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EXECUTIVE SUMMARY
This report summarizes work carried out by the University of Washington’s Cloud and Aerosol

Research Group during the past year on the interactions of nitrogen species with clouds.
The principle conclusions that have emerged from our analyses of the field data collected
during the past year, together with data collected in the previous two years, are:
Nitrate production commonly occurs in clouds, and at times it is a source for
nitrate in clouds that is comparable to that which derives from the scavenging of

pre-existing nitrates. However, nitrate production in clouds is highly variable
and does not appear to be either as frequent or as substantial as sulfate production.

The efficiencies with which nitrogen species are scavenged by clouds is strongly
influenced by the precipitation formation mechanism and, in particular, by the

presence and growth mechanisms for ice and snow.

A possible mechanism for nitrate production in clouds is the interstitial
formation of

N03 and N205.

Although our data set is not inconsistent with this

mechanism, it is not extensive or definitive enough to confirm it.

PAN is poorly scavenged by clouds but it can be redistributed in the vertical by
clouds.

Our studies show the value of analyzing chemical data sets gathered during comprehensive
meteorological field experiments to allow evaluation of the complex interactions of meteorological
and chemical parameters. We recommend that high priority be given to the continued

development of sensitive, fast-response analyzers for
aboard aircraft.

NOy species that are suitable for use
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1.

INTRODUCTION

In the past three years, the Coordinating Research Council (CRC) has funded the Cloud and
Aerosol Research Group, Atmospheric Sciences Department, University of Washington, to study
the role of clouds in incorporating nitric acid into precipitation. The results obtained in the first

two years of these studies have been described in our previous annual reports to the CRC (Hegg

and Hobbs, 1984, 1986a). The present report summarizes the results obtained during the third

year of this study.

We have had three main scientific objectives during the past year. Firstly, to examine the
relationship between nitrate production and nitrate precursor reactants (for earlier studies on
this subject see

Hegg and Hobbs, 1986a). Secondly, to establish a data base on PAN, including

vertical profiles in the atmosphere, which can be used to assess the transport and scavenging of

PAN by precipitating systems. Thirdly, to use our numerical model of rainband chemistry
(Rutledge et al.. 1986) to quantify the fluxes of odd-nitrogen species through precipitating

systems.
During the past year we obtained additional data sets with which to pursue these objectives by

"piggy-backing" measurements of nitrogen species onto the Genesis of Atlantic LOWS Experiment

(GALE) field study, which was centered on Cape Hatteras, North Carolina. Some of the chemical
data gathered in this program are described here and they are contrasted with data gathered by us
off the coast of Washington State. Additionally, sufficient data was gathered during one GALE case

study to both initialize and test our rainband chemistry model. This model is used for integrating
and extrapolating the GALE field measurements.
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2.

INSTRUMENTATION

The main facility for our field work has been the University of Washington C-131A research
aircraft. The instrumentation aboard this aircraft has been previously described (e.g., Hegg and

Hobbs, 1986a). The instruments aboard the aircraft are listed in Table 1 and their layout is
shown in Figure 1. Additionally, in GALE the methodologies of Lazrus et al. (1985) and Lazrus l

aL. (1986) were used to measure aqueous-phase H^Og and gas-phase H^Og,

respectively.

3. NITRATE PRODUCTION IN CLOUDS

(a) Overview
In previous studies (Hegg and Hobbs, 1984, 1986a) we obtained some evidence that the
nitrate production that we measured in clouds might have been produced interstitially between

cloud droplets through the mechanism proposed by Heikes and Thompson (1983). Comparisons of

a subset of our nitrate production data with the model predictions of Heikes and Thompson showed
reasonable agreement, although conclusive evidence was lacking.

We have previously pointed out (Hegg and Hobbs, 1986a) that a significant number of

concurrent measurements of both interstitial NOg and 03 are needed to adequately assess the
Heikes-Thompson mechanism. The most difficult parameter to measure in this regard has been

NOg. Our previous measurements were made with a commercial detector based on the reaction of
NO with

03 (Monitor

aL (1980).

Labs Model 8840), with modifications similar to those described by Kelly fit

This instrument has a detection limit of about 0.2 ppbv, which is barely adequate for

measurements in background continental air over North America. Therefore, in addition to this
instrument,

we have used a detector for both NOg and PAN based on the reaction of odd nitrogen

species with luminol. This instrument was built and maintained for us by Professor Donald
Stedman at the University of Denver. Development of this instrument has been concurrent with

our study. We have therefore employed several versions of the luminol instrument as experience
in the field suggested various changes to optimize its performance.
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TABLE 1.

