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Atmospheric Deposition Contributions to Nitrogen and Phosphorus Loadings in Tampa Bay 

1.0 INTRODUCTION 

The objectives of the atmospheric deposition data collection and analysis for this project are to 
determine the proportions of the total nitrogen and phosphorus loadings to the bay resulting from 
direct deposition to the surface of the bay, and to provide data for use in estimations of watershed 
loadings to the bay which result from atmospheric deposition. The results of this study will assist 
the Tampa Bay Estuary Program (TBEP) in apportioning nitrogen load reduction responsibilities 
among bay-area municipalities and counties, a process delineated in the TBEP Comprehensive 
Conservation and Management Plan. This report serves as an interim data reporting mechanism, 
and covers the period August 1996 through July 1998, the first two years of the sampling effort. 

Nitrogen and phosphorus loading estimates to Tampa Bay due to atmospheric deposition were 
determined as part of the total estimated loadings to the bay for 1985-1991 (Zarbock et al., 1994). 
Wet deposition was estimated utilizing precipitation and nutrient concentration data collected at the 
National Atmospheric Deposition Program site at Verna Wellfield, and dry deposition estimates 
were determined by multiplying wetfall estimates by a regionally-derived ratio determined by the 
Florida Acid Deposition Study. These estimates determined that atmospheric deposition directly 
to the bay’s surface may provide about 29% of the total nitrogen load and about 31% of the total 
phosphorus load to the bay. 

Given the relative importance of these loads in comparison to the total nutrient loads to the bay, it 
was determined that more accurate estimates of atmospheric deposition of nitrogen and phosphorus 
to the bay’s surface were necessary. The TBEP, Hillsborough, Pinellas, and Manatee counties, and 
the Florida Department of Environmental Protection asked that the bay be included as an EPA Great 
Waters Program. The Tampa Bay Atmospheric Deposition Study (TBADS), after approval by the 
EPA Great Waters Program, was begun in the spring of 1995, and resulted in data collection 
beginning in August 1996, and continuing through the present, with plans for sampling through 
1999. A list of advisors to TBADS is shown in Appendix A. The issues determined to be addressed 
by the TBADS were 

. estimation of the extent of water quality impacts from atmospheric 
deposition directly to the surface of the bay and that due to stormwater 
runoff, and 

. identification of sources of atmospheric nitrogen and toxic materials 
deposited to the bay and its watershed. 

To determine the estimates of atmospheric nitrogen and phosphorus deposition to the bay, 
participants in the TBADS recommended a site on the eastern end of the Gandy Bridge, which was 
approved by the NOAA/Great Waters participants, at which samples are collected. Data collected 
from this site, in concert with meteorological data collected at a mid-bay site, were analyzed to 
derive the amount of nitrogen and phosphorus being directly deposited to the bay surface. These 
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data have also been utilized to estimate contributions of atmospheric deposition to stormwater 
nutrient loadings to the bay, as part of another study. 

2.0 METHODS 

Data collection at the Gandy site and the meteorological station (Figure 1) commenced in August 
1996, with the first measurements of atmospheric nitrogen species concentrations and 
meteorological data on August 7, 1996. Collection of wet deposition data began on August 13, 
1996. 

To determine the wet deposition of nutrient species to the surface of the bay, the concentrations of 
nitrogen and phosphorus species, as well as sulfate and chlorine, are determined, and the total mass 
flux to the bay due to wetfall is calculated as the product of the chemical concentration in the 
rainfall, the rainfall depth, and the surface area of the bay. Determination of dry deposition is not 
such a straightforward calculation. For dry deposition, concentrations of various nitrogen species 
in the atmosphere above the bay are determined, and deposition velocities for the various nitrogen 
components to the bay are determined utilizing a buoy model developed by NOAA. The NOAA 
model uses as input meteorological data collected near the intensive deposition sampling site. 

