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ABSTRACT

Climate change is a significant threat to the environment and human society because
it can increase the number of extreme weather and climate events and impact infrastructure.
Researchers have been utilizing Atmosphere-Ocean General Circulation Models (AOGCMs)
to predict future climate change. This study investigated the regional-scale climate change
signals in Missouri at the end of the 21% century using AOGCM s projections from the
Coupled Model Intercomparison Project’s sixth phase (CMIP6). The projections used in this
study were Historical and Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5). The Historical
projections represent the present-day climate. In contrast, the SSP5-8.5 projections represent
climate at the end of the 21% century without attempts to reduce greenhouse gas emissions
and mitigate climate change. We focused on two climate variables: precipitation and wind
speed. Both long-term mean climate change and extremes of the two variables were
explored. The study found that state-wide precipitation is expected to increase annually and
for all seasons except summer. In contrast, the wind speed is projected to decrease annually
and during all seasons. Further analysis of changes to the daily extreme precipitation and
wind speed events was focused on the boreal winter and summer. Percentile-based thresholds
were used to identify the days with extreme events. The analysis found that during the
winter, there was an increase in the number of days with wet precipitation extremes while a
decrease in the number of days with wind speed extremes. During the summer, there was a

decrease in the number of days with wind speed extremes and a decrease in the number of



days with wet precipitation extremes. At the end of the century, Missouri’s broadband
infrastructure is projected to be at a greater risk of mean precipitation change and extreme

precipitation events than wind speed changes.
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CHAPTER 1
BACKGROUND
1.1 Climate Change

Climate change is a critical threat to society because it affects the frequency of extreme
events, which can significantly affect civil infrastructure. Climate change is largely a
consequence of human activities. Humans have contributed to climate change by releasing
substantial greenhouse gases (e.g., carbon dioxide, methane, nitrous oxide, etc.) into the
atmosphere mainly through fossil fuel burning and land use practices. The increase in
greenhouse gases allows more heat to be trapped in the lower atmosphere, increasing the planet’s
surface temperature (Schneider 1989). This effect is well known as the Greenhouse Effect. The
increase in temperature affects Earth’s natural systems. Earth’s weather patterns and frequency
of extreme weather events will change due to the temperature increase.

Climate change can result in wind speed and precipitation changes that negatively affect
our environment. For instance, increasing temperatures can affect wind speed by affecting the
pressure differences between air masses. Wind speed may increase or decrease depending on the
area where the air masses meet. An increase in winds can result in stronger storms and
potentially extreme weather events, such as tornados. The increased temperatures will also allow
for an increase in the water vapor content in the air, likely leading to more extreme precipitation
events in particular areas. These extreme precipitations can lead to catastrophic floods on the
surface. Increased wind speeds and precipitation events would create massive environmental,
infrastructural, and economic impacts. Therefore, research efforts are in place to assess, prepare
and plan for the potential impacts of climate change.

1.2 Climate Modeling



Researchers are currently using global climate models as a major tool to project future
environmental conditions, which will aid in identifying vulnerable areas so they can help plan
and prepare to manage the climate change impact. Climate models project Earth’s climate by
simplifying the real world into mathematical equations representing physical, chemical, and
biological principles and interactions (McGuffie and Henderson-Sellers 2014). There are many
climate models available. Climate modeling has a long history beginning with conceptual models
and currently with the Atmosphere-Ocean General Circulation Model (Edwards 2011).
Atmosphere-Ocean General Circulation Models (AOGCMs) are known as coupled climate
models because they connect atmospheric and oceanic models to help represent Earth’s climate.

Researchers can use AOGCMs to examine past, present, and future climates. Researchers
use these models by adjusting the initial conditions inputted into the climate model to project
what the climate might look like under different scenarios. AOGCMs require a lot of
computational power and time to run all necessary calculations. These models can output data
about future temperature, precipitation, wind, and many other climatic variables. Researchers
then analyze the output data to examine potential changes in future climate conditions. This
information will be valuable in informing policymakers to make crucial decisions to adapt to and
mitigate climate change.

Researchers have some confidence in these AOGCMs projections because AOGCMs are
rigorously assessed by comparing model projections to observed records. AOGCMs simulations
have shown large-scale aspects of climate similar to observed records; however, some exceptions
have occurred (Raéisadnen 2007). AOGCMs are potent tools but have limitations primarily due
to climate complexity and computational demand that hinder their results. AOGCMs can model

many vital elements of Earth’s climate, but there are many complex interactions and aspects of



climate that are not well enough understood or cannot be modeled with the current technology.
These limitations make climate modeling challenging, but many groups are working to improve
AOGCMs’ complexity and computational power.

Due to the number and complexity of AOGCMS, collaborative efforts have formed to
experiment, compare, or analyze these models. Two significant collaborative efforts focusing on
climate change are the Coupled Model Intercomparison Project (CMIP) and the
Intergovernmental Panel on Climate Change (IPCC). The World Climate Research Programme
organizes CMIP, and its objective is to improve our understanding of past, current, and future
climate change under different scenarios and contexts (O’Neill et al. 2016). CMIP focuses on
experimenting and comparing coupled climate models from different climate modeling groups
worldwide. There are more than twenty climate modeling groups participating in CMIP. CMIP
has a structured approach to experiments that modeling groups must follow. After the modeling
groups conduct their experiments, they can post their output to the Earth System Grid Federation
(Meehl et al. 2014). The Earth System Grid Federation (ESGF) allows the research community
to create an account and get access to the data. The data from CMIP is publicly available for the
scientific community to analyze and compare. Data availability from CMIP has allowed the
research community to analyze and compare results from various experiments. In this study, we
downloaded the AOGCM output from the ESGF data portal, and stored and analyzed the data in
our workstations.

Whereas the IPCC was established in 1988 by the World Meteorological Organization
and the United Nations Environment Programme (Agrawala 1998). The IPCC’s goal was to
provide an analysis of climate change research to help create policy and improve our

understanding (Bolin 2007). As a result, the IPCC has released many reports that detail analysis



of climate models, the impact of climate changes, and potential suggestions to improve our
situation. The IPCC is divided into three working groups, each on different aspects of climate
change. Countries worldwide work together in the IPCC to form these working groups. The
results of their challenging work were published in the IPCC assessment reports. The IPCC has
conducted many assessments over the years and has become a leader in disseminating the latest
climate change information. These collaborative efforts are in place to help provide the most
accurate and detailed information about the current climate change situation.

