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ABSTRACT 

RACHEL MAYA ROBINSON. Constraining the Northern Hemisphere Mid-Latitude Jet 
Response to Climate Change Using the Difference Between Arctic and Subtropical 

Warming 
(Under the direction of DR. JACOB SCHEFF) 

Greenhouse gases’ continuously increasing emissions have a variety of 

implications for the future of our climate patterns. This includes potential changes in the 

northern hemisphere jet strength and location, which are influenced by the warming in 

the subtropics and the Arctic. Many climate models disagree on the northern jet response 

to climate change. Some predict a strengthened jet with a poleward shift in response to 

increased subtropical warming, and others predict a weakened jet with an equatorward 

shift in response to increased Arctic warming. This results in the “tug-of-war” hypothesis, 

which states that whichever part of the atmosphere, the subtropics or the Arctic, “wins” 

the tug-of-war by warming more will control the future jet response. This study applies 

the newer Coupled Model Intercomparison Project Phase 6 (CMIP6) simulations to 

replicate previous analysis that used the correlation of the difference between upper-

tropospheric subtropical warming and Arctic warming with zonal wind speed to predict 

models’ future jet response. This study also furthers previous research by comparing 

reanalysis and microwave sounding unit (MSU) observations over the satellite era to the 

historical CMIP6 output to determine how well individual models capture the recent 

historical trends in Arctic minus subtropical warming and the change in jet speed. By 

understanding how each model performs over the satellite era, the validity of their 

warming and jet response is determined, illuminating the models that are more 

trustworthy and allowing predictions of the future jet response to be refined. 
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The findings of this study show that CMIP6 follows the same pattern as previous 

research, further showing that the Arctic minus subtropical warming difference and the 

zonal wind change are strongly correlated, and the warming difference is useful as a 

predictor of future jet response. Repeating this analysis over the satellite era from 1980-

2014 shows the correlation exists over recent modeled history as well. The CMIP6 

historical simulations are capturing the recent trends in the warming difference between 

the Arctic and the subtropics better than earlier CMIP generations. However, they still 

fail to capture the magnitude of this difference by continuing to underestimate the 

warming in the Arctic. Comparing the historical simulations to reanalysis output and 

satellite MSU data allows us to discard 8 out of 45 models based on the methods of this 

study. With so few of the models discarded, this further emphasizes that the models 

appear to be performing better than they were before. However, many of the same models 

that show increased warming in the Arctic over the satellite era still tend to produce more 

warming in the tropics and subtropics in the future, suggesting that a future where the 

tropics win the tug-of-war may be consistent with the current trends that the Arctic is 

winning the tug-of-war. 
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CHAPTER ONE: INTRODUCTION AND BACKGROUND 

 

The Northern Hemisphere mid-latitude jet stream is driven in large part by the 

equator-pole temperature gradient and is responsible for the extratropical cyclones that 

provide essential precipitation to the mid-latitudes and drive heat, momentum, and 

moisture transport throughout the atmosphere (Harvey et al. 2015). However, these 

cyclones often generate extreme weather events as well, such as winter storms, floods, 

droughts, heat or cold waves, and severe outbreaks. Indisputably, the strength and 

location of the jet are anticipated to change in a warmed climate, but how these changes 

will manifest is not well defined. Due to the jet’s high impact on mid-latitude weather, 

understanding the future jet response is crucial (Francis and Vavrus 2015, Francis 2017, 

Matsumura 2019). 

A few possible responses of the jet to climate change have been found throughout 

climate model studies. One response is a poleward shift of the jet, with a similar shift of 

the mid-latitude storm track (Butler et al. 2010, Ceppi and Hartmann 2016, Deser et al. 

2015, Yim et al. 2016, Shaw and Tan 2018, Peings et al. 2018). This response is often 

associated with an increase in zonal wind speed, resulting in a less wavy jet pattern. The 

poleward shift, increase in jet strength, and decrease in waviness are also signatures of a 

positive North Atlantic Oscillation (NAO)/Arctic Oscillation (AO) (Feldstein and Lee 

2014). 

In contrast, another response of the jet to climate change is an equatorward shift 

of the jet and mid-latitude storm track (Butler et al. 2010; Barnes and Polvani 2015; 

Deser et al. 2015; Ceppi and Hartmann 2016; Yim et al. 2016; Shaw and Tan 2018; 
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Peings et al. 2018). As expected, this response exhibits features opposite to those 

mentioned above. In accordance with a negative NAO/AO, it is accompanied by a 

decrease in zonal wind speed, leading to a wavier jet pattern (Feldstein and Lee 2014; 

Barnes and Polvani 2015, Francis and Vavrus 2015). 

The poleward shift and strengthening of the mid-latitude jet have been attributed 

to increased warming aloft in the tropical upper troposphere (Butler et al. 2010; Ceppi 

and Hartmann 2016; Deser et al. 2015; Yim et al. 2016; Shaw and Tan 2018; Peings et al. 

2018), though Shaw and Tan (2018) found the subtropical upper troposphere plays a 

larger role than the tropics. Lower-stratospheric cooling in the Arctic has also been 

shown to cause a poleward shift of the jet (Butler et al. 2010; Deser et al. 2015; Yim et al. 

2016; Shaw and Tan 2018; Peings et al. 2018). Conversely, the equatorward shift and 

weakening of the mid-latitude jet has been attributed to increased warming near the 

Arctic surface (Butler et al. 2010; Barnes and Polvani 2015; Deser et al. 2015; Ceppi and 

Hartmann 2016; Yim et al. 2016; Shaw and Tan 2018; Peings et al. 2018). This increased 

warming in relation to the rest of the planet is known as Arctic Amplification (Francis 

and Vavrus 2012). 

The waviness of the jet, its link to Arctic Amplification, and its effect on mid-

latitude weather are points of contention among the climate science community. As noted 

above, Arctic Amplification is thought to drive the equatorward shift and weakening of 

the jet. Some studies have shown that this scenario increases the waviness of the jet. This 

causes increased blocking events which lead to an increasing number of prolonged 

extreme weather events in the mid-latitudes. The opposite scenario caused by increased 

tropical warming would result in a less wavy jet, with less blocking events to incite 
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extreme weather (Barnes and Screen 2015, Coumou et al. 2014, Francis and Vavrus 

2012). However, some studies such as Trenberth et al. (2014) have not found evidence of 

a robust connection between Arctic Amplification and mid-latitude weather. Various 

studies have found that Arctic Amplification actually has the opposite effect on mid-

latitude weather, decreasing chances of extreme events, particularly in the winter 

(Wallace et al. 2014, Schneider et al. 2014, Screen 2014, Screen et al. 2014). Other 

studies determined that the apparent connection between Arctic Amplification and mid-

latitude weather cannot be distinguished from internal variability (Barnes et al. 2014, Sun 

et al. 2016, Screen et al. 2018, Staten et al. 2018). Though the equatorward (poleward) 

shift and weakening (strengthening) of the jet is often associated with a negative 

(positive) NAO, Hassanzadeh and Kuang (2015) caution against using the phase of the 

NAO to determine trends in the waviness of the jet due to Arctic Amplification. They 

warn that the link between the phase of the NAO and atmospheric blocking is still not 

well understood and should not be mistaken for a causal relationship. 

The balance between the warming of the tropical upper troposphere and the Arctic 

lower troposphere is the premise of the tug-of-war hypothesis. It states that whichever 

part of the atmosphere warms more in the future, the tropical upper troposphere or the 

Arctic lower troposphere, should determine the future jet response. With both jet 

responses having different possible effects on the weather, the tug-of-war hypothesis has 

significant implications for the future of mid-latitude weather patterns. Thus, accurately 

projecting the future jet change in climate models is important for our understanding of 

the effects of climate change on mid-latitude weather. However, there is evidence that the 

behavior of the jet in climate models is at odds with observations. Most climate models 
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project a jet shift consistent with the tropics warming more (Yin 2005, Butler et al. 2010, 

Delcambre et al. 2013, Lorenz 2014, Lachmy and Shaw 2018, Screen et al. 2018), but 

observational studies indicate that the Arctic may be warming more (Graversen et al. 

