifically related to agriculture in the target area.  
 

4.2.1.1.1 Population Trends 
 
 North Dakota’s population has declined since 1980, with a gradual movement of 
population from rural to urban areas as shown in Table 5. In the last decade, population growth 
occurred largely in the metropolitan and Native American reservation counties of the state. 
Rural population losses have major socioeconomic impacts that force residents to face the 
rising costs of, increased travel times to, and decreased availability of goods and services. The 
fiscal health of rural governments is also in jeopardy because of the reduced tax base. 
 

4.2.1.1.2 Net Farm Income 
 
 Agriculture is a vital part of the state’s economy, although the petroleum industry and 
electric power generation have been major sources of revenue and employment as well. North 
Dakota dedicates 89% of its 44.14 million acres of land to agriculture. In 2005, North Dakota  
 



 

22 

  Table 5. North Dakota Population (U.S. Department  
  of Agriculture Economic Research Service, 2007a) 

 Year Rural Urban Total 
1980 418,382 234,335 652,717 
1990 381,412 257,388 638,800 
2000 358,234 283,966 642,200 
2006* 336,769 299,098 635,867 

  *  Latest estimate. 
 
had 30,300 farms with a net farm income of $1.28 billion. Figure 16 illustrates a 5-year moving 
average of farm income (thick black) and a yearly average from 1949–2005 (thin blue). Net farm 
income hit an all-time high when it increased from $608,970,000 in 1972 to $1,536,823,000 in 
1973. A farm income net loss of $213,542,000 was seen in 1980. 
 
 

 
 

Figure 16. North Dakota net farm income 1949–2005 (U.S. Department of Agriculture Economic 
Research Service, 2007b). 

 
 

4.2.1.1.3 Top Commodities 
 
 As shown in Table 6, North Dakota’s top five agricultural commodities in 2005 were 
wheat, cattle and calves, soybeans, corn, and sugar beats respectively. North Dakota exports 
nearly $2 billion in agricultural commodities. As illustrated in Table 7, North Dakota ranks ninth 
in the country with regard to value of total agricultural exports. 
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Table 6. North Dakota’s Top Five Agricultural Commodities, 2005 (U.S. Department of 
Agriculture Economic Research Service, 2007a) 

 
Value of Receipts, 

thousand $ 
Percent of State Total 

Farm Receipts 
Percent of U.S. 

Value 
1. Wheat 1,019,628 26 15 
2. Cattle and Calves 799,083 20.4 1.6 
3. Soybeans 493,698 12.6 2.9 
4. Corn 205,905 5.3 1.1 
5. Sugar Beets 191,417 4.9 17.3 
All Commodities 3,921,139  1.6 

 
 
 Table 7. North Dakota’s Top Five Agriculture Exports, 2005 (U.S. Department of  
 Agriculture Economic Research Service, 2007a) 

  Rank Among States Value, million $ 
1. Wheat and Products 2 646.8 
2. Other 2 529.5 
3. Soybeans and Products 9 307.4 

4. Vegetables and Preparations 7 154.1 
5. Feed Grains and Products 13 130.8 
Overall Rank 9 1,967.60 

 
 

4.2.1.2 Minnesota Ag-Related Demographics 
 

4.2.1.2.1 Population Trends 
 
 Minnesota’s population has increased steadily since 1980, with most growth seen in urban 
areas, as indicated in Table 8. Some rural areas have seen growth, while others have seen a 
steady decline in population. 
 
 
  Table 8. Minnesota Population (U.S. Department of  
  Agriculture Economic Research Service, 2007b) 

Year Rural Urban Total 
1980 1,338,011 2,737,959 4,075,970 
1990 1,299,471 3,075,628 4,375,099 
2000 1,385,107 3,534,372 4,919,479 
2006* 1,413,512 3,753,589 5,167,101 

* Latest estimate. 
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4.2.1.2.2 Net Farm Income 
 
 Agriculture remains an important part of Minnesota’s economy; however, the state's 
economy is becoming more diversified. Today, the state looks primarily to high-technology 
industries such as computer manufacturing, printing and publishing, scientific instrument 
manufacturing, and fabricated metal production for revenues. Minnesota dedicates nearly 54% 
of its 50.95 million acres of land to agriculture. In 2005, Minnesota had 79,800 farms with its 
highest net farm income to date of $3.01 billion. Figure 16 shows net farm income from 1949–
2005 (blue) and a 5-year moving average (black). In 1993, net income fell to an all-time low of 
$86,338,000. 
 