INSTRUMENTATION ABOARD THE UNIVERSITY OF WASHINGTON’ S AIRCRAFT

Instrument type

Parameter

(a)
Latitude and
longitude,

Manufacturer

Range (and error)

Navigational and Flight Characteristics
VLF; Onega
navigator

0 to 300 m s
(+/-1 m s-1

Litton

LTN-3000

ground speed and

groundspeed

horizontal winds

and +/-1
drift angle)

True airspeed
Heading

Variable
capacitance

Rosemount

0 to 230 m

Model 831 BA

0.22)

Gyrocompass

King KCS-55A

0 to 360

s~1

(+/-0.5)
Pressure

Variable
capacitance

Rosemount

150 to 1060 mb

altitude

Model 830 BA

0.2X)

Altitude above

Radar altimeter

AN/APN22

0 to 6 km

terrain

Aircraft
position and
course plotter

52)
Works off DME
and VOR (soon to
be integrated with

In-house

130 kn

(1 km)

VLF Omega system)
Angle of attack

Potentiometer

Rosemount

+/-23

Model 861

0.5)

Pitch angle

Gyroscope

Specry M12

+/-30

Rate of climb

Variometer

Ball Engineering

+/-12 m s

(b)
Total air
temperature

Platinum wire
resistance

Meteorological

Rosemount Model
102CY2CG + 414 L

-70 to 30C

o. r o

Bridge

(Continued)
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TABLE 1.

(Continued)

Parameter

Instrument type

(b)

Manufacturer

Range (and error)

Meteorological (Continued)

Static air
temperature

Computer value

Dew point

Dew condensation

Cambridge Systems -40 to 50C
Model TH73-244
1’C)

Air turbulence

Differential

Meteorology
Research, Inc.
Model 1120

0 to 10

Pyranometer(s)
Eppley thermopile
(one downward and
one upward viewing)

Eppley
Laboratory, Inc.
Model PSP

0 to 1400 W m

Ultraviolet
radiation

Eppley
Laboratory, Inc.

0-70 J

-70 to 30C

In-house

0.5C)

Barrier-layer
photoelectric cell

cm^/3 s~^

107.)

(~1%)

m~2 s~1

57.)

Model 14042

Photographs

35mm time-lapse
camera

Automax
Model GS-2D-111

1 s Co 10 min

Video tape

Forward looking
video camera +
time code

General Electric

VHS format

(c)
Liquid water

Hot wire

content

resistance

Liquid water

Hoc wire

content

resistance

Cloud Physics

Johnson-Williams

0 to 2 and 0 to
6 g m~^

King probe

0 to 5 g m

(Continued)

*

All particle sizes refer to maximum particle dimensions.
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TABLE 1,

(Continued)

Parameter

Instrument type

(c)
Ice accumulation

Manufacturer

Range (and error)

Cloud Physics (Continued)

Tuned oscillator
impaction rod

Rosemount

Size spectrum
cloud particles

Forward lightscattering

Particle
2 to 47 urn*
Measuring Systems,
Model FSSP

Size spectrum

Diode

Particle

cloud particles

occulation

Measuring Systems,
Model OAP-200X

Size spectrum
cloud particles

Diode
occulation

Size spectrum of
precipitation

Diode
occultation

Particle
300 to 4500 un*
Measuring Systems,
Model OAP-200Y

Images of
cloud particles

Diode occulation
imaging

Particle

Images of

Diode
imaging

Particle
Resolution
Measuring Systems,
Model OAP-2D-P

Optical
polarization
technique

In-house

rate (supercooled
water collector)

Ice particle
concentrations

20 to 300 pa*

Particle

20 to 300 um

Measuring Systems,
Model OAP-200X

particles

precipitation
particles

In calibration

Resolution

25pm

Measuring Systems,
Model OAP-2D-C

200um

0 to 1000 S.~1
detects particles
(> 50 urn)*

(d) Aerosol
Number concentrations of particles

Light transmission

General Electric
Model CNC II

102

(Continued)

*

All particle sizes rafer to maximum particle dimensions.

to

10^ cm"3

(particles >0.005
pro) *
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TABLE 1.

