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This report addresses the question “Regional (interstate) transport plays a major role in ground-level ozone over the eastern US, but do the same processes transport reactive nitrogen to the Chesapeake Bay and its watershed where it is deposited from the atmosphere to the Earth’s surface?”  The basic chemistry of oxidized, reactive nitrogen is reviewed to show its transformations, lifetime, and losses and that deposition of reactive nitrogen is, like ozone, a regional problem.

Power plants, vehicles, fertilized soils and other sources emit reactive nitrogen primarily as nitric oxide, NO.  In the atmosphere, NO is rapidly oxidized to nitrogen dioxide, NO2.  These two species are rapidly interconverted in the reactions shown below and are thus usually considered together as NOx, the sum of NO and NO2.

NO + O3  NO2 + O2
NO2 + hv  NO + O
O + O2 +M  O3 + M

NO2 can be lost from the atmosphere by direct (dry) deposition to the Earth’s surface, but the lifetime (time to reach 1/e of the original amount) of NOx in the troposphere is short, less than a day, because it is rapidly converted to reservoir or sink species [EPA, 2006; 2008].  Reactions with organic compounds generate reservoir species, for example:

NO2 + CH3-CHOO  CH3-CHOONO2

NO2 + VOC (+O3 or OH)  R-ONO2 + O2

The products of these two reactions are peroxy acetyl nitrate (PAN) and alkyl nitrates (AN’s) respectively.  In reality these products represent families of compounds and sometimes involve a series of reactions.  Both PAN’s and AN’s generally sequester rather than remove NOx from the atmosphere because they can be converted back into NOx.  PAN is relative stable at cold temperatures typical of high altitudes, but thermally decomposes at hotter temperatures near the surface.  Other reservoirs include N2O5, and in the winter NH4NO3.  The lifetimes of these reservoir species are generally longer than that of NOx.

The ultimate fate of most NOx is nitric acid, HNO3.  Two processes dominate the formation of HNO3:

NO2 + OH + M  HNO3 + M

and

NO2 + O3  NO3 + O2
NO3 + NO2 + M  N2O5 + M
N2O5 + H2O (liquid)  2HNO3

The first pathway, involving OH radicals, occurs in daytime and the second pathway occurs primarily at night.  Nitric acid is soluble and highly reactive thus both wet and dry deposition occur rapidly.  

The sum of all oxidized, reactive nitrogen, NOy, to a good approximation can be defined as follows:

NOy = NOx + NO3 + 2*N2O5 + PAN + AN + HNO3 + HNO2 + NH4NO3

Nitrous oxide, N2O, and ammonia, NH3, are not included in NOy because of their dramatically different chemistry.  The lifetime of NOy depends on altitude, temperature, and rain rates, but is generally a day or so, allowing enough time for substantial amounts of NOy to travel hundreds of kilometers, especially if pollutants are lofted into the free troposphere.

Concrete examples of these processes can be seen in the results of UMD’s Regional Atmospheric Measurement, Modeling and Prediction Program (RAMMPP) and NASA’s DISCOVER-AQ program that took place in July 2011.  Figure 1 shows results from typical NOy altitude profiles over Maryland.  Concentrations vary from 2-12 ppb near the surface and are higher downwind of urban areas, but substantial concentrations exist upwind of Baltimore as well.  Above the planetary boundary layer (PBL) mixing ratios decrease to about 1 ppb.  But how is the NOy partitioned?

Figure 2 shows how these trace gases are partitioned, and how this changes with time of day.  In general NOx, organo-nitrogen (PAN’s plus AN’s), and nitric acid each occupy about 1/3 of the total.  At higher altitudes, farther away from sources, the fraction of NOx decreases.  We can estimate the rate of dry deposition from the HNO3 concentration.  The deposition velocity is about 2 cm/s and the HNO3 mixing ratio is about 2 ppb or 10-6 g m-3.  The deposition rate (flux) is then about 2x10-8 g (N) m-2 s-1 and the lifetime of HNO3 in a 2000-m deep boundary layer is about one day.
 
Transport patterns (back trajectories) for high NOy days have not been calculated, but are expected to resemble back trajectories for ozone, because O3 and NOy are positively correlated.  Ozone correlates strongly with the concentration of “processed NOx” calculated as the difference between NOy and NOx and called NOz (EPA, 206).  Several articles have reported correlations of N deposition and emissions.  Recent research (Hao, 2012) indicates that ambient concentrations of NOx in Maryland correlate with emissions (Figure 3).  The correlation is actually stronger with power plant emissions than with vehicle emissions, despite the majority of monitors being located near I-95.  

