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ABSTRACT 
Tropical cyclones (TCs) of varying intensities have historically impacted the eastern United 
States. One of the resulting effects of TCs is often extreme precipitation, which was defined in this 
project as more than 20mm of precipitation per 6-hour period. Extreme precipitation events can 
lead to devastating impacts such as flooding, mudslides, and numerous human fatalities. 
Emergency managers, stakeholders, and the general public rely on impact-based information and 
guidance to prepare for impacts of TCs on human life, property, businesses, and the environment 

in both the present and for the future. A three-member ensemble of high-resolution (25km) of 
the Community Earth System Model (CESM) version 1 experiments from both present and future 
scenarios was used to investigate impacts on U.S. cities relevant to the aforementioned 
populations. Point-wise data from 17 eastern U.S. cities historically impacted by TCs were used 
to explore seasonality, regionality and future changes in the proportion of TC-generated 
precipitation and how extreme precipitation events change over time. The analyses showed that 
for most cities, the proportion of precipitation generated from tropical cyclones decreases in the 
future, but when filtering the data for extreme events, some cities saw increases in TC-generated 
precipitation for large rainfall rates. Looking at the data on a regional scale, it was found that the 
ratio of high-intensity TC-generated precipitation in inland cities increased in the future, whereas 
in coastal cities it decreased. 
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1. Introduction 
 

Tropical cyclones (TCs) are an example of one of the many natural hazards that can have 

a substantial impact to the United States. TCs can be responsible for loss of life and property, as 

well as destructive to agriculture and the environment. News reports tend to focus on a storm’s 

wind speeds and storm surge, but often spend less time on extreme precipitation associated with 

TCs. It is vital that TCs are also studied from the context of precipitation, because from the years 

of 1970 to 1999, it was found that when looking strictly at “direct deaths” from Atlantic TCs, most 

fatalities were caused by precipitation-related events (Rappaport 2014). Similarly, when looking 

at the fifty-year time period of 1963 to 2012, rainfall-related deaths accounted for 27% of direct 

deaths in Atlantic TCs, second only to storm surge (Rappaport 2014). In 2017, Hurricane Harvey 

was responsible for at least 68 direct deaths in Texas, many of which were in the Houston 

metropolitan area. Around 35 indirect deaths (e.g. electrocution or car crashes) related to Harvey 

were reported (Blake and Zelinsky 2018). Harvey was responsible not only for loss of human life, 

but also severe economic loss in Texas. The TC had an estimated $125 billion USD in known 

damages, primarily from the extensive flooding associated with the event, making it one of the 

costliest storms to ever occur in the United States (Blake and Zelinsky 2018).   

 Studies using the Community Atmosphere Model (CAM) portion of the Community Earth 

System Model (CESM). These studies using CAM show that when modeling TCs, it is important 

to use fine resolution as high-resolution grid boxes are better for examining TC climatology 

(Bacmeister et al. 2016). Additionally, Bacmeister et al. (2016) developed a cyclone tracking 

algorithm within CAM to identify storm center latitude and longitude, maximum winds, and 

average precipitation within 500km of a TC. There are concerns over how TCs will respond to 

change in the future. Using simulations from CAM, Bacmeister et al. (2016) found that increasing 

humidity in a warming climate may lead to more intense TC rainfall in the future. A study done 

by NOAA’s Geophysical Fluid Dynamics Laboratory, which used a downscaled regional model, 

also found that TCs in the future are likely to experience increased precipitation rates (Knutson et 

al. 2010). Atmospheric warming may also play a role in the intensity of a storm, as TC intensities, 

as measured by a storm’s Saffir Simpson category, are also expected to increase, though the overall 

total number of TCs is likely to decrease (Knutson et al. 2010). It is important to note that global 

models may overestimate weak to moderate precipitation, and underestimate intense precipitation 

rates (Bacmeister et al. 2014).  