2008, Santer et al. 2013, Feldstein and Lee 2014, Francis and Vavrus 2015, Manney and 

Hegglin 2018, Santer et al. 2018). 

Most model-based studies find a poleward shift and/or strengthening of the jet in 

response to climate change, associated with the tropics winning the tug-of-war. As an 

early example, Yin (2005) examined storm tracks in 15 coupled climate models. Storm 

tracks were found to shift poleward, typically coinciding with a poleward shift in 

momentum flux convergence that should result in a similar shift in the jet. Lorenz and 

DeWeaver (2007) found a strengthening and poleward shift of the jet in the models 

prepared for the Intergovernmental Panel on Climate Change Fourth Assessment Report. 

They found a similar jet response in a simple general circulation model (GCM) after 

increasing the height of the tropopause. More recently, Barnes and Polvani (2013) 

investigated the changes in jet position, speed, and variability using 26 models from 

phase 5 of the Coupled Model Intercomparison Project (CMIP5). They found a 

1˚ poleward shift in the Northern Hemisphere jets, but little change in the jet speed. 

Variability in jet speed and wobbling changes as the jet shifts poleward, but the changes 

are region dependent. In modeling the impact of cloud radiative effects on the future jet, 

both Ceppi and Hartmann (2016) and Li et al. (2019) ran simulations of a future climate 

that produced a poleward shift in the jet, which was strengthened by the inclusion of 

cloud radiative effects. Harvey et al. (2020) compared the response of the jet to climate 
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change in CMIP3, CMIP5, and CMIP6, showing that they all exhibit a similar poleward 

shift in the jet. 

However, studies based on observations and reanalysis of the satellite era reveal 

evidence that the Arctic may be winning the tug-of-war. Feldstein and Lee (2014) noted 

that the AO had been positive for about 20 years prior to the 1990’s, consistent with the 

tropics warming more. After that, the AO started to decline, finally becoming negative 

around 2010 which is consistent with the Arctic warming more. This coincided with a 

sharp decline in sea ice, a significant driver of the Arctic Amplification that is 

hypothesized to cause the equatorward shift in the jet stream (Feldstein and Lee 2014, 

Francis and Vavrus 2015). Manney and Hegglin (2018) analyzed jet changes for 1980-

2014 in five different reanalyses. They found an equatorward shift and weakening of the 

mid-latitude jet, though the speed was seasonally and regionally dependent. These results 

are consistent across the reanalyses, indicating the trends are robust. 

The discussion surrounding the competition between the Arctic and the tropics 

has focused specifically on the warming of the Arctic near the surface and of the upper 

troposphere in the tropics. The Arctic upper troposphere is typically not considered, as 

most of the warming in the Arctic occurs near the surface (Lorenz 2014, Barnes and 

Screen 2015, Matsumura et al. 2019). However, some other reanalysis and observational 

based studies indicate that the Arctic upper troposphere is also warming significantly. 

Graversen et al. (2008) used the ERA-40 reanalysis to analyze the vertical structure of 

warming in the Arctic and found warming throughout the depth of the Arctic troposphere. 

The warming throughout the Arctic troposphere is generally larger than the warming in 

the lower latitudes in most seasons. However, this study is controversial because ERA-40 
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can not necessarily be applied for climate reanalysis (Thorne 2008). Santer et al. (2013, 

2018) use microwave sounding unit (MSU) data that shows greater warming in the mid to 

upper tropospheric Arctic over the satellite era than the tropical upper troposphere. 

Additionally, both studies show that most CMIP5 models overestimate tropical warming 

and underestimate Arctic warming in the mid to upper troposphere compared to the MSU 

data. Jansen et al. (2020) compared various Representative Concentration Pathways 

(RCP’s) from CMIP5 – RCP2.5, RCP4.5, and RCP8.5 – to ERA-Interim, and found the 

models largely fail to capture the abrupt Arctic warming of recent decades, with RCP8.5 

performing better than the other two RCP’s. Though this study focuses on the Arctic 

surface instead of the Arctic upper troposphere, it provides additional evidence that the 

models and observations disagree. 

Additionally, while the multi-model means of the climate model-based studies 

tend to produce a poleward shift and strengthening of the jet, individual models have 

been shown to produce a wide variety of jet response patterns (Yim et al. 2016). Several 

studies have utilized the tug-of-war framework to understand differences in the jet 

response between different climate models. Barnes and Polvani (2015) analyzed output 

from 27 CMIP5 RCP8.5 models and found a -0.7 correlation between Arctic 

Amplification and zonal wind change in the winter, and an even stronger correlation of 

almost -1 from May to August. This shows that stronger Arctic Amplification would lead 

to weaker zonal winds, which is consistent with the tug-of-war framework. Yim et al. 

(2016) used 34 CMIP5 RCP4.5 models to highlight the difference in jet response between 

models. This study found an equatorward shift in the jet when there was stronger 

warming at the Arctic surface, and a poleward shift when the upper tropical troposphere 
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warmed more, again compatible with the tug-of-war idea. Using 36 CMIP5 historical and 

RCP8.5 climate models as well as 40 ensemble members from the Community Earth 

System Model Large Ensemble (CESM-LENS), Peings et al. (2018) also found results 

that support the tug-of-war framework. Most significantly, they found a strong 

correlation of 0.84 between the change in the zonal index (ZON) with global warming, 

where ZON is used to indicate jet strength, and the “ratio between upper- troposphere 

tropical and Arctic warming (RUTAW)” (Peings et al. 2018). The correlation between 

ZON and RUTAW offers the benefit of being able to qualitatively predict the jet response 

in climate models. 

Golden (2020) used output from 42 RCP8.5 and historical simulations from 

CMIP5. This study further refined the metric developed by Peings et al. (2018) and 

incorporated historical simulations to determine if the correlation exists over the modeled 

satellite era as well. This also sets up the possibility of comparing observations to the 

modeled satellite era to determine if any models can be ruled out due to inaccurate 

representations of reality. While Peings et al. (2018) computed a warming ratio between 

the Arctic and the tropics, Golden (2020) instead subtracted the subtropical warming 

from the Arctic warming. This alternative method was chosen to improve the original 

metric by Peings et al. (2018), as it specifies the magnitude of the warming and jet 

response. Golden (2020) computed the inter-model correlation between the Arctic minus 

subtropical warming and the zonal wind change over the future era and found a very 

strong, statistically significant correlation of around -0.92, compared to the 0.84 

correlation found by Peings et al. (2018). Many combinations of latitude-pressure boxes 

for the Arctic, subtropics, and zonal wind were tested to find the most highly correlated 
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grouping. As noted above, the focus of the competition between the Arctic and the tropics 

is usually on the warming of the Arctic near the surface and of the upper troposphere in 

the tropics. However, Golden (2020) found that the highest correlation resulted from 

Arctic and subtropical boxes that extend from 850mb-300mb and 850mb-200mb, 

respectively. This implies that the warming throughout the depth of the free troposphere 

in both regions plays an important role in driving the latitudinal shift of the jet, instead of 

only the upper troposphere in the tropics and the lower troposphere in the Arctic. This 

increases the relevance of the recent observational and reanalysis-based studies that show 

the Arctic upper troposphere may be warming more rapidly than the tropics. Golden 

(2020) also computed the correlation between the Arctic minus subtropical warming and 

the zonal wind change over the modeled satellite era, which resulted in a weaker, but still 

statistically significant, correlation of -0.79. This correlation was produced with a slightly 

different Arctic box that starts in the mid-troposphere and extends to the upper 

troposphere instead of including the entire Arctic free troposphere, though the original 

box combination produced a similar correlation of -0.76. 