(Continued)

Parameter

Instrument type

Manufacturer

Range (and error)

(d) Aerosol (Continued)

102

107 cm"3

Number concentralions of particles

Rapid expansion

Gardner

2 x

Mass concentration
particles

Electrostatic deposition onto matched
oscillators

Thermal Systems,
Inc. Model 3205

0. 1 to 3000 \ig
0.2 ug m-3)

Size spectrum of
particles

Electric aerosol

0.0032

analyzer

Thermal Systems,
Inc. Model 3030

Size spectrum of

90 light-

particles

scattering

Particle
Measuring System

to

to

1.0 urn*

0.5 to 11 ym*

(LAS-200)
particles

Forward lightscattering

1.5 to 40 urn*
Royco 245
(in-house modified)

Size spectrum

Diffusion battery

Thermal Systems,
Inc. Model 3040

Size spectrum of

of particles

0.01 to 0.2 urn*

with in-house
automatic valves
and sequencing
Size spectrum
of particles

35-120 light-

Size spectrum

Forward light-

of particles

scattering

scattering

0.09 to 3.0 urn
Systems, 0.007 urn)*
Model ASASP-X
Particle

Measurin
Measuring

2 to 47 ym*
Particle
Measuring Systems,
Model FSSP

(Continued)

*

All particle sizes refer to maximum particle dimensions.

m~3

TABLE 1.

(Continued)

Parameter

Instrument type

Manufacturer

Range (and error)

(d) Aerosol (Continued)
Light-scattering
coefficient

Integrating
nephelometer

Meteorology Res. 0 to 1.0 x 10~4
Inc. Model 1567
or
0 to 2.5 x 10"3
(modified for
increased stability
and better response

m~1

m"1

time)

(e) Cloud and Atmospheric Chemistry
Cloud water
samples

Impact ion on

Particulate sulfur

In-house
modification of
ASRC sampler

Bulk cloud water collection efficiency ~40%
based on analysis of
in-house flight data

In-house

0. 1 to 50 ug m~3
(for 500 liter

SO^ N0^ 0.
Na"^, K"1’, NH,’1’

Teflon filters
CSI & XRF
spectroscopy and
Dioaex ion exchange
chromatography

SO 2

Impregnated filters

In-house

>

SO,

Pulsed
fluorescence

Teco SP43
(Modified

1.0 ppb to 5 ppm

slotted rods

air

sample)

20 pptv
(for 5 m3 air sample)

in-house)
Ozone

NO,NO^,NO^

Chemilumiaescence

Monitor Labs

(C2H4)

Model 8410 A

Chemiluminescence

Modified Monitor
Labs Model 8840

(03)

(Continued)

0 to 5 ppm
7 ppb)
0 to 5 ppm

(~1 ppb)
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TABLE 1.

(Continued)

Parameter

Instrument type

(e)
HNO,

Manufacturer

Cloud and Atmospheric Chemistry

Nylon filters with
teflon pre-filter
followed by ion
chromatography and/or
tungstic acid denuder
cubes followed by

Range (and error)

(Continued)

Dionex/

Variable

Monitor Labs

chemiluminescent
detection

NO^, HNC>3, PAN

Chemiliminescent
reaction with
luminol

(f)
Time

Professor
D. Stedman

< 0.5 ppt

(University
of Denver)

Data Processing and Display

Time code generator

Systron Donner
Model 8220

h, min, s

(1

105)

Time

Radio WWV

Gertsch RHF 1

min

Ground communication

FM transceiver

Motorola

200 km

Inflight
data processing

Mini-computer

Computer
Automation

LSI-III
Inflight color
graphics

Micro-computer

Apple II

Recording

Micro-computer
directed cartridge
recorder

3M

(digital)
Recording

Floppy disk

(digital)

Galcomp
Model 140C

(Continued)
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TABLE 1.

(Continued)

Parameter

Insccunienc type

(f)

Manufacturer

Data Processing and Display

(Continued)

Recording

(analog voice
transcription)

Cassette

Digital
printout

Impact printer

Analog

6-channel Hi-speed

strip charts

ink recorder

recorder

Range (and error)

Radio Shack
Model 3C

Brush
Model 260

Layout of research instrumentation on the Uni versi ty of Washi ngton’ s
Convair C-131A aircraft. See next page for key to symbol s
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KEY TO SYMBOLS IN FIGURE 1
Pi ot
Co-Pi lot
Fl ght Sci enti st or Meteorologi st
Aerosol Scienti st
Fl ght Scientist or Meteorol ogi st
Fl ght Scientist or Meteorol ogi st
Chemi st
Fl ght Engi neer
Cl oud Absorption Radi ometer Operator
Cl oud Condensati on Nucl eus Counter Operator
Landi ng. Take Off and Crew Rest Stations
Li dar Operator

1.
2.
3.
4.