Wet deposition sampling is done following the protocols developed by the National Atmospheric 
Deposition Program (NADP) Atmospheric Integrated Research Monitoring Network 
(NADP/AIRMoN). The primary responsibility of the site operator, the Environmental Protection 
Commission of Hillsborough County (EPC), is to collect and submit wet deposition samples to the 
Central Analytical Laboratory (CAL). Clean buckets are shipped by CAL to the site operator. The 
sample bucket is removed if: 

1) 
2) 

precipitation is measured by the rain gauge or 
the lid of the collector was open for more than one hour, or six or more shorter lid 
openings occurred regardless of whether any precipitation was measured. 

If a sample bucket is removed, it is transported to EPC. There, the bucket with the rain water inside 
is weighed on a top loading balance. If there is a least 10 ml of rain water volume, the pH is 
measured and the sample is transferred from the bucket to a sample bottle for shipment to CAL 
along with any used buckets and lids. CAL provides results for ammonium, chloride, sulfate, 
potassium, magnesium, specific conductance, orthophosphate, nitrate, sodium, calcium, and pH. 
Rainfall amount is measured by both a Belfort rain gauge, which documents approximate rainfall 
and the times that the wet bucket opens, and a National Weather Service rain gauge. The NWS rain 
gauge provides a more accurate daily rainfall amount. 

The dry deposition sampler consists of a special sampling box with a dual flow-through system 
consisting of a series of annular denuders (to scrub gaseous nitrate and ammonia with denuders 
internally treated with Na2CO3 and citric acid coatings) and a two-stage filter containing a nylon 
filter. Air flow is maintained by an electric pump. Chemically treated (and sealed) annular denuders 
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are shipped to the site operator by a contract laboratory, QST Environmental (which acquired 
Environmental Science and Engineering, Inc., which initially analyzed the samples). The filter pack 
assembly is also prepared at QST Environmental and shipped sealed to EPC. 

The atmospheric concentration sampler is operated for a 24-hour period every sixth day. Following 
each sampling period, the annular denuders and filter pack are removed from the sampling box and 
sent to QST Environmental for analysis. The samples are analyzed for gaseous and particulate 
nitrate, sulfate, and ammonia. 

The meteorological site in Tampa Bay provides data for input to a bulk exchange model, the Buoy 
Model, developed by Dr. Richard Valigura at NOAA’s Air Resources Laboratory (Valigura, 1995). 
Dr. Valigura modified the Buoy Model for Tampa Bay to calculate the air/water transfer rate of 
hydroscopic compounds (e.g., HNO3, NH3, and SO2) for which transfer can be considered one 
dimensional (i.e., downwards), and the transfer rate of particulates from 1-2 pm in diameter. 

Model output of a heat transfer coefficient enables the calculation of a hydroscopic compound 
deposition velocity as follows: 

Vhd = (Dh)(U), 

where: Vhd = hydroscopic compound deposition velocity, 
Dh = heat transfer coefficient, 

and U =windvelocity. 

Here, the surface concentration of the hydroscopic compound is assumed to be zero, and the 
deposition velocity is the inverse of the aerodynamic resistance for the hydroscopic compound. It 
is also assumed that the aerodynamic resistance for hydroscopic compound exchange across the air- 
water interface is equivalent to the aerodynamic resistance of air-water exchange of sensible heat. 

The model also calculates a particulate deposition velocity as follows: 

Vpd = 1 /( 1 /(VDP*USTARG)+RA), 

where: Vpd = particulate deposition velocity, 
VDP = 0.002 if ZLNEW >= 0 

= 0.01 if ZLNEW < 0 

USTARG = friction velocity, 
with ZLNEW= dimensionless stability parameter, 

and RA =U2/USTARG2 
with U2=(wind speed) - (friction velocity). 
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Meteorological data are averaged over 30-minute intervals, from data collected every second. The 
relevant physical parameters used by the Buoy Model are wind speed, air temperature, water 
temperature, and relative humidity. 

For calculation of the dry deposition of nitrogen to the bay, the measured concentrations taken every 
six days are allowed to represent the concentrations on the day of sampling, and on the previous 2.5 
days and the following 2.5 days. The concentrations of the various nitrogen species in the 
atmosphere are then multiplied by the appropriate deposition velocity, the surface area of the bay, 
and the time period over which the deposition velocity is calculated, to determine the total flux of 
each nutrient species to the bay. 

