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I. Introduction and Background          

Most aspects of pollution transport inside of middle-latitude cyclones are well understood 

(e.g., Klich and Fuelberg 2013, Stohl et al. 2003,  Stohl et al. 2002, Stohl et al. 2003). These 

storms produce deep convection, lofting pollutants high into the upper troposphere and lower 

stratosphere (UTLS). Once lofted into the UTLS, these pollutants can be transported worldwide 

(Stohl et al. 2003).   The role of tropical cyclones (TCs) in this transport has received little 

attention. Without knowing the effects of TCs on the transport of trace gases, the full picture of 

Earth’s changing climate is incomplete. To help fill this gap in understanding, I have simulated a 

tropical cyclone with wide geographic and economic impacts, Hurricane Sandy (2012) 

employing an atmospheric chemistry model.  To the author’s knowledge, no such study utilizing 

a high-resolution coupled atmospheric chemistry model has been published. 

Hurricane Sandy (2012) was the second most costly storm in United States history 

(McNally et al. 2014).  However, some of its effects, such as the transport of pollutants into the 

UTLS, are not as obvious as its damage and are not well understood. Anthropogenic pollutants, 

in the form of trace gases and aerosols, are important to the Earth’s climate and energy balance, 

especially when they are transported to the UTLS (Ramaathan et al. 1985). Identifying and 

quantifying this high altitude transport is crucial to understanding future impacts from increases 

in pollutant emissions on Earth’s changing climate.  

Although pollution transport in TCs is currently poorly understood, some of the effects of 

pollution in TCs have been shown. Mullaugh et al. (2013) showed that the chemical composition 

of rain water in Hurricane Irene (2011) was time variable. Early in the storm, the rain water 

contained dissolved components indicative of marine sources. However, as the storm made 
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landfall, the composition of the rainwater became more terrestrial, with large concentrations of 

common pollutants, such as ammonium (Mullaugh et al. 2013). This indicates that pollution was 

being transported from the surface into the storm.  

Other research has been completed more directly related to TC transport as well. In 

Freeman and Fuelberg (2014; unpublished manuscript), a back-trajectory analysis was performed 

using archived meteorological data as input to the Hybrid Single Particle Lagrangian Integrated 

Trajectory Model (HYSPLIT; Draxler and Hess 1997). The inner box in Figure 1 is the 

approximate location of the Asian Summer Monsoon upper level anticyclone, which is 

climatologically persistent during August and located at an altitude of 16 km (Lau and Yang 

1997). Freeman and Fuelberg (2014; unpublished manuscript) modeled the release of passive 

tracer particle back trajectories at an altitude of 16 km on a 1° x 1° grid encompassing the 

anticyclone each day during August 2005 – 2011. This resulted in large amounts of tracer 

particles coming from the Sea of Japan and north of the Philippines, which are co-located with 

areas of TC development. This showed that large amounts of tracer particles were being 

transported to the UTLS by TCs. However, this was performed with meteorological data with 

coarse horizontal grid spacing (~1° x 1°). 
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Figure 1: Concentrations of tracer particles by number. Particles were released 

inside the box at an altitude of 16 km, and the colored areas denote the regions 

where those particles that reached the surface. (Freeman and Fuelberg 2014; 

unpublished work) 

The role of TCs in stratosphere-troposphere exchange has been explored as well. Using 

satellite and reanalysis data, Zhan and Wang (2012) showed that during the TC season, 

troposphere-to-stratosphere transport increased by about 25% over the non-TC season. A case 

study also in Zhan and Wang (2012) also showed direct transport of tropospheric air into the 

lower stratosphere near a TC eyewall. Further, Ray and Rosenlof (2007) employed similar 

methods to show that water vapor concentrations in the UTLS were heightened in the regions 

near TCs.This increase in water vapor comes from transporting the water vapor from the 

troposphere to the stratosphere. This implies that if pollutants were transported from the surface 

to the upper troposphere by the TC, these pollutants could be transported into the stratosphere 

through this exchange. Additionally, these two studies, although limited in scope, indicate that 

air was being transported from the boundary layer to the UTLS. 
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In Newell et al. (1996), a NASA DC-8 aircraft equipped with a suite of chemistry-

measuring equipment was used to sample pollutants in Typhoon Mireille (1991). They found that 

significant increases in the eye region relative to the boundary layer of pollutants such as CO, O3, 

and others. Additionally, in the outflow regions, CO maintained its elevated level. This shows 

that pollution was being lofted from the surface to the upper troposphere. 