 

 
 

Figure 17. MN Net Farm Income 1949–2005 (U.S. Department of Agriculture Economic 
Research Service, 2007c). 

 
 

4.2.1.2.3 Top Commodities 
 
 As shown in Table 9, Minnesota’s top five agricultural commodities in 2005 were hogs, 
corn, soybeans, dairy products, and cattle and calves, respectively. Minnesota exports nearly $3 
billion in agricultural commodities, which ranks it fifth in the country with regard to value of total 
agricultural exports, as shown in Table 10. 
 

4.2.2 Agricultural Production 
 

 Three environmental parameters of global climate change—increased carbon dioxide, 
increased temperature, and altered precipitation—will likely affect agricultural production in the 
target areas. The following is an analysis of how these three environmental parameters will 
affect crop yields and livestock production in North Dakota and Minnesota.  
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 Table 9. Minnesota’s Top Five Agriculture Commodities, 2005 (U.S. Department  
 of Agriculture Economic Research Service, 2007b)  

  Value of Receipts, 
thousand $ 

Percent of State Total 
Farm Receipts 

Percent of U.S. 
Value 

1. Hogs 1,820,313 19.6 12.1 
2. Corn 1,634,820 17.6 8.5 
3. Soybeans 1,428,120 15.4 8.5 
4. Dairy Products 1,246,630 13.4 4.7 
5. Cattle and Calves 1,040,408 11.2 2.1 
All Commodities 9,300,859  3.9 

 
 
  Table 10. Minnesota’s Top Five Agricultural Exports, 2005 (U.S.  
  Department of Agriculture Economic Research Service, 2007b) 

 Rank Among States Value, million $ 
1. Soybeans and Products 3 876.8 
2. Feed Grains and Products 4 668.9 
3. Live Animals and Meat 5 302.5 
4. Vegetables and Preparations 5 261.9 
5. Wheat and Products 8 250.7 
Overall Rank 5 2,869.10 

 
 

4.2.2.1 Crop Yields 
 
 The analysis of crop yields is complicated by several factors including, but not limited to, 
new farming technology, irrigation practices, new plant adaptations, pest and disease control, 
and government policy. Underlying many of these factors are extreme weather events. 
Nevertheless, crop yields do provide an excellent indication of how crops performed year after 
year. 
 

4.2.2.1.1 Carbon Dioxide 
 
 When considering the potential impact climate change will have on agriculture, the CO2 
fertilization effect is often considered a factor. The premise is that carbon dioxide will act as a 
kind of gaseous fertilizer. In some areas, the CO2 fertilization effect is predicted to decrease 
crop yields, whereas in other areas, particularly northern climates, it may actually increase crop 
yields. A literature review of previous climate change studies by Reilly (2002) concluded that the 
CO2 fertilization effect will likely increase crop yields, but the magnitude of the effect remains 
uncertain.  
 

4.2.2.1.2 Weather 
 
 Temperature and precipitation play a significant role in crop yields. Temperature controls 
the decomposition rate of crops, whereas rainfall amounts control plant production (Joyce et al., 
2002). 
 
 Crop yields for major commodities were measured against annual precipitation levels in 
the Red River Basin to get an indication of precipitation’s net effect on crop yields. Wheat, 
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soybeans, sugarbeets, and corn for grain production by yield were measured for each state 
using USDA data (see Figures 18–23) (U.S. Department of Agriculture National Agriculture 
Statistics Service, 2007).  
 
 All crops analyzed had a general increase in crop yields since planting began in both 
states. This is likely due to advancements in farming practices and has little to do with climate. 
However, there is a correlation between crop yields and precipitation. In years where 
precipitation increased, crop yields typically increased. Similarly, in years when precipitation 
was lower than average, crop yields usually decreased. Precipitation impacts can be buffered 
by irrigation practices, but as Table 11 shows, only a minimal amount of farmland is currently 
irrigated in Minnesota and North Dakota (1.65% and 0.51%, respectively). There has been a 
steady increase in the amount of irrigated farmland over the decades, and it is anticipated that 
this trend will continue as long as surface water and groundwater are available and energy 
prices remain stable. 
 
