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ABSTRACT 

The summer-time American Monsoon region experiences large variations in 

precipitation, leading to significant impacts on hydrology. These fluctuations are poorly 

represented in climate models, making it challenging for predicting future changes and enforcing 

countermeasures. 

         The project analyzed the National Center for Atmospheric Research (NCAR)’s 

Community Earth System Model 1 (CESM1) Large-Ensemble to determine how robust and 

reliable the model is at predicting the monsoon on seasonal and daily timescales. It examined the 

precipitation over the US, focusing on the Southwest summer-time monsoon, how it is simulated 

and how it might change in the future. 

         Examination of pre-industrial, present day and future CESM1 simulations revealed that 

the monsoon simulation is somewhat deficient compared to observations. Rather than a localized 

maximum centered over the Arizona and New Mexico regions, there is a westward extension of 

the spurious north-south elongated precipitation feature positioned along the Eastern Rocky 

Mountains. Furthermore, the seasonality of the monsoon exhibited a shift of about a month, with 

the onset moving closer to August and significant rains still seen in September. 

These simulation shortcomings could call into question the reliability of future 

projections. The dominant climate change simulated showed an increase in monsoon rainfall and 

humidity, consistent with the inevitable surface temperature rise. The location of these increases 

are, however, distant from the observed and are co-located with the model’s main precipitation 

bias. An analysis of the daily precipitation PDF revealed that the model does not predict a 

significant change in extreme events and reflected the same regional biases. 

 
 

This work was performed under the auspices of the Significant Opportunities in Atmospheric Research and Science Program. 

SOARS is managed by the University Corporation for Atmospheric Research and is funded by the National Science Foundation, 

the National Center for Atmospheric Research, the National Oceanic and Atmospheric Administration, and the University of 

Colorado at Boulder.   
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1. Introduction  

As 21st century research consistently and continuously connects temperature changes to 

anthropogenic climate change, it is becoming increasingly crucial to understand how the 

projected global rise in temperature will affect different locations in unique ways. The objective 

of this project was to analyze the National Center for Atmospheric Research (NCAR)’s 

Community Earth System Model 1 (CESM1) Large-Ensemble [1] to determine how robust and 

reliable the model is at predicting the monsoon on seasonal and daily timescales. CESM1 is a 

fully-coupled, community, global climate model that provides state-of-the-art simulations of the 

Earth’s past, present and future climate states. CESM2, the updated version of CESM that was 

publicly released June 2018, was not used as it has not been used to generate the dataset needed 

for this project.  

 

The Southwest North American region was a particularly interesting area to study as it is 

part of the summer-time American Monsoon region where it has been increasingly becoming 

hotter and drier (Figures 1 and 2), except during the monsoon period. The North American 

monsoon is caused by a shift in wind levels and pressure that allows moisture to come up from 

the Gulf of California and central Pacific Ocean. It generally occurs during the summer summer 

months of June, July, August and September and has significant variations in precipitation 

quantity. These interannual and daily precipitation variabilities are poorly represented in climate 

models, making it difficult to predict future water supply and infrastructure planning in these 

climate change hotspots.  

 

  
Figure 1: Average Temperatures in Southwestern United States, 2000-2015 Versus Long-Term 

Average  

 This map shows that every part of the Southwest region has experienced higher average 

temperatures between 2000 and 2015 than the long-term average. Some areas experienced a 

nearly  2°F increase [2]. 
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Figure 2: Southwestern U.S. Lands under Drought Conditions, 2000-2015  

 This chart shows the percentage of land area in six southwestern states (California, 

Arizona, Colorado, Nevada, New Mexico and Utah) under drought conditions from 2000 to 

2015. It shows that large portions of the Southwest has experienced drought conditions since 

weekly Drought Monitor records began in 2000, with the entire region being abnormally dry 

from 2012 [3].  