1.3 IPCC Projections

The IPCC recently released its sixth and most up-to-date assessment report detailing the
latest information about the science of climate change, potential impacts, and mitigation efforts.
The IPCC utilizes CMIP6 models in their reports and provides insight into the potential results
that could occur in our study. The latest IPCC report provides information about how extreme
winds and extreme precipitation might change due to climate change. The IPCC has observed a
decline in extreme winds for the continental northern mid-latitudes. However, there is low
confidence due to the small number of studies and uncertainties (Seneviratne et al. 2021).
Extreme winds are under-explored compared to other climate variables and require greater
research efforts to get a better understanding of what the future might look like. Precipitation, on
the other hand, is a core climate variable that is explored much more than wind speed. The IPCC
has high confidence that heavy precipitation will become more frequent at the global scale with
additional warming; however, at regional scales, it will depend on warming, atmospheric
circulation, and storm dynamics (Seneviratne et al. 2021). The changes in extreme precipitation
may increase the likelihood of floods or droughts.

1.4 Missouri Background



Many studies that have utilized CMIP data typically focus on the global scale because
climate change is a global issue. However, examining climate change at regional scales is also
essential because climate change can vary drastically depending on location. Unfortunately, there
is a lack of climate change research for regional locations such as Missouri. Missouri is located
in the Midwest of the United States and is known for its agricultural prowess. Missouri has a
population of approximately 6.1 million people and a total area of 69,000 square miles (Rafferty
and Westermann 2023). Missouri has a medium size population and total area compared to the
other states in the US. Missouri is also a landlocked state that has a continental type of climate.
Missouri’s climate is influenced by the cold air from Canada and warm air from the Gulf of
Mexico (Rafferty and Westermann 2023). The air masses reach Missouri easily to form wind
because there are no barriers like mountains to interfere with the path of the air masses. Missouri
has strong seasonal climate characteristics. During the winter months, Missouri’s temperatures
are cold, with low precipitation. However, during the summer months, Missouri’s temperatures
are hot, with high precipitation. Due to its climate, natural disasters that can occur in Missouri
are floods, droughts, tornadoes, and severe storms, which have influential impacts on
infrastructures. These natural disasters may increase in frequency due to climate change.
Quantifying climate change in Missouri can help examine, plan, and prepare for future climate
change impacts.

1.5 Objectives

Our study aimed to explore the potential changes in two climate variables: precipitation
and wind speed in Missouri toward the end of the 21% century by utilizing Atmosphere-Ocean
General Circulation Models (AOGCMs) from CMIP’s sixth phase. Analyzing these two

variables is essential to understand the potential vulnerability and resiliency of the state’s



broadband infrastructure to future regional climate change. The study had two primary objectives
to achieve this aim. The first objective investigated the long-term climatological mean changes in
wind speed and precipitation. The second objective evaluated the frequency of extreme wind

speed and precipitation events during the winter and summer seasons. The AOGCMs from CMIP
provided Historical and SSP5-8.5 experiment scenario data that were analyzed to achieve the two
objectives. These objectives provided valuable insight into the potential changes that could occur

in the future and how they could potentially affect broadband infrastructure.



CHAPTER 2
METHODOLOGY
2.1 CMIP6 Projections

We collected CMIP6 AOGCMs’ average surface wind speed (sfcwind) and precipitation
flux (PR) output data from the Earth System Grid Federation data archive website (ESGF). The
ESGF allows us to download a wide range of experimental data. The experimental data utilized
in our study was Historical and SSP5-8.5. According to Erying et al. (2016), the Historical
experiment simulates past climate spanning from 1850 to 2014. They also detail how historical
data can be used to evaluate climate model performance because they can compare their results
to instrument measurements from 1850 to the present. However, our study used Historical data
only to obtain simulated past precipitation and wind speed values. The SSP5-8.5 experiment
simulates future climate based on SSP5 and RCP 8.5 scenarios (O’Neill et al. 2016). The SSP5-
8.5 experiment data spans from 2014 to 2100 and is considered the worst-case scenario where
there is no attempt to reduce carbon emissions to mitigate climate change. Therefore, our study
used the Historical data as the baseline and the SSP5-8.5 data as the future for precipitation and
wind speed.

The ESGF also provided access to many different institutions” AOGCM. These
AOGCMs can output data at different frequencies and have different availabilities. The primary
frequencies that our study used were monthly and daily. We used 29 different AOGCMs for
wind speed. All 29 AOGCMs had monthly-mean data, while only 18 out of 29 had daily-mean
data. For precipitation, we used 25 different available AOGCMs. All 25 AOGCMs had monthly
data, while only 19 out of 25 had daily data. The monthly and daily AOGCM data had four data

sets: Historical wind speed, SSP5-8.5 wind speed, Historical precipitation, and SSP5-8.5



precipitation. A summary of all the AOGCMs we used in our study can be found in Table 1 and
Table 2. The monthly dataset explored the mean wind speed and precipitation changes. In
contrast, the daily dataset was used to investigate the change in extreme wind speed and

precipitation events.

Table 1. The information about all the CMIP6 models used for wind speed in the study.

Number Institution Country Model Grid (latx lon) Monthly Available Daily Available
1 CSIRO-ARCCSS Australia ACCESS-CM2 144x192 v v
2 CSIRO Australia ACCESS-ESM1-5 145x192 v 4
3 AWI Germany AWI-CM-1-1-MR 192x384 v
4 BCC China BCC-CSM2-MR 160x320 v
5 CAS China CAS-ESM2-0 128x256 v
6 CcMmcCC Italy CMCC-CM2-SR5 192x288 4 v
7 CcMmcCC Italy CMCC-ESM2 192x288 v v
8 CNRM-CERFACS France CNRM-CM6-1 128x256 v
9 CNRM-CERFACS France CNRM-CM6-1-HR 360x720 4
10 CNRM-CERFACS France CNRM-ESM2-1 128x256 v
11 CCCma Canada CanESM5 64x128 4 v
12 EC-Earth-Consortium European EC-Earth3 256x512 v 4
13 CAS China FGOALS-f3-L 180x288 v
14 NOAA-GFDL USA GFDL-ESM4 180x288 v v
15 NASA-GISS USA GISS-E2-1-G 90x144 v
16 NASA-GISS USA GISS-E2-1-H 90x144 v
17 NASA-GISS USA GISS-E2-2-G 90x144 v
18 MOHC UK HadGEM3-GC31-LL 144x192 v v
19 MOHC UK HadGEM3-GC31-MM 324x432 4 v

20 INM Russia INM-CV4-8 120x180 v v
21 INM Russia INM-CM5-0 120x180 v 4
22 IPSL France IPSL-CM6A-LR 143x144 v v
23 NIMS-KMA Republic of Korea KACE-1-0-G 144x192 v

24 MIROC Japan MIROC-ES2L 64x128 v v
25 MIROC Japan MIROC6 128x256 4 v
26 MPI-M Germany MPI-ESM1-2-HR 192x384 v v
27 MPI-M Germany MPI-ESM1-2-LR 96x192 v v
28 MRI Japan MRI-ESM2-0 160x320 v v
29 MOHC UK UKESM1-0-LL 144x192 v 4




Table 2. The information about all the CMIP6 models used for precipitation in the study.