To further show the transport of pollutants inside of TCs, Hurricane Sandy (2012) was 

selected for this case study. Sandy’s unique position as a complex hybrid storm and close 

proximity to the highly polluted eastern seaboard makes it a perfect candidate for further study. 

Moreover, Sandy’s interaction with its associated trough allows for comparison with previous 

studies (e.g. Klich and Fuelberg 2012) that show transport in middle-latitude cyclones. 

Deep convection, such as the complex convection in a hurricane, is not resolved 

explicitly in coarse resolution numerical models such as the grid spacing of ~14 km in the Global 

Forecast System. Therefore, convection must be parameterized in these models. However, 

cumulus parameterization schemes are imperfect, and there is much uncertainty in even selecting 

the best convective parameterization for a particular case. Since no parameterization can produce 

an accurate picture of convection inside Sandy, it is crucial to run a model at a convective 

permitting resolution (e.g., 5 km or less) with no parameterized convection. 

To study Sandy’s chemistry and transport, a full-chemistry atmospheric model must be 

used to provide insight on the kinds of reactions and the types of pollutants that are transported. 

The Weather Research and Forecasting – Chemistry (WRF-Chem, Grell et al. 2005) model, a 

non-hydrostatic mesoscale model, was selected to provide explicit resolution of convection and 

thereby permit a detailed study of Sandy’s chemical transport.  
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The quantity of pollutants transported to the UTLS by TCs could have a significant 

impact on the chemistry of the UTLS and thus Earth's climate. The major goal of this research is 

to determine the quantity and reactions of pollutants transported to the UTLS by TCs examining 

Hurricane Sandy (2012) as a case study. The mechanisms inside of Sandy that transported 

pollutants both while a tropical cyclone and then as a hybrid-extratropical cyclone, also will be 

studied to facilitate understanding of future TCs and hybrid-extratropical cyclones.   
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II. Meteorological Overview 

Hurricane Sandy began as an easterly wave that moved westward over the tropical North 

Atlantic Ocean. It formed as a tropical storm in the southern Gulf of Mexico, near Kingston, 

Jamaica on 22 October 2012.  Sandy moved slowly northward, developing an eye and reaching 

hurricane status on 24 October (McNally et al. 2013). Later that same day, it made landfall near 

Kingston and continued to intensify after moving offshore.  Sandy made landfall a second time 

near Santiago de Cuba on 25 October with maximum sustained winds of 51 m/s (115 mph), the 

strongest recorded during its lifetime.  

During this period, Sandy’s convection became most intense, with cloud tops reaching 12 

to 13 km. This level of deep convection in the inner core of Sandy would enable transport at this 

point to the UTLS.  

After moving past Cuba and into the open Atlantic, Sandy became disorganized, and the 

wind speeds began to decrease. Shortly thereafter, Sandy began to interact with a strong trough 

that both turned it to the northwest and made it the “superstorm” that caused widespread 

devastation (e.g., Figs. 2-4). Sandy’s path along the Eastern Seaboard of the United States 

carried it over one of the most polluted areas in the country with winds flowing directly over the 

most polluted regions into the storm (Fig. 2).  Finally, after losing most of its tropical 

characteristics, Sandy made landfall in New Jersey on 29 October, with winds of only 35 m/s (80 

mph). Even though Sandy was not a powerful hurricane, it is an excellent candidate for this case 

study due to its wide-ranging impacts and path along the polluted East Coast. 
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Figure 2: Winds at 950 hPa (~ 500 m) at 1200 UTC 28 October 2012 superimposed on 

visible satellite image at 1515 UTC.     
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Figure 3: Track of Hurricane Sandy (Schreck et al. 2013), colored by wind speed (m/s). 
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Figure 4: Surface analysis at 0000 UTC 27 October 2012  prepared by the Weather 

Prediction Center. 
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III. Methodology 

This work utilizes WRF-Chem Version 3.5 (Grell et al. 2005) to examine the processes 

inside of TCs that result in pollution transport to the UTLS. WRF-Chem is a fully compressible, 

non-hydrostatic, terrain-following model. Employing a full-chemistry model such as WRF-Chem 

allows for full reactions, which is crucial as air quality involves the interaction of both 

meteorology and chemistry (Grell et al. 2005). I primarily investigate CO, a virtually non-

reactive species, as an indicator of both the origin of the pollution transported and the quantity of 

pollution transported.  