The sum of the wet mass flux and the dry mass flux of the nitrogen species to the bay represents the 
deposition of nitrogen due only to those nitrogen species converted by the annular denuders to 
nitrate and ammonium, in addition to the particulate forms of nitrogen collected by the nylon filter 
pack and the nitrate and ammonium from the wet deposition. Similarly, the phosphorus mass flux 
to the bay is only represented by the orthophosphate as collected by the wet deposition sampling. 
Chlorine and sulfate mass fluxes to the bay are also only represented by the wet deposition of these 
two chemicals. 

4 
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Figure 1 .  Locations of the Gandy Intensive Monitoring Site and the Meteorological Site. 

5 
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3.0 RESULTS 

Nitrogen, Phosphorus, Sulfate, and Chlorine Wet Deposition 
Rainfall data collected at the Gandy site are shown in Figure 2 for August 1996 through July 1998. 
The associated concentration of nitrogen for each rainfall event is shown in Figure 3, for phosphorus 
in Figure 4, for sulfate in Figure 5, and for chlorine in Figure 6. The deposition of nitrogen for each 
rainfall event, calculated from nitrogen concentration in the rainfall samples, is shown in Figure 7, 
that for phosphorus in Figure 8, that for sulfate in Figure 9, and that for chlorine in Figure 10. 

The relationship between rainfall and wet nitrogen deposition is shown graphically in Figure 1 1. 
This relationship is linearly fit with a line by the equation 

N-flux (mg/m2) = Rainfall (m) x 1.29 + 258.4, 

with a coefficient of determination (r2) of 0.45. 

The relationship between rainfall and wet phosphorus deposition, as displayed in Figure 12, is not 
as clearly defined as that between rainfall and nitrogen, with a coefficient of determination of only 
0.0 1. Figures 13 and 14 display the relationships between wet sulfate deposition and precipitation 
and wet chlorine deposition and precipitation, respectively. The relationship between sulfate 
deposition and rainfall has a coefficient of determination of 0.54, with a linear fit described by the 
equation 

SO,-flux (mg/m2) = Rainfall (m) x 116.6 + 1590.4. 

The relationship between chlorine deposition and rainfall has a coefficient of determination of 0.24. 
Those constituents of rainfall with deposition most closely related to rainfall amounts are nitrogen 
and sulfate. 

The concentration of nitrogen, as determined by summing the nitrate-nitrogen and the ammonium- 
nitrogen, is related to the amount of rainfall as shown in Figure 15. Here, it is seen that lower 
rainfall amounts contain greater concentrations of nitrogen than do higher rainfall amounts. This 
may be due to a “first flush” effect, in which initial rainfall during an event contains greater 
concentrations of nitrogen than does rainfall later in the event. 
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Wet deposition totals for each month, from August 1996 through July 1998, are shown in Table 1 
for nitrogen, phosphorus, chlorine, and sulfate. For the first year of data, from August 1996 through 
July 1997, the total wet deposition of nitrogen was 340.2 mg/m2, total wet deposition of phosphorus 
was 4.91 mg/m2, total wet deposition of sulfate was 1,964.7 mg/m2, and total wet deposition of 
chlorine was 2,371.6 mg/m2. For the second year of data, from August 1997 through July 1998, the 
total wet deposition of nitrogen was 419.3 mg/m2, total wet deposition of phosphorus was 6.83 
mg/m2, total wet deposition of sulfate was 2,453.4 mg/m2, and total wet deposition of chlorine was 
2,142.3 mg/m2. Over the two-year period, wet deposition of nitrogen averaged 379.8 mg/m2/yr,  wet 
deposition of phosphorus averaged 5.87 mg/m2, wet deposition of sulfate averaged 2,209.1 mg/m2, 
and wet deposition of chlorine averaged 2,257.0 mg/m2. As can be seen from the data presented in 
Table 1, variability within the same month from year to year may be high, as may be expected given 
the variability in rainfall for the same months. It should be noted that the month of maximum wet 
nitrogen deposition, July 1997, is not the same as that for maximum wet phosphorus deposition, 
September 1997. It is also important to note that approximately 59% of the first year’s total wet 
nitrogen deposition occurred in April and July, while approximately 33% of the second year’s total 
wet nitrogen deposition occurred in June and July. 

