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�   Introduction
Soybeans are a major component of the human diet and are 

a nourishing livestock feed. The wide use of soybeans is largely 
due to the fact that they are 50% protein, making them highly 
nutritious. Soybeans also play a crucial role in the growing veg-
an lifestyle as plant-based alternatives in foods such as soymilk, 
plant-based meat products, and tofu. In 2019, plant-based food 
retails increased by over 11%, making it a 4.5-billion-dollar in-
dustry.1 Furthermore, soybeans are a versatile crop, and their 
components are often utilized in a variety of products such as 
margarine, paint, adhesive, fertilizer, and fire-extinguisher fluid. 
The most significant role of soybeans is in the diet of livestock. 
More than 70% of soybeans grown are used as feed for poultry 
and livestock such as cattle and pigs due to their high protein 
content and availability year-round. Thus, the soybean indus-
try directly affects the meat industry.² Consequently, the loss 
of soybeans would entail the loss of a major food source for 
livestock, causing humans to lose a significant component of 
their diet as well.

Soybeans were the top agricultural export of the United 
States in 2017, generating $21.6 billion in revenue. The United 
States produced 108 million metric tons of soybeans in 2018, 
accounting for 34% of the world’s soybeans, and has a 42% 
market share, making it the largest exporter of soybeans on a 
commodity basis.³

 Over 80% of the United States’ soybeans are grown in the 
Midwest, with Missouri being one of the leading ten states 
in soybean production. With approximately 95,000 soybean 
farms in Missouri, two-thirds of the state’s total land acreage is 
allocated to soybean farms.⁴ 

As demand for soybeans continues to grow, Missouri will 
need to find a way to address the challenges it faces due to 
climate change as its economy will depend on it. 

Considering that the United States is responsible for a large 
amount of soybean production in the world, it is imperative to 
analyze how climate change may impact soybean production. 
After examining the elements that affect soybean production,⁵ 
we found that precipitation irregularities have the greatest 
repercussions on indemnities. Missouri has been faced with 
greater precipitation anomalies in recent years, which pose a 
threat to soybean production. Studies show that there has been 
a significant increase in extreme precipitation occurrences from 
1948 to 1978, specifically in the Central United States as, “53% 
of the total precipitation increase was a result of positive trends 
in the upper 10th percentile of the distribution”. On the other 
end of the spectrum, “drought is expanding during the summer 
to cover 39% of the contiguous United States (PDSI ≤ −3.0), 
which is the largest extent since the 1950s.”⁶ The repercussions 
of water deficit or water inundation affect the soybeans during 
their reproductive stage, leading to decrease in yield.⁷ For op-
timal growth, soybeans require adequate exposure to oxygen. 
After 24 hours in flooded soil, oxygen concentration can be 
close to zero. Flooded soils can contain 50 times more toxins 
than non-flooded soils, which can contaminate soybean plants 
and reduce yields as well.⁸

In 2018, $98.8 million were paid as indemnities by insurance 
companies in Missouri for soybeans due to precipitation anom-
alies, including drought, excess precipitation, and flooding; this 
amount accounts for approximately 87% of total indemnities 
paid for soybeans due to all causes ($113,396,727), suggesting 
that much of the losses attributed to soybean production are 
due to precipitation anomalies.⁵ 
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The relationship between climate change and agriculture 
has already been discussed by previous studies. For example, in 
a study published on the impacts of climate change in the Mis-
souri, Iowa, Nebraska, and Kansas (MINK) region, the main 
focus was on carbon dioxide fertilizer on the agriculture and 
economy of the whole region.⁹ The study addressed multiple 
crops without specifically examining the effects on soybeans. 
Furthermore, there was no reference to possible solutions, and 
although the economic impact was analyzed, the potential re-
percussions on the insurance industry were not considered. A 
study conducted in India utilized different locations, weather 
patterns, soils, and temperatures to determine whether soybean 
yields were in fact affected by global warming. The authors 
found that there was a decrease of at least 10-20 percent in 
soybean yield in all three future scenarios analyzed when the 
surface air temperature rose, and carbon dioxide concentrations 
increased.¹⁰ Delaying the sowing of soybeans in the growth 
season could help mitigate the consequences of these climate 
change impacts. In a similar simulation study conducted by 
the American Society of Agronomy,¹¹ three soybean growth 
models were produced based on hypothetical weather scenar-
ios. The findings concluded that the main threat to soybean 
production in the United States is the increased levels of at-
mospheric carbon dioxide in regions with limited water access.