The storm was simulated from 1200 UTC 24 October 2014, immediately after Sandy 

reached hurricane status, and continued until 1200 UTC 27 October 2014, when Sandy was at its 

weakest point before landfall. Output for the first twelve hours of the run was not used to allow 

the model time to sufficiently spin up. 

A three nested domain approach was used to accurately simulate Sandy.  The outermost 

domain (Domain 1) has horizontal grid spacing of 27 km, the middle domain (Domain 2) has 

horizontal grid spacing of 9 km, and the innermost domain (Domain 3) has horizontal grid 

spacing of 3 km. All three domains utilize 70 vertical levels up to 50 hPa. The locations of the 

domains can be seen in Fig. 5. Domain 1 is placed such that it can capture the incoming frontal 

system, Sandy, and the transport occurring from Sandy out to the ocean. Domain 2 is situated in 

between domain 1 and domain 3, with enough spacing between each of the domains to allow for 

correct nesting. Domain 3, the domain with the finest grid spacing, is placed so that it covers 

most of Sandy’s track through the simulation period.  

13 
 



 

Figure 5: Domain configuration of the model. The outermost domain, Domain 1, 

encompasses the entire map. Domain 2 is the white box labeled d02, and domain 3 is the 

innermost red box labeled d03.  

 

In the two outer domains, the Grell 3-D (Grell and Devenyi 2002) cumulus 

parameterization scheme was used. In the innermost domain, no cumulus parameterization 

scheme was employed, allowing the model to more explicitly resolve convection due to its fine 

grid spacing. The Yonsei University PBL scheme was used on all three domains, consistent with 

Klich and Fuelberg (2013) (Hong et al. 2006). The Morrison microphysics scheme, a double-

moment scheme, was used to provide a more accurate picture of cloud microphysics (Morrison 
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et al. 2005). Utilizing a high-performance double moment scheme is important for accurately 

portraying storm structure and vertical motion inside of Sandy (Igel et al. 2015).  

For the chemistry, the Regional Acid Deposition Model, Version 2 chemistry scheme was 

selected (Stockwell et al., 1997). This scheme allows for over 100 chemical reactions, providing 

a better picture of the chemistry happening. Coupled to this is the Goddard Chemistry Aerosol 

Radiation and Transport aerosol scheme, which allowed for better reactions to occur and a better 

picture of the meteorology to be obtained (Chin et al. 2002). Combined with this, MOZART-4 

chemical data was used for initial and boundary conditions, updated every six hours, for WRF 

(Horowitz et al. 2003). The archived data has a horizontal resolution of 1.9°x 2.5°with 56 

vertical levels.  

Anthropogenic emissions were used from the National Emissions Inventory – 05 (U.S. 

EPA 2012). This emissions inventory has a horizontal grid spacing of 5 km x 5 km over the 

United States, and provides for an emissions dataset that closely matches the grid spacing of the 

finest domain of the model. This allows for more detailed views of transport. Biogenic emissions 

were calculated online within WRF-Chem using data from the Model of Emissions of Gases and 

Aerosols from Nature (MEGAN, Guenther et al. 2006). MEGAN is a high-resolution (~ 1 km x 

1 km) dataset that includes leaf area index and vegetation type. Including both of these high 

resolution emissions inventories allows for a better understanding of fine-scale transport over 

land by Sandy. 

 Meteorological initial and boundary conditions were used from the National Centers for 

Environmental Protection (NCEP) final analysis on a 1°x 1° grid at 26 pressure levels 

(http://dss.ucar.edu/datasets/ds083.2/). The boundary conditions were updated every 6h.  
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IV. Results and Analysis 

The simulation, after 12 hours of spin-up from 1200 UTC 24 October to 0000 UTC 25 

October, compared favorably to the physical case study for most of the model run time. 