Murmber Institution Country Model Grid {lat % lon)  Monthly Available  Daily Available
1 MCAR UsA CESM2-WACCM 192x288 ¥ ¥
2 MASA-GISS USA GISS-E2-1-G a0x144
3 BCC China BCC-CS5M2-MR 160x320 v
1 AS-RCEC Taiwan TaiESM1 1925288 v
5 UA UsA MCM-UA-1-0 B0x96 ¥
b CAS China FGOALS-f3-1 180288 v
7 CCCma Canada CanEsmMs G4x128 ¥ ¥
& CMCC Italy CMCC-CM2-5R5 152x288 W v
9 CSIRG Australia ACCESS-ESML-5 145x192 v W
10 FIO-CILNM China FIO-ESM-2-0 192x288 ¥
11 1WA Russia INM-ChM4a-8 120x180 v ¥
12 IPSL France IPSL-CMEA-LR 143x144 v v
13 KIOST Republic of Korea KIOST-ESM 96x%192 v v
14 MIRDC Japan MIROCE 1285256 v ¥
15 MOHC UK UKESM1-0-LL 144x192 v v
16 MRI Japan MRI-ESM2-0 1605320 v v
17 MIMS-KRA Republic of Korea KACE-1-0-G 144192 ¥ W
18 MNOAA-GFDL USA GFDL-ESMA 180x288 v v
19 MUIST China MESM3 Q6x%197 ¥ v
20 THU China CIESM 197x788 ¥
1 CSIRO-ARCCSS Australia ACCESS-CM2 144x192 v
22 CNRM-CERFACS France CNRM-ESM2-1 128x256 ¥ v
23 E3SM Usa E35M-1-1 180x360 W
24 MPI-M Germany MPI-ESM1-2-LR 96x%1972 v ¥
15 NCC Morway MorESM2-LM Q6x%144 v v

After collecting all the model output data, we needed to preprocess it into a usable form

for analysis and comparison because the data sets have different grid sizes, daily frequency

outputs, and suboptimal units. The models used in our study had a wide range of grid sizes

because each model outputs data differently. The grid size differences are an issue because it

affects the resolution of the data. Therefore, we used MATLAB to create a standard grid cell size
for all the models. All the models were linearly interpolated to a standard common grid cell size

of 1 degree by 1 degree. The other issue we had was the daily model frequency output because
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some models included leap year days, did not include leap, or decided to have 30 days every
month. The most common daily frequency output did not include leap years which is 365 days
for all years. Only a few models included leap years or had 30 days for all the months. We chose
to adjust all the datasets to 365 days per year because this would require the least modification of
the data sets. If a dataset included leap years, the additional day, i.e., February 29" was removed,
and if the dataset had 30 days for all the months, the 31st day was calculated by taking the
average between the months. Lastly, the original data sets had kg m st as the unit for
precipitation. The precipitation data sets were converted to mm per day because these units are
more common when describing precipitation.
2.2 Area of Interest

Missouri is the area of interest of our study. Figure 1 shows the map of the Missouri
region with state boundary outlined. The exact location of the Missouri region used in our study
was 35.5 to 41.5 degrees latitude and -96.5 to 88.5 degrees longitude. The study area contains 6
degrees latitude and 8 degrees longitude. Our study area provided 48 grid data sample points
from each model since the cell size for each model is interpolated to 1 degree by 1 degree. The
Historical data focused on the 1984-2014 period for this location, and the SSP5-8.5 data focused
on the 2070 to 2100 period. The study period is 31 years long because it is a long enough period
to reflect long-term climatology. We first investigated the mean annual and seasonal wind speed
and precipitation change. Then we investigated extreme wind speed and precipitation extremes
for all seasons during the study periods, and our results on extremes focused on the summer and
winter seasons. The seasons were divided into three-month groups. Winter was December,
January, and February (DJF). Then spring was March, April, and May (MAM). Next, the

summer was June, July, and August (JJA). Lastly, fall was September, October, and November
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(SON). For the winter season, the previous year’s December was used to calculate the winter

season’s average.
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Figure 1. Missouri study area for mean climate change and extreme climate change analysis.

2.3 Mean Climate Change

2.3.1 Wind Speed Change

in this analysis were monthly Historical and SSP5-8.5 wind speed data from all 29 AOGCM s in

The wind speed change analysis investigated annual and seasonal changes. The data used

Table 1. The annual wind speed changes analysis was calculated using all 12 months, and the

seasonal wind speed changes analysis was calculated by dividing each data set into 3-month
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groups. Five main calculations were conducted on both the annual and seasonal data. The first
calculation averaged every grid cell for all 29 models' Historical and SSP5-8.5 wind speed data
for the target location and period. Averaging all the grid cells provides 48 mean wind speed
values for the Historical and SSP5-8.5 wind speed data. The second calculation subtracted each
model's SSP5-8.5 mean wind speeds with the corresponding Historical mean wind speeds. The
subtraction resulted in the mean wind speed change for each model. The third calculation
averaged all the models into one mean wind speed change. The third calculation examines the
wind speed change based on all models. The fourth calculation focused on calculating the area
mean of the mean wind speed change for all the models. The area means averaged each model's
48 mean wind speed change grid cells. The area means provided a single value to represent each
model. The last calculations were descriptive statistics on the area means. Descriptive statistics
help describe the annual and seasonal mean wind speed changes.
2.3.2 Precipitation Change