 
Table 11. Irrigated Acres of Farm Land, % of total (U.S. Department of Agriculture, 2003) 
State 2002 1997 1992* 1987* 1982* 
Minnesota 454,850 

(1.65%) 
403,289 
(1.46%) 

370,404 
(1.44%) 

353,504 
(1.33%) 

315,376 
(1.14%) 

North Dakota 202,817 
(0.51%) 

183,004 
(0.46%) 

187,212 
(0.47%) 

168,013 
(0.42%) 

162,643 
(0.40%) 

* Not adjusted for coverage. 
 
 

4.2.2.1.3 Corn 
 
 Corn yields are illustrated in Figure 18. The figure shows over 10 inches below average 
precipitation in 1910, 1936, 1976, and 1988. These years also showed a subsequent loss in 
yields.1 In 1993, North Dakota (45 bushes) and Minnesota (70 bushels) experienced major 
losses in yields, with higher-than-average precipitation of 25.4 inches. The loss in corn yield can 
be attributed to a cool, wet, and cloudy growing season. Yields rebounded in 1994 to  
100 bushels and 142 bushels in North Dakota and Minnesota; respectively, when temperature 
and precipitation levels were normal. 
 

4.2.2.1.4 Soybeans 
 
 Soybean yields are illustrated in Figure 19. Like corn, soybeans had lower-than-average 
yields in 1976 and 1988 because of low precipitation. Lower-than-average yields were also seen 
in 1993 because of the cool, wet, and cloudy growing season. 
 

                                                 
1 1910 only showed significant loss in North Dakota. 
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Figure 18. Corn yields vs. precipitation. 
 
 
 

 
 

Figure 19. Soybean yields vs. precipitation. 
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4.2.2.1.5 Wheat 
 
 Wheat crops are illustrated in Figures 20–22. In the 1950s a stem rust epidemic attacked 
wheat in the United States and Canada. About 60% of the wheat harvest in the United States 
was destroyed in 1953 and about 75% in 1954 (International Wheat Improvement Network, 
2007). According to Garnett (2007), El Niño years tend to favor wheat yields, while La Niña 
years tend to be unfavorable for wheat yields. Specifically, when the sea surface temperatures 
in the central and eastern equatorial Pacific are above normal during winter and early spring, 
the rainfall over the target area during the months of June and July (the wheat growing season) 
is above normal which, in turn, favors the wheat yield. In spring wheat, the critical period occurs 
later in the growing season when precipitation is normally lower. Extreme drought conditions in 
1988 resulted in considerable yield losses. Winter wheat hit a record high yield of 62 bushels in 
Minnesota in 2006, with above-average temperatures and slightly below-average precipitation 
levels. 
 

4.2.2.1.6 Sugarbeets 
 
 Sugarbeet yields are illustrated in Figure 23. Western Minnesota and eastern North 
Dakota comprise the most productive sugarbeet region in North America. Sugarbeet yields in 
Minnesota and North Dakota average from 13 to 14 tons/acre, depending on the climate, and 
have experienced an overall growth in yields during the past nine decades. 
 
 

 
 

Figure 20. Wheat durum yields vs. precipitation. 
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Figure 21. Spring wheat yields vs. precipitation. 
 
 
 

 
 

Figure 22. Winter wheat yields vs. precipitation. 
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Figure 23. Sugarbeet yields vs. precipitation. 
 
 

4.2.2.1.7 Extreme Weather Events 
 
 Extreme weather events are detrimental to crop yields. Extreme weather events include 
severe winter snow storms, ice storms, high winds, hail, tornadoes, lightening, drought, intense 
heavy rain, floods, heat waves, extreme cold snaps, and unexpected frosts. Natural systems 
have adapted to slight variability in precipitation, but climate extremes have significant economic 
impacts on farmers and ranchers as well as human communities (Joyce et al., 2000). In the 
future, the higher temperatures and greater numbers of droughts and floods projected for the 
region could threaten crops, raise production expenses, and increase the risk of failure. 
 

