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ABSTRACT 

LINDBERG, S .  E . ,  D. W .  JOHNSON, G. M. LOVETT, H. VAN MIEGROET, 
G. E.  TAYLOR, Jr., and J .  6. OWENS. 1989. Sampling and 
analysis protocols and project description for the Integrated 
Forest Study. ORNL/TM-11214. Oak National Laboratory, 
Oak Ridge, Tennessee. 115 pp. 

The principal objective o f  the Integrated Forest Study is to 

determine the effects of atmospheric deposition o f  major ions on forest 

nutrient cycling. The research has been conducted at forested sites in 

the northwestern, northeastern, and southeastern United States and in 

Canada and Norway. The sites,selected for this study represent a range 

of conditions in climate, air quality, soils, and vegetation, which will 

facilitate testing hypotheses about the effects o f  atmospheric 

deposition on forest nutrient cycles. 

Study i s  divided into two major sections: 

forest nutrient dynamics. 

collected at each site, we developed a common set o f  protocols, which 

are described in detail in this report. 

Research in the Integrated Forest 

atmospheric deposition and 

To assure comparabil ity among data sets 

xiii 





1. INTRODUCTION 

The principal objective of the Integrated Forest Study (IFS) is to 

determine the effects of atmospheric deposition o f  sulfur and nitrogen 

on forest nutrient cycling. The study integrates a field measurements 

component, involving quantification of atmospheric deposition and 

nutrient cycling in a range of forest types, and experimental research, 

including laboratory and field studies to investigate selected 

atmospheric and soil processes in greater detail (not described in this 

report). 

sites as part o f  the field measurements tasks, we have developed a 

common set of protocols, which are described in detail in this report. 

This report is one of a series o f  reports describing the sites studied 

in the IFS (Bondietti, 1989) and describing preliminary results of the 

study (Lindberg and Johnson, 1989a; Lindberg and Johnson, 1989b). 

The research has been conducted at forested sites in the 

To ensure comparabi 1 i ty among data sets coll ected at various 

northwestern, northeastern, and southeastern United States and in Canada 

and Norway (Fig. 1). The sites selected for this study represent a 

range of conditions in climate, air quality, soils, and vegetation, 

which will facilitate testing hypotheses about the effects of 

atmospheric deposition on forest nutrient cycles. 

IFS is described in Section 7 of this report. 

This aspect of the 
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F ig .  1. Locat ions of f o r e s t  study s i t e s  i n  t h e  I n t e g r a t e d  Fores t  
Study. S i t e  codes are  as fo l l ows :  ST=Great Smoky Mountains Nat iona l  
Park, NC (spruce a t  1730 m e leva t i on ) ;  DL=Duke Forest ,  NC ( l o b l o l l y  p ine  
a t  215 m); WF=Whiteface M t . ,  NY ( s p r u c e / f i r  a t  1000 m ) ;  LP=Oak Ridge, TN 
( l o b l o l l y  p ine  a t  300 m); TL=Turkey Lakes, On ta r io  (mixed hardwood a t  
350 m); NS=Nordmoen, Norway (spruce a t  200 m ) ;  GL=Grant Forest ,  GA 
( l o b l o l l y  p ine  a t  175 m ) ;  CP=Coweeta, NC ( w h i t e  p ine  a t  -1000 m); 
HF=Huntinyton Forest ,  NY (mixed hardwood a t  530 m ) ;  RA=Thompson Forest ,  
MA ( red  a l d e r  a t  100 m ) ;  DF=Thompson Forest ,  WA (Douglas fir a t  100 m ) .  
FS=Gainesvi l le, FL ( s lash  p ine  a t  100 m); MS=Howland, MN (spruce a t  
60 m ) .  
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2. SCOPE OF WORK 

I F $  is divided into two major ctions: 

atmospheric deposition and forest nutrient dynamics. These, in turn, 

are organized into field monitoring tasks and experimental tasks. In 

addressing these objectives, the atmospheric deposition tasks will 

provide estimates at several sites of the rates of atmospheric 

deposition to the canopy by precipitation, dry deposition of vapors and 

particles, and cloud and fog interception, as well as the throughfall 

(TF) and stemflow (SF) return to the forest floor. 

plus the results from manipulative experiments, will be used to 

determine the effects of deposition on important canopy processes. 

forest nutrient cycling tasks will provide estimates o f  element fluxes 

in litter and soil systems, estimates of internal H' production, and 

characterization of key processes leading to S ,  N, and H saturation in 

soils. The results of these tasks will be combined in assessments o f  

atmospheric deposition effects on forest nutrient cycles which can, i n  

turn, be applied to assessments o f  nutritional causes o f  forest decline 

These measurements, 

The 

and long-term effects on productivity. 

2.1 ATMOSPHERIC DEPOSITION 

There are four research tasks within the atmospher c deposition 

section. The field measurements task quantifies deposi ion fluxes of 

major ions to the canopy and to the forest floor, using the protocols 

and equipment described in this report {Fig. 2). This involves 

determination o f  wet-only Precipitation chemistry for samples collected 
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on an event basis above (incident precipitation) and below (SF and IT) 

the forest canopy and of  the chemistry u f  fog and cloud water at each 

site. 

of coarse deposited particles i s  determined from atmospheric samples o f  

surface-deposi ted material . 
measurements o hydrology, canopy structure, meteorology, and modeling 

results to est mate total deposition fluxes to the canopy and forest 

floor. 

In addition, the chemistry o f  airborne particles and vapors and 

These chemical data are combined w j  t h  

2.2 FOREST NUTRIENT DYNAMICS 

There are four tasks within the section on forest nutrient 

dynamics. 

under ambient conditions in the forest ecosystems under study using the  

protocols described in this report. 

instrumented with bulk precipitation ( i n  addition to detailed 

atmospheric sampling at selected sites), TF, SF, litterfall, and s a i l  

solution (lysimeter) collectors (Fig. 3 ) .  Lysimeters are of  Ihe tension 

type, utilizing fritted glass in instances where low soil solution p 

( t 4 . 5 )  i s  likely (to avoid the release o f  Ai3' from plates) or" 

ceramic/Alundurn plates where soil  solution pH is ~ 4 . 5 .  Either an 

electric or mechanical vacuum system is used t o  supply the necessary 

0.1-atm constant vacuum. In addition t o  the flux measurements described 

above, the total contents o f  m a j o r  nutrients in a17 ecosystem 

components, as well as soil available and exchangeable contents, are 

determined. 

The monitoring task evaluates element f l  uxes and contents 

To accomplish this, all s i t e s  are 
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ORNL-DWG 86-1718 

COLLECTION 8OTTLE - LYSIMETER PLATE 

F i g .  3. Schematic representation o f  nutrient cycling sampling 
equipment established at each research site i n  the Integrated Forest 
Study. 
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Measurements o f  ionic fluxes in solution allow estimations o f  the 

contributions o f  internally generated acids as well as $0,’- to the total 

ements 

a1 

leaching rates in these ecosystems. Uptake and accumulation of e 

by vegetation completes the budget and allows forecasts of potent 

soil changes due to acid deposition and the natural processes of 

leaching and vegetation uptake (Fig. 3) as illustrated. 



8 

3. DEPOSITION PROTOCOLS 

3.1 GENERAL PROTOCOL DESCRIPTION AND STATEMENT OF WORK 

The following is an abbreviated description o f  the full protocols 

for deposition sampling which are described in Sect. 3 . 3 .  

intensive sampling of deposition should be installed near the 

soil/lysimeter plots to assure comparable data for the basic monitoring, 

soil chemistry, and nutrient cycling studies. The site should be 

located with concurrence of any other local investigators who are 

responsible for the soil and vegetation sampling at this same time. 

site should not be located adjacent to any local emission sources or 

dusty, heavily traveled roads. This site should include a 

meteorological tower extending 5-10 m above the mean height o f  the 

forest canopy, with a small instrument shed at its base. 

should be outfitted with standard 110-V power at the base, canopy top, 

and tower top. 

A site for 

The 

The tower 

The following equipment i s  installed at the site as described in 

Sect. 3 . 3 :  meteorological package (wind vane, anemometer, radiometer, 

temperature and relative humidity sensors) , dry deposition collector, 
aerosol and vapor filter pack, fog/cloud water collector, ozone monitor, 

aerosol vacuum pumps, data logger, wet-only precipitation and TF 

collectors, SF collars, and recording rain gage (see Fig. 2 ) .  Adjacent 

t o  each o f  the wet-only samplers for incident precipitation (one 

sampler) and TF (two samplers) i s  one bulk deposition collector for 

direct comparison. 

maintenance of all samplers, meteorological equipment, and the ozone 

The site operators are responsible for operation and 
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monitor as described in Sect. 3 and 4. 

intensive deposition tasks of the project is done on a precip tation 

event basis, as described in Sect. 3.3.1. Prior to the event dry 

deposition, vapors, and aerosols are collected at the tower site. 

Hence, a complete "event" includes the preceding dry period and the 

following wetfall. 

collected. 

infrequently, these definitions must be flexible. At high-elevation 

sites samples of cloud water are made from non-precipitating clouds to 

avoid contamination of the cloud water by rainfall. 

are collected with a passive collector from as many such events as 

possible. 

Sample collection for the 

Samples from all events are analyzed if successfully 

During seasons when well-defined "events" occur 

Cloud water samples 

Over the course of each dry/wet event, incident precipitation, TF 

and SF (as wet-only), SO, and HNO, vapors, aerosols, and large particle 

dry deposition to inert surfaces are sampled as described in Sects. 

3.3.2 and 3.3.3. Ozone, wind speed and direction, temperature, solar 

radiation, relative humidity, duration of fog or cloud immersion, and 

precipitation amount are monitored continuously throughout the year. 

Specific information on the types of samplers utilized for each type of 

sample, the vendor (if to be purchased by each site), and details on the 

operation of the collectors are provided in Sects. 3.5 and 4. 

Air chemistry and dry deposition samples should be collected 

starting 1-2 d prior to the expected start of a precipitation event. 

Precipitation, TF, and SF samples should be collected and returned to 

the laboratory as soon after the end of the event as possible. Aliquots 

of selected samples for organic acid analyses are sent to Oak Ridge 
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National Laboratory (ORNL). All samples must be sent in appropriately 

cleaned bottles, well sealed, preserved with chloroform, and 

refrigerated (blue ice), along with appropriate extraction and bottle 

blanks. 

should be mailed as soon as possible. For the majority o f  the analyses 

which will be done by site investigators, samples should be analyzed 

without undue delay, along with the necessary quality assurance samples 

provided by ORNL. Details on the procedures for preparation of filters, 

cleaning o f  filter holders, fog collectors, bottles, etc., extraction of 

aerosol and vapor filters, extraction o f  dry deposition plates, and 

suggested vendors for filters and plates are in Sect. 3 . 3 .  

Samples should be refrigerated on-si te during preparation and 

Chemical analyses to be performed on individual samples are as 

follows: 

SO:-, Cl-, PO:-) and alkalinity (by titration o f  those samples with a 

pH greater than 5) on all fog, rain, snow, TF, SF, deposition plate 

extracts, and aerosol extracts; SO,'- and NO,' on SO, and HNO, filter 

extracts. 

be done on selected deposition samples (wet and dry) as described in 

Sect. 3.3.1.6. 

concentrations o f  H' (as pH, K', Mg'", Na', Ca", NH,', NO,-, 

Total N, total P, and A13', and organic acid analyses should 

The site operators are responsible for recording, in an accessible 

computer file, the following data for each sampled wet/dry event: 

atmospheric concentrations o f  major ions; deposition rates t o  artificial 

surfaces; solution chemistry o f  major ions in wet-only precipitation, 

fog water, SF, and TF; duration of antecedent period; duration of the 

event; amount of  precipitation, fog, SF, and TF collected; duration of 

fog collection; sampled air volume for filter pack and fog collectors; 
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and means of meteorological variables for the antecedent period and the 

precipitation event. In addition, for each annual report, the site 

investigators should calculate annual and seasonal mean values for 

precipitation and fog chemistry, atmospheric concentrations, water 

fluxes, and meteorological variables. 

The meteorological, chemical, and hydrological data are used to 

calculate input to each forest by using published models and methods 

developed and tested at ORNL for the IFS project. These methods will be 

applied in consul tation with investigators at each site. 

3.2 SAMPLING REQUIREMENTS FOR INTENSIVE DEPOSITION SITES 

3.2.1 Wet Deposition 

1. Precipitation as wet-only on event basis, for all events, in a 

forest clearing located near the forest plots. 

TF as wet-only on an event basis, for all events, below canopy a t  a 

sufficient number of rep1 icate sites to characterize the 0.1-ha 

2. 

forest plot. 

SF on an event basis, for all events, at the above sites i n  the 3 .  

0.1-ha forest plot. 

4 .  Precipitation, TF, and SF amounts as centimeters of rainfall for 

each event at each site from recording rain gages and wedge-type or 

similar TF gages, and from volume measurements of SF samples. 

two-three TF gages near each sampler to estimate TF amounts. 

Use 
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Storm characteristics for each event including antecedent dry 

period (hours), duration of storm (hours), and number of events 

collected as one sample (event definition: measurable rainfall 

occurring between two dry periods of 26-hr length. 

best determined from the weekly weighing bucket rain gage chart. 

Analyze all wet-only samples for all major cations/anions, 

conductance, and pH for every event; for Al, total P, and total N 

for selected events. 

titrations for selected events. 

b o t t l e  with 200 p L  of chloroform; include rain plus a composite TF 

and composite SF sample from any given event.) 

Snow sampling is a special case. 

meaning, so event collection is less important. The collectors may 

have to be modified by replacing bottles and funnels with a plastic 

sampling bag inside of bucket. 

5. 

These data are 

6. 

Send to ORNL for organic acids and weak acid 

(Send 30-40 mL of sample in a 

7. TF during snow has little 

3.2.2 Dry Deposition 

1. Aerosols, HNO,, and SO, using filter packs for dry periods between 

storms, for as many events as possible. The dry periods should be 

- > 72 h at background sites, 36-48 h at rural and urban sites for 

sufficient sample. 

experience at each site. 

Dry deposited coarse particles collected on deposition plates on 

same schedule as above. 

Continuous records of ozone, and SO, and NO,, if available. 

The minimum time is best determined from 

2. 

3 .  
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Characteristics o f  dry period including total dry duration (hour) 

from recording clock on dry collector, mean air flow o f  pump 

(liters per minute), total air volume sampled (cubic meters), and 

amount of precipitation (if any) which occurred during the dry 

experiment. 

Extract and analyze all dry samples for all major cations/anions 

and pH (pH on Teflon filter extract only) for all events. 

HNO, filters are both analyzed only for Sob2- and NO,-. 

SO, and 

3.2 .3  Fog and Cloud Water 

1. 

2. 

3 .  

4 .  

5. 

Visual or other measurements of fog/cloud immersion frequency and 

duration (hours) for all events, whether sampled or not. 
Cloud water or fog chemistry for as many events as possible, using 

active collectors at low-elevation sites and passive string 

collectors at high-elevation sites. 

easily sampled as one event over several hours in the same bottle. 

High-elevation clouds are best sampled sequentially into parts of 

similar duration. 

Record fog/cl oud character1 s t  i cs for sampl ed event incl udi ng 

duration of each sample or subsample, flow rate for active 

collector, volume of sample collected, total flow sampled, and wind 

speed during collection. 

Analyze a1 1 samp’les for all major cations/anions, conductance, and 

PH * 

Calculate liquid water content (LWC) for each sample. 

Low-elevation fogs are most 



14 

3.2.4 Meteorological Data 

1. Continuous records o f  wind speed, wind d i r e c t i o n ,  temperature, 

r e l a t i v e  humidi ty,  and s o l a r  r a d i a t i o n  a t  t h e  tower above t h e  

canopy, and p r e c i p i t a t i o n  amount i n  t h e  c l e a r i n g .  

Program the data logger  t o  c a l c u l a t e  h o u r l y  means o f  wind speed, 

temperature, r e l a t i v e  humidi ty,  s o l a r  r a d i a t i o n ;  h o u r l y  sums o f  

r a i n f a l l ;  and h o u r l y  maximum wind speed; h o u r l y  mean wind vector ;  

hou r l y  mean wind d i r e c t i o n ;  and h o u r l y  standard d e v i a t i o n  o f  t h e  

wind d i r e c t i o n  (us ing a wind vec to r  c a l c u l a t i o n  program). 

Record the  data monthly i n t o  a 1 -2 -3  Lotus spreadsheet and 

c a l c u l a t e  the  means f o r  t he  o v e r a l l  p e r i o d  represented by t h a t  

p a r t i c u l a r  data record.  

d i s t r i b u t i o n  o f  the wind d i r e c t i o n  i n  e i g h t  compass quadrants. 

Repeat these summaries f o r  t he  f u l l  d u r a t i o n  o f  each d r y  p e r i o d  

a c t u a l l y  sampled du r ing  t h i s  p a r t i c u l a r  data record.  

2. 

4 .  

For wind d i r e c t i o n  compute a frequency 

3.3  RATIONALE AND DETAILED DESCRIPTION OF METHODS 

The pro toco ls  t o  be used fo r  i n t e n s i v e  sampling o f  d e p o s i t i o n  a t  

s i t e s  i n  the  I F S  have been developed l a r g e l y  based on research on w e t  

and d r y  depos i t i on  done a t  Walker Branch Watershed over t h e  past  

10 years, on work done on c loud w a t e r  d e p o s i t i o n  a t  M t .  Moosilauke 

du r ing  1979-1981, and on recent  work by the  Nat ional  Ac id P r e c i p i t a t i o n  

Assessment Program (NAPAP) community on d r y  d e p o s i t i o n  methods. Much o f  

t he  r a t i o n a l e  f o r  t he  design o f  t h i s  p a r t  o f  t h e  study i s  descr ibed i n  

the  f o l l o w i n g  pub1 i c a t i o n s :  Lindberg and McLaughlin 1986, Love t t  and 
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Lindberg 1984, Lindberg et al. 1986, Hicks et al., 1987, Richter and 

Lindberg, 1988, Lindberg et al., 1988a,b, Lindberg et al., 1989a,b. 

This protocol i s  divided into several major sections covering 

sampling of wet deposition above and below the canopy, dry deposition, 

cloud/fog water input, meteorological parameters, and ozane. Within 

each section we provide information on equipment acquisition, 

installation, cleaning and preparation for sampling, operation, sample 

handling and extraction, analyses, and data manipulation (calculated 

variables). 

We have attempted to describe the methods in sufficient detail for 

those site operators who have not been involved in such studies in the 

past. However, we understand that some o f  the methods will have to be 

modified because o f  certain site-specific characteristics. For these 

reasons, the protocols are considered as a “working plan” subject to 

revision as the need arises, after consultation with project management 

at ORNL. 

3.3.1 Wet Deposi t ion 

3.3.1.1 Equi prnent 

Each site is responsible for obtaining three automatic wet/dry 

collectors o f  the Aerochemetrics* design to collect event wetfall. 

would be highly desirable to have a fourth such collector to sample 

wetfall on a continuous (weekly) basis. 

as part o f  ongoing National Atmospheric Deposition ProgradNational 

It 

Many sites will have this data 

“Aerochemetrics i s  a trademark of  the Aerochemetrics Corp. 
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Trends Network (NADP/NTN) programs a t  the Electr ic  Power Research 

I n s t i t u t e  ( E P R I )  s i t e s ,  Obta in  the standard wet/dry col lector  on legs 

w i t h  the peaked polycarbonate roof and the polycarbonate roof assembly; 

a l s o  obtain the t r i ck le  charger t o  allow battery backup i n  case o f  power 

f a  i 1 11 re - 
Samples should n o t  be collected d i rec t ly  i n  t he  sampler buckets (as 

done i n  the NADP network), b u t  a bottle/funnel arrangement should be 

used i n s i d e  o f  the buckets (see below). 

washing a.nd storage o f  several large buckets. Hence, d r i l l  a few holes 

i n  the sides o f  the buckets for  drainage, 

The inside bucket height i s  25,s cm, so the bottle/funnel must f i t  

This eliminates the need for  

below t h i s .  A standard 16-oz.  (-5-in.-OD) funnel in a 500- or  1000-mL 

(16- t o  3 2 - o z . )  rectangular widemouthed bot t le ,  both made o f  

pol yethy1 ene or pol  yprspyl  ene, s h o u l  d work.  

S-in. funnel and 500-ml bot t le  will sample a 5.5-crn rain event w i t h o u t  

werflcw, while the 1000-mL bot t le  will sample an ll-cm event. Use 

whichever seems appropriate f a r  specif ic  s i t e  conditions. 

The combi n a t  i on of the 

Equipment for  the bulk precipi ta t ion,  TF, and SF col lectors  i s  

described in Sect. 5.  

3.3.1 .% Instal  1 a t i  on 

The technical de t a i l s  on the setup and phys cal operation of the 

samplers themselves are described i n  the instruc ion baoklet supplied by 

t h e  manufacturer and i n  the NADP/ACM manual (Bigelow and Uosset 1988). 

The we%/dry satnplers should be deployed a s  Follows: 

incident precipitation a t  an appropriate clearing near the plots  and two 

one t o  measure 
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beneath the canopy to measure TF at the 

ate clearing i s  one meeting NADP specif 

plots (Fig. 2). An 

cations regarding size, 

proximity to and height of surrounding trees, and overhanging objects 

(see pub1 ications on NADP siting criteria; Biglow and Dossett, 1988). 

The wetfall collectors require standard 120-V power at each location 

(Table 1). The bulk collectors should be located adjacent to these 

collectors. 

close to the experimental sites as possible, in a suitable clearing. 

The SF collectors should be situated in the plots as described in 

Sect. 5. 

sampled by the wet-only TF collectors. 

The additional weekly wet collector should be located as 

It is desirable to have these located on the same trees being 

The continuously recording rain gage supplied with the 

meteorological package (Sect. 3.5) or a standard recording weighing 

bucket rain gage should be deployed to record the incident precipitation 

as collected by the sampler used in the clearing. 

backup device in the clearing as well as additional devices to record 

preci pi tat i on amount near the TF samplers. 

gages are useful in this regard. They should also be located adjacent 

to the wet-only collectors such that the opening is near but below the 

level of the collection funnel. SF volume for event samples should be 

recorded as described in Sect. 5. 

There should be a 

Standard pl ast i c  wedge- type 
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Table 1. Approximate power requirements 

1. 

2. 

3 .  

4 .  

ACM wet-only collector (AC power) 

a. 0.1 A = continuous operation 

b. 0.3 A = surge 

c .  0.6 A = heater when wet 

Deposition plate sampler (AC)  

a. 

b. 

c .  0 . 6  A = sensor when cold (thermostat operated) 

Air pumps ( A t ;  DC pumps are also available) 

a. ORNL/NOAA pump = 1.8 A for continuous operation 

b.  Anderson Cs. = 2 A for continuous operation 

c .  Gast Mfg. Co. = 4 A for continuous operation. 

d .  Sierra Mfg. Co, = 2.5 A for continuous operation 

e. All pumps have a starting average draw that is roughly 
2 times normal 

Meteorological package (AC not required, runs on DC) 

0.1 A = continuous operation 

0.3 A = lid opening (to expose plates after the unexpected 
rain) 
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3.3.1.3 Preparation 

As mentioned above, we do n o t  use t h e  bucket f o r  sample c o l l e c t i o n ,  

b u t  p lace  funnels and b o t t l e s  i n s i d e  o f  t h e  buckets. 

h o l d  two t o  t h r e e  such f u n n e l / b o t t l e s  f o r  r e p l i c a t e s  t o  p rov ide  

s u f f i c i e n t  sample f o r  a n a l y s i s  f rom small  volume events by cornposit ing 

and t o  a l l o w  d i f f e r e n t  b o t t l e  washing OT sample p r e s e r v a t i o n  methods t o  

be used w i t h i n  t h e  same c o l l e c t o r .  

f o r  c o l l e c t i o n  o f  " d r y f a l l , "  a matching bucket should be kep t  on t h e  d r y  

s i d e  t o  prevent contaminat ion o f  t h e  underside o f  t h e  l i d  o f  t he  

c o l l e c t o r  by dust, debr is ,  condensation, e t c .  I t  i s  impor tant  d u r i n g  

sampler setup t o  be sure t h a t  t h e  c o l l e c t o r  l i d  s i t s  p r o p e r l y  over t h e  

bucket t o  prevent  contaminat ion by wind-blow d e b r i s  and absorpt ion o f  

atmospheric vapors. 