Given the apparent disagreement between climate models and observations, as 

well as the disagreement between individual models, there is significant motivation to 

study the relationship between Arctic warming, tropical warming, and the mid-latitude 

jet. The studies so far have all used older versions of CMIP. The most recent iteration, 

CMIP6, is now publicly available (Eyring et al. 2016) and offers the opportunity to 

further the work of Golden (2020) and prior studies using a suite of state-of-the-art 

climate models. This new set of models will help us answer a variety of questions. Does 

the significant relationship between Arctic and subtropical warming and zonal wind 
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found by Golden (2020) hold in CMIP6 future and historical climate projections, and if 

so, is it stronger or weaker? Are climate models accurately capturing the satellite era mid-

latitude jet change and warming pattern? Given the utility of the correlation between the 

Arctic minus subtropical warming and zonal wind change as a predictor of the future jet 

response, the goal is to use this relationship to determine if a model is useful or not. This 

objective is driven by the apparent disagreement between the models, which have tended 

to produce stronger tropical warming, and the observations, which indicate the Arctic 

may be warming more than the tropics. By comparing the ensemble members in a 

models’ historical simulations to observations, models can be ruled out based on how 

well they match the observations.
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CHAPTER TWO: DATASET 

 

a) Future Era 

The data used for the first part of this study are 45 climate models from Phase 6 of 

the Coupled Model for Intercomparison Project (CMIP6) (Eyring et al. 2016). CMIP6 has 

a wide selection of model output that is organized into activities, two of which were 

considered for this study, CMIP and ScenarioMIP. From CMIP, we considered using the 

idealized 1pctCO2 and abrupt4xCO2. The 1pctCO2 model experiments are forced by a 

1% per year increase in CO2 for 150 years leading to a gradual quadrupling of CO2, 

while the abrupt4xCO2 experiments are forced by abruptly quadrupling CO2. The 

gradual forcing of the 1pctCO2 experiment is more realistic compared to the dramatic 

forcing used in the abrupt4xCO2 experiments. ScenarioMIP includes various even more 

realistic experiments with different levels of CO2 forcing (comparable to the RCP 

emissions scenarios of previous CMIP models) but has fewer available models than either 

of the CMIP experiments. Therefore, the 1pctCO2 experiment was chosen for its number 

of available models, as well as its more realistic, though idealized, forcing. By the end of 

the 150-year 1pctCO2 simulations, CO2 concentration has quadrupled, resulting in an 

average planetary temperature that is several degrees Celsius warmer than today’s 

average. Only the first ensemble member of each model is used for this study because 

Golden (2020) found the other ensemble members’ behaviors to be nearly identical to the 

first for the RCP8.5 simulations. A comparison of the first ensemble member of 

HadGEM3-GC31-LL and CNRM-ESM2-1 to their respective additional ensemble 
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members showed this to be a reasonable assumption for CMIP6 as well. The names of the 

models used for this study can be found in Table 1. 

The variables analyzed in this study are the monthly air temperature (K) and zonal 

wind (m/s) on pressure levels, and a control and future period is identified for each 

variable. The control period is defined as model years 1 through 30 for each variable. The 

future period is defined as model years 121 through 150 for each variable. By the 150th 

year of the model, the CO2 concentration has quadrupled, and the average planetary 

temperature is several degrees Celsius warmer than that of years 1 through 30. 

b) Satellite Era 

The second part of this study uses the historical simulations from the same 45 

models that were used for the future portion. Data for these simulations begin no later 

than 1979, though some start as far back as 1850, and they all end in 2014. This could be 

extended to 2019 using output from other simulations, but this study will only extend to 

2014 due to time constraints. Unlike the 1pctCO2 simulations, multiple ensemble 

members are included where available to help account for internal variability, due to the 

smaller signal-to-noise ratio in the satellite era. There are 469 total ensemble members 

across 45 models included in this part of the study. The number of ensemble members for 

each models’ historical simulations is also listed in Table 1. Again, the variables analyzed 

are the monthly temperature (K) and zonal wind (m/s), with a past and present period for 

each variable. Currently, only the data from 1980-2014 is considered. Starting in 1980 

instead of 1979 allows for a more direct comparison with the reanalysis output later in 

this study, since output for MERRA-2 is only available starting in 1980. The historical 

simulation data is then halved into two 18-year segments to obtain the past (1980-1997) 
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and present (1997-2014) periods. It should be noted that due to the odd number of years 

there is one year of overlap between the time periods, with 1997 occurring in both. 

c) Observations 

The final two parts of this study use temperature and zonal wind output from six 

state-of-the-art global reanalyses (listed in Table 2), as well as Microwave Sounding Unit 

(MSU) data on free tropospheric temperature. The analysis of MSU data requires two 

datasets for a direct comparison to CMIP6 because MSU data is not output by models. 

The first dataset is the observational MSU satellite data, which shows tropospheric 

temperature observations for 1979-2019. This consists of data originating from over a 

dozen satellites, provided by Po-Chedley et al. (2021), that have been spliced together 

and interpreted by three different groups: Remote Sensing Systems, the National Oceanic 

and Atmospheric Administration (NOAA) Center for Satellite Applications and 

Research, and the University of Alabama at Huntsville (Po-Chedley et al. 2015, Spencer 

et al. 2017, Mears and Wentz, 2016). The second dataset is synthetic MSU data for the 

same time frame, developed by Po-Chedley et al. (2021). While the first dataset 

corresponds to observations of the real atmosphere, the synthetic dataset shows what a 

satellite would have observed in the atmosphere simulated by a CMIP6 climate model. 

There is synthetic MSU data for all of the CMIP6 models used in the previous two 

sections, except for IITM-ESM. The number of ensemble members for each model’s 

synthetic MSU data is also listed in Table 1. For a more direct comparison to the CMIP6 

analyses, only 1980-2014 will be considered. 

Additionally, MSU instruments do not measure temperature at specific pressure 

levels. Instead, they have vertical channels that measure temperature in larger sections of 
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the atmosphere. There are many MSU channels to choose from and using two different 

channels for the Arctic and subtropics was considered. However, Golden (2020) found 

that the warming throughout the depth of the free troposphere in both the Arctic and the 

subtropics is significant for the jet response, so a single channel called TMT (the 

temperature of the mid-troposphere) was chosen for both. This channel aligns most 

closely with the pressure levels used in this study because it focuses on the mid to upper 

troposphere. 

However, TMT includes some influence from stratospheric cooling that leads to a 

low bias in long-term trends. To account for this, Fu et al. (2011) implemented a 

weighting function to remove stratospheric contamination in the upper troposphere. This 

stratosphere-corrected TMT is also known as T24 or TTT, and the weighting function 

defined by Fu et al. (2011) for this channel can be found in Figure 1. This function was 

created by subtracting a portion of the lower-stratospheric temperature channel (TLS) 

from TMT. The most used formula for this function uses different coefficients in the 

Arctic than the tropics due to the lower height of the tropopause in the extratropics. The 

coefficients switch at 30 N/S, which results in a discontinuity that occurs in the region 

defined as the subtropics in this study (20 N to 40 N). This formula is known in the MSU 

community as tf2. To avoid this discontinuity, a slightly different weighting function is 

used for this study. Instead of switching from tropical to Arctic coefficients, the 

alternative weighting function used for this study employs only the tropical coefficients 

for the entire globe. This method is known as tf1. A weighting function that switches the 

coefficients at 40 N/S instead of 30 N/S was also considered (named “tf3”) but was less 

useful than using the tropical coefficients globally (tf1). Data for tf1, tf2, and tf3 for both 
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the observational MSU temperature and the synthetic MSU temperature are provided by 

Stephen Po-Chedley of Lawrence Livermore National Laboratory (Po-Chedley, pers. 

comm., 2021).  
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CHAPTER THREE: METHODS 

 

a) Future Era 

As in Golden (2020) and similar to Yim et al. (2016), the first step of this study is 

to calculate the zonal wind change and temperature change between the control and 

future period for the 1pctCO2 simulations. The first and last 30 years (years 1-30 and 

121-150, respectively) yield two separate variables for temperature, control and future. 