5.
6.
7.
8.
9.
10.
11-16.
17.

Locations of Major Research Instrumentati on Units

A.

Inverters and power di stribution

3.

Scienti fi c si tuation di splay includi ng di gital and graphi cal moni tors
analog and di gital hard copies, radi o and tele-communi cati ons

C.

Primary aerosol characteri zation system

Cl
C2
C3

Inlet suppl ies the grab sampler
Inlet suppl ies the heated plenum and Hi Vol sample ports
Inlet suppl ies the 1.5 m3 bag sampler and the trace gas
detection system

N0^, SO^, Oy

total gaseous sul fur

0.

Trace gas system for NO,

E.

Cloud water and wet chemi stry system for hydrometeor inorgani c and
some organi c ions, and aqueous

F.

Enclosed 1.5

G.

Vacuum pump cabi net

H.

Data computer and recordi ng system

I

Control s for meteorological sensors

^CL.

m3

bag sampler and aerosol fi lter system

J. Cloud absorption radiometer (CAR) control s and

data recorder

N0^, HNO^

and PAN

K.

Analyzers for hi gh-resolution measurements of
Remote sensor for total column SO^ and NOg.

L.

Cloud condensation nucleus spectrum analyzer

M.

Pod (located on ai rcraft bel ly under posi tion 3) Liquid water sensors
UW Ice particle counter and PMS FSSP probe
(J-W and Ki ng)

N.

Under wing mounts for 1 and 2-0 PMS cloud and preci pitati on probes

0.

Visible and UV net radiometers on the top and bottom of fusel age

P.

Lidar data system

Q.

Lidar

1 2

In describing the results that we have obtained during the past year on nitrate production in
clouds, we will first examine the variability in nitrate production itself and its relationship to

several other presumably non-precursor parameters. We then analyze the variability in the

N02 data obtained from the two measurement techniques mentioned above.

Finally, we examine

the relationship between nitrate production and some hypothesized precursors.

(b)

Variability

in Nitrate Production

The procedure used to estimate nitrate (or sulfate) production is based on a straightforward

application of conservation of mass. Comparison of nitrate concentrations in the air entering a
cloud is made with air in the cloud and any difference in mass is attributed to in-cloud production.

The basic equation utilized is:

[N0^]p

[NO^c^

+

[NO,’]^

[NQ^}\Q

(Hegg and Hobbs,

1986). Our estimates of nitrate production in clouds, based on data collected during the past

year, are shown in Table 2. It can be seen that the nitrate production ranged from -0.2 to 11.0
u.g m-3 (i.e., u.g per cubic meter of air); the mean value is 1.7 u.g m-3 and the standard error
0.7 u.g

m-3. Hence, as a whole, the data set shows evidence of significant

nitrate production in

clouds. From results we obtained during the second year of this study, we derived a mean nitrate

production of 0.9 +/-0.7 ug

m-3 (Hegg and

Hobbs, 1986a). Thus, our current data set indicates

nitrate production at a much higher level of significance than we obtained previously.

There is an interesting dichotomy between the data we collected on the East Coast and in the
Pacific Northwest.

3.0

+/-.

1.1 u.g

Mean nitrate production in clouds measured on the East Coast (GALE) was

m-3, while that for the Pacific Northwest was 0.07

+/-.

0.09 u.g

m-3.

Furthermore,

8 out of 11 of the GALE samples (for which the significance of nitrate production could be

quantified) showed evidence of significant nitrate production, whereas none of the Pacific
Northwest cases showed nitrate production significantly different from zero. These results

suggest that higher precursor concentrations for nitrate production exist on the East Coast than in

TABLE 2. Measurements and derived quantities relevant to nitrate in cloud water. Measurement uncertainties in
the pH, N09 and ozone are +/- 0.1 units, +/- 0.2 ppb and +/- 5 ppb, respectively. Other uncertainties are listed in the
table. (CA Clean air, IS Cloud interstitial air, CW Cloud water, P Produced in cloud, ND No data.)