Our paper addresses the economic impacts of climate change 
on soybeans while focusing specifically on the risks posed to 
insurance companies. Not only do we predict the impacts of 
climate change on crop yield, but we also provide potential 
solutions and recommendations to mitigate its consequences. 
Our research is specifically aimed to make future predictions 
and propose solutions to climate change impacts on soybean 
farmers in Missouri, insurance companies, and the agricultur-
al industry as a whole. With the frequency of precipitation 
anomalies in Missouri showing upward trends due to climate 
change, it is necessary to identify ways to minimize losses at-
tributed to decreases in soybean yields.
�   Results and Discussion
The slope we found from the NOAA of +0.94 inches per 

decade indicates that there will likely be a steady increase in 
precipitation in Missouri. Furthermore, Missouri can expect 
to see extreme anomalies as seen by how Figure 1’s moving av-
erage (the red trend line) shows drastic irregularities in recent 
years. Such extreme anomalies, specifically floods, will have 
negative impacts on soybean farmers.

Figure 1: Precipitation anomaly (inches).

We found the average precipitation value in 2050 to be 
56.029 inches. However, this value is also an underestimate 
because it was calculated using the underestimated precip-
itation anomaly value. This means that Missouri can expect 
to see approximately 56.029 inches of rain or more in 2050. 

After plotting the quadratic regression model for the rela-
tionship between soybean yield and precipitation anomaly, we 
saw a moderately strong relationship correlation coefficient of 
0.617. This value is significant because it indicates that pre-
cipitation anomalies have a negative impact on soybean yield. 
As anomalies become more extreme and unpredictable in the 
future, soybean farmers in Missouri will need to mitigate the 
risks posed by excess precipitation and floods.

The percent yield computed for 2050 is 96.88% and serves 
as an indication of the negative impacts of the high precip-
itation values and anomalies on the industry. Although this 
may seem like a high percent, it is lower compared to the 
percent yields of other years which ranged between 98% - 
99%. Looking at the percent yields for previous years, only 
the years 1993 and 2008 produced lower percent yields, 
which can be attributed to the Great Flood of ‘93 and the 
June Floods of ‘08.12 This shows that in the future, farmers 
will need to invest more money on solutions to increase their 
yield in order to ensure that their profits and farms are not 
severely impacted by extreme precipitation anomalies.

Using a least squares regression line (LSRL), we estimated 
the total indemnities paid for precipitation anomalies in 2050 
to be approximately $141,786,302.90. The estimated total in-
demnities paid using our exponential regression model will 
be $1,040,995,171. The indemnity value in 2050, according 
to our power model, will be $75,946,940.62. It is unrealistic 
that the indemnities paid will continue to increase at an expo-
nential rate in future years, so Missouri should expect to pay 
an amount that is between the estimates found in the power 
model and the LSRL.

When adjusted for inflation, the total indemnities 
paid in 2050 based on the 96.88 percent yield is between 
$492,694,498.80 and $919,817,584.03 where the lower 
bound is the adjusted value from the power model and the 
upper bound is the adjusted value from the LSRL. It was 
necessary to create a range, as on one hand, the power model 
is the most accurate and so a value closer to the lower bound 
is expected, however on the other hand, it is highly likely that 
total indemnities paid will be much greater due to the greater 
frequency of extreme precipitation anomalies.

Recommendations for the Agricultural Industry:
In the case of droughts, which may become more frequent 