Extrapolation of the total direct wet nitrogen and phosphorus deposition to Tampa Bay, with a 
surface area of approximately lx109 m2, leads to approximately 3.8x105 kg N being deposited 
directly to the bay surface annually for August 1996 through July 1998, and approximately 5.9x103 
kg P annually. An estimate of annual total atmospheric deposition of nitrogen (sum of wet and dry) 
for the period 1985-1991 (Zarbock et al., 1994) was 9.7x105 kg, or approximately 2.6 times the 
annual average wet deposition of nitrogen calculated for August 1996 through July 1998. As 
mentioned previously, the estimates for 1985- 199 1 utilized precipitation and nutrient concentration 
data collected at the NADP site at Verna Wellfield, and dry deposition estimates were determined 
by multiplying wetfall estimates by a regionally-derived ratio determined by the Florida Acid 
Deposition Study. 

21 
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Nitrogen Dry Deposition 
Atmospheric concentrations of nitrogen species were determined from data collected every six days 
at the Gandy site from August 1996 through July 1998. Meteorologic data were collected for the 
same time period, with missing meteorological data for periods during October 11-25, 1996, July 
16 through August 11, 1997, August 24-25, 1997, September 24, 1997, November 20, 1997, and 
December 24, 1997. The meteorological data, when input to the NOAA buoy model, determine 
gaseous and particulate nitrogen deposition velocities, which are multiplied with particulate and 
gaseous nitrogen concentrations to yield dry nitrogen deposition fluxes to the surface of the bay. 
Nitrogen concentrations are shown in Figure 16 for the period from August 1996 to July 1998. 

Dry deposition velocities are calculated for every 30 minutes for which meteorological data exist, 
and multiplication of the deposition velocities with the atmospheric nitrogen concentrations over 
the 6-day periods results in the daily total dry nitrogen deposition fluxes as shown in Figure 17, and 
the monthly total dry nitrogen fluxes displayed in Figure 18. 

Table 2 contains the monthly total dry nitrogen deposition for the August 1996 through July 1998 
period. For the first year of data, collected from August 1996 through July 1997, the total dry 
deposition of nitrogen was 342 mg/m2, and for the second year, from August 1997 through July 
1998, the total dry deposition of nitrogen was 419 mg/m2. It should be noted that the month of 
maximum dry nitrogen deposition, October 1997, accounted for approximately 22% of the total dry 
nitrogen deposition for August 1997-July 1998, and the next highest deposition of approximately 
16% of the total for the same period occurred in September 1997. The average annual dry 
deposition of nitrogen for the two-year period was 381 mg/m2. 

Extrapolation of the total direct dry nitrogen deposition to the surface of Tampa Bay, containing 
approximately lx109 m2, leads to approximately 3.8x105  kg N/year. An estimate of annual total 
atmospheric deposition of nitrogen (sum of wet and dry) for the period 1985-1991 (Zarbock et al., 
1994) was 9.7x105   kg, or approximately 2.6 times the annual dry deposition calculated for the 
August 1996-July 1998 period. As mentioned previously, the estimates for 1985- 199 1 utilized 
precipitation and nutrient concentration data collected at the National Atmospheric Deposition 
Program site at Verna Wellfield, and dry deposition estimates were determined by multiplying 
wetfall estimates by a regionally-derived ratio determined by the Florida Acid Deposition Study. 