The precipitation change analysis also explored annual and seasonal changes. The data
used in the precipitation analysis were monthly Historical and SSP5-8.5 precipitation data from
all 25 AOGCMs in Table 2. The precipitation change analysis calculations are almost identical to
the wind speed change analysis. The main difference is the method to measure mean change. The
first calculation was averaging every grid cell for all 25 models' Historical and SSP5-8.5
precipitation data. The second calculation is where things are different. The wind speed analysis
method measured mean wind speed change by calculating the difference between each model's
SSP5-8.5 and Historical mean wind speeds. In contrast, the precipitation analysis measured mean
precipitation change by calculating the percentage change between each model's Historical and

SSP5-8.5 mean annual and seasonal precipitation. Percent change was chosen over calculating
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the difference because it is easier to interpret the results and is a common practice in
precipitation change studies. For example, if the result showed a 3 mm per day increase, it is
hard to tell if that is a big or small increase, but if the result was a 60 percent increase, it is much
easier to understand quantitatively. The third calculation averaged all the models into one mean
precipitation percent change. The fourth calculation focused on calculating the area mean of the
mean precipitation percent change for all the models. The last calculations were descriptive
statistics on the area means.
2.3.3 Mean Change

The annual and seasonal wind speed and precipitation change analysis results were
evaluated using maps, bar charts, tables, and heat maps. First, the mean wind speed and
precipitation change results were plotted as maps. The maps were handy because they detailed
the spatial variation of the mean wind speed and precipitation results for each model. Next, bar
charts were created to examine the area means of the mean wind speed and precipitation results.
The bar charts helped identify patterns and compare the models' results. Then, the descriptive
statistics were calculated for the area means and organized into tables to make them easy to
interpret. Lastly, heat maps were created to summarize the results of the annual and seasonal area
means for wind speed and precipitation. The heat maps used colors adapted from Brewer and
Harrower’s color (2003) website to show the relationship between each model and the wind
speed or precipitation change. All of the evaluation methods were also conducted with
MATLAB.
2.4 Extreme Climate Change

2.4.1 Climate Extreme Indices

13



Many indices are available to investigate the frequency of wind speed and precipitation
extremes. Most indices used either a fixed or percentile-based threshold to identify extremes.
Fixed thresholds are subjective because they depend on the location. Zhang et al. (2011) provide
an excellent example of how a 0° Celsius fixed threshold would indicate extreme cold during the
winter for the mid-latitudes. However, it would not be suitable for higher latitudes because 0°
Celsius be mild for higher latitudes regions. Conversely, percentile-based thresholds are more
objective than fixed thresholds because they are calculated based on probability. Our study used
percentile-based thresholds to quantify wind speed and precipitation extremes for the winter and
summer seasons. We performed analysis for all seasons, while our study only focused on the
winter and summer seasons because extremes are typically more impactful during these seasons
than the transition fall and spring seasons. The indices used for winter and summer wind speed
and precipitation extremes were a 95th percentile threshold.

2.4.2 Wind Speed and Precipitation Extremes

The wind speed and precipitation extremes both utilized percentile-based thresholds. The
extreme wind speed calculation used daily-mean Historical and SSP5-8.5 data from 18
AOGCMs in Table 1. While the precipitation extreme calculations used daily-accumulated
Historical and SSP5-8.5 data from 19 AOGCMs from Table 2. Both wind speed and
precipitation adopted a 95th percentile threshold separately. Our study used percentile-based
thresholds by first calculating the unique and individual threshold values for each grid cell for
each of the models. The unique threshold values were calculated by sorting each Historical data
set from least to greatest and selecting the wind speed or precipitation values based on the
percentile for each grid cell. This calculation provided the unique threshold values and the

corresponding number of days exceeded during the Historical period. Next, the unique threshold
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values were used to calculate how many days were exceeded during the future SSP5-8.5 period.
Then the number of days exceeded during the Historical period was subtracted from the number
of days exceeded during the SSP5-8.5 period. Lastly, the number of days difference was divided
by 31 to get the average days per year change.

The winter and summer wind speed and precipitation extremes were evaluated using
maps. Multiple maps were created using custom color ramps based on Brewer and Harrower's
(2003) website for the percentile-based thresholds. It’s noteworthy that their color schemes were
adopted in the IPCC climate change assessment report. The maps described the changes in the
number of extreme events for each grid cell and the spatial variation for the study area. Each
percentile-based threshold had three maps: one for the unique threshold values, the difference

between SSP5-8.5 and Historical, and the ensemble-mean difference.
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CHAPTER 3
RESULTS: MEAN CHANGE
3.1 Wind Speed Change
3.1.1 Annual and Seasonal Change

The wind speed change analysis focused on annual and seasonal wind speed changes. A
total of 29 AOGCMs were examined for the wind speed change analysis. Each model calculated
a mean wind speed difference between SSP5-8.5 and Historical monthly wind speed data to
determine annual and seasonal wind speed change. All 29 model results were averaged together
to examine the GCM ensemble-mean annual and seasonal wind speed change. The results were
then plotted into maps to examine the spatial variation and wind speed change values.

The ensemble-mean annual wind speed change in Figure 2 showed a general decrease in
wind speed across the entire study area. The wind speed decrease was approximately 0.4 meters
per second and displayed a pattern of decreasing wind speeds from the southwest to the
northeast. The 29 models’ annual wind speed changes used for the mean change are illustrated in
Figure 3. Most models showed a decrease in wind speed for the entire study area; however, some
models showed a mix of increasing and decreasing wind speeds. For example, models 9 and 13
had increases in wind speed in the west and a decrease in speed in the east, while model 8 shows
an increase in nearly the whole region except the northeast corner.

Figure 4 displays the ensemble-mean seasonal wind speed changes. The mean wind
speed change for all seasons shows mostly a decrease in wind speeds. Spring and summer
seasons had very similar values and patterns in changes. Spring and summer seasons had an
increase in wind speed in the southwest and a decrease in wind speed for the rest of the area,

while winter and fall seasons showed only a decrease in wind speed for the entire area. A pattern
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observed across all seasons is a more significant wind speed decrease in the northern part of the
study region. The individual models’ seasonal wind speed change was presented in Figures 5-8.
Each season had model results that showed a wide variety of wind speed decreases and increases.
During the winter, spring, and summer seasons, the models show mixed results because some
models show increases in wind speed while others show decreases in wind speed. Spring and
summer had a larger number of models with increases in wind speed than winter. For the fall,
most models show a decrease in wind speed, and very few models show an increase in wind

speed.