in the future, policies that encourage drip irrigation systems 
can be implemented. Additionally, using technology such as 
pivot control panels to remotely control and track systems, 
variable-frequency drives to optimize the speed and pressure 
of water pumps, and soil moisture sensors to monitor soil can 
be beneficial.¹³ These technologies control and monitor irri-
gation systems, allowing for a more conserved and effective 
use of water. In order to combat the losses suffered due to 
lower percent yields, farmers can choose to plant soybeans 
before corn as these two crops are usually planted together.
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Planting soybeans before corn augments yield potential with-
out increasing cost.¹⁴ This will also remedy the problem of 
delayed planting due to heavy precipitation during growing 
seasons. Farmers also must take measures after floods to re-
tain nutrient levels of soil for soybean growth. After floods, 
fungi in the soil, such as Arbuscular mycorrhizae are lost. These 
fungi are crucial to maintain the nutrient levels of the soil, and 
farmers must reestablish fungi populations after flooding.¹⁵ 
One way to do so is to plant cover crops to provide protection 
from debris and stimulate microbial and fungal activity. In or-
der to manage the quality of soil it is important to implement 
solutions that deal with run-off properly and maintain cor-
rect drainage systems, such as loosening compacted soil beds 
to reopen pores and adjusting cropping patterns by splitting 
long fields to decrease erosion from wind.¹⁶ Additionally, to 
increase pest resistance, genetically modified crops (GMOs) 
are often implemented. While studies show that GMOs 
enable lower use of insecticides, consumers are hesitant to 
purchase crops that have been genetically modified. Increased 
research and awareness on the actual effects of GMOs on 
human health should be implemented to dispel unwarranted 
stigmas.¹⁷

Recommendations for Insurance Companies :
As seen in Figures 1 and 2, the frequency of precipitation 

anomalies, specifically occurrences of floods and excess pre-
cipitation, will most likely continue to increase, so insurance 
companies should design appropriate policies as preventative 
measures. One policy that can be implemented is a Rainy-
Day Fund, where insurance companies have a safety reserve 
for Emergency Farm Loans, specifically for high-risk areas, 
that must be paid when rainfall passes a certain threshold. 
This ensures that insurance companies will have enough 
money to compensate for the damage. Insurance companies 
can analyze historical data to find which agricultural areas 
in Missouri are at a higher risk of flooding and excess rain-
fall and to find the amount of rainfall that preceded severe 
storms or floods. They can then set a predetermined amount 
of money to be paid as a one-time fee when precipitation ex-
ceeds a measurable parameter. Recently, Missouri’s governor 
called for a $100 million Rainy Day Fund, which could help 
bring state savings up to 10% in general revenue, along with 
Missouri’s existing Budget Reserve Fund.¹⁸ Other preventa-
tive measures that can be taken include providing discounted 
premiums to farmers who take preventative measures such as 
developing weed management plans that prevent crop dam-
age from new weed growths, which occur when flood waters 
wash away the top layers of soil and reveal weeds buried deep 
in the tillage. Developing adequate drainage systems, such as 
water courses for flooded water to quickly drain into rivers 
and creeks, should also be encouraged. Farmers will be less 
likely to file claims for losses due to floods as they will be 
prepared to deal with weeds and to minimize flooded crops. 
In the past, the government has been accommodating when 
farmers lobbied for greater subsidies to be paid. In 2019, for 
example, soybean farmers threatened to stop all trade due to 
the consequences that they faced from the tariffs that the US 
President placed on Chinese goods.¹⁹ When soybean farmers 

lobbied Congress, the Federal Government announced a new 
deal that entailed 16 billion dollars of aid, which overcom-
pensated farmers greatly, causing losses to the government. 
The Federal Government can prevent such losses in the fu-
ture by developing a concrete method to accurately quantify 
how much farmers need to be compensated and creating cri-
teria to ensure eligibility for the amount of aid farmers need 
after floods. On the other hand, insurance companies can 
benefit from the government’s generous support of farmers 
by investing money to lobby Congress for increased subsi-
dies on crop insurance policies, specifically yield protection 
policies, instead of Revenue Protection Insurance Plans. Fur-
thermore, lobbying Congress allows for huge revenue returns 
which would be very beneficial to Congress. By investing in 
lobbying, many corporations received “22,000% in returns 
meaning 220 dollars for every dollar invested.”²⁰ Although 
this value may be an overestimate, insurance companies can 
expect high returns for the amount invested. 