UW Fligh

Dale

Location*

Number

(N0^
(Ppb)

(03)lS
(Ppb)

pHof

Ciciud
L<1uul

(N03-1C:A

(NO}- lis

(N0}-lCw

1N03-]]P

[S04’If

(|igm’3

OtgmI-3)

(4EI-3:

(Hgrn--)

(tig IT

Cloud

Water

Waicr

>-3:

Coinient

<T.-3)

1219
1221
1221

1222
1223

1224S
l225
1227
1227
1228
\VWt

1229
1231
1269

1271
1277
1278
l’5*7tt
\LlQ

1279

1280
1281
1-700

1283

1986
14 February
17 February
17 February
19 February
21 February
22Febmary
24 February
27 February
27Febnaiy
March
March
6 March
13 March
27 October
20 November
19 December
22 December

22 December
29 December
1987
12 January
30 January
11 February
21 February

NC-W
NC-W
NC-W
NC-W
NC-L
NC-W
NC-L
NC-W
NC-W
NC-W
NC-W
NC-L
NC-W
WW-L

S0.2

WW-W
WW-L
WW-W
WW-L
WW-W

S0.2

WW-W

WW-W
WW-W
WW-L

0.2
S0.2
S0.2

0.5
0.2
0.5
0.3
0.3
0.3
0.3

94
90
70
85
71
37
89
67
71
73
70

0.3
0.7
1.0
0.3
0.5
1.0
0.3
0.2
0.1
0.4
0.5

0.1
0.3
+/- 0.4
+/- 0.1
+/+/-

+/-

+/+/-

+/+/+/-

+/+/-

0.4
0.2
0.1
0.1
0.05
03.
0.3
0.1
0.2
02
0.4
0.2
02
0.1
0.3

i0.2

93

0.3

<0.1
S0.2

37
59
56
68
71
64
66

0.4 +/0.9 +/0.6 +
0.3 +/0.3 +/0.3 +/0.4 +/-

65
68

0.5 +/- 0.2
0.3 +/- 0.1
0.7 +/- 0.4
0.09 + 0.05

ND
ND
ND
ND
0.2

0.2
0.2
0.2

77
52

NC Nonh Carolina, WW Western Wushingion Suic, W over water, L over land

t From niixlifici) Monitor Lilbs (leia.tor.
Night flit;hts

3.7
3.7
4.0
3.6
3.7
4.5
3.5
4.1
4.0
42
3.9

0.03

+/-

0.41

0.90t 0.09

4.3
3.5
3.8
3.5
3.9

0.75 +/- 0.04
0.33 +/- 0.06
0.26 +/- 0.04
0 +/- 0.6
0.04 +/- 0.04
0.68 +/- 0.60
0.68 +/- 0.60
0.05 +/- 1.1
0.05 +/- 1.1
0.11 + 0.02
0.05 +/- 0.24
0 i 1.2
0.30 +/- 0.004
0.07 +/- 0.08
ND
ND
0.04 +/- 0.05

4.4

0.08

4.1

4.4

3.8

4.0
4.0
3.0

0.22
0.06 +/- 0.23
0.10+/- 0.17
0.66 +/- 0.52

0.06 +/0.40 +/0.01 +/0
+/0
+/-.
0
t
0.18 +/004 +/039 +/.0.01 t
O.OS +/0.10 +/0.07 +/0
t
0.01 +/0.04 +/-

0.43
0.03
0.04
0.06
0.04
0.07
0.04
0.60
0.60
0.13
0.13
0.02
0.24
1.4

0.36
0.08
ND
ND
0.01 t 0.05

0.10
0.01
0
0

+/+/j-

+/-

0.22
0.23
0.17
0.52

6.2 +/- 3.1
12.0 +/- 4.6
2.3 +/-. 0.8
8.9
4.9 t 3.5
1.1 +/- 0.2
3.5 +/- 1.0
0.5 +/- 0.2
0.2 +/- 0.1
0.7 +/- 0.3