 

For a comprehensive analysis of CESM1 variability, the paper examined precipitation 

over the Southwest using three different time periods. The first was pre-industrial, classified as 

prior to the 1850s where the model considers all aspects of the Earth to be in equilibrium. Second 

was present day, from 1850 to 2005 where there are noted greenhouse gas increases and 

anthropogenic changes. Third was future, which we defined to be 2081-2100. We chose the last 

twenty years of the century for our future simulation timeline to wait for the most climate change 

signal in the model. In addition, we compared present day simulations to observational data [4] 

to see the performance of the model.  

 

 Throughout this paper, we define the monsoon as a seasonal shift in the wind pattern that 

transports moisture, accompanied by corresponding changes in precipitation. We examine the 

seasonal shift to humidity (total precipitable water), 850-mb meridional winds and larger-scale 

circulation.  

  

 

2. Methods  

Using the CESM1 Large Ensemble, we first categorized the data in a monthly format for the 

pre-industrial, present day and future precipitation values. Utilizing Python with inputs from 

NCL (NCAR Command Language), we extracted the precipitation data from the large-ensemble 

file and calculated the monthly average precipitation (mm/day), maximum, minimum and 

standard deviation values with a time span of 10 and 20 years. While the present day and future 

datasets were stimulated for all their time period, we did not use the full time range for the pre-

industrial and observations datasets.  

 

 



SOARS® 2018, Sung Min Kim, 4 

a. Pre-Industrial 

Because the pre-industrial time period is prior to 1850s, it was not possible to expect 

accurate observational data due to the lack of technology advancements. However, 

because CESM1 considers the pre-industrial time period to be when the Earth was in 

equilibrium, the simulation conditions are set to be relatively uniform. Thus, we took a 

100 years chunk of pre-industrial simulated data to be our control and compare with the 

present day simulation.  

  

b. Observations  

Because our present day simulations were set from 1850 to 2005, the observational 

dataset had to be in that time period for an accurate comparison. However, due to the fact 

that observational data was not recorded until the late 1800s and early 1900s, we had 

missing data.  Thus, for the observational data, we needed to mask some missing values 

in the dataset in order for the missing data to not affect our results. The action of masking 

allows the user to use an incomplete dataset without the missing values to cause statistical 

deviances in the dataset and allows for smooth calculation. 

 

We focused on the monsoon average precipitation, humidity and wind level values and 

used PyNGL to generate maps that focused on the Southwest region, with the oceans masked. In 

addition, we used probability density functions (PDFs) to establish a probability distribution to 

represent the precipitation range of various cities for the three time ranges and for the model vs 

observations.  

 

 

3. Discussion and Results 

 Initially, we plotted the monsoon average precipitation values in the Southwest region for 

June through September for the model and observations in the present day time period. When we 

compared the present day simulations with observations to check the performance of the model, 

it turned out that the monsoon simulation in CESM1 is somewhat deficient when compared to 

observations.   
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Monsoon Precipitation: Model versus Observations  

  

 
Figure 3: Focused map of the Southwest region showing average precipitation (mm/day) of the 

CESM1 model present day monsoon simulation 

 

Figure 4: Focused map of the Southwest region showing average precipitation (mm/day) of the 

Observations in the present day time period 

 

The model simulations were taken from the CESM large ensemble, a 40-member collection of 

simulations that are set at 100km resolution, while the observations were at 6km resolution. 

There were three main inconsistencies; monsoon signature location, seasonality and magnitude.  

 

a. Monsoon Signature Location 

As shown in the observations (Figure 4) , the dots of localized maximums in the Four 

Corners region of the Southwest is what we would consider the summer-time American 

Monsoon signature. We know that it is the summer-time monsoon signature as it appears 

after June and disappears in September. However, in the model (Figure 3), it is extremely 

difficult to differentiate the monsoon signature.  

 

Unlike in the observations where there are two separate pushes of moisture, one from the 

monsoon signature and another from the springtime storms commonly occurring in the 

Midwest during this time period, the model has a localized maximum of precipitation 
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centered further to the east for June through August and another maximum off the US 

southern border. Through the maps alone, it is difficult to understand if the monsoon 

signature is split in these two maximums for the model as the location is shifted.  