Simulated central pressure of Sandy stayed within ±10 hPa of the observed values. Wind speeds 

and direction are also approximately consistent with what was observed. Qualitatively, the storm 

structure and track is similar to what was observed, with the storm structure being slightly more 

organized at the last time steps. Fig. 5 shows the development of Sandy using simulated 

reflectivity at three different time steps following model spin-up.  
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Figure 5: Simulated maximum reflectivity  

(dBZ) and 850 hPa winds (kts) for (a): 0000 

UTC 25 October 2012, (b): 0000 UTC 26 

October 2012, (c): 0000 UTC 27 October 

2012 

 

Because of Sandy’s unique positioning as a tropical cyclone interacting with a frontal 

system in this stage of development, an interesting relationship between the outlying conditions 

and the tropical cyclone developed. Figure 6 shows a time series of six different MOZART-4 

analyses of CO at 850 hPa for 0600 UTC 21 October to 0600 UTC 24 October, six hours before 

the higher-resolution WRF-Chem simulation began. Beginning on 21 October (Fig. 6a), a strong 

low pressure system with associated convection began to loft high CO from the Midwestern 

United States to 850 hPa. This high CO was slowly transported at 850 hPa to the Atlantic, where 

(a) (b)

(c)
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the CO wrapped around a high pressure system over the open ocean and was transported 

clockwise and near the path of Sandy. This region of very high CO at 850 hPa was later moved 

into Sandy’s circulation as the storm tracked northward.  

Utilizing WRF-Chem, we can now “zoom in” on the study region and employ a much 

finer grid spacing to examine the vertical transport of this very high CO by Sandy. This transport 

of CO by Sandy was present for the duration of the study period. The increased CO resulting 

from the transport prior to Sandy’s formation over the open ocean began to be ingested into the 

circulation and was transported vertically throughout the simulation. Figure 6 shows a time series 

of CO at 850 hPa and at 500 hPa from WRF-Chem, showing the transport of CO from lower 

levels to the mid-troposphere. At 0000 UTC 25 October, the lower CO at 850 hPa is prominent 

south of 24 N near the influence of Sandy. However, higher CO is already being moved laterally 

into Sandy’s flow from the region of higher CO described above into Sandy’s circulation. 
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Figure 6: MOZART-4 CO (ppbv) at 850 hPa: (a): 0600 UTC 21 October, (b): 1800 UTC 

21 October, (c): 0600 UTC 22 October, (d): 1800 UTC 22 October, (e): 0600 UTC 23 October, 

(f): 1800 UTC 23 October 

(a) (b) 

(c) 

(e) (f) 

(d) 
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By 0000 UTC 26 October (Fig. 7 c,d), the CO at 850 hPa has clearly moved into Sandy’s 

outer rain bands, and its lateral transport is being entirely governed by Sandy’s circulation. At 

500 hPa, higher values of CO are clearly being transported from 850 hPa, as evidenced by the 

cross-section in Figure 8. The vertical velocities in the outer rain bands are relatively high (~5 

m/s), leading to this transport. The convective permitting grid spacing of this model allows for 

these strong updrafts to be seen. 

At 1200 UTC 26 October (Fig. 9), banding of the CO at 850 hPa is clearly seen. 

Variations in the lateral locations of higher CO (>90 ppbv) are indicated by the red arrows, while 

the locations with relatively lower CO (~60 ppbv) are indicated with white arrows. This matches 

up with the rain bands that have been modeled for Sandy for the same time period. Figure 10, a 

cross-section at the same time through 76° W, shows this transport of higher CO by Sandy’s 

outer rain bands. While the vertical transport is due to localized convection inside Sandy and not 

larger-scale forcing, the broad scale circulation was able to transport pollutants laterally into the 

path of the rain bands, enabling this transport. 
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Figure 7: CO (ppbv), winds, and MSLP. (a): 850 hPa at 0000 UTC 25 October 2012 (b): 

500 hPa at 0000 25 October 2012 (c): 850 hPa at 0000 UTC 26 October 2012 (d): 500 hPa at 

0000 UTC 26 October 2012 (e): 850 hPa at 0000 UTC 27 October 2012 (f): 500 hPa at 0000 

UTC 27 October 2012 

 

(a) (b) 

(c) 

(e) (f) 

(d) 
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Figure 8: (a) Cross section of CO (ppbv) at 76° W from 20° N to 36° N for 0000 UTC 26 

October (b) spatial plot of CO (ppbv) and winds at 850 hPa; MSLP for 0000 UTC 26 October. 

The location of the cross-section in (a) is noted by the thick black line.  

 

Figure 9: CO (ppbv) and winds at 850 hPa, MSLP for 1200 UTC 26 October 2012. 