ND
2.4 +. 0.4
1.2 +/- 0.6
0.3 +/- 0.1

0.03+/- 0.02
0.07+/- 0.04

6.2
11.0
1.6
28.5
4.6
1.1
3.7
-0.2
-0.1
0.7

+/+/-

3.5
1.5
1.1
+/- 1.4
+/- 1.3
+/- 1.6

ND
O.S
1.2 +/- 1.1
0.3 +/- 2.7
.0.3 t 0.4
0.04+/- 0.2
2.3 +/-

ND

ND

ND
0.05+/-

0.2

0.2
0.1
0.1

O.(12+/-

(>.6fi

o.iy+/0 +/-

0.?7

0.5

0.14+/-

1.5

0.07+/- 0.05

^
O.I ^
0.8
^

+/-

0.9

+/+/+/-

NU

0
0.2

4.0

t 4.6

0^1

3.5
9.3
0.3
4.9
3.0
2.2
3.7
0.5
0.04
1.4

+/+/+/-

2.5

j

2.2
5.8
0.8
1.3
0.8
0.53
1.6

^

+/+/-

3.4

^
^

I.X

+/-

5.6
2.5

if"

1.8

2.3
f\

^ 0.8
^ 0.3
0.2
.0.0;! ^
0.7
0.3
0

o.iy

1.5 +/- 1.3

2.0
2.3
1.3
-0.14

II.1)

03
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the Pacific Northwest. However, this conjecture is not entirely borne out by the data listed in

Table 2.

We will address the issue of nitrate precursor relationship in detail later.

Another interesting relationship revealed by the data in Table 2 is a high correlation between

sulfate and nitrate production in clouds (r=0.89, p<0.001). Also, as in the case of nitrate
production, there is a marked difference in this relationship for the East Coast and the Pacific
Northwest data sets. On the East Coast, the correlation between nitrate and sulfate production in
clouds is very high (r=0.92, p<0.001), whereas, for the Pacific Northwest data set, the
correlation is poor (r=0.33, p>0.2). A good correlation between sulfate and nitrate production in

clouds suggests a common precursor, presumably a common oxidant.
Another point of interest for the data set listed in Table 2 is the lack of a strong correlation
between nitrate production in cloud and cloud liquid water content. For the data set as a whole,
the correlation coefficient between these two quantities is r=0.13 (p>0.5). Also, as far as this

relationship is concerned, there is no marked contrast between the data sets for the East Coast and

the Pacific Northwest

water content

A similar lack of correlation exists between sulfate production and liquid

in contrast to some of our previous data sets. (Hegg et al.. 1984). This lack of

correlation is understandable in terms of the Heikes-Thompson mechanism for nitrate

production, since the nitrate is produced interstitially between cloud droplets and therefore

should be essentially independent of liquid water content. However, it is difficult to rationalize
for sulfate production, which is thought to take place in the aqueous phase. A number of physical
and chemical processes may be occurring simultaneously, which obscure the chemical
relationships.

(c)

NQ2_Eala
As noted in an earlier report (Hegg and Hobbs, 1986a), a key measurement in elucidating the

mechanism(s) of nitrate production in clouds is interstitial

In an effort to measure

NOg (or even below cloud base N02).

NOa at the low levels encountered in and around clouds in non-urban air,

1 5-

we have used an NOg-PAN detector designed and built by Professor Donald Stedman at the
University of Denver. This device, which is based upon the chemical luminescent reaction of both

PAN and NOg with luminol, is much more sensitive than our more conventional Monitor Labs NOg
detector, which is based

upon reacting NO with

03.

The problem in utilizing the Monitor Labs

detector for our work is illustrated in Table 2, where it can be seen that the

NOg

concentrations

were generally below the nominal 0.2 ppb detection limit of this instrument. However, the
Stedman device is also not without its problems. Because the luminol reaction can be provoked by

a number of odd nitrogen species (including HN03), in addition to PAN and NOg, specificity for a
particular molecule has to be established through an elaborate series of chemical pre-traps, with
actual concentrations determined by differencing measurements obtained with various trap

sequences. Such a technique is subject to considerable uncertainty, since slight differences in
trap efficiencies (due, for example, to chemical deterioration or temperature effects) can
produce erroneous results. These factors also make such devices difficult to calibrate.
Nevertheless, the Stedman

PAN/NOg detector, with its nominal detection limit of about 4 ppt,

provided the only method available to us for the detection of low concentrations of

NOa.

We will

therefore use data from this device in our analysis, but we do so with the understanding that it

may only provide a measure of the presence of N02 and PAN, not necessarily their absolute
concentrations. This caveat should be kept in mind when comparing the concentrations of N0^

measured by the Stedman device (which, for short, we will sometimes refer to as the luminol

NOg detector) with those measured by the more conventional
employs the

03 reaction.