Wind Speed: Annual Mean
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Figure 2. Mean annual wind speed change between SSP5-8.5 and Historical data for each grid

cell. 29 models result were used for the mean.
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Wind Speed Models: Annual
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Figure 3. Annual wind speed difference between SSP5-8.5 and Historical for 29 models.
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Wind Speed Models: Winter
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Figure 5. Mean winter wind speed difference between SSP5-8.5 and Historical for each model.
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Wind Speed Models: Spring
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Figure 6. Mean spring wind speed difference between SSP5-8.5 and Historical for each model.
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Wind Speed Models: Summer
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Figure 7. Mean summer wind speed difference between SSP5-8.5 and Historical for each model.
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Wind Speed Models: Fall

1.ACCESS-CM2 2. ACCESS-ESM1-5 JAWI-CM-1-1-MR 4.BCC-CSM2MR 5.CAS-ESM2-0 6.CMCC-CM2-SRS

L.
o

0.8
s > 2 00 2 o4 2 <0
Longiuse
11.CanESMS 0.6

M M N » U L) ” »n

Lorghudn Lnglude
19.HadGEM3-GC31-MM  20.INM-CM4-8

Figure 8. Mean fall wind speed difference between SSP5-8.5 and Historical for each model.
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3.1.2 Area Mean Evaluation

An area mean across Missouri was calculated by averaging the wind speed change values
from each model's grid cells. Area means were calculated for both the annual and seasonal wind
speed changes. The area means analysis provides a different perspective on wind speed changes
because one value can represent each model. The single value help quantify the changes
observed from the maps. The annual and seasonal area means were presented as bar charts in
Figure 9 and Figure 10. The annual and seasonal bar charts mostly showed a wide range of
negative and reduced wind speeds. Descriptive statistics were calculated from the area means to
understand the results better. The mean, median, standard deviation, maximum, minimum, and
range can be found in Table 3. The information can be used to compare each season. Notable
results were that winter had the smallest range, spring had the largest maximum, and fall had the

largest minimum.
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Figure 9. Area annual mean wind speed difference of each model. The red line is the ensemble

mean of all the models.
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Wind Speed Seasonal

Winter Spring

1 1
0.8 0.8
- 0.6 - 0.6 1
S 044 G 047
8 8
& 024 8 02
g g °7
5-0.2 5 0.2
204+ 2047
-0.6 -0.6
-0.8 -0.8
F e e e 1 N N A F e e e e N N R A
12345678 91011121314151617181920212223242526272829 1234567 8 91011121314151617181920212223242526272829
Models Models
Summer Fall
1 1
0.8 0.8
5 0.6 5 0.6
5 0.4 5 0.4
8 8
% 0.2 $ 0.2
g 07 g 07
5 0.2 5 0.2
g-OA’ g-OA’
-0.6 -0.6
0.8 1 0.8 1
T e L e e o L B e e e e L s e e e e B BN T e e A e e e e B e e L B e e e s
12345678 91011121314151617181920212223242526272829 1234567 8 91011121314151617181920212223242526272829
Models Models

Figure 10. Area seasonal mean wind speed difference of each model. The red line is the mean of

all the models.

Table 3. Descriptive statistics from the area mean wind speed change of all models.

Winter Spring Summer  Fall  Annual
Mean -0.20  -0.16 -0.12 -0.24  -0.18
Median -0.21 -0.16 -0.13 -0.26  -0.20
Standard Deviation 0.16 0.17 0.14 0.14 0.13
Maximum 0.03 0.25 0.18 -0.02  0.07
Minimum -0.55 -0.56 -0.60 -0.69 -0.50
Range 0.59 0.81 0.78 0.67 0.57

25



3.2 Precipitation Change

3.2.1 Annual and Seasonal Percent Change

Annual and seasonal mean precipitation percent change was the center of the
precipitation change analysis. The precipitation change analysis utilized 25 AOGCMs. The mean
percentage change was calculated between SSP5-8.5 and Historical monthly precipitation data
from each model. Like the wind speed change analysis, the models were averaged to find the
mean annual and seasonal precipitation percentage change. The results were also plotted into
maps to examine the spatial variation and precipitation percent change values.

Figure 11 details the spatial pattern of the ensemble-mean annual precipitation percent
change. The mean annual precipitation percent change is positive across the entire study area,
indicating a generally wetter future. There is a southwest to northeast percent change increase.
The most significant percent change increase was approximately 14 percent, and the smallest
percent change increase was approximately 3 percent. The 25 models’ annual precipitation
percent change are displayed in Figure 12. Over half of the models had a positive percent change
increase across the entire study area. However, a few models describe areas with negative
percent change, such as model 6, indicating a drier future condition. The largest negative percent
change is around 10 percent, while the largest positive percent change is close to 30 percent.

The ensemble-mean seasonal precipitation percent change is presented in Figure 13. The
winter and spring season had all positive percent change, while summer had a mix of high
negative and low positive percent change. Fall had low positive and negative percent change.
The distribution patterns of low and high percent change are slightly different for each season.
Figures 14-17 illustrate the 25 models' seasonal precipitation percent change. Most models
during the winter and spring season had a positive percent change. A few models had a

substantial positive percent change. The summer season, on the hand, had many models with
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negative percent change. Lastly, the models in the fall season had a mix of light positive and

negative percent change.
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Figure 11. Mean annual precipitation percent change between SSP5-8.5 and Historical for each

grid cell.
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PR Models: Annual
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Figure 12. Mean annual precipitation precent change between SSP5-8.5 and Historical for each

model.
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grid cell.
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PR Models: Winter
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PR Models: Spring
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Figure 15. Mean spring precipitation precent change between SSP5-8.5 and Historical for each

model.
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PR Models: Summer
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Figure 16. Mean summer precipitation precent change between SSP5-8.5 and Historical for each

model.
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PR Models: Fall

1.NCAR 2NASA-GISS 3.BCC 4.AS-RCEC 5.UA 50
3 gﬂl goo gw
% %ae %as
- s =3 BR ] - 40
= 3 3 3
46 94 @2 M 96 M4 02 M M 4 02 9 M 4 w2 4 MM M 82 9
Longiude ngchm Langiluce Langlude Langiude
6.CAS 7. ma 8.cmMCcC 9.CSIRO 10.FIO-QLNM 30
R . B
|
L o 20
3%
% M4 a2 05 MM a2 W
Longiude Longhude =l 10
14.MIROC 15.MOHC
glﬂ
g 3 10
” ]
&6 94 92 Q0 H 4 92
Longlude
19.NUIST