Arrows indicate locations of banding of the CO (see text). 
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Figure 10: (a) Cross section of CO (ppbv) at 76° W from 20° N to 36° N for 1200 UTC 26 

October (b) spatial plot of CO (ppbv) and winds at 850 hPa; MSLP for 1200 UTC 26 October. 

The location of the cross-section in (a) is noted by the thick black line. 

 By 0000 UTC 27 October, convection has grown much more intense and widespread, 

with 10 dBZ values of simulated reflectivity reaching up to higher than 300 hPa. This is further 

shown by pockets of convection with updrafts greater than 5 m/s. Figure 11 shows a cross-

section of CO and simulated reflectivity near the center of circulation of Sandy at this time. The 

transport from the surface to higher levels inside of the deep convection is clearly seen. This 

indicates that, while the large scale flow is transporting the higher values of CO into the storm, 

the deep convection produced by rain bands and near the center of circulation is performing the 

vertical transport of the CO.  
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Figure 11: (a): Cross section of CO (ppbv) and simulated reflectivity (dBZ) at 76 W from 20 N 

to 36 N for 1200 UTC 26 October (b) spatial plot of CO (ppbv) and winds at 850 hPa; MSLP for 

1200 UTC 26 October. The location of the cross-section in (a) is noted by the thick black line. 

  

Through 0600 UTC 27 October, CO continues to be transported from the surface to the 

mid-to-upper troposphere. Figure 12 shows plots at 850 hPa, 500 hPa, and 300 hPa, at 0600 UTC 

27 October indicating the strong transport of CO from 850 hPa to these levels. Banding 

continues to be seen as well, indicating the locations of the strongest convection. This strong 

transport continues to be seen through 1200 UTC 27 October, as indicated in Figure 13. By this 

time, some of the elevated CO values observed at 850 hPa have been lofted into the UTLS, near 

200 hPa.  

(a) 

(b) 
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Figure 12: CO (ppbv) and winds for 0600 

UTC 27 October at: (a): 850 hPa (b): 500 hPa 

(c): 300 hPa 

  

(a) (b) 

(c) 
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Figure 13: CO (ppbv) and winds for 1200 

UTC 27 October at: (a): 850 hPa (b): 500 hPa 

(c): 300 hPa 

 

(a) (b) 

(c) 
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V. Summary and Conclusions 

 Overall, it is clearly seen that pollution transport from the lower levels of the atmosphere 

to the UTLS has occurred inside of Hurricane Sandy (2012). Elevated CO, indicative of 

continental pollution, is initially transported from the Midwestern United States before Sandy’s 

formation to the open ocean, intersecting with Sandy’s circulation several days later. This region 

of polluted air, along with the polluted air emitted at the surface along the eastern seaboard, is 

then transported by Sandy’s deep convection to the UTLS. 

 This study employed a fine grid spacing simulation of Hurricane Sandy (2012) to 

simulate chemical transport during the duration of the storm’s most intense tropical period. 

Simulations were performed, at the innermost domain, at a horizontal grid spacing of 3 km, with 

70 vertical levels. These fine grid spacings were crucial in aiding understanding of transport and 

the need for convective (Grell et al. 2005)permitting grid spacing when studying transport. 

 As Sandy developed and its convection became both deeper and more widespread, 

vertical transport of CO increased. The most significant vertical transport occurred after Sandy 

made landfall with Cuba, as it both intersected with the polluted region that was transported from 

the Midwestern United States and its outermost rain bands continued to develop.  

As the rain bands continued to develop, banding of the pollution occurred, with regions 

of higher transport associated with rain bands were spatially adjacent to regions of lesser 

transport with more shallow or no convection. Due to this banding phenomenon and localized 

maxima of transport near rain bands with deep convection, it is apparent that most of the 

transport occurring within Sandy is due to localized deep convection and not due to larger-scale 

forcing. However, the large-scale forcing from the hurricane that transported laterally the 
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pollutants from the Midwest made up a majority of the pollutants transported by Sandy. This 

indicates that future work should also investigate the outlying situation and implies that even 

pollution not initially near TCs can be transported both laterally and vertically over several days 

into the TC and by the TC into the UTLS.  

Although this study is limited to a single TC, it provides implications for future studies of 

other transport by hurricanes. Additionally, this study provides insights into the mechanisms of 

transport and re-emphasizes the necessity of modeling transport at a fine horizontal grid spacing. 

Additional studies must be performed for other cases, especially of major TCs and very weak 

TCs in order to complete the understanding of vertical pollution transport. 
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