 This study uses present and future high-resolution experiments from version 1 of the CESM 

(Hurrell et al. 2013). City-scale precipitation from three ensemble members were analyzed at 

individual grid boxes co-located with cities in the eastern US. In particular, we examine the 

statistics related to seasonality, regionality, and future changes of the partition/proportion/etc. of 

TC-generated precipitation compared to total precipitation. The following sections are as follows: 

Section 2 will describe the methods used in the study. Results from present climate experiments 

are presented in Section 3, while results from future climate experiments are presented in Section 

4.  Discussion and conclusions are offered in Section 5. 
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2. Methods 
 

Section 2.1 – Model Experiments 
 

Because high resolution is important to capture TC climatology, we use high atmospheric 

spatial resolution of 0.25 degree (~28km) that has been shown to adequately capture TCs 

(Bacmeister et al. 2016) for this study. For this analysis, the CESM was run with historical and 

projected climate forcing from 1980 to 2009 and from 2070-2099, respectively. Each time period 

contains three ensemble members which differed in the initial air temperature conditions for each 

run. Additional details about the configuration of the above simulations and general climatology 

can be found in Bacmeister et al., (2016).  We selected seventeen cities in the eastern United States, 

which are listed in Table 1 and shown on the map in Figure 1, on the basis of being in an area 

historically impacted by TCs and/or the cities’ proximity to bodies of water prone to TCs. 

A time series of 6-hourly precipitation data was extracted at the model gridpoint closest to 

the city’s latitude and longitude listed in Table 1 for each ensemble member during both the present 

and future time periods. To identify TC-generated precipitation, we use the algorithm described in 

Zarzycki and Ullrich (2017) to identify the presence of a TC. A TC is considered to be present 

when the center of the tracked TC occurs within 500km of a city’s geographical coordinates at a 

particular 6-hour time. 

 
City Station ID Latitude Longitude Coastal Inland NE 

Atlantic 

SE 

Atlantic 

Gulf 

Atlanta, GA KATL 33.75 -84.39  X    

Boston, MA KBOS 42.36 -71.06   X   

Charleston, SC KCHS 32.78 -79.93 X   X  

Charlotte, NC KCLT 35.23 -80.84  X    

Corpus Christi, 

TX 

KCRP 27.80 -97.40     X 

Washington, DC KDCA 38.91 -77.04   X   

Houston, TX KHOU 29.76 -95.37     X 

Hatteras, NC KHSE 35.22 -75.69   X   

Jacksonville, FL KJAX 30.33 -81.66      

Miami, FL KMIA 25.76 -80.19    X  

Mobile, AL KMOB 30.70 -88.04 X    X 

New Orleans, 

LA 

KNEW 29.95 -90.07     X 

New York, NY KNYC 40.71 -74.01   X   

Savannah, GA KSAV 32.08 -81.09 X   X  

Tuscaloosa, AL KTCL 33.21 -87.57  X    

Tallahassee, FL KTLH 30.44 -84.28      

Tampa, FL KTPA 27.95 -82.46     X 

Table 1.  US cities selected for this analysis and their given National Weather Service station identification code. 

Coordinates for each city were obtained from the United States Geological Survey (USGS) Earth Explorer 

database. Categories for grouping the cities are listed along with an X for cities that are part of that categorization.   
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Figure 1. Google Earth Map denoting the locations of the cities listed in Table 1.  

Section 2.2 – Data Analysis 
 

Statistical analyses were performed using data analysis packages in Python on the data 

from both the present and future time period.  

 

In order to attribute precipitation to a TC, we identify periods when a TC was present 

according to the tracking algorithm. Then we identified the TC-generated precipitation fraction by 

dividing the total precipitation during the TC presence by the city’s total annual precipitation. We 

also subset the data by calculating TC-generated precipitation fraction over the entire year as well 

as during the Atlantic hurricane season, defined by the National Oceanic and Atmospheric 

Administration as June 1-November 30th (“Tropical Cyclone Climatology”).   

 

 The precipitation data from each region when a TC was present were filtered for extreme 

precipitation events (EPEs), which were defined as more than 20mm of precipitation per 6-hour 

period. The frequency of EPEs for the present and future time period were compared. In addition 
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to analyzing EPEs throughout the entire year, we also examined how EPEs just during the Atlantic 

hurricane season will change over time. This was done by filtering the EPE events for only days 

during the Atlantic hurricane season.  

 

 In order to understand how TC-generated precipitation in different regional/geographical 

areas differs in the present and future periods we further divided the cities into the groups listed in 

Table 1. Cities were either categorized by geographical region – Northeastern Atlantic, 

Southeastern Atlantic, and Gulf Coast – or based on whether they were inland or coastal.  

 

3. Results 
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Figure 2. Percentage of TC-generated precipitation for 17 locations, arranged by latitude (north to south). The black bars 
denote the present time period, and the gray bars denote the future time period. The symbols below each station ID indicate 
the categories that several of the cities were placed in for further analysis, also stated in Table 1. 
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 Figure 2 shows the percentage of TC-generated precipitation at each location, arranged 

from north to south. It is shown that cities closer to the equator tend to experience more rainfall. 