4.2.2.2 Livestock Performance 
 
 Much of the work on climate change impacts on agriculture focuses on impacts on crops; 
it considers impacts on the livestock sector only indirectly, through changes in crop yields. 
Temperature change can also cause livestock to achieve altered rates of gain. Heat, particularly 
hot, humid conditions, impacts the performance of intensive livestock operations even more 
than cold, and cattle are impacted to a greater degree than sheep. Heat stress has a variety of 
detrimental effects on livestock, including significant effects on milk production, meat quality, 
and reproduction in dairy cows (Reilly, 2002). Weather is a primary impact in management 
decisions on the timing of calving seasons because newborns and neonatal animals are 
vulnerable to extremes of both heat and cold (Joyce et al., 2000). 
 
 Figure 24 clearly shows a major sharp decline in cattle and calve production in North 
Dakota during 1996–1997. This decline is a direct result of eight blizzards in North Dakota, 
causing the deaths of over 120,000 cattle, 9500 sheep, and several thousand hogs and poultry,  
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Figure 24. Cattle and calve production. 
 
 
with direct losses of $250 million (Joyce et al., 2000). Overall, cattle and calve production has 
decreased slightly in Minnesota but has increased slightly in North Dakota. This has more to do 
with size of operations than climate. 
 

4.2.2.3 Crop and Animal Adaptations 
 
 Crop varieties and animal species have been developed to avoid temperature extremes. 
For example, new plant varieties have been developed that can complete their life cycle more 
quickly than traditional varieties and are not in phenological stages that are sensitive to stress 
(such as flowering) when drought is likely to occur (Reilly, 2002). Invasive species are plant or 
animal species that have been introduced into an environment in which they did not evolve, and 
they usually have no natural enemies present to limit their reproduction and spread. Invasive 
species usually have high reproductive rates, fast growth rates, and good dispersal mechanisms 
(Joyce et al., 2000). 
 
  According to Joyce et al. (2002), future projected climate changes will likely alter the 
current biodiversity, resulting in a new composition of plant and animal species that may or may 
not be detrimental to society. A possible migration of invasive species across the Great Plains is 
a concern to stakeholders in the region because the rapid rate of change in climate may be 
disadvantageous to native species. Invasive species exploit habitats left vacant by native 
species susceptible to multiple stresses. As climate changes, the indirect impacts of weeds and 
pests are likely to bring surprising challenges. 
 

4.2.3 Commodity Price 
 
 The prices of agricultural commodities are not a good indicator of the economic impact 
because production and price do not correlate and price is determined by several global 
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variables. Price effects on producers and consumers often are in opposite directions, which 
results in a small net effect on the economy. 
 
 In general, the price of agricultural commodities has steadily declined since the 1950s. 
According to Reilly (2002), the trend of declining prices actually represents a success for 
productivity and production. Declining price itself cannot be considered a cause of the economic 
hardship in rural areas or the farm sector. In fact, the income of farm households in the United 
States has improved, even as prices declined. Declining prices do, however, put continual 
pressure on individual farmers to constantly reduce costs to keep pace with market trends.  
 
 Several government farm programs have been developed to keep agricultural commodity 
prices stable in the United States, each with its own goals and eligibility criteria. The idea was 
that government would purchase commodities when harvests were large—keeping prices up—
and sell these stocks when there were crop failures, thereby preventing the prices from 
skyrocketing. After nearly a half-century of these programs, it is unknown if government 
intervention may have instead increased price variability (Reilly, 2002).  
 
 Government farm programs include commodity direct payments (based on historical 
acreage and yield), countercyclical payments (linked to current market prices), loan deficiency 
payments, emergency payments, and conservation payments. Emergency payments are the 
most variable program. For example, crop failures due to weather conditions helped push 
emergency payments to $9.7 billion (37% of total payments) in 2000. In contrast, emergency 
payments amounted to $0.6 billion (5% of total payments) in 2004 (Hoppe, 2007). 
 
 During the past 10 years, the U.S. government has worked to decouple government 
subsidy payments for both price and production and give farmers almost complete market 
flexibility. As a result, farmers will have more risk to manage supply and consumers will find 
food prices more volatile. As an example, the Federal Agriculture Improvement and Reform 
(FAIR) Act of 1996 was intended to transition U.S. agriculture over a period of 7 years toward 
full reliance on markets (Koo et al., 1996). The Bush Administration's 2007 farm bill proposal is 
more market-oriented and considers more than commodity prices alone when determining the 
appropriate level of government support. Highlights of the 2007 farm bill include the following 
(U.S. Department of Agriculture Farm Bill, 2007): 
 

• Reform Commodity Payment Programs by Converting the Current Price-Based 
Countercyclical Program to a Revenue-Based Program That Is Responsive to Actual 
Conditions and Provides a Strong Safety Net. Under a price-based program, farmers 
who experience crop loss are often undercompensated, while those with high 
production tend to be overcompensated. This new revenue program will factor in U.S. 
crop yield when determining crop payments to better target support.  