Monitor Labs

NOg detector,

which

Measurements obtained with these two instruments are listed in Table

3. To expand the data base for comparison, measurements with the Monitor Labs detector have
been extrapolated beyond the calibrated range of this instrument (about 200 ppt).

Consequently,

the Monitor Labs detector should not be considered a "standard" with which we are comparing the

luminol-NOg detector. We wish merely to judge the extent of the agreement between the two
instruments, rather than to establish which

one is more "correct".
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TABLE 3. Measurements of N02 and PAN from the Stedman luminol detector and concurrent N0^
measurements from the modified Monitor Labs NC>2 detector. Units are in ppt.

UW Flig;ht
Number

1219
1219
1221
1221
1221
1221
1221
1223
1223
1223
1225
1225
1225
1225
1227
1227
1227
1227
1228
1228
1228
1228

Clate
(1 986)

14 February
14 February
17 February
17 February
17 February
17 February
17 February
21 February
21 February
21 February
24 February
24 February
24 February
24 February
27 February
27 February
27 February
27 February
1 March
1 March
1 March
1 March

* NC North Carolina, L
t Interstitial sample

Local Time

Location

PAN

N02

N02

Stedman

(From

2117

2139+
1847f
1909+
20091
2119+
2144

1858+
1908+

NC-W
NC-W
NC-W
NC-W
NC-W
NC-W
NC-W
NC-L
NC-L

1922

NC-L
NC-L
NC-L
NC-L
NC-L
NC-W
NC-W
NC-W
NC-W
NC-W
NC-W
NC-W
NC-W

over land, W

over water

2019

0403+
0425

0448+
0517
2115

2144+
2244+
2315+
1731+
1759t
1834+

10.8
26.4
46.8
14.2
31.6
11.4
-1.9
33.5
21.0
41.5
78.9
43.3
87.7
106.2
830.3
344.1
52.8
306.3
79.0
97.7
4.9
135.8

(From

luminol

modified
Monitor Labs

detector)

detector)

92.3
27.2
9.3
8.4
5.3
11.4
12.2
85.7
86.0
70.0
186.0
82.9
205.5
60.9
65.6
53.9
59.2
60.6

166

188
261
319
201
164
127
410
483
330
475
386
1349
453
325
324
321
330

59.9

331

59.5
32.0
43.0

337

156
224
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A regression of the measurements from the luminol-NOg detector onto those from the Monitor
Labs detector yields a regression line with an intercept of 7.04, a slope of 0.16 and a linear

correlation coefficient of 0.8. This regression line (labelled n=22), together with the data points
listed in Table 3, are plotted in Figure 2. The plot indicates the possibility that the single data

point with a value of 1349 ppt from the Modified Monitor Labs detector may be dominating the
regression analysis. To evaluate this possibility, we deleted this data point and recalculated the
regression. The new regression line, labelled (n=21), is also shown in Figure 2. The line has an
intercept of -6.81, a slope of 0.2 and a linear correlation coefficient of 0.6. We judge that the

single data point at 1349 ppt does not unduly "linearize" the regression.

One further sensitivity test was undertaken in which only the data from Flights 1223 and
1225 were used in the regression analysis. The concentrations measured on these two flights

(which were inland over North Carolina) were unusually high and therefore provide a data set in
which the measurements obtained with the Monitor Labs detector are more reasonably placed with

respect to the established range of this detector.

The regression line for this last analysis, which

is based on only 7 points, is also shown in Figure 2

(labelled n=7). The intercept of the

regression line is 42.0, the slope 0.12 and the correlation coefficient 0.75. This last analysis,
while scarcely definitive, adds credibility to the more broadly-based regression analyses.

These regression analyses suggest that the

luminol-NOg detector provides a reasonable

measure of NOg concentration. However, they also suggest that, compared to the more
conventional Monitor Labs instrument, the luminol-NOg detector systematically underestimates
NOg concentration by about an order of magnitude. Once again, we emphasize that it is not clear
which instrument is correct in an absolute sense. Because we will be utilizing the

NOa data as a

relative parameter in analyzing the variance of nitrate production in clouds, the lack of an

absolute standard is not critical. In this analysis we will use data from the luminol-NOg detector
because of its higher sensitivity and consequent greater relative precision.