Similarly, inland cities on average, experience less rainfall compared to coastal cities. Overall, 

there is a trend where in all cities except Houston, the proportion of precipitation attributed to TCs 

decreases in the future.  
 

  

 
Figure 3.  TC-generated precipitation for 3 regions: Gulf of Mexico, the Northeastern Atlantic region, and the 

Southeastern Atlantic region. The black dashed line represents the present median, and the red dashed line represents 

the future median. The data was filtered only for days with EPEs. 
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 The regional analysis, shown in Figure 3, it further confirms that higher precipitation rates 

are seen in cities further south. A higher frequency of EPEs is expected in both the Southeastern 

Atlantic region and the Gulf of Mexico regions, with the Southeastern Atlantic experiencing the 

largest median shift in the future. The Northeastern Atlantic region was the only region to have its 

future median shift left, meaning it will experience less overall high-intensity precipitation events 

in the future.  

 

 
Figure 4. TC-generated precipitation for coastal locations and inland locations. The blue bars represent the present 

frequency of TC-generated precipitation, and the grey bars represent the future frequency of TC-generated 

precipitation. The black dashed line represents the present median, and the red dashed line represents the future 

median. The data was filtered only for days with EPEs. 
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Figure 5. High-intensity TC-generated precipitation for select U.S. cities. 
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 When examining precipitation from inland and coastal areas, as seen in Figure 4, it is 

evident that while coastal areas overall experience more rainfall compared to inland cities, the 

median for frequency of high-intensity precipitation events, despite having a future shift, does not 

change much. Inland cities are expected to see a larger median shift in the frequency of these 

events in the future, meaning a more pronounced increase in EPEs. 

  

 As mentioned above, there is an overall trend of TC-generated precipitation accounting  

for a smaller proportion of a city’s hydrology in the future. When focusing specifically on EPEs, 

analyses show that in many cities, the frequency of high-intensity precipitation events are expected 

to increase in the future time period, as shown in Figure 5. It is also important to note than many 

cities, such as Houston, TX and Tallahassee, FL, experience a pronounced decrease in future 

precipitation rates.  

 

 

 
Figure 6. Percentage of precipitation from TCs during the Atlantic hurricane season. The black bars represent the 

present time period, and the grey bars represent the future time period.  

 

Figure 6 shows the percentage of precipitation for each city that comes from TCs during 

the Atlantic hurricane season. Overall, a relatively small percentage of precipitation can be 

attributed to the Atlantic hurricane season, and this percentage is expected to decrease in the future 

in all cities except Houston. Many cities located along the Gulf of Mexico or in the Southeastern 

Atlantic have a higher percentage of precipitation from TCs during the hurricane season compared 

to the more northern cities we studied.  
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Figure 7. Percentage of EPEs coming from TCs during the Atlantic hurricane season. The black bars represent the 

present time period, and the grey bars represent the future time period.  

 Figure 7 shows the proportion of EPEs during the Atlantic hurricane season, and how it 

changes in the future.  Most cities experience a decrease in future EPEs during hurricane season, 

with the exception of Houston, TX and to a lesser degree, Atlanta, GA. Some cities like Miami, 

FL and Corpus Christi, TX have a more dramatic future decrease compare to other cities.  

 

4. Conclusions and Discussion 
 

The analyses in this experiment show that future TC-generated precipitation will 

contribute less to city-level annual hydrology, despite the model projecting an increase in high-

intensity precipitation rates in the future. This is especially true for many cities in the 

Southeastern Atlantic and Gulf of Mexico, where a higher frequency of EPEs is expected to 

occur in the future. While inland cities experience less precipitation and many effects of TCs 

such as storm surge, the increase in projected frequency of EPEs even for inland cities should be 

a concern for future flooding, especially in cities with increasingly impervious surfaces. Previous 

studies related to TCs and precipitation have come to conclusions that support the results of this 

study, in that despite an overall decrease in the global frequency of TCs (Knutson et al. 2010), 

the intensity and precipitation rates of future TCs will likely increase (Bacmeister et al. 2016).  

The findings of these studies can be beneficial to city planners, emergency managers, and the 
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general public in order to make decisions on how to appropriately respond to future climate and 

weather events. 
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