Each bucket w i l l  

Although the  dry s i d e  i s  n o t  used 

The b o t t l e s  and funnels  should be dedicated t o  p r e c i p i t a t i o n  and 

t h r o u g h f a l l  samples o n l y  and are washed between c o l l e c t i o n s  by thorough 

r i n s i n g  w i t h  d o u b l e - d i s t i l l e d  o r  d i s t i l l e d / d e i o n i z e d  water (DDW), 

f o l l owed  by 24-h soaking i n  t h e  same, and f i n a l  r i n s i n g  w i t h  DDW. Ex t ra  

sampler buckets w i t h  1 i d s  make good funnel  -soaking con ta ine rs .  

b o t t l e s  a re  sealed and s to red  i n  c losed cab ine ts  between events, and t h e  

funnels  a re  sealed i n  new p l a s t i c  bags between use. 

polyethy lene b o t t l e s  f o r  storage o f  samples p r i o r  t o  ana lys i s  are washed 

and s to red  s i m i l a r l y .  

The 

Smal ler  

The samplers should a l s o  be cleaned p r i o r  t o  each use, as they tend 

t o  accumulate d r y  d e p o s i t i o n  between events t h a t  can splash o f f  t h e  l i d s  

i n t o  the  sample b o t t l e s  d u r i n g  r a i n .  I n  p repara t i on  f o r  sampling i n  the  

f i e l d ,  we c lean  t h e  e n t i r e  sampler l i d  w i t h  Kimwipes soaked i n  DDW, 



20 

fo l l owed  by a r i n s i n g  w i t h  a s q u i r t  b o t t l e  o f  DDW. The underside o f  t h e  

l i d ,  which i s  a foam pad covered w i t h  p l a s t i c ,  should a l s o  be wiped w i t h  

a soaked Kimwipe. F i n a l l y ,  t h e  r i m  o f  t he  bucket on t h e  d r y  s ide  must 

be wiped t o  prevent contaminat ion o f  t h e  underside o f  t he  l i d .  

suggest t h a t  each bucket be rep laced w i t h  a cleaned bucket every month. 

The o l d  buckets can be r i nsed ,  soaked, and s tored as above. 

We 

I n  p repara t i on  f o r  event sampling, t h e  wetness sensor should be 

checked f o r  proper operat ion us ing  a s q u i r t  b o t t l e  o r  wet f i n g e r .  

purpose o f  t h i s  device i s  t o  open the  sampler d u r i n g  p r e c i p i t a t i o n  by 

sensing a change i n  res i s tance  o f  t he  g r i d .  It i s  impor tant  t h a t  t h e  

g r i d  be kept  c lean  o f  l i t t e r ,  b i r d  droppings, and s i m i l a r  d e b r i s  t o  

assure un i fo rm sensing o f  wetness. 

temperature o f  t he  thermostated heater  i n  the  sensor base t o  achieve 

optimum s e n s i t i v i t y  (see manual). The s e t t i n g  from t h e  manufacturer 

should be appropr ia te,  b u t  you may want t o  make some adjustments a f t e r  

observing operat ion f o r  some t i m e .  

opening problem i s  c o l l e c t i o n  o f  s i g n i f i c a n t  q u a n t i t i e s  o f  water i n  t h e  

d r y  s ide  bucket f o l l o w i n g  a r a i n  event. 

The 

Note t h a t  you can a d j u s t  t h e  

One good i n d i c a t i o n  o f  a delayed 

3.3.1.4 Operat ion (Event Sampling) 

Sampling o f  p r e c i p i t a t i o n  on an event bas is  i s  an impor tant  

o b j e c t i v e  o f  t h e  p r o j e c t  and one t h a t  can be met o n l y  w i t h  some 

ded ica t i on  on the  p a r t  o f  t h e  s i t e  s c i e n t i s t s .  

p r e c i p i t a t i o n  event as "measurable p r e c i p i t a t i o n  (>0.03 cm) occu r r i ng  

between two 6 -h  per iods o f  no measurable p r e c i p i t a t i o n "  (see Table 2 ) .  

This  d e f i n i t i o n  has worked w e l l  i n  the  c l i m a t e  i n  t h e  southeastern 

We d e f i n e  a 
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Table 2 .  Events 
- 

1. Attempt to sample three or more wet/dry events per month, and a l l  
wet events 

2. Event sampling i s  most important during the growing season 

3 .  \Jet/dry period = -2- t o  3-d dry period followed by wet event 

4 .  Wet event = 6-h dry period followed by precipitation o f  >0.03 cm 
followed by another 6-h dry period 
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Uni ted States b u t  must bo sub jec t  t o  m o d i f i c a t i o n  a t  t h e  o the r  s i t e s  

based on t h e  past experiences o f  t h e  s i t e  personnel, 

I n  t h e  southeastern Uni ted States, we have t h e  best  chance o f  

c o l l e c t i n g  w e l l - d e f i n e d  s ing le -even t  samples d u r i n g  t h e  p e r i o d  A p r i l  t o  

October. Th i s  co inc ides w i t h  the  f o r e s t  growing season, when we are 

most i n t e r e s t e d  i n  q u a n t i f y i n g  ra in lcanopy i n t e r a c t i o n s  and when d r y  

d e p o s i t i o n  t o  the  deciduous canopy i s  h ighest ,  

a t  no r the rn  o r  h i g h - e l e v a t i o n  s i t e s ,  however. Appropr ia te changes 

should be made based on experience i f  necessary. As you consider  t h i s ,  

keep i n  mind the  need t o  maximize t h e  number o f  p r e c i p i t a t i o n  events 

sampled above and below t h e  canopy, p a r t i c u l a r l y  d u r i n g  t h e  growing 

season, w h i l e  a t  t he  same time sampling a s u f f i c i e n t  and r e p r e s e n t a t i v e  

f r a c t i o n  o f  t h e  t o t a l  p r e c i p i t a t i o n  t o  a l l o w  c a l c u l a t i o n  o f  t o t a l  wet 

(no t  bu l k )  deposi t ion.  

weekly wet-on ly  sampler will be important (see below). You should 

T h i s  may n o t  be t h e  ease 

f o r  t h i s  reason t h e  opera t i on  o f  t h e  continuous, 

events i f  p o s s i b l e  (see 

i n  event 

at tempt t o  c o l l e c t  a l l  samples as i n d i v i d u a l  

Tables 2 and 3 ) ,  w i t h  the  hope o f  being comp 

c o l l e c t i o n  f o r  several  events each month. 

I n  prepar ing for wet event sampling, we 

e t e l y  successfu 

general 1 y p l  ace 

b o t t l e / f u n n e l  arrangements i n  the  w e t  samplers anywhere from 

t h e  

several  

I n  many cases hours t o  a few days p r i o r  t o  p red ic ted  p r e c i p i t a t i o n .  

t h i s  w i l l  occur sometime d u r i n g  the  d r y  d e p o s i t i o n  sampling per iod,  

which precedes the  wet event as descr ibed below. 

p rov ide  a p o s i t i v e  seal over the  buckets and prevent contaminat ion by 

d r y  deposi t ion,  l e a v i n g  the  b o t t l e s  unattended i n  t he  f ie ld p r i o r  t o  an 

event i s  no problem for t he  r a i n  and TF samples. SF will n o t  be 

Because the  samplers 
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Table 3 .  Routine event samples 

1. Dry period (see Sects. 3 . 3 . 2  and 3 . 3 . 3 )  

a. Suspended part i cl es 
b. HNO, vapor (using nylon filter behind particle filter ''a" 

above) 
c. SO, (using treated filter behind particle filter "b" above) 
d. Deposited particles (primarily those o f  >2 am diameter) 

i. Using inert deposition (petri) plates 
ii. Placed in automatic dry deposition collector or exposed 

by hand 

2 .  Wet event 

a. Incident precipitation, wet-only (one collector) 
b. Throughfall, wet-only (rep1 icate collectors) 
c .  Stemflow, event basis (replicate collectors) 
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pro tec ted  in t h e  same way, however. We suggest t h a t  t h e  SF c o l l a r s  t o  

be used for t h e  event sampling be washed by hand us ing  a s q u i r t  b o t t l e  

w i th  DDW and t h a t  new c o l l e c t i o n  b o t t l e s  be p laced under t h e  c o l l a r s  as 

soon be fore  t h e  event as p r a c t i c a l .  

setup o f  t h e  wet-on ly  c o l l e c t o r s .  

l oca ted  i n  t h e  same p l o t  as t h e  b u l k  SF c o l l a r s  descr ibed i n  t h e  " s o i l s "  

p ro toco l  and should be made o f  t h e  same m a t e r i a l .  

Th is  w i l l  genera l l y  co inc ide  w i t h  

The event SF c o l l a r s  should be 

Fo l low ing  t h e  p r e c i p i t a t i o n  event, t h e  wet samples should be 

r e t r i e v e d  as soon as p r a c t i c a l  t o  minimize p o s t - c o l l e c t i o n  chemical 

changes i n  t h e  samples, p a r t i c u l a r l y  f o r  hydrogen, ammonium, and n i t r a t e  

ions.  

1 aboratory  f o r  ana lys i  s wi thou t  de l  ay (see be l  ow). 

A l l  samples should be sealed i n  t h e  f i e l d  and re tu rned  t o  t h e  

3.3.1.5 Operat ion (Weekly o r  Continuous Sampling) 

As discussed above, i t  w i l l  be necessary t o  sample as much as 

poss ib le  o f  t h e  i n c i d e n t  p r e c i p i t a t i o n  as w e t f a l l - o n l y .  Th is  can be 

accomplished i n  one o f  t h ree  ways: (1) l o c a t e  t h e  exper imental  s i t e  

nex t  t o  an e x i s t i n g  NADP/NTN o r  M A P S  s i t e ,  ( 2 )  o b t a i n  an a d d i t i o n a l  

sampler f o r  t h e  s i t e ,  o r  ( 3 )  operate t h e  event 

as a cont inuous sampler whenever event c o l l e c t  

t a k i n g  samples on approximately a weekly bas is  

above pro toco l ,  w i t h  t h e  appropr ia te  change i n  

be sure t o  d i s t i n g u  

samples du r ing  samp 

TF/SF, we w i l l  r e l y  

the a b i l i t y  o f  each 

sampler (descr ibed above) 

ons are  n o t  poss ib le ,  

In any case, f o l l o w  t h e  

c o l  1 e c t  i on i n t e r v a l  , and 

from t h e  mu l t i p le -even t  sh t h e  s ing le-event  sample 
. I  . . C .  . .  I L .  7 .  r 

e i a e n t i t i c a x i o n .  i o  assure conxinuous samDiina OT - - _  . - -  .. 
4 

on the  weekly b u l k  c o l l e c t i o n s  (see Sect, 5) and on 

s i t e  t o  sample as many events as poss ib le .  
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It is possible that at many o f  the high-elevation or maritime 

sites, winter sampling will consist s f  several continuous-type samples 

but fewer event samples, because of climatic or logistical reasons. If 

this is the case, the wet-only precipitation and TF collectors and SF 

collectors should all be operated on the same schedule. 

3.3.1.6 Sample Hand1 ing, Extraction, and Analysis 

In the laboratory, pH and conductance should be determined as soon 

The remainder o f  each sample as poss ble on an a1 iquot of each sample. 

should be transferred to clean bottles for storage prior to analysis. 

Storage should be under refrigeration, and analyses done without 

unnecessary delay. If delay is extended, remeasurement of pH and 

conductance i s warranted. 

ORNL will analyze organic acids on selected wet deposition, TF, and 

SF samples collected at the original sites. 

third of the wet event samples during the growing season, and preserve 

25-mL aliquots o f  rain, TF, and SF with 0.05-ml reagent-grade chloroform 

per 25-mL sample. Ship the preserved samples to ORNL for analysis by 

Gran plot titration. Please include data on date, time, tree species, 

site, rain volume, pH, and conductivity measured for each sample sent. 

In general, all wet deposition samples should be analyzed for  H', 

Randomly select about one- 

K', Ca+, Mg2', Na+, NH,', NO,-, SO:-, Cl-, PO:-, and alkalinity, in 

addition to pH and conductivity. 

samples of pH >5 as described in Sect. 5. Total nitrogen and total 

phosphorus should be measured on all TF and SF samples. 

deposition, TF, and SF samples should also be analyzed for total 

Alkalinity should be measured on all 

Selected wet 
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dissolved aluminum to determine i f  this is a significant contributor to 

the total cation equivalents in any o f  these sample types. 

samples o f  incident precipitation should also be analyzed for total 

nitrogen and phosphorus to determine the contribution o f  organic 

nitrogen and phosphorus. 

Our experience i s  that dissolved aluminum is negligible in rain, TF, and 

SF relative to major cations, and that total nitrogen in precipitation 

consists primarily o f  NO,- plus NH;. 

Selected 

We see this as sort o f  a screening procedure. 

3.3.1.7 Data Manipulation 

Ion concentrations should be reported in milliequivalents per 

1 iter; element concentrations (total nitrogen, phosphorous) as 

milligrams per liter; and wet fluxes in milliequivalents per square 

meter per event, season, year, or other appropriate time period. 

Conductance should be in micromhos square centimeter. Also recorded 

should be wet duration and antecedent dry period duration (in hours) and 

precipitation, SF, and TF amounts (in centimeters). 

3.3.2 Dry Deposition (Deposited Coarse Particles) 

3.3.2.1 Equi pmen t 

Each site should collect deposited particles on inert surfaces by 

using either an automatic collector such as that developed at ORNL 

( F i g s .  4a, 4b, 4c) or manual operation. The devices are designed to 

hold two petri dish deposition plates using standard ring clamps. 

plates are standard-sized polycarbonate petri dishes (100-mm-OD top and 

95-mm-ID bottom; the lower half is the section we expose), which can be 

The 
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Fig .  4. Apparatus for exposure o f  dry deposition plates above 
forest canopy with automatic protection from precipitation. 
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obtained from Nalgene. 

p l a t e s  i s  an u n s e t t l e d  quest ion.  

designs i n  wind tunne ls  f o r  u l t i m a t e  use i n  t h e  f i e l d .  

t o  use samplers throughout the  depos i t i on  tasks o f  t h e  p r o j e c t  which are 

compat ib le w i t h  those used i n  o the r  NAPAP networks, i t  i s  p o s s i b l e  t h a t  

b e t t e r  designs w i l l  be a v a i l a b l e  i n  the  f u t u r e .  

Note t h a t  t h e  "best"  design f o r  d r y  depos i t i on  

Several groups are t e s t i n g  new p l a t e  

Because we want 

3 .3 .2 .2  Instal  1 a t  i on 

The automatic o r  manual d r y  depos i t i on  c o l l e c t o r s  should be l oca ted  

a t  t h e  t o p  of t h e  tower, approximately 5-10 m above t h e  h e i g h t  o f  t h e  

surrounding canopy (F ig.  2 ) .  To avoid contam nat ion,  mount t h e  sampler 

away from overhanging ob jec ts  such as  meteor0 o g i c a l  equipment and face 

i t  i n t o  t h e  p r e v a i l i n g  wind. The ORNL sampler i s  designed t o  a t tach  t o  

aluminum t u b i n g  ( o f  standard diameter and thread) which has been clamped 

h o r i z o n t a l l y  t o  t h e  tower. 

Love t t  (1985). 

The c o l l e c t o r  i s  descr ibed i n  Lindberg and 

The u n i t  uses a wetness sensor t o  de tec t  any unpredic ted ra ind rops  

which may occur d u r i n g  a "d ry "  event and s igna ls  the  u n i t  t o  move the  

r a i n s h i e l d  over t h e  p la tes .  

r e t r a c t e d .  

as w e l l ,  p r e f e r a b l y  a t  a h ighe r  unobstructed p o i n t  a t  t h e  opposi te  

corner f r o m  t h e  sampler. 

which i s  mounted t h e  wet sensor, a j u n c t i o n  box, a d i g i t a l  hour meter, 

and the  sampler i t s e l f ,  each designed t o  operate i n  a l l  weather 

c o n d i t i o n s  when p r o p e r l y  mounted. 

When the  sensor drys,  t he  s h i e l d  i s  

Thus, t h e  sensor must be mounted h o r i z o n t a l l y  on t h e  tower 

The e n t i r e  u n i t  inc ludes a c o n t r o l  box on 

The sampler r e q u i r e s  110-V A/C power 
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(Table 1). 

the shield is retracted to expose the plates. 

requiring a reading at the start and end of each dry sampling period. 

The hour meter will record the plate exposure time only when 

It is a continuous meter 

3.3.2.3 Preparatl on 

The deposition plates are cleaned prior to use by thorough rinsing 

in DDW followed by at least 12-h  soaking in same. 

buckets with lids work well for this and can hold dozens of plates (both 

tops and bottoms are cleaned). The plates should be air dried in a 

laminar flow clean bench prior to storage. 

dried quickly in a clean oven at up to 50°C. 

stored with the lids in place in sealed plastic bags for transport t o  

Clean rain sampler 

Alternatively, they can be 

The plates should be 

the field. 

In the field the sampler rain shield and wet sensor should be 

cleaned with a wet Kimwipe and then dried prior to sampling of a dry 

event. 

consists of checking the travel o f  the ra n shield to be sure that it 

moves freely. 

the rain sensor. 

using a drop of water. Note that this sensor should be adjusted for 

maximum sensitivity to wetness since you want it t o  accomplish rapid 

protection o f  the dry plates from any rain, fog, or cloud water. 

Sensitivity adjustments can be done two ways: turning down the 

thermostat in the sensor and adjusting a potentiometer in the control 

The operation o f  the sampler shou d be tested. This generally 

The design allows for this to be tested independently o f  

The wet sensor should also be tested fo r  operation by 
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box. By reducing heating o f  the 

gr id ,  droplet evaporation i s  reduced so t h a t  any moisture will t r igger  

the rain shield.  

The thermostat is  eas ies t  t o  change. 

3.3.2.4 Operation (Event Sampling) 

Event sampling has been discussed above for  precipi ta t ion and i n  

Tables 2 and 3 for  bo th  wet and dry inputs. Prior t o  a "predicted" 

period o f  -48 h of dry weather, clean plates should be taken to  the 

f i e ld  and mounted on the sampler using r i n g  clamps as shown i n  Fig.  4 .  

Two plates  should be mounted such t h a t  the r a i n  shield will caver both  

when closed. 

sampling apparatus should also be se t  up as described below. 

s t a r t i ng  time of the plate exposure on the hour meter. 

should be kept clean i n  p las t ic  bags u n t i l  the end of the experiment. 

A t  t h i s  same time, the other dry deposition and a i r  

Record the 

The plate  l i d s  

A t  the end o f  the experiment, and pr ior  t o  precipi ta t ion,  re t r ieve  

the plates  from the f i e ld .  

determine the unshielded exposure period. 

f i e l d  when i n i t i a l l y  removed from the sampler t o  check for any evidence 

o f  current or prior moisture (dried rain drops are generally eas i ly  

detectable) .  In most cases, this condition will render the data 

useless, and the samples should be discarded. The plates should be 

transported t o  the lab i n  an u p r i g h t  position, covered by the clean 

l i d s ,  and stored i n  sealed p l a s t i c  bags. 

Record the value on the hour meter t o  

Examine the plates  in the 
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3.3.2.5 Sample Extraction and Analysis 

The exposed dry deposition plates  can be stored i n  the laboratory 

sealed i n  p l a s t i c  bags fo r  up t o  4 weeks, allowing accumulation of 

several samples fo r  processing and analysis together. The plates  should 

be extracted in a laminar flow bench t o  prevent contamination. 

procedure i s  as follows: 

Teflon-coated magnetic s t i r  bar, replace the l i d ,  and s t i r  the solution 

on a s t i r  p la te  fo r  30 min a t  slow enough speed t o  prevent splash out of 

solution. 

a clean bot t le  fo r  subsequent analysis (-15-20 mL), being careful t o  

exclude v is ib le  par t iculate  matter when the sample i s  removed from the 

p la te .  We use a Teflon-coated s t i r  b a r  o f  dimensions 15 by 3 mm and a 

mu l t i s t i r  device which will s t i r  6 plates  a t  once. The volume o f  30 mL 

i s  a trade-off between analytical  s ens i t i v i ty  and suf f ic ien t  sample for 

analysis.  I f  i t  appears tha t  there i s  l i t t l e  par t ic le  deposition i n  

your area,  i t  may be necessary t o  decrease the extraction volume i n  

order t o  increase the solution concentrations for  analysis.  The 

smallest volume we have used i s  10 m L ;  l e s s  t h a n  this does not wet the 

e n t i r e  plate .  I f  more solution i s  needed for  analysis,  the plates  can 

eas i ly  hold 50 mL. 

The 

t o  each plate add 30 mL of DDW and a clean 

Suff ic ient  solution should then be removed w i t h  a pipet i n t o  

The extract  solutions should be analyzed for  a l l  o f  the major i ons  

discussed e a r l i e r .  Hydrogen ion  should be analyzed as pH. If the other 

. analyses are  by ion chromatography, 35-20 mL total  should be suf f ic ien t  

for  extraction and analysis. For low-concentration samples, eliminate 

the pH analysis t o  preserve more sample for  analysis o f  other major 

ions. Extract and analyze clean, unexposed plates  t o  es tabl ish a 
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deposition plate blank for each group of plates analyzed. 

solution cancentrations for plates exposed at the Oak Ridge site are as 

follows (means for 2 years, average 48-h exposure, and 50-mL extraction 

volume; concentrations in milligrams per liter, followed by 

milliequivalent per liter): 

(0.002), K' = 0.03 (0.001), Ca2' = 0.2 (0.01), NH,' = 0.01 (O.OOl), 

Mg" = 0.04 (0.003), and C1- = 0.1 (0.003). 

Typical 

pH = 5.9, SO,2- = 0 . 4  (0,01), NO,- = 0.15 

3.3.2.6 Data Manipulation 

Ian concentrations should be reported in microequivalents per liter 

and dry fluxes as microequivalents per square meter per day for event 

data. 

(growing and dormant) and year. 

dates and duration for each sampled period. 

Event values should also be summarized as a mean per season 

Also recorded should be dry period 

3 .3 .3  Dry Deposition (Concentrations o f  Airborne Fine 
Particles and Vapors) 

The ultimate best approach to this task is still under development. 

Few people agree on the exact equipment design to be used in future dry 

deposition monitoring networks, 

agreed in principle that the general approach should rely on 

measurements o f  air concentration data to infer dry deposition. In this 

regard, see the recent paper by Hicks et al. (1987), which describes the 

rationale for this approach. 

i s  compatible with that being used for the NADP/NTN network by National 

However, the deposition community has 

The I F S  operates sampling equipment that 
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Oceanic and Atmospheric Administration (NOAA) researchers. 

meteorological package described below i s  taken directly from this 

design. 

The 

3.3.3.1 Equipment 

The IFS uses a version of the "filter pack" approach to measure the 

concentrations of major ions associated with atmospheric particles and 

the levels of the primary acidifying vapors SO, and HNO,. A schematic 

of a typical unit available commercially is shown in Fig. 5 .  The 

composition is all Teflon, and the device holds three filters in series. 

Several recent publications have discussed current understanding of 

potential artifact problems with filter packs in separating aerosol 

nitrate and HNO,. 

this problem has not yet been resolved (e.g., see Appel et al. 1981). 