Public Policies :
One public policy that can be utilized is conducting fre-

quent soil tests to ensure that soil that has been affected by 
floods or excessive rainfall has adequate infiltration and nu-
trients. Flooded soil often has changes in composition due to 
exposure to various elements such as silicon, nitrogen, phos-
phorus, and potassium²¹ from flood water. When soil does 
not have proper infiltration, flood waters can carry away nu-
trients and prevent soil from holding clean water. Through 
soil tests, the federal government can ensure that farmers are 
aware of the nutrients that the soil is lacking and the water 
concentration, which has a large impact on the quality of the 
yields as well as the types of fertilization used in the next sea-
son. Frequent soil tests can help to prevent damage from pest 
invasions as well as inadequate soil conditions. For example, 
soils with low pH or low nutrient levels, which are often re-
sults of flooding, have a difficult time resisting pest invasions. 
In months after flooding, farmers should frequently test soil 
to ensure that soybeans have the means to effectively tolerate 
insect feeding.²² Since certain areas in Missouri are at a high-
er risk of drought or floods, examining the land will clarify 
which areas have the best soil composition, best infiltration, 
and lowest risk of severe precipitation anomalies. Lastly, 
government agencies such as the Cybersecurity and Infra-
structure Security Agency can develop infrastructure, such 
as flood walls, in high-risk farming lands to protect farm-
ing lands from floods and droughts to minimize the costs of 
damage on soybeans. 

Other Recommendations:
The agricultural industry can increase awareness of their 

needs through independent agricultural organizations. In-
stitutions such as the American Soybean Association should 
cooperate with the government in order to develop practi-
cal solutions for environmental and food safety issues. Since 
farm and commodity organizations have the most experien-
tial knowledge, their input should be highly valued by the 
government. By working cooperatively, new policies can be 
created to protect soybean farmers and consumers through 
greater education on product safety and handling. To minimi-
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ze carbon emissions, we recommend further research on 
biofuels with coconuts, starch, sugarcane, and corn bases as 
a renewable energy source.²³ The implementation of biofu-
els could potentially reduce the amount of carbon emissions 
released into the atmosphere and reduce US dependence on 
foreign energy sources. Fossil fuels provide 80% of the US 
energy needs,²⁴ and approximately 19% of US petroleum is 
imported from foreign energy sources.²⁵ By shifting to pro-
duce biofuels, instead of nonrenewable petroleum, it could 
take as little as 15 years to offset the greenhouse gas emis-
sions produced by liquid fossil fuels.²⁶ In addition, switching 
to biofuels could reduce the amount of particulates in the air, 
as diesel has an opacity percent of 2.9%, while biofuels such 
as B5 and B100 have opacity percentages of 2.4% and 1.1%, 
respectively.²⁷ However, there are several concerns with the 
use of certain biofuels, like corn ethanol, including ethical 
concerns, increased prices of food products, and erosion of 
land.²⁸ These positive and negative implications surround-
ing biofuels need to be investigated further. For a long-term 
solution, the government, specifically the US Department 
of Agriculture, should collect accurate data and frequently 
update data on soybean yields. By updating data frequently, 
the USDA would more effectively monitor trends and make 
accurate predictions in the future. The NOAA should also 
frequently collect data on rainfall measurements and flooding 
incidents for this purpose as well.           

If these recommendations are taken into consideration, 
farmers will be more prepared for damages from precipitation 
anomalies, insurance companies and the government will be 
less susceptible to monetary loss, and other institutions such 
as the food industry will benefit as well.

Limitations:
Our projections are based on historical climate patterns, 

so they may not be accurate predictions since future climate 
patterns will be affected by other factors, such as increased 
amounts of carbon emissions and new regulations. Since ex-
cess precipitation is a more prevalent issue in Missouri, we 
did not consider the negative anomaly value which accounts 
for droughts. Although our calculations considered all the 
acres to be grown under the same conditions, we also realize 
that distinct areas grow soybeans differently, at different times 
throughout the year, with different soil compositions. Many 
soybeans are genetically engineered to be resistant to precip-
itation anomalies, and irrigation systems are implemented to 
limit losses due to precipitation, but this was not taken into 
account when calculating percent yield. We created multiple 
models to consider over and underestimations and accounted 
for the rate of inflation. However, our calculations were based 
on extrapolations.
�   Conclusion
Based on our model, it is likely that severe floods and 

droughts due to precipitation anomalies will become a more 
alarming issue in the future for soybean farmers in Missouri, 
insurance companies, and other institutions. As precipitation 
anomalies increase, all stakeholders must prepare to deal with 
extreme irregularities harming soybean yield. Considering the 
value that soybeans hold in the agricultural industry and in 