 
• Reforming and Modernizing the Marketing Assistance Loan Program for Program 

Commodities. The current law provides loan rates or price floors for corn, wheat, 
cotton, rice, soybeans, and other major crops. These price floors are set in law at high 
levels which have encouraged production and resulted in lower market prices. This 
change minimizes market distortions and encourages farmers to plant crops based on 
market prices instead of the level of subsidy payment.  

 
• Tightening Payment Limits and Working to Close Payment Loopholes. Under current 

law, farmers use the three-entity rule to establish corporations and other entities, which 
allow the amount of payments received to exceed statutory limits. These proposals 
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eliminate the three-entity rule and tie payments to an individual. This plan also sets the 
subsidy payment limit for individuals at a total of $360,000.  

 
4.3 Water Supply and Appropriations 

 
 Evaluation of water appropriation trends was carried out based on materials provided by 
the North Dakota State Water Commission (SWC). It was expected that drought conditions 
would result in an increased number and volume of water appropriations for irrigation purposes.  
 
 The results indicate that, similarly to other modern records, the duration of record keeping 
is too short to provide meaningful information on water use response to climate change. The 
SWC ware use program started in 1977, with only a limited number of permits available prior to 
that. Large variability of water use across the state of North Dakota reflects irregular geographic 
distribution of irrigation sites and the use of multiple points of diversion per permit. Additional 
variability in water usage results from permits issued for surface and groundwater. In extreme 
instances some irrigation permits do not have enough (surface) water for irrigation, and low 
reported volumes would provide skewed results indicating an inverse relationship between 
drought conditions and water use.  
 
 Technology development, productivity, and crop management are among additional 
disqualifying factors affecting the relationship between water permit frequency, reported use, 
and climate change. After a surge in irrigation development in the 1970s, the irrigation 
technology improved irrigators became more efficient and applied less water in the 1980s to the 
same type of crop as in the 1970s. On the other hand, the shift to potato production in the 1990s 
resulted in increased water use in some irrigation areas. In both instances, technology 
improvement and alternative crop water use cannot be related to climate shift. 
 
 In summary, available records and the large number of variables affecting the water 
appropriation process and actual water use for irrigation do not allow for valid association with 
climate trends at this time. 
 

4.4 Other Economic and Environmental Implications 
 
 Climate change or at least a deviation from “the normal” as perceived today (based on our 
insufficient statistics) will inevitably trigger numerous responses and reactions and reveal the 
large number of social, technical, and legislative weaknesses of our society. As noted 
previously, tourism and recreational use of lake areas is an inevitable part of the upper Midwest 
economy. The dramatic rise in lake levels in recent years has resulted in flooding roads and 
shoreline properties and has prompted construction modifications, relocations and, in more 
severe cases, abandonment of residential and recreational properties that were built either too 
close to the shoreline or in low-lying areas. Closed basins experienced by far the most dramatic 
impact, requiring multimillion dollar investments for infrastructure modifications (road relocation, 
bridge construction, well field upgrades, and protection), repair and relocation of residential 
properties, including costs associated with increased insurance claim activity. Although 
examples presented in Figures 25-29 illustrate the impacts of the relatively recent variability in 
the hydrologic cycle, the globally changing climate patterns will likely contribute to the increased 
magnitude and duration of these extremes. 
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Figure 25. Devils Lake, North Dakota, 2005 
 
 
 

 
 

Figure 26. Upgraded railroad, North Dakota, 2003. 
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Figure 27. Dry bed of the Red River of the North in Grand Forks, 1907. 
 