48 B84 2 W0 46 4 @ 0

Longiade Langitude
21.CSIRO-ARCCSS  22.CNRM-CERFACS

sl Y sPE 1
46 B4 B2 80 46 84 82 80 S8 84 82 &0 8 M 82
Longiude Longitude Longitude Longhade

Figure 17. Mean fall precipitation precent change between SSP5-8.5 and Historical for each

model.
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3.2.2 Area Mean Evaluation

Area means were calculated for the annual and seasonal precipitation percent change
results by averaging the precipitation percent change values from each model's grid cells. The
maps were suitable for identifying spatial trends. However, the area mean can transform the data
into a single value representing each model, which is helpful for comparison and analysis.
Figures 18 and 19 illustrate the area annual mean and seasonal mean as bar charts. The annual
bar chart had all models with a positive percent change, suggesting an unanimously wetter
projection for the area. The seasonal bar chart had a diverse range of results. The winter and
spring season results all had a positive percent change. The summer season results had a mix of
positive (wetter) and negative (drier) percent changes, while the fall season had a small number
of negative percent changes. The mean, median, standard deviation, maximum, minimum, and
range were calculated for the area mean and can be found in Table 4. Notable results from
statistics were that winter had the largest maximum, spring had the largest mean, and summer

had the largest range.
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Figure 18. Area annual mean precipitation percent change of each model. The red line is the

ensemble mean of all the models.
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Figure 19. Area seasonal mean precipitation percent change of each model. The red line is the

mean of all the models.

Table 4. Descriptive statistics from the area mean precipitation percent change of all models.
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Winter Spring Summer Fall Annual

Mean 18.24 18.77 -3.31 3.64 9.13
Median 18.84 16.03 0.09 2.36 8.69
Standard Deviation 9.61 10.12 11.79 7.38 4.94
Maximum 42.93 38.02 15.59 18.98 18.08
Minimum 2.73 0.44 -28.42 -14.67 0.24
Range 40.20 37.58 44.01 33.65 17.84

3.3 Heatmap Summary

Two heat maps were created to help summarize the wind speed and precipitation change
results. Heat maps are a good summary tool because they condense much information into one
organized figure. The heat maps in this study have the seasons listed as columns and the models
listed as rows. The heat maps can be used to compare model results for individual seasons or to
see the trend of each model across the seasons.

Figure 20 presents the wind speed heat map. The heat map shows most models having a
decrease in wind speed across all seasons ranging from -0.03 to -0.69 meters per second. The
winter, spring, and fall have a mix of increasing and decreasing wind speeds, while in the fall, all
models showed a decrease in wind speed. Model 8 stood out in the heat map because it had wind
speed increasing consistently across most seasons and had the largest increase during spring at
0.25 meters per second. Model 11 also stood out in the heat map because it had a massive wind
speed decrease across most seasons and had the greatest decrease during fall at -0.69 meters per
second.

The precipitation percent change heat map is detailed in Figure 21. Most models in the
heat map have a 0 to 10 percent change. The winter and spring seasons have a larger positive

percent change, while the summer and spring have a mix of positive and negative percent

36



change. The most considerable positive percent change was model 12, with ~43% wetter during
the winter, and the most prominent negative percent change was model 3, with ~-28% dryier in
summer. Most models during the summer season had a negative percent change. However, all
models had a positive percent change annually speaking. The model that stood out in the heat
map was model 4, which had a nearly 33 percent increase in precipitation during the spring and a

-28 percent decrease for the summer, which is a massive shift.
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Figure 20. Heatmap of area means of wind speed difference for each model.
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Figure 21. Heatmap of area means of precipitation percent change for each model.
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CHAPTER 4
RESULTS: EXTREME CHANGE

4.1 Winter Wind Speed Extremes

The threshold used to assess winter wind speed extremes was a 95" percentile threshold.
A unique threshold was calculated using the 95" percentile of the Historical daily wind speed
data. The unique threshold was then utilized to find the number of extreme wind speed days per
year for the SSP5-8.5 future scenario. Then, the difference between the SSP5-8.5 future scenario
and Historical was calculated to examine the change in the number of days per year. Figure 22
first illustrates the calculated unique threshold wind speeds for each model and each grid cell. All
models had a 95" percentile threshold wind speed greater than or equal to 3.5 meters per second.
Most models had a threshold range of 3.5 to 11 meters per second. The threshold values spatially
varied for many models. The greatest threshold wind speed was generally in the northern areas
and was very apparent for models 11, 12, 25, 26, and 27. The 95" percentile days per year
difference results varied across all the models in Figure 23. The days per year results ranged
from -4 to 2. Models 11, 12, 22, and 24 displayed larger negative days per year, while models 1,
19, 20, 21, and 28 displayed positive days per year results. There are mixed results for the winter
wind speed extremes, with some models presenting more extreme windy days while others show
less extreme windy days in the future. Figure 24 shows the ensemble-mean 95" percentile days
per year difference for all the models from Figure 23. It was negative across the entire study area

and had the largest negative value in the southwest of Missouri.
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Figure 22. Historical 95™ percentile winter wind speed for each model grid cell.
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Figure 23. The number of days per year difference between SSP5-8.5 and Historical winter wind

speed by using the 95" percentile Historical wind speeds as a threshold for each model grid cell.
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Figure 24. The ensemble-mean number of days per year difference between SSP5-8.5 and
Historical winter wind speed when using the 95™ percentile Historical wind speeds as a

threshold.
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4.2 Summer Wind speed Extremes

Similarly, a 95" Percentile Threshold was used to examine summer wind speed extremes.
First, the Historical daily wind speed data’s 95" percentile values were used as the unique
threshold values. Next, the change of the number of days per year between SSP5-8.5 and
Historical was calculated using the unique threshold. Then, the change in the number of days per
year was calculated by subtracting the SSP5-8.5 and Historical results. The unique 95" percentile
thresholds of wind speed are first plotted in Figure 25. It ranged between 1.5 and 9.5 meters per
second. Models 25 and 28 had very low wind speed thresholds compared to the other models. A
general pattern among the models was that the western areas had a higher wind speed threshold
than the others. Figure 26 shows the change in the number of days per year between SSP5-8.5
and Historical. As it shows that the change in the number of extremely windy summer days
varies substantially. There tended to be fewer extremely windy days in the northern areas while
more in the southern areas. The range of days per year change was around -4 to 3. The models
that stood out were 7 and 12 because they both had areas with larger negative and positive days
per year results. The average across all the models is detailed in Figure 27. The ensemble-mean
change shows a decrease in the extremely windy days for the entire study area and it is evident
that the most significant decrease was in the north of the region while a slight decrease seen in

the south.
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Figure 25. Historical 95™ percentile summer wind speed for each model grid cell.
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Figure 26. The number of days per year difference between SSP5-8.5 and Historical summer
wind speeds by using the 95" percentile Historical wind speeds as a threshold for each model

grid cell.
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Figure 27. The ensemble-mean number of days per year difference between SSP5-8.5 and