To preliminarily determine if any relationship existed between atmospheric concentrations of 
nitrogen species and possible sources of atmospheric nitrogen, the meteorological data over the 
period of sampling were examined to determine wind directions over the sampling period. Wind 
direction is one of the variables collected at the meteorological station. For this analysis, wind 
directions were constrained to fall into one of four quadrants, with each quadrant containing 90o of 
the compass, and atmospheric nitrogen concentrations as determined by the denuder were assigned 
to quadrants based on wind direction over the period of time for which the concentrations were 
applied. The results of this rough analysis are given below in Table 3. For particulate nitrogen as 
collected on the nylon filter, the greatest atmospheric concentrations were found when the wind 

23 
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direction was from the northwest. In contrast, for gaseous nitrate-nitrogen as collected on the 
carbonate denuder, highest concentrations were found when winds were from the southeast 
quadrant, and highest concentrations of ammonium-nitrogen as collected on the citric acid denuder 
were found when winds were from the northeast quadrant. The differences between the highest 
concentrations and the lowest for each form of nitrogen, by quadrant, were not large, with maximum 
differences of 38% for gaseous ammonium-nitrogen, 35% for particulate ammonium-nitrogen, 25% 
for gaseous nitrate-nitrogen, and only 1 1 % for the particulate nitrate-nitrogen. 

Quadrant 

The location of the Gandy site for data collection was determined as the site most likely to be 
unimpacted by any plumes associated with the urban area to the east of the site, including areas 
involved in fertilizer handling associated with shipping. The small variability in nitrogen species 
concentrations associated with wind direction supports the idea that the intensive site is not in an 
area impacted by atmospheric plumes of pollutants preferentially from any one direction. The 
greatest concentrations of gaseous nitrate-nitrogen are found in association with winds from the 
southeast and northwest quadrants, and highest gaseous ammonium-nitrogen concentrations are 
associated with winds from the northeast quadrant, but greatest particulate nitrate-nitrogen and 
ammonium-nitrogen concentrations are found when the winds are from the northwest. These data 
seem to support the hypothesis that the Gandy intensive site is relatively unaffected by atmospheric 
pollutant plumes preferentially from any one direction. 

NO,-N, pg/m3 NH4-N, pg/m’ 
(Particulate) (Particulate) 

Table 3. Mean atmospheric concentrations of nitrogen species in relation 
direction. 

NO3-N, pg/m3 
(Gaseous) 

0.25 

0.27 

0.22 

0.27 

NH4-N, pg/m3 
(Gaseous) 

1 .50

1.38 

1.09 

1.15 

I North-East I 0.19 I 0.56 

South-East 

South-West 

North- West 

0.17 0.59 

0.17 0.57 

0.19 0.74 

Total Nitrogen Deposition 

The total nitrogen reaching the surface of Tampa Bay due to atmospheric deposition is the sum of 
the wet and dry nitrogen fluxes. Table 4 shows the wet, dry, and total nitrogen deposition for each 
month from August 1996 through July 1998, as well as the ratio of dry to wet deposition. For 
August 1996 through July 1997, total nitrogen deposition to the surface of the bay was 
approximately 682 mg/m2, with some of the dry deposition missing as noted before. For the second 
full year of data, August 1997 through July 1998, total nitrogen deposition to the bay’s surface was 
approximately 839 mg/m2. Given the average annual total nitrogen deposition of approximately 760 
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mg/m2,  approximately 7.6x105    kg N was deposited directly to the bay surface, or approximately 78% 
of the previous estimate for 1985-1991 (Zarbock et al., 1994). 

The ratio of dry to wet deposition used for estimating total atmospheric deposition of nitrogen to the 
surface of the bay for the 1985-1991 time period (Zarbock et al., 1994) was 2.04:l. From the 
results of this study after the first two years, this ratio is approximately 1 : 1 .  However, given the 
missing dry deposition data as previously described, this estimate may be low. Still, the proportions 
of nitrogen deposition due to dry and wet fluxes for the August 1996 - July 1998 time period appear 
to be more nearly equal than previously estimated (Zarbock et al., 1994). 