It is clear from these often conflicting results that 

The air stream to be sampled is drawn through the filter pack by a 

mass flow-controlled vacuum pump at a flow rate of -4 -5  L/min. 

systems have the important advantage of containing a mass flow 

controller which provides exact control of the flow rate, as well as a 

continuous readout of the flow during each experiment. The readout of 

flow rate is recorded by the data logger from the meteorological system. 

One source of these mass flow controlled pumps is available commercially 

from Kurz Instruments, Inc. 

These 

The types of filters that are used in the filter pack are as 

follows: Zefluor (Teflon), 2 - p m  pore size, 47-mm diameter (for 

suspended particles); Nylasorb (nylon), l-pm pore size, 47-mm diameter 
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ORNL-DWG 89M-1739 

LINE PO VACUUM PUMP 

TEFLON FILTER 
(FOR AEROSOLS) 

NYLON FILTER 
(FOR HNO3) 

CARBONATE-COATED 
FILTER 
(FOR S02) 

LINE TO VACUUM PUMP 

Fig.  5. Schematic o f  filter pack used for collection of air 
samples above the canopies at each research site in the Integrated 
Forest Study (design from J. Womack, Atmospheric Turbulence and 
Diffusion Division, Oak Ridge, TN) .  
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(for HNO, vapor); S&S Fast-flow W2, 47-rnm diameter {for SO,). 

filters are available from Membrana Inc. (Zefluor and Nylasorb) and 

Schleicheer and Schuell Corp. (S&S #2) .  All Teflon and nylon filters to 

be used at any one site should be ordered at one time if possible, 

specifying "all filters of one type must be from the same? l o t . "  

The 

3.3.3.2 Preparati on 

Preparation of the treated filters for SO, and cleaning and loading 

of the filter packs have been described in a U.S.  Environmental 

Protection Agency (EPA)/NOAA document titled, "Protocol for t h e  NOAA 

Concentration Monitoring Network." With the permission o f  the author, 

Tom Ellestadt of EPA, pertinent portions o f  this document are reproduced 

here. 

Filter weoaration: The following are needed: 

1. teflon filters (Zefluor, 2 - ~ m  pore), 

2. Nylon filters (Nylasorb, 1 - p m  pore), and 

3 .  K,CO,- treated S&S Fast -fl ow #2 fi I ters, prepared as described 

below. 

Teflon and nylon filters require no preparation before loading into 

the cleaned filter holders. I f  these filters are stored inside double 

polyethylene bags and cleaned sealed desiccators (without desiccant) 

they should remain useful indefinitely. 

smoking whenever the filters are being handled. 

nylon filters are designed to absorb HNO, vapor and should not be stored 

i n  a laboratory where HNO, i s  used. 

Note that there should be no 

Keep i n  mind that the 
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A f r esh  batch of carbonate f i l t e r s  should be prepared as needed o r  

when blank values r i s e  above 3 pg o f  SO,2- per  f i l t e r  as descr ibed below. 

A f t e r  prepar ing a new batch, t e s t  several f i l t e r s  t o  ensure t h a t  b lanks 

are below 3 pg SO:- per f i l t e r .  

double polyethylene bags and kept i n  reasonably c lean  a i r ,  they should 

remain useful i n d e f i n i t e l y .  F o r  added p ro tec t i on ,  s t o r e  t h e  

I f  these f i l t e r s  are s to red  i n s i d e  

polyethylene bags i n s i d e  a clean, sealed des i cca to r  (no des iccant  

necessary). 

are being handled, and keep i n  mind t h a t  these f i l t e r s  absorb SO, and 

should no t  be stored where H,SO, i s  used. 

Note  t h a t  there should be no smoking whenever t h e  f i l t e r s  

-2-3 K CO coat ins so lu t i on :  Dissolve 250 g anhydrous potassium 

carbonate i n  100 mL g l yce ro l  and 500 mL. D i l u t e  t o  1 L w i t h  more DDW. 

~ F i l t e r - c l e a n i n 4  so lu t i on :  Dissolve 50 g potassium hydroxide i n  

1 L DDW. 

3.3.3 e 3 Procedure 

1. Place up t o  100 S&S Fast- f low #2 f i l t e r s  i n  1 L o f  f i l t e r - c l e a n i n g  

so lu t i on .  Heat a t  70-80" f o r  30 min. A l low t o  c o o l .  Pour o f f  t h e  

f i 1 t e r - c l  eani ng sol  u t i  on. 

2. R e f i l l  the container w i t h  1 L of DDW, s w i r l ,  and pour o f f  t h e  Water. 

3 .  I n  groups o f  ten f i l t e r s ,  r i n s e  each group w i t h  500 mL of DDW i n  a 

f r i t t e d  Buchner funnel w i t h  suct ion.  

4 .  Soak a l l  f i l t e r s  together i n  s u f f i c i e n t  K,CO, coa t i ng  s o l u t i o n  t o  

cover them. I n  groups o f  f i v e  f i l t e r s ,  remove excess s o l u t i o n  by 

a s p i r a t i n g  them about -1 min i n  the Buchner funnel .  
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5 .  Store the f i l t e r s  as they are f in ished  i n  a clean,  sealed 

pol yethyf ene hag. Analyze ran filters from 

batch f o r  SO,"-, and use the b if the blank i s  be 

SO:- per f i l t e r .  Store the! f i r s t  ~ ~ ~ ~ ~ t ~ ~ l ~ ~ ~  bag inside 

(and, i f  available,  then inside an otherwise empty ~ e s ~ ~ ~ ~ ~ ~ ~ ~  

3.3.3.4 Filter Loading 

1. The f i l t e r  packs must be cleaned before l ~ a d i n g ,  

and r inse repeatedly) for  5 min t h e  disasseinbled holders i n  DD 

may be necessary t o  wipe obv ious ly  soiled part.s w i t h  a wet ~~~~~~~ 

and re-sonicate.  

QVWI a t  a temperature no t  exceedins 70'C- 

pol yethyl ene g? oves. During ~ ~ ~ ~ s ~ ~ b ~ ~ ~  1 ook f a r  any damage 

(especially kinked tubing or scratched sea l ing  surfaces), an 

replace any par ts  as needed w i t h  cleaned par t s ,  

Sonicate (or SCYU 

Triple r inse w i t h  ~~~~~~~~~ w a t e r .  Dry i n  a clean 

Reassemble, 

2. The f i l t e r  holder  contains a l l  three T i  ters.: the a i r  should pass 

f i r s t  through t h e  Teflon f i l t e r  ( 'si?tQ the ~ ~ ~ ~ ~ ~ ~ ' ' - ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  s i d e  

then through the  nylon f i l t e r  ( i n t a  the ~ ~ ~ - ~ t r i a ~ ~ ~  s i  

through the carbonate f i l t e r  ( e i the r  s ide  u p > .  

careful t h a t  the  carbonate f i l t e r ,  which i s  a i t  oversized, is  

properly positioned between the sealing surfaces. l lse only cleanl 

flat-end (i .e . ,  nonpainted) T e f l o r  or ~~~~~r~~~~~~~ ~.~~~~~~~~ and 

handle the filters only by thefr edges. 

otherwise mishandled, throw It away and reloa 

3 .  Record i n  a laboratory notebook the l o t  ~~~~~~ (sf fillers used f a r  

each sampl i ng period I )  

We especially 

I f  a f i l t e r  i s  ~~~~~~~ or 
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4.  Tighten t h e  sealing rings with the special wrenches t o  a snug but 

reassnabl e torque a Tighten t h e  connecting tube f i tt i ngs and caps 

finger-tight, then snug i t h  a wrench one-eighth o f  a turn. Label 

the filter pack w i t h  an identification t a g  that specifies the d a t e  

o f  preparation and the  site a t  which that filter pack i s  t o  be used. 

3.3.3.5 Installation 

The filter pack should be located an the meteorological tower at 

roughly the same level as t he  dry depos i t i on  collector, again  away from 

overhanging ob jec ts .  

attached t o  and extending above top platform (see Fig, 2)- 

should be mounted w i t h  t h e  i n l e t  fac ing  down. 

A good approach is t o  mount t he  dev ice  on a post  

The devise 

Orient t he  sampler i n  

ay that air f l o w  ( a t  least f o r  prevail ng winds) does no t  pass 

through the tower before being sampled. 

mounted on the tower during a dry experiment., be ing  stored in the  lab i n  

a cleaned, sealed desiccator between experiments. The device should be 

attached t o  the vacuum prmp apparatus w i t h  weatherpraef plastic tubing. 

The f I t e r  pack should only be 

(Standard 3/8- i n .  -0 polypropylene tubing works well.) The pump can be 

mounted near t h e  sampler on t he  tower or a t  the tower base. 

the ground, t he  t u b i n g  should be a t  least 3/8-in.-OF) t o  a s s i s t  the air 

flow over the longer distance (100-ft or mare). 

116-V outlet (Table a ) .  
be attached t o  the  meteorological package d a t a  l ~ g g ~ .  

If it i s  on 

The pump requires a 

The output  frasli the mass flow controller should 
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3.3.3.6 Operation 

Aerosol and vapor sampling is done on the same dry event basis as 

On initiation of a described above in the deposited particle section. 

dry event sampling period, attach the filter pack to the tower, uncap 

the filter pack, install it in the sampling train, and connect to the 

vacuum pump system. Check each connection for tightness; snug if 

necessary. 

easily damaged. 

rate should be adjusted to 4-5 L/min. 

whether this flow is too slow to allow for sufficient sample to be 

collected for analysis. 

and still be regulated by most standard mass flow controllers. The 

trade-off here i s  that too fast a rate will clog the filters at the 

"dirtier" sites. Hence, each site may have a different optimum sampling 

rate, determined after some experimentation. 

for integrity, flow rate, etc. Note any unusual conditions in writing 

and attach to record sheet. Recalibrate the mass flow controller 

quarterly, using a recognized standard (see Sect. 6.1). 

Do not overtighten: these are plastic parts and can be 

Note the start time and turn on the pump. The flow 

Your own experience will dictate 

The flow rate can be adjusted up to 5-6 L/min 

Check the sampler daily 

3.3.3.7 Sampling, Hand1 ing, Extraction, and Analysis 

In background aerosol sampling a little contamination goes a long 

way; hence, scrupulous cl eanl iness i s necessary when hand1 i ng these 

filters. 

designed to absorb SO, and HNO, vapor. 

these fi ters i n  a chemistry lab where strong mineral acids are commonly 

used wil lead to high filter blanks. Do all filter handling and 

In addition, the nylon and the treated SO, filters are 

Thus, handling and storage 0.f 
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extractions in a laminar flow clean bench. As described below, extract 

unexposed filters of each kind approximately monthly to establish good 

working blank values for both the filters and the extract solutions. 

3.3.3.8 Unloading and Analysis 

Upon completion of a dry experiment, remove the filter pack, check 

the filter for signs of contamination, cap the ends, and store it in a 

clean plastic bag for return to your laboratory. 

sampling time o f  the experiment, read the mass flow data from the data 

logger, and shut down the pump. Check the condition of  the filter pack 

for normalcy. 

precautions to avoid contamination of the filters and the clean bench. 

1. Unload the three filters into separate, labeled polyethylene or 

Note the total 

If a filter holder’s exterior i s  unusually dirty, take 

polypropylene extraction vials or bottles (20- to 50-mL volume in 

size) using clean tweezers and handling only the edges. 

handling the Teflon filter, the particle-laden side should be 

folded inward so that particles are not scraped off by the lip of 

the vial. If any insects or pieces of biological debris are 

visible on the filter, carefully pick them off with tweezers. 

Record any problems (e.g., filter punctured, filter not seated 

between sealing surfaces) or any hand1 ing errors. 

The mass of the sample collected is determined by the atmospheric 

concentratians, which may vary greatly, and by the duration of 

sampling and pump flow rate. A 20-mL initial extraction i s  

suggested, followed by a suitable dilution of the initial extract 

(e.g., try 2:l or 3:k using 1 m l  o f  the original extract). 

In 

2, 

Analyze 
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this diluted extract in the first rerun. If it is too dilute, 

analyze the initial extract directly. Only experience will help 

determine the optimum conditions for extraction and analysis. 

Sampling at 4 L/min for -48 h filters -11 m3 of air. 

quantities of material on each filter are as follows (typical for 

the Oak Ridge site): 80 p g  of SO$-, 1 fig of K', 10 pg o f  Ca2+, 

14 pg of NH,', all on the Teflon filter; 20 fig of NO,-, divided 

between the Teflon and nylon filters (primarily on nylon); and 

150 p g  of SO, as SO,'- on the carbonate filter. 

Extract the Teflon filter with DDW, and extract the nylon filter 

with reagent-grade 0.1  N NaOH or IC eluent at room temperature. 
(Check the solution for its NO,' blank prior to starting 

extractions.) Sonicate (or shake vigorously) for 30 min. Ensure 

that the filters are completely immersed in extraction fluid for 

the entire period of extraction. 

held under by using short lengths of cleaned plastic tubing. 

in extraction solution for 24 h. Sonicate for 15 min in same 

sol ut ion. 

Extract the carbonate filters by adding the chosen quantity o f  DDW, 

add one drop of fresh 3077 hydrogen peroxide for each 20 mL o f  

water, and then sonicate (or shake vigorously) for 30 min. Again, 

ensure that the filter i s  immersed in extraction fluid f o r  the 

entire period of extraction and that the extraction is done at room 

temperature. Soak in extraction solution 24 h. Sonicate for 

15 min in same solution. 

"Expected" 

3 .  

Teflon filters may have to be 

Soak 

4 .  
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5. Analyze as fo l l ows :  

tvDe f i l t e r  ions 

Tef lon A l l  major ions ( i n c l u d i n g  pH) 

Nylon NO,- and SO,'-* 

Carbonate 50;- 

6. A l l  e x t r a c t  s o l u t i o n s  should be analyzed w i t h i n  2 d o f  t h e  

e x t r a c t i o n .  I f  impossible, e i t h e r  w a i t  t o  e x t r a c t  o r  s t o r e  t h e  

e x t r a c t  so lu t i ons  i n  a r e f r i g e r a t o r  a t  about 3°C. 

7 .  I f  you are us ing an i o n  chromatograph, some e f f o r t  may be r e q u i r e d  

t o  get  s u i t a b l e  r e s u l t s  from t h e  carbonate f i l t e r s .  I t  may be 

necessary t o  do the  carbonate analyses i n  water, n o t  IC eluent ,  t o  

avoid compl icat ing base1 i n e  changes from t h e  carbonate and 

peroxide. 

14%, based on s u l f a t e  spikes o f  actua l  carbonate f i l t e r s .  I f  you 

f i n d  t h i s  t o  be occurr ing,  d e r i v e  your  own c o r r e c t i o n  f a c t o r  based 

on spiked f i l t e r  t e s t s .  

EPA s c i e n t i s t s  have found t h a t  response i s  reduced about 

*There has been some i n d i c a t i o n  t h a t  small  amounts o f  SO, can sorb onto 

the ny lon f i l t e r .  

analys is  o f  se lected ny lon  f i l t e r s  f o r  SO,'-), then a l l  ny lon  f i l t e r s  

should be r o u t i n e l y  checked f o r  SO:-. 

( a f t e r  b lank convect ion) i s  a measure o f  some f r a c t i o n  o f  t h e  SO, 

sampled by the f i l t e r  pack; i t  should be repo r ted  separate ly  as nylon-  

SO, i n  micrograms o f  SO, per  cubic  meter and added t o  t h a t  from t h e  

carbonate f i l t e r  t o  y i e l d  t o t a l  SO,. 

I f  t h i s  i s  found t o  occur t o  a s i g n i f i c a n t  ex ten t  (by 

The S042- ana lys i s  on t h i s  f i l t e r  
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8. There are some problems with ion chromatography analyses of the 

treated SO, and also the nylon filters due to matrix effects. 

Dilution of the extract will help and i s  the standard method used 

by the ORNL laboratory. 

factors. 

generally be diluted by 5 t o  10 times, allowing detection o f  the 

SO:- while overcoming the matrix effect. 

routinely run spikes on all SO, and nylon filter extracts to 

quantify the matrix effect. 

The degree of dilution depends on several 

Experience suggests that the SO, filter extracts can 

Each site should 

3.3.3.9 Data Manipulation 

Ion concentrations in extract solutions should be reported as 

Air concentrations should be reported as follows: described earlier. 

(1) particle filter (Zefluor Teflon, or front filter in the pack): 

airborne particle concentrations o f  all major ions in micrograms of the 

ion per cubic meter of air sampled during the period (refer to these 

values as "suspended particle sulfate," for example); ( 2 )  nitric acid 

vapor filter (Nylasorb nylon filter, or the second in the series): 

airborne HNO, vapor concentration in micrograms per cubic meter of HNO,; 

( 3 )  SO, filter ( S & S  #2 carbonate-treated filter, or third one in the 

series): 

SO,, not SO,,-). 

are total exposure and filtering time, mean air flow rate through the 

filter pack (from data logger), and total air volume sampled (mean flow 

rate in liters per minute times total sampling duration in hours times 

0.06 to give flow in cubic meters). 

airborne SO, concentration in micrograms per cubic meter (as 

Other variables to be recorded for the dry experiments 
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To calculate the appropriate air concentration, proceed as follows: 

1. Apply appropriate blank corrections for each type of filter. 

Generally, for any one type of filter, use the mean of the 

operational blank o f  the current sampling period and the previous 

and following periods (total o f  three). 

2, Validate the mass flow rates and sampling times. 

3 .  Calculate the mass of ion on each filter (e.g., micrograms per 

milliliter concentration times milliliter extract solution used). 

4 .  Reduce the data by the following equations: 

NO,- nylon 
a. [HNO,] = * (1.02) 

flow rate * time 

NO,- Tef 1 on 

f l o w  rate * time 
b. [particle NO,-] = 

(NO,-) Teflon t (NO,-) nylon 
c. [total nitrate] = 

f l o w  rate * time 

( SO,,-) Tef 1 on 

flow rate * time 
d .  [particle sulfate] = 

(SO:-' carbonate * (0.667) 
e. [SO,] = 

flow rate * time 

(NH,', Ca2', or Cl-, etc.) Teflon 
f. [particle NH,', Ca2+, or CI-, etc.] = 

flow rate * time 
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3.4 CLOUD AND FOG DEPOSITION 

Deposition of cloud and fog water (hereafter referred to 

collectively as cloud/fog) is expected to vary in importance from site 

to site. 

important parameters in order to estimate the importance of cloud/fog 

water input at each site. 

experience i s  gained during the course of this and other recent 

projects. 

a1 . (1982) and Lovett (1984). 

Estimation of water and ion deposition via cloud/fog requires 

Our goal is to obtain a reliable set of observations of 

We expect that procedures will be modified as 

Recent pub1 ications on cloud/fog sampling include Lovett et 

measurements of fog water chemistry, wind speed, cloud/fog duration, 

cloud/fog LWC (grams of water per cubic meter of air), and droplet size 

distribution. 

chemistry, LWC, and duration. Measurement o f  wind speed is described in 

the section on meteorological observations. Measurement of droplet size 

distribution is a complex task requiring specialized instrumentation 

currently beyond our capabilities in this project. 

researchers experienced in these measurements to visit each site and 

perform representative measurements. Individual site coordinators are 

encouraged to explore the possi bil i ty of having such measurements a1 so 

made by capable meteorologists at their home institutions. 

This section describes measurement procedures for fog 

We will arrange for 

3.4.1 Equipment 

Collectors for cloud/fog water will be o f  two types. Sites with 

consistently high winds (generally high-elevation sites exposed to cloud 

impaction) will use passive collectors (collection by ambient wind 
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impaction on Teflon lines), and other sites (low-elevation sites exposed 

to frequent radiation fogs) will use active collectors (collection by 

mechanical suction through a droplet filtration device). 

3.4.2 Sampling Strategy and Procedure 

Samples will be taken in cloud/fog events in which no precipitation 

is occurring to avoid contamination by rain. 

randomly such that at least 20% of the total nonprecipitating cloud/fog 

events at each site are sampled. 

the presence or absence of cloud/fog at frequent intervals ( i . e . ,  

several times daily) in order to establish a record of cloud/fog 

duration at the site. 

to collect these data automatically. Some will soon be available 

commerc i a1 1 y . 

Select such events 

Arrange for a field observer to note 

Several groups are attempting to develop a sensor 

Prior t o  each sampling event, thoroughly clean all parts of the 

collector that contact the cloud/fog water, 

overnight soak in DDW followed by repeated rinses with DDW. Store the 

cleaned parts of the collector in a clean plastic bag while not in use 

and when in transit to the collection site. 

Cleaning should include an 

Take the collector to the sampling site at the start of each 

cloud/fog event to be sampled. 

above the canopy on the meteorological tower. Passive collectors should 

be mounted on the tower directly adjacent to the cup anemometer 

(Fig. 2). For both types of collectors, the duration of the sampling 

interval should be carefully timed. The duration o f  the sampling period 

will vary with conditions of wind speed and cloud LWC, but the interval 

Active collectors should be operated 
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should be long enough t o  get  a l iquid sample suffjc-ient for  to ta l  

chemical analysis (about 25-50 mL) a 

several samples should be taken ~ h ~ o ~ g h ~ ~ ~ ~  the event and analyzed 

separately i f  possible. Far the passive samplers, the s t a r t  and end o f  

each sampling period should be ~ ~ ? ~ ~ h ~ o n i ~ e ~  w i t h  the recording interval 

o f  the meteorol ogi  cal data 1 ogger t o  ensure compat i bi 1 i t y  between the 

wind speed and cloud chemistry data. 

period, query the d a t a  logger f a r  t h e  relevant win speed d a t a  and 

record them i n  a notebook t o  avoid possible losses and delays from the 

standard meteorological data re t r ieval  system. After the sampling i s  

completed, return the cl oud/fog coll  ectur t o  the 1 aboratory for  cleaning 

i n  DDW and storage as described above. 

During extende cl oud/fog events, 

After the end o f  the sampling 

3.4.3 Sampl e Mandl i ng 

After col lect ion,  cloud/fog water samples should be handled exactly 

l i k e  rain samples (see e a r l i e r  sec t jon) .  

mass o f  each collected sample i s  measured and iwted. 

Be cer tain tha t  the volume or 

Ion concentrations i n  a l l  ~ l o u ~ ~ f o ~  samples froin one event should 

be averaged (weighted by LWC) f o r  an event mean. Note i f  any consistent 

trends are evident i n  sequential w j t h ~ ~ - e v e n ~  saniples, i f  collected.  

For an active col lector ,  calculate  the LWC o f  the fog as 

LWC (g  m-3)  = sample mass 
f l o w  r a t e  (m5 min-’) * sample interval (min) 
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i"?ojb' ra tes  f o r  the  active sampler vacii'slin pump are supplied with the 
pllmp . 

For t h e  p a s s i v e  collector, calculate the fog LVC as 

!here MS = t h e  averagi. wind speed over t h e  sam 1 i ng  interval, 

AWFA = the p r ~ j ~ t e d  area o f  the collector, 

CF = the collection efficiency o f  t he  collection lines, and 

I l$l€ = the duration o f  the sampl i ng interval . 
The capture efficiency o f  the collection lines and the projected 

area o f  t h e  collector* m i s t  be determined by laboratory studies at each 

sits f e n s . ,  Lovett., 1984). Annual reports should include means and 

s t a ~ d a r d  d w i  a t i  oris o f  cl caid/fog chimi stry and LWC, total cl oud/fog 

buratinra, and number o f  cIoud/fsg events on an annual and seasonal 

b a s i s .  I:: addition, f o r  each clsudJfog event, chemistry, LWC, duration, 

avd i.tind speed dub-.ing t h e  event should be reported. 