the US economy, it is crucial that all parties including insur-
ance companies take preventative measures to reduce the risk 
of damage on soybeans. Soybeans are the foundation of a wide 
variety of sectors. As climate change heightens, it is imperative 
to address and prevent the destruction of this precious crop. 
The cultural, political, and environmental repercussions from 
soybean devastation can only be avoided through the cooper-
ation and immediate response of all parties both domestically 
and globally. 
�   Methods
Step 1:
As shown in Figure 1, we see that as years go on, precip-

itation becomes more frequent and irregular, exemplified by 
the red moving average trend line. While examining soybean 
production in Missouri, we noticed that it is negatively im-
pacted by precipitation, which we anticipate will increase in 
irregularity. This indicates that as climate change increases, 
the frequency of precipitation anomaly occurrences increases 
as well. To prove this, we first examined precipitation anom-
alies from 1991-2019 using data from the NOAA. With the 
given statewide time series tool, we found that the rate of 
change of precipitation per decade is a positive value (0.94 
inches), indicating that precipitation is increasing in Missou-
ri. Thus, we decided to examine if a linear regression was an 
appropriate model to extrapolate and estimate the precipita-
tion anomaly value in 2050.

Step 2:
Using the precipitation data from NOAA for 1991-2019, 

letting x be decade (1991 as x=0) and y be average precipita-
tion, we performed a linear regression to obtain an equation 
for predicted precipitation in inches per year:

P(x) = 0.94x + 42.274
This model resulted in a correlation coefficient of r=0.12518, 

a coefficient of determination of r2=0.01567, and a standard 
deviation of residuals of s=0.8515.

To predict the mean precipitation in 2050, we will use an x 
value of 5.9 decades:

P(5.9) = 0.94(5.9) + 42.274 = 47.82 inches 
Since s=0.8515, we know that predictions made with our 

linear model will deviate from the true precipitation values by 
about 0.8515 inches per year. With this in mind, we are ap-
proximately 95% confident that the actual mean precipitation 
value for 2050 is likely between 46.117 and 49.523 inches per 
year, which is plus and minus 2(0.8515) from the predicted 
value.

Step 3:
After using the linear regression model to calculate mean 

precipitation in 2050 (47.82 inches), we decided to estimate the 
precipitation anomaly value in 2050 based on the precipitation 
anomaly values from 1991-2019. We estimate it to be 47.82. 
We decided to use the absolute value of each precipitation 
anomaly value because we want to calculate the approximate 
deviation from the mean of 43.59 inches. We graphed a linear 
regression equation with years as the dependent variable and 
|precipitation anomaly| as the independent variable to predict 
the |precipitation anomaly| value in 2050.
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During this flood, precipitation exceeded the mean by 13.47 
inches of rain, and cost almost 15 billion dollars in total losses 
for the country.¹¹, ²⁹

Thus, we decided to re-examine the strength of the relation-
ship between precipitation yield and precipitation anomaly by 
excluding the year 1993. In doing so, we observed a slightly 
lower correlation coefficient of 0.572.  

After creating the quadratic regression model, we realized 
that a linear model might be more appropriate. Hence, we cre-
ated an LSRL for precipitation anomaly(inches) vs. percent 
yield. When including 1993 in the LSRL, we saw a correlation 
coefficient of -0.44, and when we excluded 1993 the correla-
tion coefficient was -0.25. 

Examining the strengths of these different models along 
with the fact that extreme floods would increase in the future 
as global warming persists³⁰ (points such as 1993 would occur 
with increasing frequency), we concluded that the quadratic 
model with the extreme value is most appropriate. Thus, we 
will use the equation from our first model.

Y(x) = 0.991 -0.000752x -0.000239x^2 
Step 5:
Using the precipitation anomaly found in step 3 and the 

model for percent yield from step 4, we predicted the soybean 
percent yield for 2050 to be approximately 96.88% soybeans 
harvested/total amount of soybeans planted. 