The zonal and time means are then calculated for both the control and future periods. The 

change in temperature is found by subtracting the control period from the future period. 

The same process of separating the variables and calculating the differences is then 

performed with the first and last 30 years of the zonal wind data from each model to 

produce the zonal wind change. This process is repeated for each of the 45 1pctCO2 

model runs, resulting in 45 sets of zonally and yearly averaged temperature and zonal 

wind variables. This results in two latitude-pressure plots per model that show the 

difference in the zonal wind and the temperature between the control and future period 

(Figures 2 through 11). 

For the next part of the study, the general location of the tropics, Arctic, and mid-

latitude jet must be defined. This is done by defining a latitude-pressure box for each 

variable, resulting in three latitude-pressure boxes. Golden (2020) tested various 

combinations of latitude-pressure boxes and found the boxes that will be used in this 

study to be the most highly correlated. The latitude-pressure box for the zonal wind 

difference extends from 30˚N to 70˚N and 1000mb to 200mb. For the Arctic temperature 

difference, the latitude-pressure box extends from 60˚N to 90˚N and 850mb to 300mb. 
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Finally, the latitude-pressure box for the tropical temperature difference extends from 

20˚N to 40˚N and 850mb to 200mb. Golden (2020) chose this latitude range for the 

tropics based on Shaw and Tan (2018), which found that the jet is more sensitive to 

subtropical warming than tropical. A visual of each of these boxes can be found in 

Figures 12 and 13. 

Once the tropics, Arctic, and mid-latitude jet have been defined, two variables 

must be created from the 45 sets of temperature and zonal wind change to use in the 

correlation analysis. The mean is first calculated over all three latitude-pressure boxes for 

each model to get a subtropical warming mean, an Arctic warming mean, and a zonal 

wind change mean. Then, the subtropical warming mean is subtracted from the Arctic 

warming mean to get the Arctic-subtropical warming difference. The result is two 

variables, Arctic-subtropical warming difference and zonal wind change, that each 

contain 45 values, which are then used for the correlation analysis to determine if the 

difference in warming between the Arctic and the subtropics can be used to predict the 

future jet response. The scatterplot for this correlation as well as the accompanying 

statistics can be found in Figure 14. 

b) Satellite Era 

The above process is repeated for the historical simulations of the satellite era. 

The only differences are the use of 18-year segments for the past and present (1980-1997 

and 1997-2014, respectively), instead of the 30-year segments used in the future period, 

and the creation of two variables with 469 values instead of 45, which correspond to the 

number of ensemble members. Additionally, the correlation analysis is done twice – first 

with only the first run of each model, as a more direct comparison to the future era 
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correlation, and second with all ensemble members included. The inclusion of multiple 

ensemble members provides insight into how each model’s ensemble is capturing the past 

changes in warming and the jet and helps account for internal variability. This lays the 

groundwork for comparison with observations to determine if some models can be ruled 

out with respect to their jet response to warming. Latitude-pressure plots for the first 

ensemble member of each model are shown in Figures 15 through 24, and the scatterplot 

for both correlation analyses can be found in Figures 25 and 26. The warming difference 

for the historical era is also plotted against the 1pctCO2 warming difference, and the 

historical zonal wind change is plotted against the 1pctCO2 zonal wind change. This 

allows for a comparison of how the models are portraying the temperature difference and 

the zonal wind change over the satellite era versus the future. This scatterplot for each 

variable can be found in Figures 27 and 28. 

c) Observations – Reanalysis 

The next part of this study incorporates reanalysis output for 1980-2014. The 

reanalysis output is analyzed in the same way the climate model output is analyzed for 

the satellite era, resulting in latitude-pressure plots for each reanalysis (Figures 29 and 

30). Unlike the modeled satellite era analysis, a correlation is not computed between the 

reanalyses. There are so few reanalyses to correlate, and the reanalysis only serves as an 

estimate of reality, so a correlation between them would not be useful for this study. The 

reanalysis results are overlaid first on the scatterplot with all ensemble members from the 

modeled satellite era (Figure 31), then on the scatterplot with the ensemble members for 

each model. This results in a separate scatterplot for each model with the reanalysis 

overlaid, for a total of 45 plots that can be found in Figures 32 through 36. The goal of 
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this comparison is to determine which climate models are accurately capturing the 

patterns found over the modeled satellite era, thus increasing confidence that they are 

more reliable for simulations of the future. Each model’s ensemble can be compared to 

the reanalysis points to determine if the model should be kept or discarded for the 

purpose of this study based on whether it is consistent with the pattern of warming and jet 

change shown by the reanalyses. 

To quantify which models can be discarded based on the reanalysis output, a two-

sample t-test is used for both the warming difference and zonal wind change to compare 

each model to reality as estimated by reanalysis. The average warming difference for all 

five reanalyses is calculated, resulting in a single estimate of reality that is used as one of 

the samples for the t-test. The collection of warming differences for all of the ensemble 

members of a model is used as the other sample. While the sample based on reality will 

only have a single value, the sample for the model will have multiple values, depending 

on the number of ensemble members. If there is only one ensemble member available for 

a model, as is the case for 5 of the 45 models, the two-sample t-test will not work. Thus, 

these models will not be included in the t-test analysis. This process is then repeated for 

the zonal wind change. 

The two-sample t-test will evaluate the null hypothesis that the average reanalysis 

warming difference or zonal wind change could be a reasonable member of the ensemble 

population. If the test produces a p-value less than 0.05, the null hypothesis can be 

rejected, and the model can be discarded. In this case, the reanalysis does not fall within 

the ensemble population, so that model is not producing values that are consistent with 

reality. Similarly, if the test produces a p-value greater than 0.05, the null hypothesis 
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cannot be rejected, and the model cannot be discarded. In this case, the reanalysis does 

fall within the realm of possibility for the ensemble population, so the model is producing 

values that are consistent with reality. Table 3 shows the results of the t-test for the 

reanalysis warming difference and the zonal wind change. 

d) Observations – Satellite MSU Data 

In addition to reanalysis, satellite MSU data is also analyzed, though slightly 

differently than the above. For both the observational MSU data and the synthetic climate 

model MSU data, the average temperature of the first 18 years and the last 18 years is 

calculated, and the difference between them. However, instead of defining latitude-

pressure boxes for the Arctic and subtropics, latitude is used in tandem with the 

stratosphere-corrected mid to upper tropospheric temperature channel (TTT) to create 

Arctic and subtropical boxes. As discussed above, this channel is used because it 

corresponds the closest to the pressure levels used for the latitude-pressure boxes in the 

previous analyses. As in the previous analyses, the subtropical box is then subtracted 

from the Arctic box. The synthetic climate model MSU temperature difference is 

correlated with the climate model zonal wind change over the satellite era for each 

model. As with the reanalysis, all members from each model are combined into a single 

scatterplot with the observational MSU temperature data overlaid as vertical lines to 

determine the utility of the synthetic climate model MSU Arctic minus subtropical 

warming as a predictor of the modeled jet change (Figure 37). Then to determine their 

consistency with reality, each model’s ensemble is plotted separately with the 

observational MSU temperature data overlaid as vertical lines as a reference point for 

comparison. As with the reanalysis, this will show which models are more accurately 
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capturing the satellite era and allow the less trustworthy models to be ruled out. These 

plots are shown in Figures 38 through 42. 