3.5 HE?iORQLQGICAk ~~A~~~~~~~~~ 

B a c k p u n d  meteorological rnezsurements are made a t  a1 1 s i  l es  for 

t h e  purpose OS ( I )  parameterizing the calculations o f  deposition 

velocity f o r  particles, gases, and f o g  droplets; ( 2 )  maintaining 

compatibility with t h e  dry deposition monitoring networks being 

established as part. o f  NAPWP; ( 3 )  aiding t h e  interpretation o f  plant 

responses t o  ozone and other p o l l u t a n t s ;  and ( 4 )  permitting the 

calculation o f  evapotranspiration for hydrologic f l o w  e s t i m a t e s ,  

yoall i s  t o  e s t a $ i i s h  and n ia in ta in  a s e t  o f  instruments to provide 

Our 
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re1 iable background meteorological data with minimum maintenance 

required from site operators. 

3.5.1 Equjpment 

A reliable, low-power-consumption system is available from Campbell 

Scientific, Inc., and is detailed in Table 4 .  The system includes 

sensors for wind speed, wind direction, relative humidity, temperature, 

solar radiation, and precipitation. The maintenance and recal ibration 

of this equipment is the responsibility of each site operator. 

3.5.2 Installation and Operation 

The sensors for wind speed, wind direction, solar radiation, 

temperature, and relative humidity should be located on the 

meteorological tower, 2 - 5  m above the tallest nearby tree (Fig. 2). Use 

a level t o  ensure that the cup anemometer shaft is vertical, and that 

the radiation and wind direction sensors are horizontal. The rain gage 

should be located in the nearby clearing adjacent to the wet deposition 

collector and the ozone data logger (see below). 

system data logger should be mounted in a weatherproof case at the base 

of the tower. 

The meteorological 

For protection of your equipment, make sure that your tower and 

data logger are lightning protected. 

protection system for a tower is shown in Figs. 6 and 7 .  

electronics o f  the data logger can be protected by installing varistors 

(GE Model V87A2 or equivalent) between the high and low terminals of  

each channel input, except the relative humidity channels, and a l s o  

An example of a lightning 

The 
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Tab1 e 4 .  Meteorol ogi cal system components' 

Item Model # 

CR 21 
SM16 
20 1 
04 1 
LI ZOOS 
11 2003s 
RG 2501 
014A 
024A 
019 
015 
02 1 
RC235 
SC235 
PC201 

Description 

Data logger 
Data storage module 
Temperature and relative humidity sensors 
Temperature and re1 ati ve humidity she1 ter 
Silicon pyranometer 
Pyranometer base 
Tipping bucket rain gage 
Cup anemometer 
Wind vane 
Anemometer 
Pyranometer mount 
Enclosure 
Cassette recorder (modified) 
CR21 Cassette interface 
Interface and software for PC 

'One supplier i s  Campbell Scientific, Inc. 
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ORNL-DWG 8QM-9567 

TEN FEET (IO') LONG COPPER- 
PLATED STEEL GROUNDING 
ROD (1 O f  3). DRIVE TO 
JUST BELOW SURFACE. 

6-INCH-DEEP TRENCH. 
BACKFILL WITH DIRT 
AITER CONNECTIONS 
ARE CHECKED. 

#6AWG SOLID CQPP 
DOWNLEAD FROM 
LIGHTNING ROD 

SOLID COPPER 

ALL CONNECTiONS BY SOLID 
COPPER CLAMPS, BY BRAZING, 
OR BY CADWELD PROCESS. 

'ER 

Fig. 6. Schematic of lightening protection with lightening rod and 
downlead for meteorological tower (design from R. Hosker, Atmospheric 
Turbulence and Diffusion D i v i s i o n ,  Oak Ridge, TN). 
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ORNL-DWG 89M-9568 

LIGHTNING ROD 

"CONE OF 

/ 
/ 

/ 
/ 

\ 

Fig. 7. Schematic of lightening protection as plan view of 
grounding rods and connecting "belt" surrounding meteorological tower 
base (design from R. Hosker,  Atmospheric Turbulence and Diffusion 
Division, Oak Ridge, TN). 
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between the channel 7 "low" terminal  and the system's earth ground. 

This p r o t e c t s  the logger  a g a i n s t  surges  caused by nearby l i g h t n i n g  

s t r i k e s  but  would no t  p r o t e c t  a g a i n s t  a d i r e c t  s t r i k e .  

hooking up t h e  senso r s  t o  the d a t a  logger  are given i n  the i n s t r u c t i o n  

manual supp l  i ed by Campbell 1 Sc ien t  i f i c. 

I n s t r u c t i o n s  f o r  

The system i s  designed t o  provide background meteorological  d a t a  and 

can be run cont inuous ly .  

high winds, you may wish t o  remove the sensors  t o  p r o t e c t  them. 

most c r u c i a l  pe r iods  f o r  ope ra t ion  o f  tw equipment a r e  dur ing  d ry  

deposi t ion/wet  depos i t i on  events  t h a t  a r e  sampled f o r  chemistry.  

Program the d a t a  logger  t o  record d a t a  a t  l - h  t ime i n t e r v a l s  (based on 

e i ther  10-s o r  60-s scan t imes ) .  For general  background rnanitoring, 

hourly i n t e r v a l s  a r e  s u f f i c i e n t ,  but  fo*p per iods  i n  which shor t - t e rm,  

sequen t i a l  chemical sampling i s  t ak ing  place (i . e . ,  p r e c i p i t a t i o n  o r  

cloud/fog water  sampl i n g ) ,  15-min i n t e r v a l s  may be more useful. 

number o f  ou tput  parameters a r e  a v a i l a b l e  from the i n t e r n a l  programs of  

the d a t a  logger ,  but be sure t o  inc lude  the fol lowing i n  your output  

record :  mean wind speed, s tandard  dev ia t ion  o f  wind speed, maximum wind 

g u s t  f o r  per iod ,  m a n  wind d i r e c t i o n ,  s tandard  d e v i a t i o n  of  wind 

d i r e c t i o n  (determined by the wind vec to r  program a v a i l a b l e  with the d a t a  

l o g g e r ) ,  t o t a l  s o l a r  r a d i a t i o n ,  average r e l a t i v e  humidity,  t o t a l  

r a i n f a l l ,  and average r a i n f a l l  r a t e .  For pe r iods  i n  w h i c h  a i r  

concen t r a t ion  sampling i s  occurr ing ,  the average and s tandard  dev ia t ion  

of  the flow from the  pump's mass flow c o n t r o l l e r  (see s e c t i o n  on d ry  

d e p o s i t i o n )  should a l s o  be recorded.  

During per iods  o f  f r e e z i n g  rain o r  extremely 

The 

A l a r g e  
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Data are  recorded i n  t h e  system’s RAM memory module. A t  

approximately b iweekly  t o  monthly i n t e r v a l s ,  s i t e  opera tors  should dump 

t h e  da ta  onto casset te  tape and r e t u r n  i t  t o  t h e  l a b o r a t o r y  f o r  

processing. I n s t r u c t i o n s  f o r  t h i s  procedure are  supp l ied  by Campbell 

S c i e n t i f i c .  I f  t h e  weather i s  c o l d  du r ing  t h i s  procedure, keep t h e  tape 

recorder  warm (e .g . ,  i n s i d e  your  coat)  t o  permi t  t h e  tape d r i v e s  t o  t u r n  

a t  t h e  proper  speed. 

Monthly b a t t e r y  replacement i n  t h e  da ta  logger  i s  encouraged t o  

avo id  l o s s  o f  data. Use leak iwoof  a l k a l i n e  b a t t e r i e s .  Dur ing t h e  

ba t te ry -sw i t ch ing  operat ion,  l o s s  o f  s to red  programs can be avoided i f  

an ex terna l  power supply (such as a ge l  c e l l )  i s  a t tached t o  t h e  da ta  

l ogger  as descr ibed i n  t h e  i n s t r u c t i o n  manual. 

3.5.3 Data Man ipu la t ion  

Data should be read i n t o  a personal computer by us ing  an i n t e r f a c e  

A l l  da ta  should be system such as t h e  Campbell S c i e n t i f i c  PC201. 

screened f o r  anomalous values and s to red  f o r  man ipu la t ion  a t  a l a t e r  

date.  

(A ve rs ion  w i t h  macros i s  a v a i l a b l e  f rom ORNL.) 

(growi ng/dormant season) averages shoul d be c a l  c u l  a ted f o r  wind speed, 

wind d i r e c t i o n ,  temperature, r e l a t i v e  humid i ty ,  d a y l i g h t  hours, d a i l y  

maximum s o l a r  r a d i a t i o n ,  and sigma t h e t a  (standard d e v i a t i o n  o f  wind 

d i r e c t i o n ) .  T o t a l  r a i n f a l l  amount, dura t ion ,  and frequency d i s t r i b u t i o n  

o f  wind d i r e c t i o n  should a l so  be ca l cu la ted  on annual and seasonal t ime 

scales.  

h o u r l y  mean meteoro log ica l  da ta  should be made i n t o  a separate PRN f i l e  

Th is  can e a s i l y  be done w i t h  a Lotus spreadsheet format.  

Annual and seasonal 

For each dry depos i t i on  event t h a t  i s  sampled, t h e  appropr ia te  
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from the Lotus spreadsheet of the monthly data. These files are then 

used as input to a dry deposition velocity model to determine the hourly 

mean deposition velocities for the duration of each experiment (Hicks et 

al. 1987)(see Sect. 7.1). 

In addition, for each precipitation event, calculate means, totals, 

and frequency distributions of parameters as listed above for the 

antecedent dry period and for the event itself. Record start and end 

times for all events and their antecedent periods. Annual, seasonal, 

and event data should be included in the annual report. 
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4. OZONE MONITORING PROTOCOLS 

Continuous monitoring of ozone concentrations is being performed at 

all locations for the purpose of providing a record of ozone air quality 

on a site-specific basis. While protocol recommendations for 

monitoring, data storage, and data analysis are offered, the individual 

site contractors are encouraged to ensure (1) the quality of the data, 

(2 )  continuous operation of the instruments, and (3)  a method o f  data 

storage. 

discretion of the site contractor, 

Site-specific data analysis is recommended but is at the 

4.1.1 Equipment 

It is recommended that each location purchase an ozone analyzer 

designed for ambient air monitoring (e.g., U.V.  Absorption Ozone 

Analyzer: Model 1008-AH Ozone Analyzer, Dasibi Environmental 

Corporation) and a corresponding system for data acquisition (e.g., 

Model SC-405 Data Acquisition System, SumX Corporation). The selection 

should be guided by various factors including performance record, 

durability, ease o f  operation, flexibility in serving multiple tasks, 

stability, sensitivity, and unique data storage and control features. 

4.1.2 Instal 1 ation 

The ozone analyzer and the data acquisition unit should be housed 

in a shed in which the temperature is maintained between 20-30°C. 

range is important for it defines the conditions under which most 

ambient ozone analyzers achieve EPA performance criteria. 

This 

The power 
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requirements f o r  t h e  shed a re  a l i n e  vo l tage  range o f  105-125 VAC. 

shed should be l o c a t e d  i n  a c l e a r i n g  i n  which e i t h e r  o f  t h e  two 

f o l l o w i n g  c r i t e r i a  i s  met: (1) t h e  d i s tance  between t h e  shed and t h e  

nearest  edge o f  t he  f o r e s t  i s  n o t  l e s s  than 6 t imes t h e  h e i g h t  o f  t he  

canopy o r  (2) t h e  angle between t h e  ground a t  t h e  shed and the t o p  o f  

t h e  nearest  canopy i s  545” .  

minimize t h e  i n f l u e n c e  o f  t he  f o r e s t  canopy an ambient l e v e l s  o f  ozone. 

The 

T h i s  ope ra t i ng  p r o t o c o l  i s  o f f e r e d  t o  

The ozone analyzer  should sample ambient a i r  through a T e f l o n  sample 

l i n e  (-0.60-cm i n s i d e  diameter)  which extends above t h e  shed t o  a 

l o c a t i o n  approximately 1 m v e r t i c a l l y  above t h e  shed. FEP ( f l u o r i n a t e d  

ethy lene p ropy l  ene) i s p r e f e r a b l e  t o  TFE ( t e t r a f l  uoroethy l  ene) , because 

t h e  l a t t e r  has a g r e a t e r  tendency t o  adsorb t r a c e  gases and subsequently 

t o  degas them a t  a l a t e r  t ime as a f u n c t i o n  o f  temperature o r  

concentrat ion.  

t o  prevent  d i r t  and d e b r i s  f rom e n t e r i n g  t h e  moni tor .  

The sample l i n e  should be f i t t e d  w i t h  a f i l t e r  c a r t r i d g e  

I n  those systems 

us ing  s h o r t  sample l i n e s  as o u t l i n e d  above ( i . e . ,  1 m above t h e  shed), 

t h e  f i l t e r  c a r t r i d g e  should be p laced immediately behind the o r i f i c e  o f  

t h e  i n l e t  l i n e  (no t  i n s i d e  t h e  shed). 

d e p o s i t i o n  i n s i d e  t h e  T e f l o n  sample l i n e ,  which i s  a p o t e n t i a l  source o f  

i n - l i n e  scavenging f o r  ozone. The o r i f i c e  o f  t h e  sample l i n e  should be 

f i t t e d  w i t h  an i n v e r t e d  Te f lon  funnel and p o s i t i o n e d  t o  prevent  

i n a d v e r t e n t  uptake o f  r a i n  o r  m i s t .  

1 i n e  should be con t inuous ly  heated by us ing  t h e r m o s t a t i c a l l y  c o n t r o l l e d  

hea t ing  tapes. 

regime i s  t o  p u l l  t h e  e n t i r e  wrapped Te f lon  l i n e  through a s e c t i o n  o f  

PVC p i p e  con f igu red  t o  r u n  from t h e  shed t o  t h e  sample l a c a t i o n .  The 

This  w i l l  p revent  p a r t i c l e  

The e n t i r e  l e n g t h  o f  t h e  sample 

One convenient means o f  achiev ing t h i s  temperature 
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erature control should be thermostat cally adjusted to maintain the 

temperature in the sample line above the dew point, which will vary 

ng locations and seasons of the year. 

king tapes that maintain a temperature range of 35-37°C are 

Thermostatically regulated 

recommended. 

range are to purchase low-wattage heating tapes and an inexpensive 

vo1 t age  control 1 er ( e - g . ,  that made by Cole Parmer Instrument Company). 

The most sophisticated method of heating the sample lines i s  a variable- 

wattage system t h a t  provides differential heating at different points 

along the sample line to maintain a set point (e.g., 37°C) (Parker 

Barflex Division in Ohio, 216/296-2871; Heat/Line Products, Technical 

Heaters, Inc,, in California, 2~/361-7185). Under no condition should 

kigh-temperature heating tapes be installed, because sample integrity 

w i  11 be conipromi sed. 

The most economical methods of achieving this temperature 

Other methods o f  sampling ozone (e.g., above canopy techniques) are 

a t  the discretion o f  the site contractor. 

(1) the potential for inadvertent modification o f  the ozone 

concentration through the sample system and (2) the difficulty in 

achieving a valid calibration. Irrespective o f  the sampling 

configuration/method, the maximum residence t i m e  o f  the sample in the 

Teflon sample line should be <I0 s to maintain sample integrity. 

Assuming a sample line inside diameter of 0.60 cm, a sample pump rate of 

2 L/min, and a sa 

Alternatives must recognize 

le line length o f  1 m, the residence time o f  the air 

ple in the Teflon line i s  approximately 1 s .  This indicates that the 

maximiem upper limit length o f  the sample line i s  10 rn assuming all o f  

t h e  above specifications are met. Other instruments and sampling 
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fferent features, but all should ach 

s .  It i s  important that long sample 

eve a 

lines provide 

a particle filter a t  the sample inlet (above canopy) to exclude 

particles (dust, pollen, etc.). As with the shorter sample lines, it i s  

encouraged that a heating tape be installed t o  prevent in-line 

condensation o f  water vapor. This recommendation will be particularly 

important during warm summer periods of stagnant air (potentially high 

ozone concentrations) in which the relative humidity i s  S 5 %  (the 

periods of most interest in terms o f  vegetation effects). 

above-canopy air i s  pulled down below the canopy and the Teflon walls 

are cooled to temperatures of the trunk space, deposition o f  water vapor 

will occur to the sample line walls. 

ozone. 

line (without filter or heat tape) to indicate scavenging for ozone 

- (20%. Because the significance o f  scavenging will be environment 

specific, a constant scavenging ratio based on a single calibration 

should not be assumed. 

When the warm 

This may constitute a sink for  

There are data from air sampling along 30-m lengths of Teflon 

Routine maintenance of most ambient ozone analyzers is minimal, 

assuming the operation is continuous and stable. 

should check the filter cartridge on a monthly basis to ensure that it 

i s  not clogged with dirt and debris. I f  either the Teflon sample line 

or the filter becomes clogged or visibly covered with dirt/particles, i t  

should be replaced rather than cleaned. 

The site contractor 
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4 .1 .3  Operation 

The individual site contractor should ensure day-to-day operation 

of the ozone analyzer, data acquisition system, and the shed. This 

process i ncl udes any schedul ed or emergency mai ntenance. 

details regarding the routine maintenance of the analyzer or acquisition 

unit are contained in the respective instrument manuals provided by the 

manufacturer. 

Speci f i c 

Calibration o f  the ozone analyzer should be done twice annually, 

once i n  the early spring (calibration) and late summer or early fall 

(audit). The calibration will be performed through the entire system 

(sample line plus analyzer) with standards being input at the sample 

orifice. 

limits based on the multipoint calibration curve should be recorded by 

the site contractor. 

course o f  the season is not recommended unless (1) the site contractor 

can verify the National Bureau o f  Standards (NBS) traceable nature of 

the standards and ( 2 )  recal i brat i on i s warranted. Recal i brat i on should 

be done any time the instrument is repaired. If the zero and span 

checks o f  the analyzer indicate a drift in excess o f  lo%, the site 

contractor should make note of the problem in a log book. 

excess of 20% require identification of the problem, repair, and 

recal i brat i on. 

Any deviation of the instrument’s performance from acceptable 

Any recalibration of the instrument during the 

Excursions in 

4.1.4 Data  Acquisition 

The essential needs of the data acquisition system are to provide a 

continuous logging o f  ozone concentrations in a form suitable for 
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storage and retrieval. 

acquisition system should be programed to provide basic summary 

statistics as outlined below. At a minimum, 75% of the total possible 

observations during a sampling perioC should be present in order to 

achieve completeness requirements. 

is less than that percentage, summary statistics should not be 

calculated. The site operator i s  encouraged to check for data 

validation. In particular, the operator should be attentive ta the 

following anomalies in the air quality data: 

At the discretion o f  the contractor, the data 

If the number of valid data points 

1 .  

2. 

3 .  

4. 

5 .  

6 .  

unusually high or low values f o r  ozone concentration, 

rapid excursions, either upscale or downscale, 

unusually repetitious or monotonic readings over time, 

unusually cycl ic readings whose frequency and amp1 itude are 

monotonous and suggestive o f  e-jectrical voltage problems, 

unusually high or low dispersior statistics, and 

summary statistics that are calculated without achievement o f  the 

75% completeness requirements. 

Because many data acquisition systems are insensitive to outliers and 

malfunctions, the site operator should be attentive to suspicious or 

incomplete data. 

4.1.5 Data Analysis 

Site-specific data analysis is at the discretion o f  the individual 

contractor. I f  data reduction is pursued, it is recommended that a l-h 
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averaging time be used, assuming that the 75% completeness requirement 

is met for each 1-h period. 

associated dispersion statistics (e.g., range, standard error of the 

mean) should be recorded for each hour of the 24-h interval. These 1-h 

averages should be the raw data for characterizations o f  ozone exposure 

dynamics as a function o f  time o f  day/night and month/season of the 

year. If capabilities and interest exist, attention should focus on 

characterizing ozone exposure dynamics during the extended periods of 

elevated ozone concentrations (1-5 d episodes) and the subsequent 

respite periods. 

will be initiated at ORNL in cooperation with the site contractors. 

The 1-h mean ozone concentration and the 

Analysis of the ozone aerometric data across all sites 
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5. SOIL CHEMISTRY AND NUTRIENT CYCLE MONITORING PROTOCOLS 

5.1 SAMPLING PROTOCOLS FOR SOILS AND NUTRIENT CYCLING WORK 

5.1.1 P l o t  S i z e  and Vegetat ion Inventory 

P lo t  conf igu ra t ion  a s  shown i n  Fig.  1 i s  suggested but  not 

mandatory. 

s i t e  o r  t o  t a k e  advantage o f  o l d e r  i n v e n t o r i e s .  

i nven to r i ed  a t  2- t o  3 -yea r  i n t e r v a l s  t o  ob ta in  e s t i m a t e s  of  biomass 

increment. 

Other p l o t  conf igu ra t ions  may be used a s  a p p r o p r i a t e  f o r  the 

Vegetat ion should be 

5.1.2 Vegetat ion Sampling 

Fol iage ,  branch, bole  (bark and wood), and r o o t  samples a r e  taken 

f o r  a l l  major spec ie s .  Fol iage  should be sampled by age c l a s s  (o ld  and 

new f o l i a g e ,  a t  a minimum, except  i n  deciduous f o r e s t s )  a t  two levels i n  

the crown i f  poss ib l e .  The p r e f e r a b l e  method o f  branch and bo le  

sampling i s  t o  ha rves t  trees and t a k e  either en t i re  c r o s s  s e c t i o n s  

(cookie)  or pie-shaped s e c t i o n s  o f  wood t o  ob ta in  c o r r e c t  p ropor t ions  o f  

var ious  ages o f  wood and bark.  Where i t  i s  no t  p o s s i b l e  t o  ha rves t  

trees, l a r g e  increment c o r e s  can be uised t o  t a k e  samples o f  wood and 

bark.  In the l a t t e r  ca se ,  i t  will be: necessary  t o  estimate the 

propor t ions  o r  weights o f  heartwood, sapwood, and bark i n  o rde r  t o  

proper ly  weight nutrient concen t r a t ions  i n  c a l c u l a t i n g  biomass n u t r i e n t  

con ten t .  This can be done by obtainirig thicknesses and s p e c i f i c  

g rav i  t ies  of  heartwood, sapwood, and bark and by ca l  cul a t  i ng propor t  i ons 

based upon some geometr ic  model (e .g . ,  a cone) .  
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5,P.3 L i t t e r  and Soil  Sampling 

Several methods can be used for  s o i l  f o r e s t  f l o o r  sampl ing ,  One 

opt ion i s  t o  use a g r i d  system i n  which a square p l o t  i s  e s t a b l i s h e d  

within which >lo0  subp lo t s  a r e  d e l i n e a t e d  (F ig .  2 ) .  S i x  o r  more samples 

a r e  taken a t  random w i t h i n  t h i s  p l a t  (by horizon,  using ly s ime te r  p i t  

d a t a  a s  depth g u i d e l i n e s  f o r  sampling) a t  5 -  t o  18-year i n t e r v a l s .  

Another opt ion t h a t  may be more f e a s i b l e  and d e s i r a b l e  i n  extremely 

heterogeneous s i t e s  (such as  bouldery s i t e s )  i s  t o  e s t a b l i s h  random 

p o l a r  coord ina te s ,  monwment each p o i n t ,  and sample 0.5-2 m i n  a given 

d i r e c t i o n  (due no r th ,  south,  e t c . )  from the  monuniented po in t  a t  5- t o  

10-year i n t e r v a l s  (F ig .  3 ) .  A t  each p o i n t ,  t h e  fol lowing sampling 

scheme i s  recommended: 

Fores t  f l o o r  wsod, Within a 3 - m  r a d i u s  o f  t h e  sampling p o i n t ,  

measure t h e  l eng th  and end diameters  o f  a l l  woody ma te r i a l  >5 cm in  

diameter  f a l l i n g  w i t h i n  t h e  r ad ius .  Assign a r b i t r a r y  decay c l a s s e s  

(e,g., c l a s s e s  1 - 4 ) ,  and e s t i m a t e  t h e  amount o f  cull  on each l o g  ( i . e . ,  

t h e  amount o f  volume m i s s i n g  f rom a p e r f e c t  t runca ted  cone).  Subsample 

from each decay c l a s s  f o r  s p e c i f i c  g r a v i t y  and n u t r i e n t  ana lyses .  

t runca ted  cone model for  volu e e s t ima t ion .  I f  f e a s i b l e ,  an a l t e r n a t i v e  

method i s  t o  cut ,  weigh, and r ep lace  a19 wood w i t h i n  a given subp lo t  

a r e a ,  subsampling for moisture c o n t e n t  and n u t r i e n t  ana lyses .  