Historical summer wind speeds when using the 95" percentile Historical wind speeds as a

threshold.
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4.3 Winter Precipitation Extremes

The threshold used to assess winter precipitation extreme was a 95" percentile threshold.
The Historical daily precipitation data's 95" percentile values were quantified as the unique
threshold values. The SSP5-8.5 precipitation days per year change was calculated using this
unique threshold. Then, the change in the number of extreme precipitation days was calculated
by subtracting the SSP5-8.5 and Historical results. The spatial patterns of threshold values for
each model are shown in Figure 28, ranging from 5 to 25 mm per day. They are similar across all
models, with the smallest values in the northwest and the largest values in the southeast of the
region. The changes of the number of extreme precipitation days between SSP5-8.5 and
Historical is presented in Figure 29. All the models have very different spatial patterns. It shows
that most models have a general increase of extreme days across the whole region, except models
1, 3, 4, and 16, with a sizable decrease in certain areas. The largest increase was about four days
per year, almost doubling the number of extreme precipitation days in Historical, while the
largest decrease was around -1.5 days per year. Figure 30 shows the ensemble mean of the

change, with an increase across the whole region.
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Figure 28. Historical 95" percentile winter precipitation for each model grid cell.
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Figure 29. The number of days per year difference between SSP5-8.5 and Historical winter

precipitation by using the 95" percentile Historical winter precipitation as a threshold for each

model grid cell.
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Figure 30. The ensemble-mean of the number of days per year difference between Historical and

SSP5-8.5 winter precipitation when using the 95" percentile Historical winter precipitation as a

threshold.
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4.4 Summer Precipitation Extremes

A 95" percentile threshold was used to examine summer precipitation extremes. First, a
unique threshold was calculated using the 95 percentile of the Historical summer daily
precipitation data. The unique threshold was then utilized to find the number of summer extreme
precipitation days for the SSP5-8.5. Then, the difference between SSP5-8.5 and Historical was
calculated to examine the changes. The thresholds calculated from the summer Historical data
can be found in Figure 31. The threshold values varied from 2.5 to 25 mm per day. A varying
spatial pattern is observed across all the models. Figure 32 illustrates the change in the number of
summer extreme precipitation days. A majority of the models show generally reduced number of
extreme days, while a few shows a mixture of increase and reduction. The change of number of
days ranged from -4 to 4 days per year. Models 3, 4, 13, and 15 stood out in the figure with the
entire study area all negative values. The ensemble-mean difference for the summer precipitation
extremes is further explored in Figure 33. It shows mostly negative values except the southeast
corner of the region, indicating the generally reduced number of extreme precipitation in

summer.
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Figure 31. Historical 95™ percentile summer precipitation for each model grid cell.
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Figure 32. The number of days per year difference between SSP5-8.5 and Historical summer

precipitation by using the 95 percentile Historical summer precipitation as a threshold for each

model grid cell.
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Figure 33. The ensemble-mean of the number of days per year difference between Historical and
SSP5-8.5 summer precipitation when using the 95" percentile Historical summer precipitation as

a threshold.
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CHAPTER 5
DISCUSSION AND CONCLUSION
5.1 Annual and Seasonal Wind Speed Change and Its Impacts on Broadband Infrastructure

With the analysis of the CMIP6 global climate model simulations, we found a general
decrease in the annual-mean wind speed in Missouri by the end of the 21% century in the
business-as-usual greenhouse gas emissions scenario compared to the baseline. Most climate
models show the most significant wind speed decrease in the northern areas of Missouri. The
models that show increases in wind speed tend to be in the south and southwest of the state. The
model-to-model disagreements indicate there are some uncertainties across the models’
projections in the future. Analysis of the state average shows that wind speed decreases across
almost all models with an ensemble-mean decrease of 0.18 meters per second with a standard
deviation of 0.13 meters per second (Table 3).

Further analysis of the seasonal-mean wind speed change presents a more significant
wind speed decrease, especially in the northern parts of Missouri in the winter and fall seasons.
During the winter and fall seasons, nearly all of the models show a decrease in wind speed, while
the spring and summer show a mix of models with an increased or decreased wind speed. In the
spring and summer seasons, some models show an increase in wind speed, particularly to the
southwest of the region. The results show a seasonal dependence of the changes in the surface
wind speed. The area means' statistics in Table 3 and the bar charts in Figure 10 continued to
support that the winter and spring seasons have the greatest mean and median wind speed
decrease. On the other hand, the spring and summer season's area mean had the greatest wind
speed increase maximums and range. The seasonal area means described Missouri as having a

greater wind speed decrease during the winter and fall seasons, while the spring and summer
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seasons are expected to have greater potential for wind speed increases. These results are also
consistent with the heatmap in Figure 20. The annual and seasonal maps and area mean analysis
provided reasonable evidence that wind speeds will decrease across Missouri during most
seasons and not be exceptionally threatening to broadband infrastructure. However, there are still
some uncertainties due to the model disagreements.

5.2 Annual and Seasonal Precipitation Percent Change and Its Impacts on Broadband
Infrastructure

Analysis of the annual precipitation percentage change shows an increase across the
region, suggesting a wetter Missouri in the future. The largest ensemble-mean percentage
increase is seen in the eastern areas of Missouri. This is partially due to the fact that some models
simulate a precipitation decrease in the western areas of Missouri, which cancels off the
simulated increase in precipitation by other models. However, the negative percent change
observed in certain areas was minor, and the overall consensus of models shows an increase in
precipitation, with the ensemble-mean area-mean percentage increase being more than 9%
(Figure 18 and Table 4). It’s noteworthy that the annual area mean from our study is consistent
with the IPPC’s projected precipitation increase over land (Lee et al. 2021).