As with the reanalysis, a two-sample t-test is used to quantify which models can 

be discarded based on the satellite MSU data. Like the reanalysis, the average of the 

observational MSU data is calculated, resulting in a single estimate of reality that is used 

as one of the samples for the t-test. The collection of warming differences for all the 

ensemble members of the synthetic climate model MSU output is used as the other 

sample. Like with reanalysis, the sample based on reality will only have a single value, 

and the sample for the model will have multiple values, depending on the number of 

ensemble members. If there is only one ensemble member available for a model, as is the 

case for 5 of the 44 models of synthetic MSU output, the two-sample t-test will not work, 

and these models will not be included in the t-test analysis. However, since there is no 

observational zonal wind data from MSU, the t-test can only be performed with the 

warming difference. Again, the two-sample t-test will evaluate the null hypothesis that 

the average observational MSU warming difference could be a reasonable member of the 

synthetic MSU ensemble population. If the test produces a p-value less than 0.05, the null 

hypothesis can be rejected, and the model can be discarded for not producing reasonable 

temperature changes. If the test produces a p-value greater than 0.05, the null hypothesis 

cannot be rejected, and the model cannot be discarded. The results of the t-test for the 

MSU warming difference can also be found in Table 3. Once the models that can be 

discarded are determined, either with the reanalysis or the satellite MSU observations, the 

1pctCO2 scatterplot from Figure 14 is reproduced with the discarded models noted in 

different colors. This updated scatterplot can be found in Figure 43.
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CHAPTER FOUR: RESULTS – FUTURE 

 

a) Latitude-Pressure Plots 

The latitude-pressure plots in Figures 2 through 10 (even numbers) show the 

temperature change between the control (years 1-30) and future (years 121-150) periods 

of the 1pctCO2 simulations. All models produce the expected increase in temperature 

throughout the Northern Hemisphere troposphere, and cooling in the stratosphere. They 

also show increased warming in the tropical upper troposphere and the lower 

tropospheric Arctic. An exception to this is CAMS-CSM1-0, which has significant upper 

tropospheric warming but lacks a warming “bullseye” in the near-surface Arctic (Figure 

2). The warming “bullseye” in the Arctic is also very weak in SAM0-UNICON (Figure 

10). The depth of the troposphere in the Arctic warms at a similar magnitude to the 

troposphere at other latitudes. As expected based on various studies (Barnes and Polvani 

2015, Yim et al. 2016, Peings et al. 2018), the magnitude of warming in different 

locations throughout the atmosphere varies significantly between models. For example, 

MRI-ESM2-0 (Figure 10) features more warming in the tropical upper troposphere than 

the Arctic near-surface, while EC-Earth3 (Figure 4) shows more warming in the lower 

tropospheric Arctic. 

The latitude- pressure plots in Figures 3 through 11 (odd numbers) show the zonal 

wind change between the control (years 1-30) and future (years 121-150) periods of the 

1pctCO2 simulations. These plots also include the jet from the control period in black 

contours for comparison. Like the temperature change plots, there are a variety of 

responses found in the zonal wind change plots, with some exhibiting an increase in 
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zonal wind, and others exhibiting a decrease. When the temperature change plots are 

compared to the zonal wind change plots, it is found that models that tend to produce 

stronger Arctic (subtropical) warming also tend to produce a weaker (stronger) jet. 

However, the latitudinal shift of the jet does not follow the expected pattern as closely. 

Thus, focus is kept only on the jet strength. For example, EC- Earth3 (Figure 5) shows a 

significant decrease in jet speed, which is consistent with the enhanced Arctic warming 

noted before. However, EC-Earth3 shows no shift in the jet, though an equatorward shift 

would be expected based on the tug-of-war hypothesis. MRI-ESM2-0 (Figure 11) 

produces a significant increase in jet speed, again consistent with the enhanced 

subtropical warming noted before. A poleward shift of the jet would be expected in this 

case, but again there is no shift. There are also clear latitudinal shifts in the jet in many 

models, but they often don’t follow expected patterns either. For example, there is an 

equatorward shift in CIESM (Figure 5), and a poleward shift in Nor-ESM2-LM (Figure 

11). However, the Arctic and the subtropics warm by a similar amount in both models. 

Based on the tug-of-war hypothesis, an ambiguous warming difference would 

theoretically lead to a similarly ambiguous jet shift, but that is not the case in these 

models. Given this wide range of responses in the latitudinal shift of the jet, only the jet 

strength is considered for this study. These patterns in warming and jet change, and the 

variety of realizations between models, confirm the findings of Golden (2020), who 

found similar results in the RCP8.5 simulations from CMIP5. 

b) Correlation Analysis 

The correlation analysis allows for a more quantitative investigation of the 

patterns and relationships noted above to determine if the tug-of-war hypothesis can be a 
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useful predictor of the future jet response. The scatter plot between the Arctic minus 

subtropical warming and zonal wind change for the future period (Figure 14) shows a 

strong, very statistically significant negative correlation between the variables, with a 

correlation of -0.93. This is slightly stronger than the correlation found by Golden (2020) 

for CMIP5, -0.92. The negative correlation implies that as the Arctic warms more than 

the subtropics, the zonal wind tends to decrease, and as the subtropics warm more than 

the Arctic, the zonal winds tend to increase, consistent with the tug-of-war hypothesis. 

The slope of the line, also found in Figure 14, reveals that for every degree the Arctic 

warms more than the subtropics, the zonal wind should decrease by 0.46 m/s. In 

agreement with the previous model consensus, about 56% of models predict conditions 

that fall in the upper left quadrant of the scatter plot, which corresponds to the subtropics 

warming more, and the jet increasing. The strong correlation shows that the difference in 

warming between the Arctic and the subtropics is a useful predictor of the future jet 

response in climate models.



 24 

CHAPTER FIVE: RESULTS – MODELED SATELLITE ERA 

 

a) Latitude-Pressure Plots 

As previously found by Golden (2020), the latitude pressure plots for the 

historical simulations in Figures 15 through 24 also show a variety of outcomes. For 

example, the warming in the Arctic is stronger than the warming in the subtropics in 

CESM2 (Figure 15). As predicted by the tug-of-war hypothesis, there is a corresponding 

decrease in the jet strength, though there is no clear shift in the jet in CESM2 (Figure 16). 

CESM2-WACCM-FV2 shows increased warming in the Arctic (Figure 17) and a 

decrease in jet strength, but it also shows a poleward shift in the jet that would not be 

expected based on the tug-of-war hypothesis (Figure 18). Conversely, CIESM shows the 

subtropics warming more than the arctic (Figure 17), and correspondingly predicts the jet 

will increase in strength and shift poleward (Figure 18), again following the tug-of-war 

hypothesis. However, some models don’t fit the patterns predicted by the tug-of-war 

hypothesis. For example, GISS-E2-1-G-p1 shows increased warming in the Arctic 

(Figure 19), but an increase in the jet strength (Figure 20). 

b) Correlation Analysis 

The correlation between the Arctic minus subtropical warming and zonal wind 

change for the first ensemble member of each model over the satellite era (Figure 25) 

also shows a very statistically significant negative correlation between the variables. The 

correlation is weaker than that over the future period, which is to be expected due to 

weaker forcing, but still fairly robust at -0.65. After all ensemble members are added to 

the calculation, the correlation increases slightly to -0. 71 (Figure 26). This is slightly 
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lower than the correlation found by Golden (2020) for the satellite era, -0.79. The slope is 

similar to the future analysis, showing that for every degree the Arctic warms more than 

the subtropics, the zonal wind should decrease by 0.42 m/s. Interestingly, about 59% of 

the models fall in the bottom right quadrant of the scatter plot, which corresponds to the 