Use 

Fores t  ~ f l o o r .  1-- Within a template  of known area, remove small wood 

(<5 cm in  diameter), O i ,  Oe, and/or Oa.. Dry, weigh ,  and subsample f o r  

n u t r i e n t  ana lyses .  

S o i l s .  I f  p o s s i b l e ,  sample with bucket auger by horizon, using 

p r o f i l e  descriptions f r o m  l y s ime te r  p l o t s  as a g u i d e l i n e .  These samples 
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should be analyzed along with those obtained n future samplings to 

eliminate laboratory bias in determining long term changes. Alternative 

sampling methods may have to be used in bouldery or otherwise difficult- 

to-auger soils (e.g., expand the plot t o  20 by 20 m and use 2 by 2-m 

subplots, digging a hole in each subplot). 

These sampling schemes can be used to monitor long-term changes in 

litter and soils and can also serve t o  characterize the spatial 

variability of the plots. 

are critical to determining long-term soil changes. 

Careful documentation and storage of samples 

5.1.4 Soil Sampling fo r  Lab Studies 

After digging lysimeter pits, describe the soil profile as per Soil 

Conservation Service Procedures (USDA 1972) noting a1 so parent material 

(and form, elevation, and slope). Sample 500 g o f  soil and 10-100 g o f  

coarse fragments for laboratory studies. 

with soils from 10 by 10-m plot. 

Analyze Q-mm fraction along 

5.1.5 Solution Sampling 

All solutions are collected monthly or collected weekly and bulked 

into monthly samples (proportional to volume) for analyses. 

Bulk DreciPitation, throuqhfall. Plastic bottles with funnels or 

troughs are used. 

those in litterfall or trough collectors. 

are used, funnels or troughs must be cleaned at least weekly. During 

winter, throughfall funnel s are rep1 aced with snowmelt coll ectors for 

Screens on funnels or  troughs are the same size as 

I f  plugs rather than screens 
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input to the forest floor. 

bucket with a drain that rests on the forest floor. It is assumed that 

the combination o f  snow, ice, and rain that enters and drains from the 

snowmelt collector is representative of that which enters the forest 

A snowmelt collector consists of a pan or 

f l  Oar 

Sternflow. In forests with a large woody understory component, it 

i s  convenient to fit SF collars on all trees in 2-m-diam subplots, 

bulking into one container per subplot (minimum of three subplots per 

Q.1-ha plot). Where only large overstory trees dominate, single trees 

may be selected for SF collars (minimum of 3 per 0. l-ha plot). 

I Soil solution samplinq. Use tension lysimeters set to 10-kPa 

constant tension. 

relative to plates a t  all depths (to avoid adding or subtracting tension 

by water columns in the collection line) (Fig. 4 ) .  Battles may be at 

variable depths below plate if collection tubing is large enough that 

in-1 ine water columns do n o t  form. 

can be used unless soil solution pH is expected to go below 4 . 3 ,  in 

which case glass plates or other non-A13' containing plates are used to 

avoid Al'" release from plates. Four replicates each in litter 

(beneath 02), A/B horizon boundary, and depth of rooting (if possible) 

per O.l-ha plot are used. 

system or in thin litter layers subject to drastic wetting/drying 

episodes (making tension lysimetry difficult). 

Collection bottles must be placed at the same height 

Alundum- or ceramic-type lysimeters 

Pension-free lysimeters may be used as backup 
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5.1.6 Li tterfall 

Collectors o f  known area are lined w i t h  some screen as on 

precipi ta t ion and throughfall.  

two collection periods per year ( a f t e r  oven drying a t  60°C) for chemical 

analyses. 

of four repl icates  per plot .  

Collect a t  l ea s t  monthly, b u t  bulk into 

Separate into a t  l e a s t  leaf and nonleaf t i s sue  a t  a minimum 

5,2 SOIL METHODS 

5.2.1 Cation Exchange Capacity and Exchange Cat ons 

By using an automatic mechanical vacuum extractor,  2.5 g o f  soil  i s  

leached f o r  12 h by 50 mL of 1 fl NH,C1 or NH,NO,. Include a blank (no 

s o i l )  extraction. 

Soi ls  are then leached 1 h w i t h  ethyl alcohol ( r inse for i n t e r s t i t i a l  

NH,Cl or  NH,NO,) and then extracted w i t h  1 N KCl for I12 h .  

leachate i s  analyzed for  NH,' [ to  get  effect ive cation exchange capacity 

(CEC)] .  

A13", Ca2', Mg2', K", and Na' from the f i r s t  extraction. 

Leachate i s  analyzed fo r  Ca", K', Mg'", Na", and Ai3". 

The l a s t  

Sum o f  cations CEC i s  obtained from the sum o f  exchangeable 

Extractable ohosohorus. Soi 1 s are extracted for phosphorus by 

shaking 5 g of soil i n  50 mL of solution containing 0.03 fl NH,F p lus  

0.025 E! HC1 (Olson and Sommers, 1982) for  20 m i n .  Phosphate i n  the 

extractant was analyzed on a Technicon AutoAnalyzer 11. 

Soil SO:-. This analysis can be done by column or batch method. 

Soil is  extracted with H20 for  I h in a 1:20 soi1:solution r a t i o  t o  get 

soluble SO,. I f  an ion chromatograph or a SO,'- analytical method other 

than AutoAnalyzer i s  available,  soi l  I S  also extracted w i t h  0.032 
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NaH,PO, i n  a 1:20 r a t i o  t o  g e t  adsorbed SO:-. ( I n  the batch method, we 

e x t r a c t  a s epa ra t e  sample f o r  the l a t t e r  and s u b t r a c t  s o l u b l e  Soh2-; i n  

the column method, we do H,O and NaH,PO, e x t r a c t i o n s  i n  sequence. 

Ext rac t ion  t imes f o r  either batch o r  column a r e  1 hour . )  

method i s  a v a i l a b l e ,  reduce the s o i l :  s o l u t i o n  r a t i o  i n  the NaH,PO, 

e x t r a c t i o n  t o  1:5 and analyze SO:- by Barium C h l o r a n i l a t e  ( a t t a c h e d ) .  

The l a t t e r  i s  less sensitive than I .C. ,  so r a t i o s  must be reduced, but  

we f i n d  results general  l y  comparabl e.  

I f  no o t h e r  

5.2.2 Tota l  So i l  N i t rogen and Phosphorus 

Total n i t rogen  i s  done by Kjeldahl d i g e s t i o n  and automated 

color imetry f o r  NH,'. 

automated co lor imet ry  f o r  PO:-. 

Total  phosphorus i s  done by HC10, d i g e s t i o n  and 

5.2.3 Tota l  S o i l  Cations 

AutoAnalyzer s o i l  d i g e s t i o n  procedures a r e  used t o  measure t o t a l  

s o i l  Ca', K', and Mg2". 

f o r  dry ,  homogeneous samples t h a t  are r e l a t i v e l y  f r e e  of  organic  ma t t e r .  

Organic-r ich samples would r e q u i r e  a modi f ica t ion  of this method. 

1. 

The fol lowing d i s s o l u t i o n  method i s  app l i cab le  

Weigh approximately 0.5 g o f  sample and t r a n s f e r  i t  t o  a 100-mC 

Teflon beaker.  

Add 10 mL of  HF and 10 mL of  HNO, and hea t  on a low-temperature hot  

p l a t e ,  approximately 200°C, u n t i l  the s o l u t i o n  evapora tes  just  t o  

dryness .  Do not  bake. 

2. 



3 .  

4. 

5 .  

6. 

7.  

8 .  

9. 

An 
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Repeat the acid addition and evaporation (Step 2). 

Dissolve the residue in approximately 10 mL HNO, and transfer the 

solution to a 150-mL Pyrex beaker. 

Add 4 mL HC10,. 

Cover with a ribbed watch glass and take to dryness. 

Cool, add 4 ml of HC1, approximately 25 mL H,O,+ cover with a tight 

lid, and digest for -1 h. 

Cool and transfer to 50-mL volumetric flasks. 

Use deionized H,O, and prepare two blanks with each group of 

samples. 

alternate method which might be investigated for organic-rich samples 

would involve igniting the sample in platinum at 900°C for approximately 

30 min prior to Step 2. Step 5 could be eliminated. Soil standards 

should be analyzed by this technique prior to sample analysis. 

5.2.4 Soil Water and Element Flux Calculatlons 

These will be made from the best information available. Some will 

have watershed-level water budgets to draw from, others may rely on 

experienced hydrologists for advice, and others may have to rely on 

estimates based upon evapotranspiration calculations (see Pastor and 

Post 1984). 

Volume-weighted average annual concentrations can be multipl ied by 

independent estimates of soil water flux to give ion flux, given certain 
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assumptions about how lysimeters sample soil water. 

moment that lysimeters measure the true soil water flux (as do 

throughfall funnels). Then to get annual flux (F,), we write: 

Assume for the 

12 
F, = I: Vi Ci 

i = l  

where Vi = volume in month i in liters per hectare and 

Ci = concentration in month i in milligram per liter. 

to get kilograms per hectare). To get weighted average annual 

concentration (Wa), we write: 

(Multiply by lom6 

12 
C Vi Ci 

i - 1  Wa = 12 
I: Vi 

i l l  

Note that, by substitution 

12 

i = l  
F, = (Wa) C Vi 

However, lysimeters do not give correct estimates of soil water flux 

(although we have noted that they often come very close to calculated 

values). If we can assume--and this is the critical assumption--that 

lysimeters consistently overestimate or underestimate true water flux by 

some factor K,  then we can still get Wa: 
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12 
C k (Vi) (Ci) r: Vi Ci 

Once we have Wa, we j u s t  m u l t i p l y  i t  by t h e  t r u e  annual water f l u x .  

Th is  method o f  es t ima t ing  f l u x  does n o t  g i v e  monthly f luxes ,  on l y  annual 

f l uxes .  

assumption about a constant  l ys ime te r  b ias  f a c t o r ,  K. 

The on ly  p o t e n t i a l  problems are (1) l a t e r a l  f l o w  and (2) t h e  

5.3 

5.3.1 S o i l  Temperature 

Recommended: 

ADDITIONAL RECOWENDED AND OPTIONAL MEASUREMENTS ON SOILS 

Weekly temperature measurements ( 0 . 5 O C  accuracy) a t  t h e  

5-cm s o i l  depth as c lose  as poss ib le  t o  t h e  bu r ied  bags. 

A second measurement taken i d e n t i c a l l y  t o  the  above bu t  

a t  t he  10-cm depth. 

Qption: 

5.3.2 S o i l  M i n e r a l i z a t i o n  

Recommended: Bur ied bag sampled q u a r t e r l y .  Both NH,' and NO,' 

determined by e x t r a c t i o n  be fore  and a f t e r  1 month o f  

f i e l d  incubat ion.  

g p t i o n  1: Ex t rac tab le  SO:- a1 so determined from above bag. 

ODtion 2: 

OPtion 3: 

Bur ied bags are sampled on a monthly bas is .  

Use s o i l  core i n  tube w i t h  r e s i n  bags i n  con junc t ion  

with the  bu r ied  bag study. 
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5.3.3 Protocol s f o r  Recommended and Opt i onal Measurements 

Soil temperature. Measure soil temperature weekly at depths 

indicated (please dote these depths are taken below the forest floor). 

A minimum of three measurements should be made at each plot in close 

proximity to the buried bags, preferentially in the same location each 

time. It is 

suggested that one choose a particular time of the day (e.g., as close 

as possible to midday) and make all temperature readings consistently 

around that time. 

Measurements should be made to an accuracy o f  40.5"C. 

5.3.3.1 Buried Bag Incubation Study 

Field Procedure. Use a standard 3-in.-diam. and 6-in. deep bulb 

planter as the sampling tool. 

carefully remove the forest floor layer. 

planter. 

sample into a plastic bag. 

Determine a point that can be sampled and 

Take a soil core with the bulb 

With care to leave the core relatively undisturbed, insert the 

The thinner the bag the better; we recommend sandwich-size 

alligator baggies. 

cover with forest floor. 

and extract (see below) in order to derive initial ammonium and nitrate 

pool s i z e s .  

Twist tie the baggie, reinsert in the corehole, and 

Remove a second core, take it back to the lab, 

Take ten initial samples and put in ten buried bags for each stand. 

Collect bags 1 month later (unless they are left out over winter 

unti 1 snowmel t) . Conduct thi s procedure quarterly so mineral i zat i on i s 



73 

assessed during the months of January, April, July, and October. 

option 1, the procedure would be conducted monthly. 

Under 

Laboratory Drocedure. Prior to any manipulation, record total 

fresh weight of each sample core. 

subsample of fresh soil (anywhere from 4 to 10 g, oven-dry equivalent); 

add 2 pI? KC1 in a 1:lO soi1:solution weight:volume ratio. 

sites that have high stone and gravel content, it may be necessary to 

sieve the soils after collection and proceed with the fine (<2-mm) 

fraction. 

recorded. 

agitation. Decant (or centrifuge, or filter), and analyze for ammonium 

and nitrate. Be sure to include appropriate blanks; KC1 could have 

ammonium and nitrate and so could filter paper if you filter the 

Mix sample thoroughly. Take a 

For those 

In that case, dry weight for both components needs to be 

Shake for 1 h, or let equilibrate overnight with intermittent 

samples. 

Percent moisture content for each sample is determined by weighing 

10-25 g fresh soil in a heat-resistant container (record weight o f  empty 

container plus wet soil). Dry for 24 h at 105'C and let samples cool 

off in desiccator. Then record weight af dry soil plus container. 

When soils were sieved, this procedure is followed for the fine and 

coarse fraction separately. 

[weiqht wet soil t container) - (weiuht dry soil + container) 
(weight dry soils + container) - (weight container) 

Calculations. Calculate net ammonification as initial ammonium 

% moisture 

minus final ammonium. Calculate net nitrification as initial nitrate 
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minus final nitrate. Calculate net mineralization as the sum of net 

ammonification and net nitrification. 

deviation by sampling period and express rates in milligrams of nitrogen 

per kilogram per month (for oven-dry soil) or in milligram of nitrogen 

kilogram per month of fine soil fraction. Ammonification and 

nitrification rates can further be converted to 

Report mean and standard 

1. milligrams o f  nitrogen per month per core, by multiplying 

milligrams o f  nitrogen per kilogram per month (oven-dry soils) with 

sample core dry weight, which is given as 

2 .  Grams of nitrogen per month per square meter (to 6-in. depth or 

whatever depth of core is), given by 

- 1  
x 10 mq N core 

Surface area of core (in cmL) 

5.3.3.2 Sulfate Mineralization 

Extraction procedure. Using soils from the buried bags described 

in the above procedure, take a subsample of fresh soil (approximately 10 

g oven-dry equivalent); add 50 mL H,O and shake for 1 h. 

analyze for SO, by ion chromatography. 

Filter and 

Include blanks. 

Calculations. As in the case of nitrogen mineralization, calculate 

net sulfar mineralization as the difference between initial and final 
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SO,-S and express results in terms of milligrams of sulfur per kilogram 

(dry soil) per month. 

5.3.4 Protocol for Resin Cores 

5.3.4.1 Materials 

1. 1.5-in.-ID PVC tubes (3-mm-thick walls), cut into 6.75-in lengths. 

2. Knee-high nylon stockings. Each stocking can be used for 

three resin bags. 

3. JT Baker #M-615 mixed bed resins. A 500-g (1#) jar makes 

60 resin bags. 

two to 

about 

4. A tablespoon. 

5. 1 NaCl to prerinse the resin bags. 

6. A block o f  hardwood or other hammerable material that can be 

hammered. 

7. A hammer. 

8. Pliers (may be helpful). 

9. A 1.5-in.-blade putty knife, w i t h  a notch or mark at 0.75-in. above 

the bottom. 

10. Wire flags or some method of relocating tubes. 

5.3.4.2 Methods 

1. Resin bag preparation: 

stocking, shake the resin to the toe of the stocking, tie a k n o t ,  

and cut off the excess stocking. 

two more bags by tying knots in the ends. 

Add 1 tablespoon (14 mL) of resin to a 

The excess can be used for one or 

Do not leave r e s i n  
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b o t t l e s  s i t t i n g  open f o r  l o n g  pe r iods - - the  r e s i n s  have about 50% 

moisture by weight, and they s h r i n k  a b i t  i f  d r i e d .  This  shrinkage 

i s  a l l  r i g h t  except t h e  tablespoon measure would n o t  be cons is ten t .  

To minimize a n a l y t i c a l  problems l a t e r ,  we have s t a r t e d  p r e r i n s i n g  

t h e  bags w i t h  NaC1; t h i s  rep laces H' and OH- w i t h  e l - ,  m in im iz ing  

pH problems f o r  t he  AutoAnalyzer (p lus  some o t h e r  strange 

in te r fe rences ) :  each bag'needs 100 mL o f  1 1 NaC1; prepare the  

NaCl i n  1- t o  2-L batches, and drop i n  10 o r  20 bags, which are 

then s t i r r e d  a couple o f  t imes over an hour. Then sp in -d ry  the  

bags. (D r ip -d ry ing  i s  acceptable, too.)  

2. Tube preparat ion:  Sharpen the  lower end o f  each tube by f i l i n g  

from the  ou ts ide  t o  t h e  i ns ide .  

3 .  Tube placement: Choose the  sampling p o i n t ;  c a r e f u l l y  remove t h e  

f o r e s t  f l o o r  t o  be cons is ten t  w i t h  t h e  b u r i e d  bag p r o t o c o l ) ,  p lace  

the sharpened end o f  t he  PVC tube on the  s o i l ,  p lace  t h e  hardwood 

b lock  on t o p  o f  t h e  tube, and hammer i t  i n .  Remove the  tube w i t h  

the  s o i l  core i n t a c t  i n s i d e  it, us ing  p l i e r s  i f  needed t o  ge t  a 

good g r i p .  With the  p u t t y  k n i f e ,  remove t h e  bottom 0-75- in.  o f  t h e  

s o i l  core, and rep lace  i t  w i t h  r e s i n  bag. This  prov ides a 6 - i n .  

s o i l  core (as i n  the  bu r ied  bags, p l u s  a r e s i n  bag below). There 

are t e n  tubes per  stand. 

4. I n i t i a l  sample: To determine t h e  i n i t i a l  ammonium and n i t r a t e  

present i n  the  s o i l ,  c o l l e c t  f o u r  o r  f i v e  cores (as descr ibed 

above) f o r  i n i t i a l  ex t rac t i ons .  
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5 .  Incubation period: 

then replace with sequels to cover a full year. 

Leave the resin tubes in for about 4 months; 

6. Collection and processing: Collect the cores, placing the resin 

bag in one plastic bag and the soil core in another. 

can be reused for the next incubation periods.) 

the bags. 

better. 

(The PVC tube 

Be sure to label 

Store the soils at 2-4°C till extracted, the sooner the 

The resins can be air dried, or oven dried at 40'C. 

7. Soil extraction and analysis: Follow protocol for buried bags. 

8. Resin extraction: Place resin in 125-ml (or similar) plastic 

bottle; you may leave the resin in the bag, or cut the bag and pour 

the beads out. 

one stick.) Add 100 mL o f  2 1 KC1; shake 1 h, or let sit 

(Dry beads come out o f  the stocking easily; moisten 

overnight. Decant 20 or more milliliters of the extract for 

analysis . 
9. Resin analysis: The AutoAnalyzer cooperates best if the KC1 

extracts are diluted 1:20 or more with DDW--dilution loops work 

well. 

the loops. 

resins (prerinsed with NaC1) as absve. 

recovers about 80-90% of the ammonium and nitrate adsorbed on the 

Standards should be made in 2 pl KC1, diluted 1:20 through 

Blanks should be prepared by extracting 1 tablespoon o f  

T h i s  overall procedure 

resins. Note: Steve Hart reports that dilution is not necessary 

when using a Lachat instead of an AutoAnalyzer, but we do not yet 

know why. 
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10. Quality assurance: In addition to normal replicates, blind 

dupl icates, etc. : 

a. For soil cores after incubation, you may want to (1)  mix a 

core well, split into two to four subsamples and ( 2 )  add 5 mL 

of dilute ammonium nitrate (to perhaps double the ammonium 

and nitrate concentrations in the soil). 

spiked and unspiked samples will allow determination of ion 

recovery and change during handling. 

For resins, prepare 100 mL o f  dilute ammonium nitrate 

solution. Drop in a resin bag; let it sit for 1 h, and then 

process it as above. 

should be about 80-90%9 but may vary. 

Later comparison of 

b. 

Recovery of the ammonium and nitrate 

11. Units: Report values as net production of ammonium and nitrate for 

(a) the soil core, (b) the resin bag, and (c) the sum of the soil  

plus resin. 

Comments: If your site i s  rocky, an estimate of the percent of 

random points that could actually be sampled with the core would be 

nice. Run a transect, insert a screwdriver to 6.75 in.; if it goes all 

the way, the point can be sampled; if it does not, it cannot be sampled. 

You may want to reinstall the PVC tubes as close to the same 

position every 4 months as possible--this "pairing" may provide a better 

picture of seasonal patterns than completely randomized resampl ing. 
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6. QUALITY ASSURANCE ACTIVITIES FOR THE INTEGRATED FOREST STUDY 

All work related to the IFS i s  subject to a comprehensive set of 

quality assurance (QA) procedures. They are designed to provide 

accurate and timely feedback of information on the field, laboratory, 

and data analysis functions required for production o f  a reliable data 

set. Descriptions o f  these procedures follow. 

6.1 DEPOSITION TASKS 

6.1.1 S i  te-Speci  f i c  Laboratory A c t i v i t i e s  

Blank extractions of unexposed deposition plates and aerosol 

f i 1 ters are routinely performed. These procedures monitor both the 

apparatus washing process and the quality of the filter materials being 

used. Particular attention is given the K,CO,-treated SO, filters with 

blanks extracted at the beginning and end o f  use of each prepared lot. 

The procedures are identical to those employed for field-exposed 

materi a1 s. 

Integrity of the purified water and its processing system is 

ensured through routine conductance measurement, regular maintenance of 

the ion-exchange and carbon elements, and periodic chemical analysis of 

the water. 

water qual i ty probl ems , should they occur. 
Blank plate and filter extractions also provide checks for 

Washing protocols for all sampling materials have been established 

and are strictly adhered to. All materials are precleaned by hand 

washing where necessary t o  remove visible debris. This i s  done in a 
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flowing stream of  d o u b l e - d i s t i l l e d  water, wi th  l i n t - f r e e  tissues used 

f o r  scrubbing. A flowing stream r i n s e  i s  then done w i t h  appara tus  

handled by polyethylene-gloved hands. 

by type i n t o  dedicated con ta ine r s  f o r  soaking i n  a l a r g e  volume of  

d o u b l e - d i s t i l l e d  water.  

f o r  another  24-h soak. Drying is  then done i n  a d u s t - f r e e  oven, a f t e r  

which  b o t t l e s  a r e  capped and a l l  o t h e r  items a r e  s t o r e d  i n  c l ean  

pol yethyl ene bags. 

F i n a l l y ,  the items a r e  segregated 

After 24 h the water  i s  poured o f f  and rep laced  

Fil ter packs a r e  prepared f o r  exposure and l a t e r  disassembled f o r  

e x t r a c t i o n  i n s i d e  a laminar-flow c lean  bench. Gloved hands and 

dedica ted ,  cleaned forceps  a r e  used. Prior t o  use, the loaded f i l t e r  

packs a r e  s t o r e d ,  double-bagged, i n s i d e  an o therwise  empty d e s i c c a t o r .  