 

b. Monsoon Seasonality  

Aligned with the shift in monsoon location, the monsoon seasonality has also been    

shifted roughly about a month. As noted earlier, the summer-time monsoon appears after 

June and disappears in September. In the model, the monsoon is shifted, showing up after 

July with significant rainfall still present in September.  

 

c. Monsoon Precipitation Magnitude  

With the same focused region and color bar, it is easy to notice that the model simulation 

projects significantly higher levels of precipitation in the Southwest region. The 

simulation projects roughly 1.5-2 mm more rainfall in the majority of the regions with its 

localized maximums being up to 2mm greater than those of observations.  

 

Because of these inconsistencies of the monsoon effect between the model and 

observations, we decided to look into the major structures of the monsoon to determine the 

cause. For the American Monsoon, moisture comes from the winds from the South. In a hot 

desert region like the Southwest, moisture-carrying winds over warm land is a recipe for 

explosive convection and heavy precipitation. However, because the air becomes very unstable 

when the land warms up, it is difficult to linearly connect where moisture is to where 

precipitation falls.  
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Humidity: Model versus Observations 

 

 

 
 

Figure 5: Focused map of the Southwest region showing precipitable water (mm) of the CESM1 

model present day monsoon simulation 

 

Figure 6: Focused map of the Southwest region showing precipitable water (mm) of the 

Observations in the present day time period 

 

In order for the monsoon to occur, there needs to be a significant amount of precipitable 

water in the air. Looking at Figure 5, the general maximum of precipitable water is aligned with 

the onset monsoon signature off the US southern border. For the model, it is clear that the 

moisture is not advected north enough to give the local maximum at the traditional monsoon 

location in the Four Corners region. In addition, the source of moisture for both the model and 

observations seem to be the same, from the Gulf of California and the central Pacific Ocean. 

 

However, it is interesting to note that the observations have higher humidity than the 

model. Comparing the precipitation maps, the model consistently shows a higher amount of 

precipitation but is shown to have up to 6mm less precipitable water in that same local 

precipitation maximum area. As stated previously, despite the seemingly linear relationship 



SOARS® 2018, Sung Min Kim, 8 

between precipitation and humidity, there seems to be other factors, such as wind levels and the 

larger-scale circulation, that distort the linearity.  

  

Wind Levels: Model versus Observations  

 
Figure 7: Focused map of the Southwest region showing meridional wind levels (m/s) of the 

CESM1 model present day monsoon simulation 

 

Figure 8: Focused map of the Southwest region showing meridional wind levels (m/s) of the 

Observations in the present day time period 

 

 To take a further closer look at the monsoon simulation, we looked at the meridional 

wind levels in the region (Figure 7 and 8). When comparing model to observations, the 

observations consistently had higher meridional wind levels, up to 5 m/s, centered east to the 

Four Corners region. In contrast, the model had lower wind levels, meaning that there were a 

significant amount of wind directed away from the Southwest region.  

  

 When comparing the wind levels to precipitation, the low level winds in the model were 

consistent with the fact there was no local maximum monsoon precipitation in the Southwest. 

However, as to further interpretation of the wind levels and how it is related to humidity, we 

need to look at the larger-scale circulation to bridge that gap.  
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Probability Density Functions  

 While the maps of the Southwest were beneficial in understanding the differences 

between the model and observations, it was difficult to see how precipitation was changing for 

specific cities. Thus, we used probability density functions to quantify the range of summer 

precipitation cities were getting and the percentage of different levels of rainfall for the three 

time periods and for model versus observations.  

 

 The two main cities the project focused on were Tucson and Denver. These two cities 

were chosen because the shift in monsoon location in the model. Tucson is normally included in 

the traditional monsoon range while Denver is on the boundary but because of the location shift 

more eastward, in the model, Tucson is outside while Denver is inside the monsoon range.  