Arctic warming more, and the jet decreasing. Some climate models have tended to warm 

the tropics more (Santer et al. 2013, 2018; Jansen et al. 2020), despite observational 

studies suggesting the Arctic is warming more in recent decades. This result indicates that 

the new CMIP6 climate models may be capturing the stronger warming over the satellite 

era in the Arctic better than the older generations of climate models (Jansen et al. 2020, 

Yin 2005, Butler et al. 2010, Delcambre et al. 2013, Lorenz 2014, Lachmy and Shaw 

2018, Screen et al. 2018, Santer et al. 2013, 2018). Additionally, this suggests that the 

increased warming in the Arctic over the historical era may actually be consistent with 

the future model depiction of the tropics warming more and the jet increasing in strength. 

c) Historical vs. 1pctCO2 

To further examine this discrepancy between the historical era and the future in 

CMIP6 models, the historical warming difference and zonal wind change were plotted 

against the 1pctCO2 warming difference and zonal wind change, respectively. The plot of 

the warming difference in Figure 27 shows a large number of points in the bottom right 

quadrant compared to those in the top left quadrant, which indicates more warming in the 

Arctic over the historical era, but more warming in the tropics in the future throughout 

many of the models. Similarly, the zonal wind change plot in Figure 28 shows a large 

number of points in the top left quadrant compared to those in the bottom right quadrant, 

indicating the jet has slowed down more over the historical era, but will speed up more in 
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the future. All of this supports the idea that the warming difference in the future is 

inherently more tropical amplified than it has been over the satellite era, indicating that a 

future where the tropics warm more and the jet speeds up is consistent with a past where 

the Arctic warms more and the jet slows down.
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CHAPTER SIX: RESULTS – USING OBSERVATIONS TO CONSTRAIN THE 

MODELS 

 

a) Reanalysis Latitude-Pressure Plots 

To determine which models could be ruled out based on the methods of this 

study, reanalysis is used as one estimate of reality, and satellite MSU data is used as 

another estimate. Focusing first on the reanalysis, the structure of the warming and the 

zonal wind change for each of the five reanalyses used in this study are shown in the 

latitude-pressure plots in Figures 29 and 30, respectively. All of the reanalysis products in 

Figure 29 show significant warming in the Arctic with weaker warming in the tropics and 

subtropics. CFSR does show significantly more warming in the tropical upper 

troposphere than the other four reanalyses, but it is still less than the warming in the 

Arctic. Additionally, while much of the warming in the Arctic is focused near the surface, 

all of the reanalyses show warming throughout the depth of the troposphere in the Arctic 

that is generally stronger than the warming found in the upper tropical or subtropical 

troposphere. This increases confidence in the previously mentioned studies that indicate 

the Arctic is warming significantly more than the tropics and winning the tug-of-war. 

Looking at the corresponding latitude-pressure plots of the zonal wind change in 

Figure 30, four of the five reanalyses show an overall decrease in the zonal wind over the 

satellite era. Given the increased warming in the Arctic than the tropics in the reanalyses, 

this decrease in zonal wind is expected based on the tug-of-war hypothesis. As noted 

above, however, CFSR exhibits significantly stronger warming in the tropical upper 

troposphere than the other reanalyses, and the zonal wind change reflects this different 
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warming pattern. It is much more ambiguous whether the zonal wind is increasing or 

decreasing over the satellite era in this reanalysis, which is expected given the small 

difference in the warming between the Arctic and tropics. Overall, while CFSR does 

behave slightly differently than the other reanalyses, all five reanalyses produce a zonal 

wind change that is consistent with the tug-of-war hypothesis given their warming 

patterns. 

b) Reanalysis Scatterplot Analysis – Full 

The reanalyses are first included on the full scatterplot of warming difference 

versus zonal wind change for the CMIP6 historical simulations for comparison (Figure 

31). As expected based on the latitude-pressure plots of the zonal wind change and the 

warming difference for each reanalysis, they all fall in the bottom right quadrant of the 

scatterplot which indicates more warming in the Arctic and a decrease in the zonal wind 

over the satellite era. Most of the reanalysis points (blue circles) are fairly close to one 

another, except one point located in the upper left part of the quadrant. This point 

represents the CFSR and is consistent with the stronger warming in the tropics and the 

ambiguous zonal wind change found in the latitude-pressure plots. However, much of the 

analysis going forward will focus on the average of the reanalyses, plotted as a red 

diamond on the scatterplot. This average falls within the point cloud of the models, 

providing evidence that at least some of the CMIP6 models are capturing the patterns 

over the satellite era. However, focusing solely on the bottom right quadrant, the 

reanalysis average is located further to the right relative to the models, so the models tend 

to produce a smaller difference between the Arctic warming and the subtropical warming 

than the reanalyses. This shows that even though many models appear to be capturing the 
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warming in the Arctic better than before, they are still underrepresenting the warming in 

the Arctic on average. 

c) Reanalysis Scatterplot Analysis – Individual Models and T-test Analysis 

Plotting the reanalysis on the full scatterplot of CMIP6 historical simulations is 

useful to compare how the models perform overall compared to an estimate of reality but 

attempting to discard models requires the reanalysis to be plotted with each model’s 

ensemble, shown in Figures 32 through 36. A model can be discarded if its ensemble 

members (black dots) all fall far from the reanalysis average (red triangle). This shows 

that the model is not producing results that are consistent with reality (as estimated by 

reanalysis) over the satellite era. If the model doesn’t produce reasonable results over the 

satellite era, it decreases confidence that it will produce reasonable predictions of the 

future climate and can be discarded. However, if the model’s ensemble members fall 

close to the reanalysis average, the model is producing results that are realistic based on 

the estimate of reality provided by the reanalysis average. If the model can produce 

realistic results over the satellite era, this increases confidence that the model can produce 

plausible predictions of the future climate and should not be discarded. 

Based on a qualitative visual analysis of Figures 32 through 36, most of the 

models produce results that are consistent with reanalysis. The models that could possibly 

be considered inconsistent with reality through visual analysis are CAMS-CSM1-0, 

CIESM, FIO-ESM-2-0, GFDL-ESM4, GISS-E2-1-G-p5, HadGEM3-GC31-MM, IITM-

ESM, INM-CM4-8, NorCPM1, Nor-ESM2-MM, and SAM0-UNICON. All of the other 

models produce at least one point relatively close to the reanalysis average, showing that 

they have the potential to produce realistic values. However, it is important to note that 



 30 

IITM-ESM, INM-CM4-8, and SAM0-UNICON all have only one ensemble member to 

compare to the reanalysis. While these members are all relatively far from the reanalysis 

average, there’s nothing to guarantee that additional ensemble members wouldn’t have 

fallen closer to the average, making the model more consistent with reality. This is the 

same reason these models are not included in the more quantitative t-test analysis. This 

results in CAMS-CSM1-0, CIESM, FIO-ESM-2-0, GFDL-ESM4, GISS-E2-1-G-p5, 

HadGEM3-GC31-MM, NorCPM1, and Nor-ESM2-MM being the primary models that 

could be considered inconsistent with reality. 