In summary, reactive nitrogen, emitted as NO, can be sequestered in a variety of species and recycled through NOx several times prior to oxidation to HNO3 and loss from the atmosphere.  Boundary layer convection and other mixing processes transport NOy to higher altitudes where removal is slower and wind speeds greater.  The result is a substantial fraction of NOx emitted in the Ohio River Valley deposited in the Chesapeake Bay watershed.
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[bookmark: _GoBack]Figure 1.  Altitude profiles of total oxidized reactive nitrogen (NOy) from NASA P3 observations during DISCOVER-AQ for two sites in Maryland – Essex (east of downtown Baltimore) and Padonia (northwest of Baltimore and relatively rural).   Units are parts per trillion by volume; 4000 pptv = 4 ppbv.  The gray lines represent all observations from July 2011; colored lines are specific profiles of 7/16/11.  Note that concentrations drop off rapidly above the relatively well-mixed planetary boundary layer.  Data from R. Cohen and A. Weinheimer http://www-air.larc.nasa.gov/cgi-bin/arcstat-d
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Figure 2.  Partitioning among reactive nitrogen (NOy) species by time of day and altitude during DISCOVER-AQ for three sites in Maryland – Beltsville, NE of Washington, DC; Padonia (northwest of Baltimore and relatively rural): Essex (east of downtown Baltimore).  The top panels are morning and the middle panels afternoon fractional contribution to total NOy.  On bottom panels are mean actual NO2 and NOy concentrations in units of parts per billion by volume (ppb).  Data from R. Cohen and A. Weinheimer http://www-air.larc.nasa.gov/cgi-bin/arcstat-d
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Figure 3. Temporal trends in NOx emissions and observed surface concentrations in Maryland.  Emissions are from CEMS USEPA NEI mobile NOx emissions (NEI mobile emission = onroad emission + nonroad emission).  Most monitors are located near I-95 but concentrations follow power plants emissions more closely.
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Afternoon, 2–6 pm Local Time:
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Figure 4. 
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 runni ng m e a ns  (duri ng s t a nda rd s a m pl i ng). 
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1. 

W e   c ol l e c t e d  T D -L IF   obs e rva t i ons   of  N O

2

,  t ot a l   pe roxy   ni t ra t e s   (RO

2

NO

2

,  P N s ),  t ot a l  

a l kyl  ni t ra t e s  (RO N O

2

,  A N s ), a nd H N O

3

 ove r 14 s c i e nc e  fl i ght s  onboa rd t he  N A S A  P -3. 

 

2. 

Q ue s t i ons   re m a i n  a bout   t he   c a us e s   of  di s c re pa nc i e s   be t w e e n  a i rc ra ft   T D -L IF   a nd 

c he m i l um i ne s c e nc e  re a c t i ve  ni t roge n oxi de  m e a s ure m e nt s  

(F i gu r e s  2 

a nd 

3)

. 

 

3. 

P rofi l e s   w e re   s a m pl e d  a c ros s   a   ra nge   of  t i m e -of-da y  a nd  t e m pe ra t ure   c ondi t i ons   a t   6 

l oc a t i ons  t hroughout  t he  Ba l t i m ore  urba n pl um e .  

 

4. 

W e   s e e   e xpe c t e d  be ha vi or  i n  t ot a l   ni t roge n  oxi de s   (N O

y

)  s pe c i a t i on  w i t h  t i m e   of  da y ,  a s  

phot oc he m i c a l  proc e s s i ng c onve rt s  N O

x

 t o  NO

z

 (F i gu r e  4)

. 

 

5. 

S a m pl i ng  c a pt ure s   t he   i nc re a s e   i n  NO

z

/NO

y

  dow nw i nd  of  t he   urba n  c ore   from   E s s e x  t o 

F a i rhi l l  

(F i gu r e  4)

. 

 

6. 

HNO

3

  i s   a   l a r ge r  fra c t i on  of  NO

yi

  w he n  t e m pe ra t ure s   a re   hot t e r ,  pa rt i c ul a rl y  a bove   t he  

m i xe d  l a ye r .  W e   a l s o  s e e   ve rt i c a l   profi l e s   t ha t   a re   m ore   w e l l -m i xe d  a nd  t o  hi ghe r  a l t i t ude s  

on hot t e r da ys . 
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Hot, 12–6 pm Local Time:
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