 

a. Tucson 

 
Figure 9: Probability Density Function of summertime Tucson average precipitation (mm/day) 

for the three time periods in CESM1 
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Figure 10: Probability Density Function for summertime Tucson average precipitation (mm/day) 

comparing CESM1 present day monsoon simulations to Observations 

 

 Looking at Figure 9, the PDF for Tucson is very interesting because there are no real 

changes to the precipitation trends, which is contradictory to what one would think for an already 

hot, climate change affected region. However, because Tucson is now outside of the monsoon 

range, it would make sense that its future projections are not wetter.  

 

 In addition, looking at the model vs observation PDF for Tucson (Figure 10), the model 

states that less than 80% of the time, Tucson has 0-0.1 mm/day of precipitation. We consider 0-

0.1mm/day of precipitation to be a typical dry day and the observations show Tucson is more 

than 90% of the time dry. The model has fewer of the driest days but more days with tiny 

precipitation.  
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b. Denver  

 
Figure 11: Probability Density Function of summertime Denver average precipitation (mm/day) 

for the three time periods in CESM1 
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Figure 12: Probability Density Function for summertime Denver average precipitation (mm/day) 

comparing CESM1 present day monsoon simulations to Observations 

 

Looking at Figure 11, Denver shows more changes for future projections than Tucson. 

There are a couple points for 0-0.1, 1-2 and 2-3mm/day precipitation where the future 

projections are higher than present day. And the reason behind this is consistent with the model’s 

monsoon location shift.  

 

In addition, looking at the model vs observation PDF for Denver (Figure 12), the model 

states that less than 10% of the time, Denver is dry. However, the observations show that Denver 

is dry roughly 30% of the time. Furthermore, the model projects that Denver has roughly 4% 

more rainfall for 0.2-0.5 and 0.5-1mm/day precipitation.  

 

Through examining the PDFs for Tucson and Denver for model versus observations, it 

shows us how well the model performs compared to observations. In general, the model is 

projected to be too wet, with not nearly enough dry days.  

 

4. Future Work 

 There are three main tasks planned for this project: higher resolution, additional Large-

Ensemble members and the larger-scale circulation data.  

 

 As stated before, the model simulations used for this project were set at 100km while the 

observations at 6km. With such a large difference in resolution, there is a great chance that we 
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are overlooking a more focused view of the precipitation. In addition, a 100km resolution is 

extremely coarse. Having a low resolution significantly reduces the mountain ranges, particularly 

the minor ones, and does not accurately capture the convection over the mountains. At the start 

of the project, this CESM Large Ensemble was the one that was readily available with the data 

needed. However, we now have access to a 25km resolution CESM Large Ensemble and plan to 

run the set through the same method and compare results.  

 

 Second, we plan to examine additional LENS ensemble members to confirm the 

consistency of our results. We only worked with one CESM Large Ensemble and running more 

simulations will confirm if these results are an outlier, or typical of the Large-Ensemble.  

 

 Lastly, we will examine the larger-scale circulation biases to see how they interplay with 

the wind levels and humidity in the model. It is crucial to examine the larger-scale circulation 

biases as we currently cannot fully interpret why the monsoon simulation is inconsistent with the 

observations.  

 

5. Conclusions 
Examination of pre-industrial, present day and future CESM1 Large Ensemble 

simulations revealed that the monsoon simulation is deficient compared to observations in 

location, seasonality and magnitude. Rather than a localized maximum centered over the Arizona 

and New Mexico regions, there is a westward extension of the spurious north-south elongated 

precipitation feature positioned to the east of the Rocky Mountains. Furthermore, the seasonality 

of the monsoon exhibited a shift of about a month, with the onset moving closer to August and 

significant rainfall still seen in September, and the magnitude of rainfall up to 2mm higher in the 

model.  

 

Through examining the humidity and wind levels, we found that the location of the 

monsoon in CESM1 is self-consistent. It was important to know that CESM1 was self-consistent 

in its precipitation, humidity and wind level simulations to show that the model was indeed 

generating the monsoon, and not monsoon-like phenomena. At this stage, we are unsure as to 

exactly why CESM1 precipitation simulations are inconsistent with observations.  
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