 However, deciding which models can be discarded solely based on examining the 

plots is qualitative and fairly subjective. To quantitatively determine which models can 

be discarded, a two-sample t-test is used, the results of which are listed in Table 3. As 

mentioned in the methods, a model can be discarded if it produces a p-value less than 

0.05 and cannot be discarded if it produces a p-value greater than 0.05. The only models 

that can be ruled out based on the warming difference are GFDL-ESM4, GISS-E2-1-G-

p5, HadGEM3-GC31-MM, MPI-ESM1-2-LR, and NorCPM1. Based on the zonal wind 

change, only CIESM can be ruled out. Interestingly, while some models can be ruled out 

based on either the warming difference or the zonal wind change, none of them can be 

completely discarded based on both variables. Some of the results of the t-test match 

what is expected from the qualitative analysis, with both analyses resulting in CIESM, 

GFDL-ESM4, GISS-E2-1-G-p5, HadGEM3-GC31-MM, and NorCPM1 being discarded. 

However, the quantitative analysis indicates that CAMS-CSM1-0, FIO-ESM-2-0, and 

Nor-ESM2-MM cannot be discarded, though the qualitative analysis indicates they 

should be. This is somewhat surprising considering the ensemble members for these 
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models are all a significant distance from the reanalysis average. However, each of these 

models only has two or three ensemble members. Despite their ensemble members being 

far from the average, the relationship does not appear to be significant enough with only a 

few members to allow these models to be discarded. Therefore, using reanalysis as the 

estimate of reality only results in 6 out of 45 models being discarded based either on the 

warming difference or the zonal wind change (note that 5 of the remaining 39 models 

only include one ensemble member, and by default are not discarded, rather than because 

of the t-test). With only 6 out of 45 models that can be ruled out, this increases 

confidence that CMIP6 models are better at capturing the trends in warming and zonal 

wind change over the satellite era than previous climate models. 

d) Satellite MSU Correlation Analysis – Full 

Satellite MSU temperature data is used as another estimate of reality for this 

study. As with the reanalysis, the observational satellite data is first included on the full 

regression of all ensemble members of the synthetic MSU warming difference versus the 

CMIP6 zonal wind change (Figure 37). Focusing first on the relationship between the 

synthetic MSU warming difference and the CMIP6 zonal wind change, there is a 

significant negative correlation of -0.77. This is slightly higher than the correlation of      

-0.71 for the CMIP6 historical simulations, so the synthetic MSU warming difference is a 

useful predictor of the modeled jet response. The average of the observed MSU 

temperature data falls within the point cloud of the models, but on the far right of the 

point cloud, as with the reanalysis. This provides additional evidence that while the 

models may be capturing the warming in the Arctic better than they were before, they are 

still underrepresenting the warming in the Arctic. 
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e) Satellite MSU Correlation Analysis – Individual Models and T-test Analysis 

As with the reanalysis, the observational satellite data is overlaid on each model’s 

ensemble to determine which models may be discarded. Based on a qualitative visual 

analysis of Figures 38 through 42, the models that could possibly be discarded are 

ACCESS-CM2, BCC-CSM2-MR, BCC-ESM1, CAMS-CSM1-0, CISEM, GFDL-ESM4, 

HadGEM3-GC31-MM, MPI-ESM1-2-HR, and NorESM2-LM. All of these models’ 

ensemble members are located much farther from the observed satellite average than the 

other models. There are also quite a few models that could arguably be discarded as well, 

including CESM2-WACCM-FV2, EC-Earth3-Veg, FGOALS-g3, FIO-ESM-2-0, and 

GISS-E2-1-G-p5. The ensemble members for these models are still somewhat far from 

the observed satellite average but are closer than the ensemble members of the previously 

stated models. This results in up to 14 out of 44 models that could be discarded. 

However, as noted with the reanalysis, the above is only a qualitative analysis, 

and a two-sample t-test can help quantify with more certainty which models can be 

discarded. The results of the two-sample t-test with satellite as the estimate of reality can 

be found in Table 3. Based on this, the models that can be discarded are BCC-CSM2-

MR, EC-Earth3-Veg, GFDL-ESM4, GISS-E2-1-G-p5, HadGEM3-GC31-MM, and MPI-

ESM1-2-LR. At only 6 out of 44 models that could be discarded, this is much less than 

the 14 models found with the qualitative analysis (again, note that 5 of the remaining 38 

models only include one ensemble member, and by default are not discarded, rather than 

because of the t-test). As with the reanalysis, many of the models that looked like they 

could be discarded in the qualitative analysis only consist of two or three ensemble 

members. Thus, the relationship may not be strong enough to definitively rule many of 
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them out, though it might look like they should be. However, note that many of the same 

models that are quantitatively ruled out when reanalysis is used as the estimate of reality 

are the same as those quantitatively ruled out when satellite observations are used as the 

estimate of reality: GFDL-ESM4, GISS-E2-1-G-p5, HadGEM3-GC31-MM, and MPI-

ESM1-2-LR. Overall, the models that can be discarded based on either the reanalysis or 

satellite analyses are BCC-CSM2-MR, CIESM, EC-Earth3-Veg, GFDL-ESM4, GISS-

E2-1-G-p5, HadGEM3-GC31-MM, MPI-ESM1-2-LR, and NorCPM1. 

f) Applying the T-test Results to the 1pctCO2 Scatterplot 

The scatterplot of the 1pctCO2 simulations is reproduced with the models that can 

be discarded using either method noted by different colors in Figure 43. If the historical 

warming difference is a good predictor of the northern hemisphere mid-latitude jet, the 

models that are ruled out based on their historical simulations would ideally behave 

similarly in the 1pctCO2 simulations. Thus, the points corresponding to the ruled out 

models should fall in the upper left portion of the point cloud on the 1pctCO2 scatterplot. 

The models that are discarded with most confidence are those that are discarded by both 

the reanalysis and satellite MSU t-tests (GFDL-ESM4, GISS-E2-1-G-p5, HadGEM3-

GC31-MM, MPI-ESMI-2-LR). These correspond to the green points in Figure 43, and all 

these points do fall more in the top left of the point cloud, as expected. However, many 

points also fall in the middle, or more to the bottom right of the plot. Additionally, only 8 

out of 45 models are discarded, so most of the models aren’t being ruled out. This further 

indicates that a future where the subtropics warm more than the Arctic and the jet 

strengthens is not necessarily inconsistent with a past where the Arctic warms more than 

the subtropics and the jet weakens. Therefore, the satellite era warming difference 
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between the Arctic and the subtropics may not be the most useful predictor of the jet’s 

future response to climate change. 
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CHAPTER SEVEN: CONCLUSION 

 

 This study has shown that the strong correlation between Arctic minus subtropical 

warming and zonal wind change exists in both CMIP6 historical and future simulations. 

This relationship is consistent with the tug-of-war hypothesis, indicating that the Arctic 

minus subtropical warming difference is a useful predictor of the future jet response. The 

modeled future agrees with previous model consensus, tending to warm the subtropics 

more and increase jet strength, while the modeled past is more consistent with recent 

studies that show the Arctic warming more than the tropics. This indicates that the 

climate models can capture the historical Arctic warming better than before, and that the 

increased Arctic warming over the satellite era may actually be consistent with the future 

depicted by the models. However, while the models are performing better than before, 

they are still underestimating the magnitude of the warming in the Arctic over the 

satellite era. Comparing the modeled satellite era to reanalysis output and satellite MSU 

observations yields 8 models that can be discarded for not producing results that are 

consistent with the reanalysis and satellite MSU: BCC-CSM2-MR, CIESM, EC-Earth3-

Veg, GFDL-ESM4, GISS-E2-1-G-p5, HadGEM3-GC31-MM, MPI-ESM1-2-LR, and 

NorCPM1. If these models don’t perform well over the satellite era, it decreases 

confidence that they are accurately predicting the future climate. However, only 8 out of 

45 models were discarded, showing that overall, the models are performing better than 

expected given previous model output that tended to show the tropics winning the tug-of-

war instead of the Arctic over the satellite era (Jansen et al. 2020, Yin 2005, Butler et al. 