Y(x) =  0.991 -0.000752x -0.000239x2 
Y(8.2) = 0.991-0.000752(8.2) -0.000239(8.2)2= 0.9688
Step 6:
Overall, we were able to see that high precipitation anom-

alies generally reduce soybean yield; we predicted that lower 
yield would indicate an increase in indemnity cost as well. We 
utilized the data from the USDA RMA and adjusted each 
data point for inflation, so the monetary value would match 
the value of the dollar in 1991.  We used the compound interest 
equation, A=P(1+r)t, along with the inflation rate of 3.22%.³¹ 
Using the adjusted values, we created a scatterplot and least 
squares regression line of indemnities paid due to precipitation 
anomalies against years. 

A(x) = 0.0758x + 3.7367, where x = 0 represents 1991
Looking at Figure 2, we saw a weak linear relationship be-

tween years and |precipitation anomaly|, with a correlation 
coefficient of 0.157. A low correlation implies that there is no 
firm incremental increase or decrease in |precipitation anom-
alies| as years increase; this further validates our claim that 
climate change will make precipitation anomalies even more 
erratic in the future. Despite the low correlation value, we still 
used our model as a baseline as we are underestimating the 
value. With this model, we are able to obtain an estimated 
|precipitation anomaly| for 2050 of:

A(59) = 0.0758(59) + 3.7367 = 8.2089
As seen in step 1, the precipitation in Missouri shows an 

increasing trend. As a result, we assumed that the precipitation 
anomaly in 2050 will be a positive value. Using this predict-
ed precipitation anomaly along with our predicted mean 
precipitation from step 2, we are able to find the expected pre-
cipitation for 2050 as 47.82 + 8.2089 = 56.029 inches. 

Step 4:
In order to confirm that precipitation anomalies negative-

ly affect the soybean industry, we examined the relationship 
between the two from 1991 to 2019. Considering the data, 
we presumed that years with large anomalies —or years where 
there is a larger deviation from the mean precipitation —would 
produce a smaller yield, while years with an optimal amount of 
precipitation would produce a larger yield. If this was the case, 
it would result in a negatively oriented parabolic curve.  For 
this reason, we chose to create a quadratic regression model 
with precipitation anomaly as the independent variable and 
percent yield (acres harvested divided by acres planted) as our 
dependent variable.

After plotting, in Figure 3, we saw a moderately strong re-
lationship with a correlation coefficient of 0.617; however, we 
noticed a potential outlier in 1993, where the percent yield 
was relatively low, and the precipitation anomaly was unusually 
high. Interestingly, that year was marked by the Great Flood 
of 1993 that devastated the Midwest, including Missouri. 
During this flood, precipitation exceeded the mean by 13.47 
inches of rain, and cost almost 15 billion dollars in total losses 
for the country.¹¹, ²⁹

Y(x) = 0.991 -0.000752x -0.000239x^2
After plotting, in Figure 3, we saw a moderately strong re-

lationship with a correlation coefficient of 0.617; however, we 
noticed a potential outlier in 1993, where the percent yield 
was relatively low, and the precipitation anomaly was unusually 
high. Interestingly, that year was marked by the Great Flood 
of 1993 that devastated the Midwest, including Missouri. 

Figure 2: Absolute value of precipitation anomaly (inches) vs years.

Figure 3: Precipitation anomaly vs percent yield in Missouri, including 
Grear Flood of 1993.

Figure 4: Indemnities paid in dollars (due to precipitation anomalies) per 
year from 1991-2018 for soybeans in.
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model respectively.  We used the number of years(t) as 59, since 
1991 represents year 0. 

From (6) we obtained the linear model prediction for indem-
nities paid of $141,786,302.90, and adjusted this for inflation: 

I(59)adj= 141,786,302.90(1+0.0322)59 = $919,817,584.03
From (8) we obtained the power model prediction for indem-

nities paid of $75,946,940.629, and adjusted this for inflation:
W(59)adj=75,946,940.629(1+0.0322)59  = $492,694,498.80
Using $492,694,498.80 achieved from the power regression 

model W(x) as our lower bound, and $919,817,584.03 achieved 
from the linear regression model I(x) as our upper bound, we 
can safely assume that total indemnity value due to precipita-
tion anomalies in 2050 will be between $492,694,498.80 and 
$919,817,584.03 

$492,694,498.80 < Total indemnities due to precipitation in 
2050 < $919,817,584.03.
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