 
 
 
 

 
 

Figure 28. Flood on the Red River of the North in Grand Forks, 1997. 
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Figure 29. Flooded former shoreline properties, Long Lost Lake, Minnesota, 2006 

 
 
 Standard zoning guidelines that regulate construction setbacks for lakes in Minnesota 
were selected to demonstrate the weaknesses of existing regulations. Mandatory setback from 
the shoreline is required to protect lakes of Minnesota. In order to define the baseline for 
setback determination, a definition of an ordinary high water level was adopted in 1993 as “an 
elevation delineating the HIGHEST water level that has been maintained for a sufficient period 
of time to leave evidence upon the landscape, commonly the point where the natural vegetation 
changes from predominantly aquatic to predominantly terrestrial.” While provisions of the 
guidance were well intended and served well for the majority of lakes, increasing water levels at 
closed-basin lakes, flooded properties, and septic systems in low-lying areas with ordinary high-
water level (OHWL) even hundreds of feet from newly established shoreline, soon revealed 
critical weaknesses of the noted approach. It became obvious that lake level fluctuation at 
closed-basin lakes, where the lake level is not controlled by a natural or construction outlet, by 
far exceeded “expectations” of the OHWL-based approach. It became evident that “the 
HIGHEST water level that has been maintained for a sufficient period of time to leave evidence 
upon the landscape” is simply not “commonly the point where the natural vegetation changes 
from predominantly aquatic to predominantly terrestrial.” The setback from OHWL was basically 
adopted on the premise that OHWL does not change over time, a true paradox in the dynamic 
world of hydrology and climate change. While short data series could not provide sufficient 
hydrographic evidence, as noted in previous sections, aerial photographs, such as those 
presented in Figures 4 and 5, were available at a time of guidance preparation. The shoreline 
from 1939, with clearly visible erosional scars and basic geologic observations provides ample 
evidence that the water table was much higher in the relatively recent past.  
 
 The current document applied to closed-basin lakes does not provide adequate protection 
for lake ecosystems or for newly developed properties. Integration of the highest lake level with 
slope factor, i.e., assuming that development on high ground poses less risk to the lake or, on 
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the contrary, is less threatened by lake fluctuation, would more adequately protect both the lake 
environment and properties.  
 
 
5.0 DISCUSSION 
 
 Aside from basic scientific objectives, the regional economic sectors were evaluated with 
respect to their climate/water demand sensitivity and vulnerability to climate extremes. Key 
activities focused on the assessment of agricultural commodity markets and evaluation of their 
response to documented climate events. Because of the wide scope of activities and 
methodologies carried out under this project, detailed discussions are integrated in each 
section.  
 
 A relatively good fit for empirical correlation between results of paleoclimate 
reconstruction (Solc et al., 2005) with linear regression and fast Fourier analysis applied to 
modern precipitation records documents the feasibility of mathematical data processing to 
complement conclusions derived from paleorecords.  
 
 The second hypothesis pertaining to direct impact of jet stream shifts on regional climate 
patterns appears invalid or, at least, we did not find conclusive evidence to the contrary under 
the limited scope of the project. The frequency of jet stream events does not appear to have a 
significant impact on precipitation across the basin. However, the location of the jet stream likely 
has a greater influence than the frequency of jet stream events over the Red River Basin.  
 
 Evaluation of climatic independence for the selected watershed was carried out to support 
or dispute generally adopted water supply perceptions based on regional or interbasin transfer 
to cover long-term water shortages. The research focused on closed-basin lakes in the Upper 
Mississippi, Missouri, and Red River Watersheds to provided evidence for hydrological/climatic 
independence that we consider to be a technical prerequisite for water transfer. Our results 
indicate that the Upper Missouri, Red River, and Upper Mississippi Basins within the study area 
are controlled by similar climate patterns or, at least, the response on selected closed-basin 
lakes exhibits analogous trends.  
 
 Any water transfer between individual watersheds or even within the same watershed 
poses numerous technical, environmental, and socioeconomic challenges. In the case of 
watershed division by state lines, the process is even more complicated from a legislative and 
political perspective. Project results indicate that the targeted region will be affected by the 
same or similar climate trends, i.e., extended drought will influence water availability in the 
entire region. As such, for example, reaching for additional water supplies to already taxed 
glaciofluvial aquifers on the Minnesota site of the upper Red River Basin can prove to be 
extremely difficult. In addition, water transfer to another state may pose complicated political 
challenges. Admittedly, because of the time and budget constraints, our research did not 
encompass all possible variables and is based only on a limited number of selected factors.  
 
 The short record-keeping period and large number of variables independent of climate 
trends preclude the use of water permits/appropriations for evaluation of the economic impact of 
regional climate change.  
 