I f  exposed packs a r e  not  immediately e x t r a c t e d ,  they  a r e  s t o r e d  i n s i d e  a 

s epa ra t e  empty d e s i c c a t o r .  

6 a 1.2 S i  te-Sped fic Fie1 d Activities 

Fie ld  blank checks have been done on r a i n  and th roughfa l l  sampling 

b o t t l e s  and funnels a f t e r  7-14 d of deployment i n  the p r e c i p i t a t i o n  

samplers under dry  condi t ions .  This is  c a r r i e d  out  i n  the f i e l d  by 

r i n s i n g  20 mL of  d i s t i l l e d  water  over  the funnel s u r f a c e  and i n t o  t h e  

b o t t l e .  A s i n g l e  syr inge  is  used f o r  a l l  samples, and water  is  drawn 

from a b o t t l e  o f  d o u b l e - d i s t i l l e d  water  from the l abora to ry .  

c o l l e c t i o n  b o t t l e s  a r e  capped and thoroughly shaken before samples a r e  

taken f o r  a n a l y s i s .  

The 

The rinse water  i s  a l s o  analyzed. 
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The bucket cover pads of the precipitation samplers are routinely 

inspected and cleaned and rep1 aced when necessary. 

stocked on-site. 

Rep1 acement pads are 

The Belfort recording rain gage is inspected and calibrated in June 

and December by the ORNL Plant and Equipment Division. 

calibration weights and setting gages are used. 

has passed all inspections and has reqwired no repairs. 

stocked on-site. 

week of November (funnel removed and catch-bucket antifreeze added). 

Certified 

To date, the instrument 

Spare parts are 

Modification for winter use is made during the first 

Weekly inspection of the meteorological instruments and the data 

logger is performed. 

batteries are replaced monthly to quarterly. Data accumulated in the 

storage module is processed monthly, wjth detailed examination for 

performance problems that may exist. 

Power supply voltage is checked and recorded, and 

Meteorological QA checks have been performed by using side-by-side 

comparisons for extended time periods with similar instruments of known 

cal i brati on. 

Replicate sampling activities have been done for rain, TF, coarse 

particles, aerosols, SO,, and HNO,. 

identical filter packs and mass flow-controlled air pumps are used. The 

pumps are calibrated with a Gilian bubble flowmeter and are periodically 

checked in the field with a Gilmont ball flowmeter which is also 

calibrated with the Gilian standard. 

For aerosol and gas sampl ing, 

Coarse-particle replicate sampling 
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is done with replicate deposition plates installed adjacent to the 

primary plates. 

identical and are done at the same time. 

Procedures for extraction and chemical analysis are 

The accuracy o f  vapor sampling has been tested by comparing results 

obtained in the field with those observed under controlled conditions or 

by comparison in the field with another sampling method. 

standard vapor concentrations are generated from permeation tubes in a 

Kin-Tek 5 7 0 4  gas standards generator. The HNO, is converted to NO, by 

using methods described by Burkhardt et a1 . (1988) and subsequently 

measured with a chemiluminescent NO, analyzer. Instruments are 

calibrated daily with NBS-traceable standards. Evaluations for SO, have 

been made between selected filter pack runs and real -time measurements 

for the same time periods. Continuous monitoring at the site is done by 

means o f  a Uv-fluorescence SO, analyzer which is calibrated in April and 

August with NBS-traceable standards. 

Variability of throughfall hydrology at the Smokies tower and 

For HNO,, 

spruce and Oak Ridge loblolly pine sites has been thoroughly documented 

and analyzed. 

maintained, and amounts are recorded for each event. Additionally, a 

Belfort recording rain gage i s  used for the measurement of throughfall 

amounts. Similar variability evaluations o f  throughfall chemistry and 

ion fluxes have been done at both sites. 

For this purpose, a network o f  wedge-type rain gages is 
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6.1.3 Site Specific Data Activities 

The difference between measured and calculated conductance of 

aqueous samples (e.g., rain, TF, and aerosol extractions) is used as a 

screening tool for questionable data. Similarly, notable differences in 

cation/anion balance may indicate problems. If  field contamination i s  

not indicated, then such samples may be resubmitted t o  the Analytical 

Chemistry Division for reanalysis and error checking, 

field observations, recorded as notebook comments, are made part of 

the data set and provide insight into the causes o f  questionable data. 

Time series plots of  analytical results for each ion are examined 

to reveal unusually high or low values that merit further attention. 

Statistical summaries are also available for evaluation o f  data. 

6.1.4 Intersi t e  Act i vi t i es 

Repair parts for the Aerochem Metrics precipitation samplers have 

been retained at ORNL to minimize downtime while replacements are being 

shipped from the manufacturer. 

Performance evaluations o f  the mass flow-controlled air sampling 

pumps are done by means of a calibrated Gilmont ball flowmeter. The 

instrument i s  sent in rotation to the various sites for use by their 

personnel. 

the flowmeter to the front o f  the filter pack both at the beginning and 

the ending o f  the run. 

by the data logger. 

if corrective action is indicated. 

Flow checks are made on actual sampling runs by attaching 

Measurements are compared to the values recorded 

ORNL is then notified of the results and intercedes 
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I n t e r s i t e  chemist ry  QA comparisons have been made f o r  a l l  s i t e s .  

A l i q u o t s  o f  r a i n ,  TF, and SF samples analyzed a t  each o f f - s i t e  l o c a t i o n  

have been forwarded t o  ORNL f o r  comparison o f  ana lys i s  by t h e  A n a l y t i c a l  

Chemistry D i v i s i o n .  S i t e s  a re  n o t i f i e d  o f  t h e  r e s u l t s ,  and i f  

d i f f e rences  o f  g rea te r  than 10% f rom t h e i r  values a r i se ,  t h e  causes are  

determined and appropr ia te  changes are  made. 

6.2 NUTRIENT CYCLING TASK 

6.2.1 Laboratory A c t i v i t i e s  

Both s o l i d  ( s o i l  and p l a n t  t i s s u e )  and s o l u t i o n  samples have been 

exchanged between ORNL and o the r  l a b s  f o r  QA cross-checks. 

cases, comparisons were q u i t e  good. Problems revealed, such as improper 

d r y i n g  o f  p l a n t  t i s s u e  and t h e  use o f  c o l o r i m e t r i c  analyses f o r  50;- on 

co lo red  waters, were corrected.  

p a r t i c i p a t e  i n  bo th  t h e  NAPAP and I n t e r n a t i o n a l  Union o f  Fores t  Research 

Organizat ions (IUFRO) sample exchange program, as ORNL d id.  

I n  most 

Each s i t e  was a l s o  encouraged t o  

6.2.2 F i e l d  Sampling A c t i v i t i e s  

There were i n i t i a l  concerns and much d iscuss ion  about sampling 

frequency and t h e  p o s s i b i l i t i e s  o f  samples changing i n  b o t t l e s  between 

c o l l e c t i o n s .  Many o f  us opera t ing  remote s i t e s  w i th  many r e p l i c a t i o n s  

s imply  were n o t  i n  a p o s i t i o n  t o  c o l l e c t  on an event o r  even a weekly 

bas is  w i t h  t h e  resources a t  our  d isposa l .  I n  an at tempt t o  determine 

t h e  ex ten t  t o  which changes might  occur, we conducted some aging s tud ies  

i n  t h e  Smokies s i t e s  by l eav ing  subsamples o f  se lec ted  s o i l  s o l u t i o n  
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collections i n  the field (next to the collector) far another month after 

collection. We were most concerned about the spoilage of  NO,- and A13* 

in soil solutions since these are the major and biologically important 

components o f  soil solutions that are most likely t o  spoil. 

The results were mixed but not unduly discouraging. We found that 

TF NO,- decreased with aging, a result we expected based upon previous 

studies by Steve Lindberg. Fortunately, we will have the event data 

from him and the other deposition people to use in most cases, and we 

can conduct further comparisons on an annual basis between event and 

b u l k  TF fluxes at most o f  the sites. 

soil solution NO," in the summer time tests but some tendency for  

decreases in the winter time tests. There were sometimes "ringers" 

among the NO,-, A I3" ,  and Cl- comparisons (it i s  unclear to what extent 

laboratory differences or subsampling contribute to t h i s ) ,  but i t  was 

felt that the fundamental nature of these solutions was not changed that 

much by sitting i n  the collection bottles i n  the fie1 

We have been concerned with the abxuraey o f  soil water flux 

We found virtually no change i n  

for a month. 

estimates. We have compared the optimal vs the more pragmatic ways (Cl- 

balance, precipitation minus evapotranparation estimates algorithms Cor 

converting soil  solution concentrations into flux estimates) in which we 

can estimate water flux. 

having someone experienced i n  the field (Jim Vose of Coweeta Hydrologic 

Lab) oversee the water flux estimation for all sites. The Coweeta site 

will also serve as a flagship of water balance studies, since these 

We decided to standardize our methods by 
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researchers are es t ima t ing  t h e i r  water balances i n  a v a r i e t y  o f  ways, 

ranging from the  very s o p h i s t i c a t e d  p r o t o c o l s  o u t l i n e d  by John Dowd t o  

t h e  s impler  ones o u t l i n e d  i n  my l e t t e r  and r e p o r t .  

We had some i n i t i a l  concerns about t h e  l each ing  o f  aluminum from 

ceramic l y s i m e t e r  p l a t e s  (which t y p i c a l l y  c o n s i s t  p a r t l y  o r  who l l y  o f  

AL,O,), so we t e s t e d  var ious o the r  types (sand funnel ,  Tef lon,  f i t t e d  

g l a s s ) .  

(1) Te f lon  i s  hydrophobic and a c t u a l l y  r e p e l s  water, (2 )  t h e  pore s i z e  

o f  these l y s i m e t e r s  (50 

(need about 10 1 o r  l e s s ) ,  and (3)  t he  r e a l  l y s i m e t e r  i nvo l ved  w t h  the  

Te f lon  setup was t h e  s i l i c a  f l o u r  used t o  pack around i t :  

f l o u r  was h y d r o p h i l i c  and apparent ly  prov ided the  approp r ia te  pore s i z e  

t o  ma in ta in  the  tension. I n  t h e  end, we opted f o r  t h e  g lass  type based 

on i t s  e x c e l l e n t  hyd ro log i c  behavior and lower aluminum re lease  than the  

ceramic. We noted no di f ferences i n  aluminum re lease  i n  s o l u t i o n s  o f  pH 

g r e a t e r  than 4.3, however, so we al lowed ceramic types t o  be used i n  

systems where s o i l  s o l u t i o n  pH was n o t  expected t o  go below t h a t  value. 

S o i l  content  est imates are a QA problem i n  s i t e s  w i t h  a l a r g e  stone o r  

boulder f r a c t i o n .  

we used t o  est imate b u l k  d e n s i t y  and coarse-fragment da ta  i n  the  Smokies 

s i t e s ,  where t h e  u n c e r t a i n t i e s  i n  these parameters are s i g n i f i c a n t .  

concluded t h a t  t he  q u a n t i t a t i v e  p i t  method was e s s e n t i a l  f o r  these k inds 

o f  boulder  s o i  1 s . 

We found t h e  Te f lon  type t o  be unworkable f o r  several  reasons: 

was much t o o  l a r g e  t o  r e t a i n  a 10-kPa tens ion  

t h e  s l i c a  

We performed an ana lys i s  o f  t he  va r ious  methods t h a t  

We 
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7. PROJECT SUMMARY C4ND DESCRIPTION 

7.1 RESEARCH OBJECTIVES 

One of the earliest concerns over the effects of acid deposition 

relates to long-term acidification o f  soils and degradation of forest 

nutrient status (Engstrom et a1 . 1971). 
with us today; many hypotheses for recent forest declines invoke soil 

acidification, declines in site Ca, Mg, or K status, and more recently, 

A1 toxicity caused by soil acidification and increased mobile anion 

concentrations (see reviews by Johnson et al. 1982 and McLaughin 1985). 

This concern remains very much 

The Integrated Forest Study was designed to address these concerns 

by examining the nutrient cycles in a variety of forest ecosystems with 

a range of site and pollutant input conditions. The literature abounds 

with studies of nutrient cycling from 

nutrient cycl ing analyses have proved 

effects of fertilization, harvesting, 

a basic science perspective, and 

i nval uabl e in eval uati ng the 

and fire on forest nutrient status 

(e.g., Curlin 1970; Leaf 1979; Cole and Rapp 1981). However, very few 

such studies have been conducted with the aim of assessing the effects 

of acid deposition (an exception being the studies at the Solling, 

Germany and Walker Branch, Tennessee sites; Ulrich et a1 . 1980 and 
Johnson et al. 1985). The aim of the Integrated Forest Study i s  to 

apply a nutrient cycling analysis to the acid deposition issue and, for 

the first time, obtain accurate estimates of atmospheric deposition 

within the context o f  nutrient cycling studies. 

approach will answer many of the questions as to the effects of acid 

deposition on long-term nutrient status of affected forests. 

We believe that this 
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To meet the principal objective, we are conducting atmospheric 

deposition and nutrient cycling research over a 5 year period (1985 

through 1989) with the critical and specific objectives listed in 

Table 5 .  

processes in greater detail than has been previously attempted. The 

research is being conducted at forested sites in the northwestern, 

northeastern, and southeastern United States and in Norway. 

Ontario, supported by the Canadian Forest Service, is associated with 

the study, as are sites in Maine and Florida which are supported by the 

U.S.  Forest Service Forest Response Program. 

At the various field sites involved in this study, there are 

It is our intent to quantify selected soil and deposition 

A site in 

different regimes o f  climate, air quality, precipitation, acidity, 

nutrient status, canopy type, and degree o f  ecosystem saturation with S ,  

N, and H'. 

the degree to which SO,", NO,-, and M' or A1 are mobile in the ecosystem 

(i.e., the inverse o f  sob2-, NO,-, H+, AI retention). 

For our purposes here, we define S, N, and H+ saturation as 

A special emphasis has been given to studies of high-elevation 

spruce-fir ecosystems in the eastern United States because of recent 

reports of forest declines (especially in red spruce) and to loblolly 

pine studies in the  southeastern United States because of its commercial 

importance. 

We have constructed and summarized the following hypotheses 

regarding atmospheric deposition and its effects on elemental cycling 
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Table 5. Key, c r i t i c a l ,  and s p e c i f i c  o b j e c t i v e s  
o f  t h e  I n t e g r a t e d  Forest  Study 

Key Ob jec t i ve :  P r o j e c t  s h o r t -  and long- term e f f e c t s  o f  atmospheric 
d e p o s i t i o n  on n u t r i e n t  s t a t u s  o f  va r ious  f o r e s t  ecosystems ( i n c l u d i n g  
areas exper ienc ing growth d e c l i n e ) .  

d e p o s i t i o n  and i t s  e f f e c t s  on f o r e s t  element c y c l i n g .  

SPeci f i c Object ives:  

1. 

C r i t i c a l  O b j e c t i v e  I :  Character ize key processes r e g u l a t i n g  atmospheric 

Evaluate t h e  ef fect iveness o f  d i f f e r e n t  canopy types i n  n e u t r a l i z i n g  
deposi ted s t rong  a c i d i t y .  

2. 

3. 

4. Determine the  p o t e n t i a l  f o r  replenishment o f  exchangeable base 

5. Determine t h e  p o t e n t i a l  f o r  m i t i g a t i n g  s o i l  a c i d i f i c a t i o n  by 

Determine whether atmospheric d e p o s i t i o n  cou ld  
be causing n u t r i t i o n a l l y  mediated changes i n  f o r e s t  p r o d u c t i v i t y .  

SDeci f i c  0b.iect ives: 

1. Determine t o t a l  atmospheric d e p o s i t i o n  t o  several  f o r e s t  canopies 
and t h e  r e l a t i v e  c o n t r i b u t i o n  t o  t o t a l  i n p u t  by major wet and d r y  
d e p o s i t i o n  processes. 

est imate t h e i r  r e l a t i v e  c o n t r i b u t i o n s  t o  c a t i o n  leaching.  

Determine t h e  e f f e c t  o f  a c i d  d e p o s i t i o n  on f o l i a r  n u t r i e n t  pools  and 
c y c l i n g  processes i n  t h e  canopy. 

Determine t h e  r e l a t i v e  importance o f  organic  vs i n o r g a n i c  S 
accumulation i n  r e g u l a t i n g  l each ing  i n  va r ious  f o r e s t  s o i l s .  

Determine the replacement e f f i c i e n c y  o f  H' f o r  base c a t i o n s  f o r  
va r ious  f o r e s t  s o i l s  o f  d i f f e r i n g  base s a t u r a t i o n .  

c a t i o n s  by s o i l  -weather ing processes. 

changing species composit ion. 

C r i t i c a l  0b.iect ive 11: 

2. Ca lcu la te  i n t e r n a l  vs ex te rna l  ( i .e.,  depos i t i on )  H' generat ion and 

3. 

4. Contrast  elemental f l u x e s  w i t h  s o i l  contents  and t r e e  requirements. 

5. Based upon t h e  above research r e s u l t s ,  assess s h o r t -  and long - te rm 
e f f e c t s  o f  f o r e s t  n u t r i e n t  s t a t u s  and p r o d u c t i v i t y ,  i n c l u d i n g  an 
assessment o f  n u t r i t i o n a l  causes ( i f  any) o f  growth d e c l i n e  o r  
f o r e s t  dieback. 
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processes in forest  ecosystems with varying degrees o f  S ,  N, and H" 

saturation (critical objective I ,  Table 5): 

Hypothesi s I : Dry deposition is a significant component of total 

atmospheric input of both acidic and nonacidic species 

t o  forests, even in remote areas, 

Hypothesis 11: Along an elevational gradient, high-elevation forests 

experience higher atmospheric deposition rates than do 

lower-el evatian forests 

Hypothesis III-A: Net and dry deposition o f  acids causes increased 

foliar leaching of base cations. 

Hypothesis 111-8: Ion exchange and weak-acid-buffering mechanisms 

combine to reduce the free acidity o f  rain as it 

passes through the deciduous forest canopy, but not in 

the coniferous canopy. 

Atmospheric H,SQ, inputs will cause equivalent 

leaching outputs o f  cations only in S-saturated 

ecosystems. 

Atmospheric HNO, inputs will cause equivalent leaching 

outputs of cations only in N-saturated systems. 

Ecosystem S saturation is governed primarily by 

geochemical factors, whereas ecosystem N saturation is 

governed primarily by biological factors, 

Hypothesis I V - A :  

Hypothesis IV-B: 

Hypothesis V :  
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Hypothesis VI: Acid saturated ecosystems will retain base cations and 

re1 ease H' t A1 , whereas acid-unsaturated ecosystems 
will retain H' and release base cations. 

In addition to these general hypothese, we have constructed 

specific hypotheses regarding S - ,  N- 

individually, which will be tested in nianipulative studies: 

and acid-saturation processes 

Sulfur Saturation Hwotheses: 

s-1. All ecosystems are unsaturated with respect to higher rates of 

sul fur deposit ion. 

Incorporation o f  SO:- into so i l  Fe + A1 oxides i s  an important 

ecosystem S-retention mechanism, and specifically adsorbed 50;- 

i s  not released except by additions of more strongly bound 

anions . 

s-2. 

Nitroaen-Saturation Hvootheses: 

N-1.  Increased atmospheric N additions will eventually cause N 

saturation in any ecosystem. 

N-2. Reduced atmospheric N additions will cause desaturation o f  

currently saturated systems. 

Acid-Saturation Hvoothesis: 

H-1.  Decreases in soil base saturation will not be equivalent t o  

mineral acid inputs because (a)  weathering reactions supply 
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exchange s i t e s  w i t h  base cat ions,  and (b) i n  extremely a c i d  

so i l 's ,  t h e  rep  acement e f f i c i e n c y  o f  incoming H* i s  l i m i t e d  and 

leads t o  increased leach ing  o f  H' and A1 i ns tead  o f  base 

ca t i ons .  

7.2 RESEARCH SITES 

The opera t i ona l  s i t e s  i n  t h e  study represent  a range o f  c o n d i t i o n s  

n o t  on l y  i n  terms o f  c l imate,  a i r  q u a l i t y ,  s o i l s ,  and vegetat ion,  b u t  

a l s o  i n  terms o f  atmospheric i n p u t s  o f  ac ids and a c i d i f y i n g  compounds, 

and s u l f u r ,  n i t rogen ,  and a c i d  s a t u r a t i o n  o f  t he  s o i l s .  Selected s i t e  

c h a r a c t e r i s t i c s  are g iven i n  Table 6 (more s p e c i f i c  d e t a i l s  are 

a v a i l a b l e  f o r  each s i t e  i n  a r e p o r t  by B o n d i e t t i  e t  a l .  1989). These 

s i t e s  p rov ide  us w i t h  a three-dimensional  m a t r i x  w i t h  which t h e  general 

v a l i d i t y  o f  our hypotheses can be tes ted .  

schematic rep resen ta t i on  o f  where t h e  s i t e s  appear t o  l i e  r e l a t i v e  t o  

one another, w i t h  respect  t o  S and a c i d  s a t u r a t i o n .  

p r e v i o u s l y  s tud ied  F u l l e r t o n  (FT), T a r k l i n ,  (TK), D o u g l a s - f i r  (OF), r e d  

a l d e r  (RA), and Camp Branch (CB) s i t e s  ( a l l  c i r c l e d ) ,  t h e  mon i to r i ng  

data from past  EPRI  s tud ies  al lowus t o  p lace  them w i t h  some degree o f  

c e r t a i n t y .  With respect  t o  t h e  c u r r e n t  s i t e s ,  t h e  r e l a t i v e  placements 

are hypo the t i ca l  a t  t h i s  p o i n t  and are being v e r i f i e d  by t h e  mon i to r i ng  

data i n  t h i s  study. 

a t  which d e t a i l e d  ana lys i s  o f  wet and d r y  d e p o s i t i o n  are being performed 

(see Table 6) .  F igure 1 (page 2 o f  t h i s  r e p o r t )  i n d i c a t e d  t h e  

F igu re  8 ( top )  g i ves  a 

I n  t h e  cases o f  t h e  

The s i t e s  marked w i t h  an a s t e r i s k  represent  those 



Table 6 .  Sites Par t ic ipat ing i n  the Integrated Forest S t u d y  on Effects of Atmospheric Deposition 

S i te  Location Vegeta t i MI 

a 
Depos i t i on 

b 

Climate 
HAT HAP Elevation sampling 

Soi l s ( *e)  (cm) (in) approach 

Ful ler ton (FT)' 

Tarklin (TK)' 

loblolly pine (LP) 

Wolm Divide (SS, S t )  
snd Indian G a p  (SB) 

Douglas fir (DF) and 
r d  alder (RA) 

Findley Lake (FL) 

Coweeta harduood (CH) 

Coueeta pine (CP) 

Whiteface CIotntain 
(UF) 

Huntington forest 
(HF) 

Duke Forest (DL) 

Walker Branch, TN nixed deciduous 

Walker Branch, f N  

Oak Ridge, TN 

Great Smoky Mountains 
National Park 

Thompson Forest, MA 

Findley Lake, WA 

Coweta, YC 

Coweta, NC 

Lake Placid. MY 

nixed deciduous 

Loblolly pine 

R e d  spruce, 
beech 

Douglas fir, 
red alder 

F i r -  hem1 ock 

Oak-hickory 

White pine 

Spruce- f i r 

W @ ~ ~ c m b ,  MY Mixed deciduous 

Durham. NC Lob101 l y  pi ne 

Typic Palcudult 

Typic Fragiudult 

Typic Paleudult 

Inceptisols 

Durochrepts 

Cryendepts 

Hapludults 

Hapludul t s  

Borofelists, 
Heplorthods, 
Incept iso ls  

S ~ s o l s  

Typic Hapludults 

14.5 150 340 

14.5 150 340 

14.5 150 300 

1600- '1800 5 .3  230 

9.B 130 220 

5 .4  270 1100 

12.6 180 700-1000 

12.6 180 TZO-'1100 

4.2 100 lQlJC 

5.4 106 530 

15.5 112 215 

Turkey Lakes Uatershedd Dntario, Canada Sugar maple-birch Spodosol s 4.4 120 350 U/D 

B. F. Grant Forest (GL) Eatonton, GA Lobloi\y pine Typic Haptudutt 16.0 124 1?3 U/D 



Table 6. (continued) 

Site Location Wegetat i on Soi I s  

Climatea Deposition 

b MAT MAP ELevation sampling 
(‘C) (em) (rn) approach 

~ ~~ ~~ ~ 

Noruay Spruce (NS) lordmen, Norway Norway spruce Typic Wipsamnent 4.3 83 200 W/D 

+ioutande (MS) How!and, #E Spruce- f i r Typic Haplorthod 7.2 100 60 U/D 

38 W/D Altic Hapiagnod 23 132 Ftorihe (FS) Gainesvi t La, FL Slash pine 

‘MB = mean a w e \  tenggrature; MP = m a n  annual precipitation. 
U/D = event collection of wet and dry deposition separately, collection of throughfell a d  stemfirm on an event basis as vetfall only, 
collection of suspended particles a d  gases, event mL1ectim of fog and cloudwater, and nonevent b u l k  deposition and throughfell; 
6 = nonevent cotiectim of krlk deposition and bulk throughfall only. 