2010, Delcambre et al. 2013, Lorenz 2014, Lachmy and Shaw 2018, Screen et al. 2018, 
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Santer et al. 2013, 2018). This performance over the satellite era increases confidence 

that their predictions of the future climate are still valid, and that the past warming in the 

Arctic may be consistent with the future warming in the tropics and subtropics. It also 

shows the satellite era warming difference between the Arctic and the subtropics may not 

be a particularly useful predictor of the future response of the northern hemisphere mid-

latitude jet to climate change.
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CHAPTER EIGHT: FUTURE WORK 

 

There are several interesting ways to further this research, including performing a 

seasonal analysis and extending the analysis to 2019. As noted by various studies, 

changes in the future jet can be masked by using zonal or annual means due to the 

seasonal variability of the jet (Cattiaux et al. 2016, Manney and Hegglin 2018, Peings et 

al. 2018). Given that the jet changes throughout the year, with different consequences in 

different seasons, it is recommended that the analysis done so far be repeated with 

seasonal means instead of annual means to investigate any seasonality in the patterns 

observed in this study. While some studies may analyze all seasons (e.g., Barnes and 

Polvani 2015), many focus on the Northern Hemisphere winter season, when the 

hemispheric temperature gradient is stronger and the jet is more pronounced (e.g., Yim et 

al. 2016, Peings et al. 2018). By including a seasonal analysis, attention can be brought to 

seasonal variations that may exist and allow the results of this study to be more readily 

compared to prior research, regardless of what season(s) they focused on. Additionally, 

most of the CMIP6 models’ historical simulations only extend through 2014, and another 

set of simulations is needed to extend through 2019 and capture the full extent of the 

satellite era. Due to time constraints, this study focused only on the historical simulations 

that extend through 2014. Future work could incorporate the additional simulations to 

include the full satellite era and improve the signal-to-noise ratio for this part of the 

analysis. The CMIP6 ssp simulations are recommended to extend the historical era to 

2019. At the time of this study, ssp245 has the largest number of ensemble members 

available and is therefore the preferred set of simulations to use. However, the early years 
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of all the ssp simulations do not vary much from one to the other, so any ssp simulations 

could be used depending on which one has the most available ensemble members in the 

future. This future work will help reduce the signal-to-noise ratio over the satellite era 

and illuminate any seasonal patterns that may exist in the results found thus far. 
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Table 1: A list of all CMIP6 1pctCO2, historical, and synthetic MSU models used. 
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Table 2: A list of reanalysis products used. 
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Figure 1: The effective weighting function of the stratosphere-corrected TMT (T24), 
represented by the green line, from Fu et al. 2011. The tropical tropopause is set at 100 
hPa.  
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Figure 2: Warming between the future (years 121-150) and control (years 1-30) period of 
the 1pctCO2 simulations for models 1 through 9 of 45.  
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Figure 3: Zonal wind change between the future (years 121-150) and control (years 1-30) 
period of the 1pctCO2 simulations for models 1 through 9 of 45. The black contours are 
the zonal mean wind for the control period and are shown in 5 m/s intervals.  
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Figure 4: As in Figure 2, but for models 10 through 18 of 45. 
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Figure 5: As in Figure 3, but for models 10 through 18 of 45. 
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Figure 6: As in Figure 2, but for models 19 through 27 of 45. 
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Figure 7: As in Figure 3, but for models 19 through 27 of 45. 
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Figure 8: As in Figure 2, but for models 28 through 36 of 45. 
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Figure 9: As in Figure 3, but for models 28 through 36 of 45. 
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Figure 10: As in Figure 2, but for models 37 through 45. 
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Figure 11: As in Figure 3, but for models 37 through 45.  
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Figure 12: Visualization of the latitude-pressure boxes used to define the subtropics 
(green, 20˚N-40˚N, 850mb-200mb) and the Arctic (black, 60˚N-90˚N, 850mb-300mb). 
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Figure 13: As in Figure 12, but for the mid-latitude jet (30˚N-70˚N, 1000mb-200mb). 
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Figure 14: Scatterplot and regression line for the 1pctCO2 simulation analysis. Pearson 
correlation and p-value as well as the equation for the regression line are included on the 
plot. 
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Figure 15: Warming between the present (1997-2014) and past (1980-1997) period of the 
historical simulations for models 1 through 9 of 45.  
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Figure 16: Zonal wind change between the present (1997-2014) and past (1980-1997) 
period of the historical simulations for models 1 through 9 of 45. The black contours are 
the zonal mean wind for the past period and are shown in 5 m/s intervals.  
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Figure 17: As in Figure 15, but for models 10 through 18 of 45.  
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Figure 18: As in Figure 16, but for models 10 through 18 of 45.  
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Figure 19: As in Figure 15, but for models 19 through 27 of 45.  
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Figure 20: As in Figure 16, but for models 19 through 27 of 45.  
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Figure 21: As in Figure 15, but for models 28 through 36 of 45.  
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Figure 22: As in Figure 16, but for models 28 through 36 of 45.  
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Figure 23: As in Figure 15, but for models 37 through 45.  
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Figure 24: As in Figure 16, but for models 37 through 45.  
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Figure 25: Scatterplot and regression line for the first ensemble member of each model 
for the historical simulation analysis. Pearson correlation and p-value as well as the 
equation for the regression line are included on the plot. 
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Figure 26: As in Figure 25, but for all ensemble members of the historical simulations. 
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Figure 27: Scatterplot of the historical Arctic minus subtropical warming difference 
versus the 1pctCO2 Arctic minus subtropical warming difference. 
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Figure 28: Scatterplot of the historical zonal wind change versus the 1pctCO2 zonal wind 
change. 
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Figure 29: Warming between the last 18 years (1997-2014) and first 18 years (1980-
1997) of each reanalysis. 
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Figure 30: Zonal wind change between the last 18 years (1997-2014) and first 18 years 
(1980-1997) of each reanalysis. The black contours are the zonal mean wind for the first 
18 years and are shown in 5 m/s intervals. 
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Figure 31: Scatterplot of all ensemble members of the historical simulations (as in Figure 
16) with each reanalysis (blue circles) and the reanalysis average (red diamond) overlaid. 
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Figure 32: Each model’s ensemble with the reanalysis average (red triangle) and each 
reanalysis (red dots) overlaid for models 1 through 9 of 45. 
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Figure 33: As in Figure 32, but for models 10 through 18 of 45. 
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Figure 34: As in Figure 32, but for models 19 through 27 of 45. 
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Figure 35: As in Figure 32, but for models 28 through 36 of 45. 
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Figure 36: As in Figure 32, but for models 37 through 45. 
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Table 3: Results of the two-sample t-test for the reanalysis warming difference and zonal 
wind change, and for the observed satellite MSU warming difference. Models that can be 
discarded are highlighted red. 
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Figure 37: All ensemble members of synthetic MSU warming difference versus CMIP6 
historical zonal wind change, with each observed MSU product (blue dotted lines) and 
the average of the observed MSU temperature data (red dashed line) overlaid. 
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Figure 38: Each model’s ensemble of synthetic MSU warming difference versus CMIP6 
historical zonal wind change, with the average of the observed MSU temperature data 
(red dashed line) overlaid for models 1 through 9 of 44. 
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Figure 39: As in Figure 38, but for models 10 through 18 of 44. 
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Figure 40: As in Figure 38, but for models 19 through 27 of 44. 
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Figure 41: As in Figure 38, but for models 28 through 36 of 44. 
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Figure 42: As in Figure 38, but for models 37 through 44. 
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Figure 43: As in Figure 14, but with the models ruled out by reanalysis in red, the models 
ruled out by satellite MSU in cyan, and the models ruled out by both reanalysis and 
satellite MSU in green. 
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