 Agriculture is by far the most sensitive to temperature and precipitation variability; 
however, our analyses confirmed relative adaptability to changing conditions. It is important to 
note, however, that available statistics illustrate only the relatively recent performance of the 
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agriculture sector not affected even by droughts comparable to the 1930s. The expected 
response of commodity markets to climate change was not confirmed. The prices of agricultural 
commodities are not a good indicator of economic impact because production and price do not 
correlate and price is determined by several global variables. The ag commodity market is 
further skewed by government interventions in the form of frequent but irregular subsidies (not 
only in response to disaster declarations) and programs developed to keep agricultural 
commodity prices stable. 
 
 A literature review on previous assessments of the impacts of climate change on U.S. 
agriculture performed by Reilly (2002) concluded that U.S. agriculture is a competitive, adaptive, 
and responsive industry that will adapt to climate change. Information from this independent 
study supports Reilly’s conclusion. Over the next 100 years and probably beyond, human-
induced climate change as currently modeled will not seriously imperil aggregate food and fiber 
production in the United States, nor will it greatly increase the cost of agriculture production. 
There are likely to be regional production effects within the United States, with some areas 
suffering loss and others benefiting. For example rural communities in the Great Plains, already 
stressed by their declining populations and shrinking economic bases, are dependent on the 
competitive advantage of their agricultural products in domestic and foreign markets and will be 
sensitive to any negative impacts climate change could induce. Extreme weather events will 
continue to have detrimental effects on agricultural in North Dakota and Minnesota; however, 
there may be slight gains in crop yields as a result of a gradual warming in climate, if 
precipitation levels remain stable. 
 
 In summary, high water demand in the primary economic sectors makes the regional 
economy extremely sensitive to climatic extremes. Without conservation-based water 
management policies, long-term periods of drought will limit socioeconomic development in the 
region and may threaten even the sustainability of current conditions. With respect to similar 
climate patterns affecting the entire region, securing supplemental water supplies to cover long-
term shortages will be difficult. Extreme reliance of irrigation on groundwater may result in 
accelerated depletion of aquifers that, aside from deterioration of water quality, require a long 
time to replenish. This trend is even more alarming with respect to the fact that the regional 
hydrologic system, as documented in our study, is currently at its wet stage, and the aquifer 
usage will considerably increase once the system moves to the dry cycle.  
 
 
6.0 CONCLUSIONS 
 
 Climate variability research for northern Great Plains presented in this report was carried 
out in order to evaluate water demand sensitivity and response/vulnerability of regional 
economic sectors to climate extremes. The key activities focused on assessment of agricultural 
commodity markets and evaluation of their response to documented climate events. Primary 
conclusions and important findings of our broad scope of activities are as follows: 
 

• The correlation between results of paleoclimate reconstruction and mathematical 
processing applied to modern precipitation records provided comparative results. The 
modified trend suggests that the next period for which the Red River Basin can expect 
a high probability of below normal precipitation occurs before the year 2050. 

 
• The frequency of jet stream events does not appear to have a significant impact on 

precipitation across the Red River Basin; its location, however, has likely a greater 
influence than the frequency of jet stream events over the basin. 
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• In spite of their location on the dynamic interface between primary climate provinces, 
the Upper Missouri, Red River, and Upper Mississippi Watersheds are affected by 
similar climate trends or, at least, the response in selected closed-basin lakes exhibits 
analogous trends, i.e., extended drought will influence water availability in the entire 
region. 

 
• Agriculture is the most sensitive to climate change; however, our analyses confirmed 

relative adaptability to changing conditions. Expected responses of commodity markets 
to climate change were not confirmed.  

 
• The prices of agricultural commodities are not a good indicator of the economic impact 

because production and price do not correlate and price is determined by several 
global variables. The ag commodity market is further skewed by government 
intervention in the form of frequent but irregular subsidies and programs developed to 
keep agricultural commodity prices stable. It is important to note, however, that 
available statistics illustrate only relatively recent performance of the agriculture sector 
not affected by serious droughts. 

 
• Climate change, duration of extremes, and transitions between wet and dry periods 

control the distribution and availability of water resources and, in broader terms, 
economic and demographic sustainability. High water demand in the primary economic 
sectors in the region makes the regional economy extremely vulnerable to climatic 
extremes. Without conservation-based water management policies, long-term periods 
of drought will limit socioeconomic development in the region and may threaten even 
the sustainability of current conditions. 
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