CPreviwsL’j studied site not designated for further study i n  this project. 
‘Cwprative site fwded by the Canadian Forest Service 
‘Cooperative site funded by the U.S. Forest Service (Forest Response Program) 
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ORNL-DWG 83- 1600 

SUSCEPTIBILITY SOIL SOLUTION 
TO LEACHING COMPOSITION 

Fig.  8. Schematic representations of the degrees o f  S, N, and acid 
saturation of previously studied and new research sites. 
as follows: FT = Fullerton, TK = Tarklin, LP = loblolly pine, 
Oak Ridge, TN (GL, B. F. Grant Forest i s  expected to be similar); 
SS = red spruce (a1 so ST), SB = beech, Great Smoky Mountains National 
Park; DF = Douglas-fir, RA = red alder, FL = Findley Lake, WA; 
CH = mixed hardwoods, CP = white pine, Coweeta, NC; WF = spruce fir, 
Whiteface Mountain, NY; CB = Fall Creek, TN; HF = maple and beech, 
Huntington Forest, NY; DL = loblolly pine, Duke Forest, NC; TL = mixed 
hardwoods, Turkey Lakes, Canada. 
Sites marked with an asterisk are instrumented as intensive deposition 
research sites; circled sites have been studied previously. Not 
indicated are the following sites: 

Site codes are 

See Table 6 for site information. 

Georgia, Florida, Maine, Norway. 
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geographical locations o f  t h e  IFS sites, F i g u r e  9 gives a 

schematicrepreseniation o f  the elevational gradient covered by several 

of t h e  s i t e s .  

lwelve o f  t h e  sites listed in Table 6 are operated as intensive 

deposition research locations using the  full protocols  described earlier 

in t h i s  report:  r e d  alder (site ode = WA) and Ilouglas fir (DF), 

Thompson Forest, Washington; lob ally pine ( L P ) ,  Oak Rjdge, Tennessee; 

loblolly pine  (DL), Duke Forest, North Carolina; lablslly pine (GL),  

8. F .  G r a n t  Forest, Georgia; red sprwce and balsam f ir ( I F ) ,  bdksiteface 

Mountain, Mew York; w h i t e  pine (CP), Co eeta, North Carolina; red spruce 

(ST) ,  Great Smoky Mountains National Park, North Carol iiia; mixed 

hardwoods (HF),  Huntington Forest, New Yark; red spruce ( M S ) ,  Mowland, 

MaSne; slash pine ( F S ) ,  Gainesville, Flo r ida ;  and Norway spruce ( M S ) ,  

Nordmoen, Norway, In  addition, the rite a t  the Turkey Lakes 

(TL) collects more limited dat,a using protocols similar to the I F S .  

These sites represent a range o f  atmospheric and canopy condit.ians such 

t h a t  they vary in total input and major mechanis s of deposition and are 

generally representative o f  t h e  overall range ~f 5, N, atid a c i d  soil 

s a t u r a t i o n  being investigated. 

less intense deposition monitoring due t a  their rerwot.e l o c a t i o n s ,  

The remaining sites are  o p e r a t e d  with 

The susceptibility o f  these s i t e s  t o  leaching by atmospheric S and 

N i n p u t s  depend upon the degree to which the  sites are saturated with 

respect t o  S and N. I f  substantial fractions o f  incoming S and N are 

retained within a given site, t h e  potential effects o f  atmospheric 

depositian on soil  $Oh2- ,  NO,-, and associated cation ( a c i d  or base) 
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RESEARCH SITES 

MOUNTAINS 

PREVIOUSLY STUDIED-I TENNESSEE NORTH CAROLINA 
SITES 

HUNTINGTON 

W H I TE F ACE 
MOUNTAIN 

N E W  YORK FOREST 

Fig. 9 Indication o f  the elevational gradient covered by several o f  
the in- and near-mountain IFS sites. The Georgia, Florida, Canada, and 
Norway sites are not depicted. 
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leaching are reduced to the extent that ecosystem S and N retention 

occur, In sites that are S- or N-saturated (e .g . ,  no ecosystem S or  N 

rekentian occurs), the full potential o f  atmospheric deposition on soil 

leaching i s  realized. 

primarily by inorganic chemical processes (soil adsorption) whereas 

N saturation is dependent upon biological processes (plant and soil 

microbial uptake, nitrification). 

We hypothesize that S saturation is regulated 

The extent to which acid cations (Al, M") vs base cations (Ca2", 

g2', K", Na") are mobil ized in response to increased SO,'- and NO,- 

leaching depends to a! large extent upon the degree o f  acid saturation of 

the soil (the inverse o f  base saturation). In extremely acid soils, the 

dominant cations in soil solution will tend to be A1 and W", whereas in 

less a c i d  so i l s  the dominant cations in soil solution will tend to be 

CaZa, i"lg"9 K", Na". 

p r e d i c t  that there will be disporportjonate increases in trivalent 

(AI3") aver divalent (Ca2' and Mg2+) and monovalent (K", Na", and H') 

cations with increases in SO:- and NO,- concentration (Reuss and 

Johnson, 1986). 

s i t e s  subject to pulses in S042- and NO,-. 

In all cases, however, cation exchange equations 

Thus, there are potentials for  episodic A13" pulses in 

The s i t e s  in the IFS network have been tentatively placed with 

respect to hypothesized S, N,  and acid saturation in Figure 8 .  

The Fullerton, Tarklin Camp Branch, and mature Douglas-fir and red alder 

s i t e s  were intensively studied during the initial EPRI-supported soil 

e f f e c t s  project during the period 1981-1983 (RP1812-1). In addition, 

the Fullerton site has been studied as part o f  the initial EPRI 
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deposition and canopy interactions project (RP1907-1). We have 

discontinued monitoring at many of these sites but will subject soil 

samples from them to various tests designed to address the S-, N-, and 

H'-saturation hypotheses. 

incorporated into the synthesis o f  this project's results. Details on 

these earlier studies have been published (e.g. Johnson et al. 1985; 

All past data from these sites will be 

Lovett et al. 1985; Lindberg et al. 1986). 

7.2.1 S i t e  Support 

Most of the sites listed in Table 6 are supported directly by EPRI 

through subcontracts with Oak Ridge National Laboratory. In addition, 

we are fortunate to have the participation o f  several other funding 

agencies who support individual IFS sites. The Great Lakes Research 

Centre, Canadian Forest Service supports IFS research at a site at 

Turkey Lakes Watershed in Canada. 

Institute and Norwegian Institute for Air Research add support to 

EPRI/IFS funds through a joint project at the Nordmoen forest research 

site in Norway. 

The Norwegian Forest Research 

The U.S. Forest Service Forest Response Program is 

supporting nutrient cycling research which follows Integrated Forest 

Study protocols at sites in Howland, Maine and Gainesville, Florida (one 

site each in the Spruce-fir and Southern Commercial Pine Cooperatives). 

Each o f  these groups have modified or added to on-going nutrient cycling 

and deposition research to allow integration with most aspects of the 

EPRI IFS project. The Huntington Forest IFS site i s  supported by the 

Empire State Electric Research Corporation and New Yorlc State Energy 
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Research and Development Administration, and the Georgia loblolly site 

is supported primarily by Southern Company Services. 

loblolly pine and Smoky Mountains spruce sites are also supported in 

part by the U.S. Department of Energy and the U.S.  Forest Service 

Forest. 

The Oak Ridge 

7.2.2 Principal Investigators 

Tables 7 and 8 outline the current research sites, principal 

investigators for both field and laboratory experiments and measurement 

tasks, and subcontract designees. 

7.3" 

sect 

turn 

SCOPE OF WORK 

Integrated Forest Study research is divided into two major 

ons: atmospheric deposition and forest nutr ent dynamics. These in 

are organized into field measurement tasks (Table 7) 

andexperimental tasks (Table 8). The relationship between these tasks 

is apparent from the objectives described earlier. 

objectives, the atmospheric deposition tasks will provide estimates of 

the rates of atmospheric deposition to the canopy by precipitation, dry 

deposition of vapors and particles and by cloudwater and fog 

interception, and also the wetfall return to the forest floor. 

measurements plus the results from manipulative experiments will be used 

to determine the effects of deposition on important canopy processes. 

The forest nutrient cycling tasks will provide estimates of element 

f luxes  in litter and soil systems, estimates of internal H' production, 

In addressing these 

These 
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Table 7. S i te  tocations and investigators responsible fo r  the f i e l d  measurement tasks 

Atmospheric Nutrient 
S i te  Location Deposition Cycling 

Loblol ly pine (LP) 
Ful ler ton (FT) 
Tarkl in (TK) 

Beech (SB) 
R e d  spruce (ST, 5s) 

Douglas-f ir  (DF) 
Red alder (RA) 

Findtey Lake (FL) 

Coveeta ha*ood (CHI 
Coweta Pine (CP) 

Whiteface Mountain 
W F I  

Huntington Forest 
(HF) 

8. F. Grant Forest (GL) 

Duke Forest (OL) 

Oak Ridge, TN 

Great Smoky Mountains 
National Perk, TN 
and NC 

Thonp60n Forest, UA 

Findley Lake, W 

Cweota, NC 

Wilsington, NY 

Weucomb, NY 

Eatonton, GA 

Durham, NC 

Turkey Lakes Uatershed (TL)  Ontario, Canada 

Nornay 06) Nor-, Norway 

Houland (MS) 

Florida (FS) 

Houlard, HE 

CeimsvilLe, FL 

'Oak Ridge National Laboratory 
b s ~ m  t rac t d s ~  i gnee 
%plWrds Fie ld  Research Laboratory, 

b i v e r s i t y  of  Uashington 
eU.S. Forest Service, CDveeta Hydrologic Laboratory 
fState University o f  New York a t  Atbsny 
Quniversity of  Pennsylvania 
hstate University of  Uen York a t  Qracuse 
!Duke University 
'Cooperating lnveo;tigator, Canadian Forest Service 

Great S&y Mountains Netionel Park 

s. E. Lindberga 
D. A. Schaeferg''' 

s. E. Li-rga 
0 .  A. Schwfer"' 
0 .  siisby' 

G. Wolfed 

D. U. Colebad 

u. 1. Swenkb*" 
L. Rey?mldse 

J. A. Kvlecekbb'f 
J. Panec 
E. M i l l e rg  

N. J. Mi tche jh  Shepar 

H. L. Rapdalebtk 
J. Crwca 

K. Knoerrbti 
P. Conklin' 

N. Fosterj  

A. Stuenesb*' 
E. Jwanger" 

I .  FernandezO 

H. Gholzp 

D. U. Johnson' 
R. 6 .  HarrisonarS 

D.  U. Johnsona 
R. B. Harrisona's 
H. van Miegroet' 

E). u. cot b,d 

D. u. Coiebgd 

U. T. Suankbae 
L . Reynoldse 

A. H. Johnsonb" 
A ,  J. Friedlardb*g'q 
E. ~ i t t e r g  

h H. Mitchel l  
D .  J .  Rayneh 
E. H. !Jhite 

J. Do&*' 
M. tiutterb*' 

0. Binkley. i 

P. Conklin' 

N. roster1 

A. Stuenesb'" 

P. H m n n  8, t 

I .  Fernander" 

H. GholzP 
_1 

![Emory University 
'University of  Georgia 
"koruegian Forest Research l n s t i  tutt 
%orwgian I ns t i t u te  fo r  A i r  Research 
'Cooperating Investigator, Universi ty of Maine 
pCoopereting Investigator, University of  Florida 
%current d r e s s ,  oartmxrth cot lege 
'Currant d r e s s ,  Sycracuse University 
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Table 8. Investigators responsible fo r  the experimental tasks associated with 
the Integrated Forest Study on Effects o f  Atmospheric Deposition 

Task Investigators 
F ie ld  s i t e  
associ a t  iona Comnents 

Atmospheric Deposition 

Canopy Interactions G. M. Lovett 
D. A. Schaefer 
S. E. Lindberg 

A l l  s i tes  plus 
Carey Arboretun 

HN% Vapor Deposition G. E. Taylor, Jr. Oak Ridge, TN 

Submicron Aerosol E. A. Bondietti 

Forest Element Cycling 

Sulfur Saturation J. Y. Fitzgerald 
R. B. Harrison 
D. U. Johnson 

Nitrogen Saturation D. U. Cole 

Aluninun Mobilization, D. D. Richter 
Soi l  Weathering R. A. April 

R. M. Neuton 

Deposition and Cycling 

Development of Nutr ient S. Gherini 
Cycling Model 

Oak Ridge, TN 

A l l  s i tes  

R e d  alder, 
Thompson Forest, 

UA 

A l l  s i tes  

A l l  s i tes  

Effects of  acidic 
deposit ion on 
canopy leaching 

Controlled-environ- 
ment studies on 
HN% vapor in te r -  
actions wi th 
vegetation 

Generic deposit ion 
t o  various canopy 
t w s  

Effects o f  sulfur 
accumulation on 
regul a t  i ng 
cat ion leaching 

Effects of  nitrogen 
accunulation on 
regulat ing 
cat ion leaching 

A1 release, 
mineralogical 
characterization, 
and weathering 
rates 

Development of  a 
PC-operated 
deposit ion and 
nu t r ien t  cycl ing 
d e l  fo r  IFS 
forest  p lo t s  
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and characterization of key processes leading to S, N, and H saturation 

in soils. The results of these tasks will be combined in assessments 

ofatmospheric deposition effects on forest nutrient cycles, which can in 

turn be applied to assessments of nutritional causes of forest dieback 

and long-term effects on productivity. 

these tasks i s  described below. A graphical presentation of the mineral 

cycling study which is being undertaken by this project illustrating the 

The mechanism for integrating 

contribution of the field measurement and experimental tasks is shown in 

Fig. 10. A description of these tasks follows. 

7.3.1 Atmospheric Deposition 

There are four research tasks within the atmospheric deposition 

section. The field measurements task quantifies deposition fluxes of 

major ions to the canopy and to the forest floor. 

determination of wet-only precipitation chemistry for samples collected 

on an event basis above (incident precipitation) and below (stemflow 

This involves 

andthroughfall) the forest canopy, and of the chemistryof fog and cloud 

water at each site. 

and vapors and of coarse deposited particles is determined from 

atmospheric samples and surface-deposi ted material . 
are combined with measurements of hydrology, canopy structure, 

meteorology, and modeling results to estimate total deposition fluxes to 

the canopy and forest floor. Section 3 of this report contains detailed 

descriptions of the deposition protocols. 

In addition, the chemistry of airborne particles 

These chemical data 
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ORNL-DWG 84- 1 0 0 3 0 A  

ATMOSPHERIC INPUTS 

I 

TRANSLOCAT 

SUBMlCRON AEROSOL 
DEPOSlTlON 

SOIL 
UNAVAILABLE 

MONITORING TASKS 
EXPERIMENTAL TASKS 

[NATURAL F L U X E ~  

F i g .  10. A representation of the  f o r e s t  n u t r i e n t  c y c l e  showing the 
pools and f l uxes  to be determined i n  the f i e l d  measurements tasks, and 
the focus o f  the experimental tasks o f  the IFS .  
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Secondary tasks involving experimental research support this 

measurement task. They include determination of the interactions of 

deposition with the canopy and its effects on canopy foliar leaching, 

quantification of the deposition of nitric acid vapor to vegetation 

under controlled conditions, and an evaluation of Submicron aerosol flux 

to vegetation using naturally radioactive aerosols. 

these tasks is to combine accurate estimates of wet and dry deposition 

The common goal of 

of vapors and large particles to several forest canopies with estimates 

of dry deposition of submicron particles and HNO, to determine the total 

deposition and the interactions of deposition with different forest 

canopy types under different air-qual i ty and meteorological regimes. 

In the aerosol task, generic submicron aerosol dry deposition is 

evaluated by measuring the dry deposition rates o f  212Pb (10.6-h 

half-life), in humid climates, and ‘Be (53.3-d half life) which will be 

examined in arid climates. 

submicron aerosol because they condense on ambient aerosols and 

participate in particle growth. 

where their presence on vegetation is solely the result of dry 

deposition. 

These naturally occurring isotopes trace the 

They can be examined under conditions 

The canopy interactions task involves an investigation of the 

effects of acidic deposition and pollutant gas exposure on nutrient 

cycling processes in the forest canopy. 

performed at the Cary Arboretum in Millbrook, New York, and at ORNL and 

focuses on deciduous and coniferous species characteristic of forests in 

Most of the work i s  being 

the Northeast and Southeast. In one study, attached branches are 
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exposed in the field to solutions of varying pH and air with different 

concentrations o f  0,. 

ions are determined in rep1 icate treatments. 

also employed to determine the internal (apoplastic) foliar 

concentrations o f  the macronutrients, because these concentrations can 

regulate nutrient leaching from the leaves. Additional tasks include 

collection of sequential, within-event throughfall samples, and 

identification o f  the major organic acids found in throughfall under 

several species. 

of gaseous and particulate deposition within the forest canopy. 

model will aid interpretation and extrapolation of the HNO, chamber 

studies and the surrogate surface and submicron aerosol deposition data. 

Input data for the model will be canopy-top micrometeorological and 

atmospheric concentration data collected at each site. 

Rates of foliar leaching of important nutrient 

Experimental methods are 

Phis task also involves development of a general model 

This 

The HNO, vapor task addresses the issue of HNO, deposition under 

controlled conditions and supplies deposition rates for use in the dry 

depositional model. The deposition of HNO, vapor to vegetation i s  

investigated in a open-gas exchange system operating with the 

mass-balance approach. 

sum of HNO, vapor losses to the leaf surface and leaf interior. 

Est mates of HNO, deposition to the leaf surface vs leaf interior are 

der ved through a combination o f  light and dark exposures, metabolic 

inh bitors of normal stomatal function, and a split-cuvette technique. 

Tree seedlings used in the study include chestnut oak, white oak, 

yellow-poplar, loblolly pine, white pine, and red spruce. 

Total foliar HNO, deposition in the light i s  the 
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7.3.2 Forest Nutrient Dynamics 

There are four tasks within the section on forest nutrient 

dynamics. 

under ambient conditions in the ecosystems listed in Table 6. 

accomplish this, all sites are instrumented with bulk precipitation (in 

addition to detailed atmospheric sampling at selected sites), 

throughfall, stemflow, litterfall, and soil solution (lysimeter) 

collectors. Lysimeters are of the tension type (set to 0.1 atm constant 

vacuum), utilizing fritted glass in instances where low soil solution pH 

(<4.5) is likely (to avoid the release of A1 from plates) or 

ceramic/Alundum plates where soil solution pH is >4.5.  Either an 

electric or mechanical vacuum system is used to supply the necessary 0.1 

atm constant vacuum. In addition to the flux measurements described 

above, the total contents of N, P, K, Ca, and Mg, and S in all ecosystem 

components {vegetation, litter, and s o i l )  as well as s o i l  available and 

exchangeable contents are determined. 

information on the sampling protocols in this task. 

The monitoring task evaluates element fluxes and contents 

To 

t 

Section 5 contains detailed 

Measurements of ionic fluxes in solution, including HCO,*, NO3’, and 

Al, will allow estimations of the contributions of internally generated 

acids (carbonic, nitric, and, by charge balance estimations, organic) as 

well as SO:- to the total leaching rates in these ecosystem. 

and accumulation of elements by vegetation will complete the budget and 

Uptake 

allow forecasts of potential soil changes due to acid deposition and the 

natural processes of leaching and vegetation uptake (Fig.  10) 
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Three sets of laboratory experiments and one field experiment make 

up the experimental tasks and will test hypotheses important to the 

interpretation of results from the monitoring tasks and to projections 

of atmospheric deposition effects. These laboratory tasks include 

determination of the relative importance of organic vs inorganic S 

accumulation in regulating soil leaching, evaluation of the replacement 

efficiency of H' for exchangeable base cations, and the potential for 

soils to resupply cation exchange sites with base cations through 

weathering reactions. 

reversiblity of acidification by removing a natural acid source (red 

alder, which fixes excess N and causes nitric acid leaching). 

The field experiment involves testing the 

Collectively, these basic experimental methods are used to test the 

hypotheses and accomplish the objectives listed in Table 5 by monitoring 

elemental fluxes in a variety of ecosystems under ambient conditions, 

and manipulating S, N, and H+ inputs in laboratory and field studies to 

test hypotheses regarding S, N, and H' saturation. 

To facilitate projections of the effects of various deposition 

scenarios on future forest nutrient cycling and biomass content, the IFS 

investigators are providing data from each site and all measurement 

tasks for use in development of a PC-based deposition and nutrient 

cycling model. 

deposition effects on forests. 

Results from this model will be used to predict 
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7 .4  PROJECT ORGANIZATION, DATA MNAGEHENT, AND SYNTHESIS 

Figure 11 outlines the functional organizational structure of the 

IFS project. Overall budget coordination and subcontract management is 

the responsibility of S. E. Lindberg, Environmental Sciences Division, 

ORNL. Technical management of the forest nutrient cycling and 

atmospheric deposition tasks i s  the responsibility o f  D. W .  Johnson and 

S. E. Lindberg, respectively. These individuals are responsible for 

establishing and monitoring quality-assurance and data-reporting 

criteria to be used during the period o f  the investigation. 

In order to integrate the results o f  the study, a matrix 

organization has been developed as illustrated by Figure 12. 

Integration centers around four topical areas: nitrogen, sulfur, 

acidity, and base cations. Several o f  the principal investigators have 

been selected to serve as coordinators for these topical areas and are 

serving as focal points for developing intercomparisons of site-specific 

data. 

objective section o f  this summary. 

is to optimize synthesis of the deposition, canopy interactions, and 

The importance o f  these topical areas can be found in the 

The purpose of this matrix approach 

nutrient cycling data across all of the IFS sites. 

To ensure comparability of data sets and our ability to synthesize 

results, annual workshops are held in the general vicinity of IFS sites 

(in the Northeast, Southeast, and Northwest) for discussing data and 

planning work schedules. These workshops include visits to local IFS 

sites. In conjunction with each workshop, a formal EPRf review of 

project progress is held with the IFS Advisors. This group includes 
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Fig. 11. Organizational chart o f  the field measurements and 
experimental tasks of the IFS showing principal investigators in each 
case. 
cooperative basis through support of the Canadian and U.S.  Forest 
Services, respectively. 

The Canadian, Florida, and Maine sites are participating on a 
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Fig. 12. Schematic of group leader structure for integration 
purposes. 
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project progress i s  held with the IFS Advisors. 

several outside scientists at universities and institutes with expertise 

in areas of atmospheric chemistry and deposition, geochemistry, soil 

science, ecology, and forest science, as well as representatives o f  the 

el ect r i c power i ndus try. 

This group includes 

At the first workshop (November 1985), all investigators agreed on 

a set of standard data-reporting forms that are used to synthesize data. 