The seasonal precipitation percent change analysis further found a substantial increase in
precipitation, especially in the northern parts of Missouri during the winter and spring, a
noticeable decrease during the summer, and a slight increase during the fall. The winter, spring,
and summer mean percent change maps also had more of a south-to-north spatial pattern that
differed from the annual percent change. Individual models for each season had a wide variety of
spatial patterns (Figure 14-17) and area-mean percent change values (Figures 19 and 21). All the

models’ area means were in agreement during the winter and spring seasons that precipitation
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would increase with an ensemble-mean value of more than 18% for both seasons, while the
summer season had many models that substantially disagreed on whether precipitation would
increase or decrease, yielding to an ensemble-mean value of over 3% decrease. The fall season
results had most models agreeing that a slight precipitation increase (nearly 4%) would occur.
The precipitation percent change varies significantly, depending on seasons. The annual, winter,
and spring see large increases in precipitation, corresponding to a wetter future in Missouri,
while the summer shows a potentially drier future. The substantial increase (over 18%) in
total precipitation and potential surface flooding during the winter and spring may
threaten broadband infrastructure.
5.3 Winter and Summer Wind Speed Extremes

Investigation of the frequency of wintertime extremely windy days first revolved around
a threshold to define an extreme. An objective 95" percentile wind speed threshold in winter
season was chosen and applied to the daily surface wind speed data to quantify the changes in
the number of extreme windy days between the SSP5-8.5 and Historical data. The winter wind
speed thresholds displayed large spatial inhomogeneity and huge model-to-model discrepancy,
which was further shown in the change of extreme windy days. More than two thirds of the
models predict a decrease in the number of strong windy days while the rest nearly one third of
the models predict an increase throughout Missouri. The ensemble-mean yielded to a general
decrease in the number of strong windy days and the greatest decrease was seen in the southeast
part of Missouri. Winter extremely windy days are predicted to potentially decrease, thus are not
a major risk to broadband infrastructure though some models do show an increase across the

whole state.
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A similar analysis was applied to the examination of the frequency of summertime
extremely windy days. A 95" percentile threshold was first calculated for summer months and
then used to identify the change in the number of extremely windy days between the Historical
and SSP5-8.5 data during the summer. The calculated summer threshold values were generally
lower but had a slightly larger cross-model range than the winter ones. Model-to-model
disagreements in the extreme changes revealed similarly mixed results to the winter season.
However, the summer season showed a greater cross-model range of the change, mainly because
some models predict a larger increase in the number of extremely windy days. For those models
showing an increase, there is also a common spatial pattern with increases in the south and
decreases in the north of Missouri. This pattern likely explains the meridional contrast in the
ensemble-mean change, with greater decreases in the north compared to the south.

In conclusion, most models showed winter and summer extremely windy days decreasing
across the whole of Missouri. It suggests that extremely windy speed events might not be a major
threat to broadband infrastructure. However, our results found that there are models showing a
substantial increase in extremely windy days in parts of Missouri, suggesting extremely windy
days likely happen more frequently in these areas in the future. We found summer season has a
greater potential for increased extremely windy days than the winter season, leading to
potentially larger negative impacts on broadband infrastructure.

5.4 Winter and Summer Precipitation Extremes

Winter and summer daily precipitation extremes were explored using the objective 95™
percentile threshold, which roughly corresponds to the daily precipitation of the wettest 5 days of
each season. First, the precipitation threshold values were calculated from the Historical data’s

distribution for each season. Then the thresholds were used to identify the difference in the
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number of days per year between the SSP5-8.5 scenario and Historical data for each season
individually. The calculated winter precipitation 95" percentile threshold presented a consistent
spatial pattern across all the models, largest values seen in the southeast regions of Missouri. The
extreme changes from the Historical to the SSP5-8.5 scenario displayed a nearly unanimous
increase almost everywhere and in nearly all models, with the number of extreme precipitation
days nearly doubled in some models. The ensemble-mean change showed that the increase could
be as large as 2 more days per season, equivalent to a nearly 50% increase compared to the
baseline.

The calculated summer 95" percentile threshold values showed a large spatial
inhomogeneity across all the models, suggesting a larger model-to-model uncertainty in
simulated summer precipitation amounts. The changes to the extreme days from the Historical to
the SSP5-8.5 scenario show that most models predict decreased days of extreme precipitation
while only a few models predict more extreme days. This leads to decreased numbers of extreme
precipitation days nearly everywhere in Missouri except for the southeast tip.

In conclusion, the results from the extreme precipitation analysis found that Missouri is
expected to experience an increase in extreme precipitation events during the winter season
while a decrease in extreme precipitation events during the summer season. The results also
show a greater model agreement for winter than summer. During the winter seasons, the
increase in the number of extreme precipitation events could likely increase the
vulnerability of the broadband infrastructure, which is likely more resilient in the summer
seasons.

5.5 Conclusions
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Climate change and its adverse impacts are growing threats to Missouri and its civil
infrastructure. Researchers have developed climate models to help predict future climate to help
prepare and plan for future impacts. This study investigated nowadays available global climate
models to examine the four potential climate change signals for the Missouri region during the
end of the century in a business-as-usual greenhouse gas emissions scenario. The four climate
change signals were climatological wind speed and precipitation change and the frequency
change of extremely windy days and extreme precipitation events. The AOGCMs provided
Historical and SSP5-8.5 scenario data that was analyzed to evaluate the four signals. The results
from the mean change analysis found a decrease in wind speed annually and across all seasons,
while precipitation increases annually and for all seasons except for the summer for most models
analyzed. In addition, extremely windy events likely generally decreased in winter and summer,
while extreme precipitation events increased during the winter and decreased in the summer. The
results indicate that Missouri’s broadband infrastructure is at a greater risk of
precipitation change, extreme precipitation events, and potential surface flooding
compared to the changes in the surface wind speed.

A caveat of this study was the use of only one future greenhouse gas emissions scenario,
while the IPCC ARG proposed a handful of core various scenarios. The future scenario used in
this study is considered the worst-case emissions scenario. However, the future is uncertain, and
the selected scenario in this study might not reflect future conditions best. CMIP6 provides many
different scenarios that could be explored in future research to examine the wider range and
larger uncertainty of mean climate change and extreme change. Further research could also focus
on developing a regional climate downscaling framework to study the regional climate and

climate change on a finer spatial scale.
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