A comparison of nitrate and ammonium concentrations and wet deposition fluxes at the Gandy Site 
for the sampling period to concentrations and wet deposition fluxes measured at NADP sites in 
Florida over 1990-1996 is shown in Tables 5 and 6 below, compiled from information obtained from 
NADP electronically. The Bradford Forest site is in northeastern Florida, the Quincy site is in 
northwestern Florida, the Verna Wellfield site is in west-central Florida, the Kennedy site is at the 
Kennedy Space Center in the east-central part of the state, and the Everglades site is in south 
Florida. 

Concentrations of ammonium in rainfall at the Tampa Bay site from the August 1996 through July 
1998 sampling period (Table 5) are in the middle to high range of values found at other NADP sites 
in Florida during the dry season (November-May), but are at the high portion of the statewide 
measurements during the remainder of the year. The precipitation-weighted mean annual 
ammonium concentration at the Tampa Bay site of 0.20 mg/L is one-third greater than the maximum 
annual precipitation-weighted mean ammonium concentration at the other NADP sites in Florida, 
which range from 0.12 to 0.15 mg/L. A similar pattern is seen in nitrate concentrations, with the 
precipitation-weighted mean annual concentration at the Tampa Bay site of 0.88 mg/L being 1.06 
times greater than the maximum annual precipitation-weighted mean nitrate concentration at the 
other NADP sites in Florida, which range from 0.60 to 0.83 mg/L. 

Wet deposition of ammonium and nitrate (Table 6) in Tampa Bay has a variable relationship with 
deposition at the other Florida sites, with about twice as much ammonium and nitrate deposited in 
February than for the 1990-1996 February average for any other site. Annual average ammonium 
deposition at the Gandy site is 1.05 times that at the Vernal Well Field site, whereas annual average 
nitrate deposition at the Gandy site is approximately three-fourths that at the Vernal Well Field site. 
The comparison between the Florida NADP sites for 1990-1996 and the Tampa Bay site for August 
1996-July 1998 is preliminary at best, with the relatively short time period of the Gandy Site 
measurements making relationships only tentative. As more data become available from NADP, 
additional comparisons will be made between the wet nutrient fluxes at the Gandy site and those at 
the Verna Wellfield NADP site. 
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I 
Table 4. Monthly wet, dry, and total deposition of nitrogen. 1 
Year Month Wet N Dry N Dry/Wet Ratio 

Deposition Deposition 
(mg/m2/mont h) (mg/m2/month)a 

Total N 
Deposition 

(mg/m2/mont h) 

1998 6 

1996 I 8 I 23.6 I 35.4 I 1.50 

~ ~~ 

67.4 31.5 0.47 

59.0 I 
1996 I 9 I 13.5 I 34.8 I 2.56 48.3 I 

I 1996 10 I 12.0 I 14.5 
~~ I 1.21 26.5 I 

I 1996 I 11 I 7.3 I 51.4 I 7.04 58.7 I 
I 1996 I 12 I 6.9 I 37.2 I 5.39 44.1 I 

31.0 I 
28.4 

36.6 

104.3 

44.2 

64.9 

136.2 

48.0 

80.5 

117.7 

I 1997 I 11 I 9.4 I 68.7 I 7.3 1 78.1 

I 1997 I 12 I 29.5 I 23.7 I 0.80 53.2 I 
1 - 1 9 9 8 1  1 I 24.7 I 24.6 I 1 .oo 49.3 I 
r199q- 2 -  I 54.2 I 16.0 I 0.30 70.2 I 

I 20.8 I 0.63 53.5 I 
37.2 I 
55.0 I 20.8 I 34.2 I 1.64 

98.9 I 
97.0 I I 1998 I 7 I 71.5 I 25.5 I 0.36 

a - Missing data listed for Table 2 previously. 
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Table 5. Concentrations (mg/L) of nitrate and ammonium in wet deposition at Gandy 
site and Florida NADP sites* 

* - From NADP electronic database, for 1990-1996 precipitation-weighted monthly means 
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Annual 
Total 

1.5 10.59 1.81 11.35 1.6 8.86 1.78 10.17 2.03 12.78 2.13 9.48 

* - From NADP electronic database, for 1990- 1996 precipitation-weighted monthly means 
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