These data are exchanged among investigators for comparison and 

discussion at subsequent workshops. Ultimately, these data forms will 

be used as the core of information for synthesizing project results, 

draft example o f  such a form is shown in Table 9. Our philosophy is 

that, insofar as possible, basic measured values will be emphasized, 

rather than numbers based on complex calculations involving many (often 

untested) assumptions (e.g,, internal H" generation). 

not only us but also future reviewers of the subject to draw 

interpretations from these data sets with minimal confusion as to what a 

given component o f  flux actually represents. The synthesis of earlier 

data in this fashion has proved to be valuable for various assessments, 

including those o f  acid deposition effects. 

A 

This will allow 

In addition to individual publications in the open literature, the 

IFS issues annual reparts of progress (e.g., Lindberg and Johnson 1989) 

and has reached agreement with a publisher of scientific books to 

publish a synthesis volume of all IFS results. 
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Table 9. Standardized data being reported f o r  each f i e l d  s i t e  i n  the Integrated Forest S t u d y  on Effects  of 
Atmospheric Deposition 

Ecosystem content ( E q  ha-', o r  kg ha-') Ecosystem f luxes (Eq ha" y-', o r  kg ha-' y-') 

Component Ana 1 yses C o n p o o e n t  Analyses 

Overstory 

Foliage 

Branch 

Bole 

Roots 

Total 
Understory 

Total vegetation 

L i t t e r  

So! l 

Atmospheric deposit ion 
2- 

Organic metter, N, P, S, Vet-only, H+, so4 . "-# 

S04-S, Ca, K, Mg dry-only, and fog t o t a l  N, N H ~ +  
2+ 2+ 

o r  cloud uater, and Ca , K', Mg , Na', 

bu lk  inprt A l ,  C l - ,  H C 9 -  

orthophosphate, t o t a l  P, 
organic acids' 

Same as overstory 

ana 1 yses 

Atmospheric chemistry 

Gas concentrations, 

Fine aerosol 

concentrations, and 

coarse p a r t i c l e s  

Organic matter, N, P, S, L i t t e r f a l l  

SO4-S, Ca, K, Mg 

Exchangeable A l ,  

Ca, K, Mg, Ne, ac id i ty ,  

t o t a l  N, t o t a l  S, 

t o t a l  C, soluble + 
adsorbed S04-S 

extractable P, Total P 

Throughfall 

Bulk, wt-only 

S t m f l o u  

Leaching 

Forest Floor, 

S o i l  Horizons 

Biomass, N, P, K, Ca, Hg, S I  

so42- 

H+, SO:-, N%-, 

t o t a l  N, N H ~ + ,  
2+ 2+ 

Ca , K+, Mg , #a+, 
3+ A 1  , C l - ,  HCOJ- 

o r  thophosphate, 

organic acidsa 

2- 
H+, SO4 , N%- 

Total R ,  NH4+ 
2+ 2+ 

Ca , K+, Mg , Na', 
3+ 

A 1  , C l - ,  H C 4 -  

orthophosphate' 

2- 
H+, SO4 , N%- 

Total N, WH4+ 
2+ 2+ + Ca , K+, Mg , Ua , 
+3 

A 1  , C l - ,  H C 4 -  

orthophosphatea 
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Table 9 (continued) 

Ecosystem content (Eq ha”, OF kg ha”) Ecosystem fluxes (Eq ha-’ y-’, or kg ha-’ y-’1 

Component Analyses Ccnponent Ana lyses 
I 

Vegetation increment 

Overstory Organic matter, N, S, 

Fol iage 

Branch 
Bole 

Roots 

S04-S, Ca, K, Hg, P 

Total understory, and 

Tota l  vegetation Same as overstory analyses 

‘Only selected samptes are analyzed for organic acids, to ta l  N, totat  P, HC%-, or A t .  
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APPENDIX: ADDENDUM TO DEPOSITIOH PROTOCOLS 

A . l  ESTIMATION OF DRY DEPOSITION 

Amroach for vaDors and fine Particles. We will use an 

"inferential" method o f  estimating dry deposition, which involves 

measuring the atmospheric concentration o f  a substance of interest and 

then applying a deposition velocity (V, - flux to systemlair 
concentration) to calculate the dry deposition fluxes. From the 

literature, we know ranges o f  values o f  the deposition velocities that 

are applicable to various atmospheric substances and canopy types, but 

we can refine the choice of deposition velocities significantly by using 

a model that accounts for meteorological and vegetational 

characteristics peculiar to each site. 

model published by Hicks et al. (1987), which runs on an IBM-PC 

compatible microcomputer. This model has undergone some modification 

for application to the IFS study, primarily in the time step over which 

V, is computed (hourly), in the range cf forest canopy types used, and 

in the manner used to calculate the V, for submicron aerosols (Bondietti 

et al. 1984). 

We use the deposition velocity 

DeDosition model. Briefly, the model conceptualizes the transport 

of atmospheric material to the canopy as occurring through three 

regimes: 

canopy; (2) boundary layer, or the penetration of material through the 

quasi-laminar layer surrounding each leaf or branch; and (3) surface, or 

absorption o f  gases by the stomates or the plant cuticle. 

(1) aerodynamic, or the mixing o f  above-canopy air into the 

Each regime 
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is parameterized by resistances to transport, and the resistances are 

summed to give a total resistance for the canopy, the inverse of which 

is the deposition velocity (Baldocchi et al. 1987). 

The aerodynamic resistance is governed by atmospheric turbulence 

generated by wind flowing over the rough surface of the canopy and by 

temperature differences between the canopy surfaces and the ambient air. 

T h i s  resistance can be estimated by using the wind speed and sigma 

theta, the standard deviation of the wind direction, which is a measure 

o f  the intensity o f  turbulence. 

The boundary-layer resistance can be approximated with the wind 

speed, the diffusive properties of the depositing substances, the 

diameter o f  the leaf or branch, and the total plant surface area index 

(SAI). 

The surface resistance can be approximated by using an empirical 

relationship based on the temperature, relative humidity, solar 

radiation, surface wetness, and SA1 and plant physiological 

characteristics (Baldocchi et al. 1987). 

This brief description illustrates the need for the meteorological 

These data requirements are and canopy structure data being collected. 

discussed in more detail in the sections that follow. 

Flux o f  coarse Darticles. Coarse particle concentrations in air 

are difficult to measure accurately. Hence, we will rely on direct flux 

measurements to inert surfaces (Lindberg and Lovett 1985). These data 

will be extrapolated to the canopy (Lindberg et a l . ,  1988a) using a 
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modeling approach ( l o v e t t  and Lindberg 1984 t h a t  relies on TF d a t a  

c o l l e c t e d  a t  each f i e l d  s i te  as discussed  above. 

A.2 METEOROLOGICAL 

Data needs.  These a r e  used t o  q u a n t i f y  c h a r a c t e r i s t i c s  dur ing  

sampled wet-dry even t s  and t o  d e f i n e  t y p i c a l  cond i t ions  on a seasonal  

basis.  

fagJcloud input  and a l s o  f o r  wet depos i t i on  and a n a l y s i s  o f  TF d a t a .  

The key v a r i a b l e s  a r e  wind speed, s tandard  d e v i a t i o n  o f  wind d i r e c t i o n ,  

r a d i a t i o n ,  r a i n f a l l ,  humidity, temperature, and ~ u r ~ t ~ ~ ~  o f  surface 

wetness. 

They a r e  p r imar i ly  used i n  the c a l c u l a t i o n  o f  r y  depos i t i on  and 

Raw d a t a  s t o r a q e  in  the f i e l d .  The CR21 d a t a  logger  has the 

capabi l  i t i e s  t o  compute and summarize tb.e necessary  parameters  f o r  use 

i n  the d r y  d i e p s i t i o n  model. 

s tandard  CW21 procedures .  

over  which t e depos i t i on  ~ ~ ~ ~ ~ e ~ e r s  are c a l c u l a t e d .  The wind vector 

program o f  the C 2 1  must be use t a  c a l c u l a t e  mean wind d i r e c t i o n  and 

i t s  s tandard  dev ia t ion .  

Input and output  programming should fo l low 

One-hour averaging i s  the time r e s o l u t i o n  

ata  are r e t r i e v e d  from the f i e l d  a t  approximately 

The d i p  switches on the 1- t o  2-week i n t e r v a l s  using the t a  

s t o r a g e  module (S 1 a r e  set as follows dur ing  r e g u l a r  

down except t 4 ,  which i s  up. 

o l d  i f  t h e  SM capac i ty  i s  excee 

for s t o r a g e  a f  hourly means, so t h i s  s h o ~ l d  not  be a problem.) 

2 weeks the d a t a  f r o  the St4 are t r a n s f e r r e d  t o  t he  t a p e  twice  ( t o  

er. 

(This  prevents  ne d a t a  from w r i t i n g  over 

; we e s t i m a t e  the c a p a c i t y  t o  he 300 d 

Every 
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create a backup) and the SM i s  then init 

CR21 manual. The first half of the tape 

recording speed is less variable. 

Data storaqe on PC files. The data 

a1 ized as explained in the 

est, perhaps because the 

are read into a PC as described 

in the CR21 manual. The IFS uses a set of instructions in the form of 

macros to import this data into a Lotus spreadsheet. It requires that 

the CR21 data are imported in comma-delimited format. Once in Lotus, 

the data are converted into a format which is compatible with the dry 

deposition velocity model . 
Data manipulation and screening for bad data. Prior to use of the 

data for dry deposition calculations, it i s  necessary to screen the data 

for bad values. Problems to search for are outliers, inconsistent 

Val ues ? abnormal Val ues and i nvar i ant Val ues over 1 ong time per i ads. 

Programs to do these checks are available. 

weekly to uncover sensor problems in the field to avoid long stretches 

of bad data. 

This must be done at least 

A.3 PLANT SURFACE AREA DATA 

Amroach. Some indication of total plant canopy surface area i s  

necessary for the model. 

needed for both deciduous and conifer species. 

woody tissue area and preferably resolution of several layers in the 

canopy are also necessary (see below). Probably the ost economical way 

to do this is in conjunction with the aboveground biomass sampling 

Growing-season and dormant-season values are 

Separation of foliar and 
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program. 

area/dry weight r a t io  for  foliage and woody t issues  on a subsample of 

the t issues  from each t ree .  

When t rees  are cut for  biomass measurement, determine the 

Use the r a t i o  t o  calculate leaf area from the allometric prediction 

of leaf biomass, and normalize the leaf area t o  a u n i t  ground area t o  

calculate the leaf area index ( L A I )  . 
fresh ( n o t  dried) t issue,  using a leaf area meter. 

weight r a t io  often varies significantly w i t h  height i n  the crown (see 

discussion tha t  follows). Several studies (e.g., Grier and Waring, 

1974) have shown sapwood area t o  be a better predictor t h a n  diameter a t  

breast height (dbh)  for leaf biomass and leaf area. 

Leaf area i s  best measured on 

The f o l i a r  area/dry 

For woody t issues  and some needles (e.g. ,  spruce), the area can be 

calculated using a cylindrical approximation for different  diameter 

classes of branches and boles. 

r a t i o  t o  calculate the woody t issue area from the biomass equations, and 

express the resul t  as a woody t issue area index. 

and woody t issue area as total  area (not one-sided o r  projected area) in 

square meters of foliage per square meter o f  ground area. 

As for foliage,  use an area/dry weight 

Express both foliage 

Heiaht resolution. The estimates of cloud water input require 

height resolution of the surface area measurements. 

more height s t r a t a  will help considerably, b u t  even two s t r a t a  are 

bet ter  than a single SA1 for  the s tand .  

height; the best resolution (thinnest s t r a t a )  should be a t  the top  of 

the canopy, where most of the dry deposition ”action” takes place. 

Data for three or 

T h e  s t r a t a  need n o t  be of equal 
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Whether or not leaf area or bio ass in different height strata can be 

effectively predicted using dbh or  sapwood basal area as an independent 

variable depends on the regularity o f  tree morphology at the site. 

Others have found diameter or s a p w ~ ~ ~  area at any given height to be an 

adequate predictor o f  fo l  iage bio ass above that height. Thus, a series 

o f  diameter or sapwood area measurements at several heights along a bole 

could be used to generate a leaf biomass (or area) profile. 

If you calculate, leaf area in several height strata, use an 

area/dry weight ratio specific to each stratum. 

an LA1 for the entire canopy with no height resolution, use an area/dry 

weight ratio that i s  an average for foliage sampled throughout the 

canopy profi 1 e. 

If you must calculate 

COLLECTION OF CLQU 

Collectors. Two samplers will be used for cloud/fog collection: a 

passive harp-type collector for cloud water at high-elevation sites and 

an active pump/filter type collector for fog water at low-elevation 

sites. 

collection head and its high surface area impaction mesh where droplets 

are scavenged and run down the tube into the sampling bottle, 

entire sampler must be thoroughly cleaned hen received and then well 

rinsed with double-distilled water similar t o  the funnel -cleaning 

procedures in the ariginal protocols. These are then bagged for 

storage.  

These collectors collect fog/clouds by filtering air through the 

The 
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Samplinq Procedure. Because of the very different nature of 

cloud/fog events at the different sites, it i s  difficult to specify a 

protocol that i s  universally applicable. In addition to the information 

in Sect. 3.4, the following guidelines are offered, followed by examples 

of collection situations at high- and low-elevation sites. 

Sample 2-5 m above the canopy. 

Sample as much of a cloud/fog event as possible, given logistical 

constraints. 

Sample at least every other cloud/fog event occurring at your site. 

Expect that some samples will be lost to contamination by rain or 

other problems. 

At least 30 mL of sample is needed for chemical analysis; 50 mL is 

preferabl e. 

Do not let collection bottles overflow. 

Samples of mixed cloud and rain are of limited use and should be 

identified as such. 

The minimum useful collection period for samples is 1 hr; the 

maximum useful period i s  one event. 

Example for a low-elevation site. I1:f fog is predicted for a night, 

set 

an 

8 a  

and 

up the cleaned fog collector on the tower the afternoon before. 

nstrument timer to start the collector at midnight and stop at 

m. (Adjust these times according to your own experience.) Col 

process the sample early the next morning. Record the duration 

Use 

ect 

of 



122 

the f og  event ( f rom the  wetness sensor read in  

sampling i n t e r v a l  (from t he  t imer ) ,  and the  volume o f  t h e  sample 

csl1 ected. 

u r a t i o n  of t h e  

Example f o r  a h i h l e v a t i o n  s i t e .  Deploy t h e  c o l l e c t o r  above the  

canspy, nea r  the  cup anemometer, as soon as poss ib le  a f t e r  t h e  s t a r t  o f  

a c loud  event. Record the  s t a r t i n  time o f  t he  event and the  sample. 

The c o l l e c t i o n  r a t e  w i l l  vary  s t r o  ly w i t h  t h e  wind speed and t he  water 

content  o f  %Re cloud, SQ i t  will be necessary t o  remain near the  sampler 

t o  check t.he amount co l l ec ted .  

tasks a t  the  s i t e .  

Use t he  i n te rven ing  per iods  f o r  other 

Fol low these gu ide l i nes  when checking t h e  sample: 

I f  the elapsed t i m e  i s  over 1 h and t h e  sample volume i s  over 

50 mL, cap and l a b e l  the b o t t l e ,  and note the ''on" and " o f f "  t imes 

far t he  sample. 

I f  the  elapsed t ime i s  over 1 h and t he  sample volume i s  under 

56 mL, cont inue c o l l e c t i n g  i n  the same b o t t l e  u n t i l  50 m l  i s  

obtained. 

I f  the  elapsed t ime i s  under 1 h, cont inue sampling i n  the  same 

b o t t l e ,  I f  t he  b o t t l e  i s  near l y  over f lowing,  q u i c k l y  pour the  

contents i n t o  a l a r g e r  c lean b o t t l e  and rea t tach  the  c o l l e c t i o n  

b o t t l e ,  Continue t o  composite samples l i k e  t h i s  u n t i l  an hour has 

elapsed. 

c o l l e c t o r  f o r  the next  hour 's sample. 

I f  it. r a i n s  du r ing  d samplin per iod,  note t h i s  on the  b o t t l e  and 

I f  the r a i n  pe rs i s t s ,  stop the cloud water sampling. 

Note t i m e s  as above, At tach a l a r g e r  b o t t l e  t o  t he  

i n  your notebook. 
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If no rain occurs, continue sampling as long as you can safely stay at 

the site. If you must leave and the cloud event is still i n  progress, 

attach a larger bottle to the collector and return as soon as possible. 

Note whether rain occurred during the sample period. At the end o f  the 

event, record the ending time. 

A.5  CLOUD WATER DEPOSITION 

It i s  clear from the steep slopes and patchy vegetation a t  t he  

mountain sites that a deposition modeling approach to estimating cloud 

deposition rates will have a very high uncertainty. However, the needed 

information can result from a semiempirical approach, as descri 

bel ow. 

A.5.1 Cloud or Fog Water Chemistry 

This will be measured using the passive (cloud) or active ( f og )  

collectors as described above and in Sect. 3 . 4 .  

A.5.2 Deposition Rates 

Rationale. The main factors controlling deposition rate are wind 

speed, cloud LWC, canopy geometry, and, to a lesser extent, droplet 

size. 

events by measuring rates of TF depos.ition, and these should be related 

to the deposition rates which are simultaneously measured by t 

collectors. 

change with wind speed, LWC, and drop’et size in similar ways. 

It i s  possible to determine deposition rates for cloud-only 

Collection by the string collector and the canopy should 
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Therefore, a regression of the collection rate of the string collector 

against the canopy drip rate should allow prediction o f  canopy 

deposition rates from string collector rates. 

monitor w 

the event 

saturates 

- Procedure. 

1. In each intensive plot, deploy a trough collection system for TF so 

that all the troughs discharge into a single tipping bucket rain 

gage. The major interest here is water volume, so chemical 

cleanliness i s  not a concern. A V-shaped trough can minimize 

spl ashout. 

During cloud-only events, monitor the rate of TF deposition in the 

troughs while making cloud water collections for chemistry. 

nd speed next to the string collector. 

2. 

Also 

At the start o f  

the TF drip rate should rise steadily until the canopy 

at which point the drip rate should be roughly constant. 

You will be able to see this by recording the bucket tips at 

-30-min time intervals and looking for the point when the drip rate 

(number o f  tips per unit time) levels out. This  may be several 

hours after the start o f  the event since cloud water deposition 

rates are on the order of 0.1-0.5 mm/h and the storage capacity of 

the canopy can be 1-2  mm. After the canopy saturates, the TF drip 

rate should be equal to the cloud water deposition rate minus a 

correction of 0-20% for evaporation. 

evaporation rate from data on wind speed, temperature, relative 

humidity, and solar radiation, so all net data should be recorded 

One can estimate the 
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during the event. 

measure, but if there i s  no net radiometer, the Li-Cor radiation 

sensor will still be useful .> 
After canopy saturation, record the drip from the canopy 

(millimeters) and the collection rate from the string collector 

(milliliters) for each interval thlat you collect cloud water for 

chemical analysis. The length of these intervals w’ill depend an 

the collection rate, as discussed in the protocol. Thus, several 

paired data points of TF drip ratg and string collector collection 

rate may be taken from each event, and as many events as possible 

should be sampled over the next year to provide a range of 

(Net radiation i s  the best form of radiation to 

conditions for the collections. 

As soon as enough samples are taken (perhaps 20-25?), we will 

regress TF drip rate on string collector collection rate for each 

site. We should come up with reliable regressions that calibrate 

the string collectors for each site. 

estimate of the error. 

site and collector type and, once developed, will require only 

monitoring of collection rates from the string collectors to infer 

deposition to the canopies. 

These methods will require some measure or estimate of cloud water 

immersion time. 

problem. 

observation at as frequent an interval as possible. 

4 .  

This will also provide an 

These calibrations will be specific to each 

5 .  

Measuring cloud duration time is a difficult 

You should record cloud immersion time from visual 
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A.5.3 Annual Cloud 

There are several approaches to making annual input estimates from 

The simplest is to take the average measured canopy these data. 

deposition rate and multiply it by the amount o f  time the canopy is in 

cloud. Another approach is to determine the deposition rate to the 

canopy as a function of indspeed and extrapolate to the whole year 

based on the wind speed data we collect during cloud events. 

with extensive TF hydrology data  from networks o f  gages, annual cloud 

water interception can be est imated fro differences between rain and TF 

water fluxes on an event bas is ,  when corrected for evaporation losses, 

In any case, we then multiply water deposition rates by the mean 

chemical concent ra t ion  in the cloud ater to estimate annual chemical 

deposition. If there is a strong correlation between wind speed and 

chemical concentration, the second approach could be biased. Hence, 

values should be determined by as many independent methods as possible 

to yield a range of possible fluxes. 

At sites 

ERTSTICS OF THE FQ3 OPY AT TOWER SAMPLING SITE 

To aid in interpretation o eteorological and air chemistry 

data, a detailed description o f  the characteristics o f  the canopy near 

the tower should be macle for each site: 

1. Height o f  tower above ground. 

2. Average slope o f  site on which tower is located. 

3 ,  Weight distribution o f  all canopy-dominant (not subcanopy) trees 

within a 30-m radius o f  the tower and the height o f  the tallest 
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t rees  and the mean canopy height in each cardinal direct ion.  

can be done with an Abney level OT other device by s i t i ng  t o  the 

top of each t r ee  within the 30-m radius. Heights within 2 m are 

acceptable. Identify the slope and i t s  direction on the diagram. 

Photographs of the canopy from the tower top i n  the four cardinal 

directions,  each labeled by s i t e  name and direction. 

Brief description of the te r ra in  character is t ics  in the general 

upwind direction for  0-1 km and 1-5 km (include land use, roads, 

other possible emission sources, slope, and vegetation cover). 

This 

LOCATION OF PRECIPITATION VOLUME AND CHEMISTRY SAMPLERS 

PreciDitation gaqes. There are numerous problems w i t h  above-canopy 

location of rain gages. 

variable. Therefore, locate the tipping bucket and/or weighing bucket 

gages i n  forest  clearings i f  possible, If  impossible, locate the gage 

within the upper part  of the canopy (helow the t r ee  tops b u t  n o t  beneath 

them) using a platform mounted t o  the side o f  your tower. Avoid 

overhanging obstructions on the tower. 

gages are standard 8 - i n .  weighing bucket gages (e.g., Belfort). With  

antifreeze they work well year-round. 

provide rain duration and intensity,  as well as acting as a backup 

devi ce. 

Catch eff ic iencies  are known t o  be low and 

The most accurate and re l iab le  

The tipping bucket gages will 

Rain/snow samplers. There are  a1 so potenti a1 problems with above- 

canopy sampling for chemistry. This i s  a controversial area w i t h  

conflicting data on both sides. Data from Walker Branch Watershed 
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suggest little d i f f e r e n c e  in l ~ ~ i g - t e ~ i  m a w .  Wowewer, to avo id  the 

controversy, yola should sample in t h e  forest clearing i f  possible. 

tower sampl ing is t h e  only alternative,  locate t h e  csllectar at t he  t o p  

away from all 1 overhanging and upward extending objects 

If 

The funnel/bot%le approach described i n  Sect. 3 , 3 , 1  Qrks well fo r  

r a i n ,  b u t  not for  snow. AB; the er s i t e s ,  occasional  snowws can be 

collected this way, cover ing t h e  snow piled Q ~ I  the. funnel with a clean 

p l a s t  c bag and allowing the sarnple t o  melt i n  the  lab. At t h e  northern 

and h g h - e l e v a t i o n  sites, we suggest using the w a1 e sampl i ng bmcket 

lined w i t h  a c lean plastic bag f o r  snow collection. 

retrieved i n t a c t  and the snow el ted in the  1 aboratory. 

be a problem; a good s e r i e s  o f  d i s t i l l e d  water rinses should be 

sufficient. Be sure to rim blanks. 

The bags are 

Bag washing may 
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