500

1000

NOz FROM MODI FIED MON TOR LABS DETECTOR

500

( PPT)

Figure 2. Data points and associated linear regression lines for a comparison of the lumino-NCh detector with the Monitor Labs NO?
detector. The number, n, alongside each line is the number of points used to establish the regression. Sec text for discus.sfon.
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(d)

Nitrate Production Mechanism^

A likely mechanism for nitrate production in clouds is the interstitial formation of

N^05 by ozone oxidation of NOa (Heikes and Thompson, 1983).

The

N03 and

N03 and N^05 are absorbed

by cloud droplets and, essentially, are quickly hydrated to form nitric acid. To assess the
viability of this mechanism as an explanation for the nitrate production observed in our current
data set, we will regress the measurements of nitrate production onto the available measurements
of the product of cloud interstitial

NOg and 03 concentrations. Such data are

available for the

majority of the data sets that we collected on the East Coast. However, during the studies

conducted in the Pacific Northwest the luminol-NOg detector often did not function properly. The
data base is therefore quite small (Table 4). Regressing nitrate production onto the product of

NOg and 03 yields a regression

line with intercept of 3.5, a slope of -0.03 and a linear

correlation coefficient of -0.04. Clearly this is a null result. However, examination of the data

suggests that much of the variance is attributable to the single data point with a nitrate
production of 11.3 ug

m-3.

While there is no compelling reason to disregard the data point, it

should be noted that the other value for nitrate production measured on the same flight was almost

an order of magnitude lower. Therefore, the value of 11.3 ng m-3 could be anomalous.
Eliminating this data point and redoing the regression yields a regression line with intercept of
0.8, a slope of 0.2 and a correlation coefficient of 0.5. While much more satisfactory than the

previous regression, a correlation coefficient of 0.5 is still only suggestive of a relationship.

However, it is in accord with our previous data sets, which indicated that nitrate production in
clouds might be due to the

N03-03 reaction

(Heikes and Thompson, 1983). Clearly, definitive

evaluation of the Heikes-Thompson mechanism for nitrate production must still await a more

extensive data set.
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TABLE 4. Estimates of nitrate production in clouds with concurrent estimates of concentrations of 03
and NC>2 in the cloud interstitial air._____________________________________

UW
Flight
Number
1219
1221
1221
1223

1225^
1227
1227
1228
1228
1229

Date
(1986)
14 February
17 February
17 February
21 February
24 February
27 February
27 February
1 March
1 March
6 March

Location*
NC-W
NC-W
NC-W
NC-L
NC-L
NC-W
NC-W
NC-W
NC-W
NC-L

* NC

t

94
90
70
71
89
67
71
73
70
93

92
9
5
86
186
54
60
60
60
132

North Carolina, L over land, W over water
From the Stedman N02 luminol detector
Point eliminated in sensitivity study

#

(Ppb)

N0^
(ppt)

03

Night flight

(03)(N02)
(ppb x ppb)
8.7
0.8
0.4
6.1
16.6
3.6
4.2
4.4
4.2
12.3

Nitrate
Production

(Hg m-3)
6.2

11.3
1.6
4.6

3.7
-0.2
-0.1
0.7
ND
2.3

-2 1

(e) Nitrate

Scavenging

Coefficients

An intrinsic part of any study of nitrate (or sulfate) production in clouds is the determination
of in-cloud scavenging coefficients for paniculate and gaseous nitrate (and particulate sulfate).

Such determinations are, in fact, implicit in the estimates of nitrate production that we have
made in the previous section. However, these scavenging coefficients are of interest in their own
right. For example, they are fundamental inputs to any cloud chemistry model. They are also of
interest in the evaluation of scavenging budgets and for comparing the relative importance of

various scavenging mechanisms.

We have employed the methodology of Hegg and Hobbs (1986b) to calculate total in-cloud
nitrate scavenging coefficients from the data listed in Table 2. The equation employed in this

calculation is:

F(^

1

[NOL]|g /

[NCIJQ^. A similar procedure has been

utilized to calculate

the concurrent paniculate sulfate scavenging coefficients. The values obtained for both of these
coefficients are shown in Table 5.

The sulfate scavenging coefficients range from -3.5 to 1.1 with a mean value of 0.5 and a
standard deviation of 0.9. The standard error associated with the mean value, which takes account
of both the measurement uncertainties shown in Table 5 and the sampling variance, is 0.2. For
nitrate, the scavenging coefficients range from -3.5 to 2.0, with a mean value of 0.4 and a

standard deviation of 1.1. The standard error associated with the mean value is 0.3. Clearly, the

value for the nitrate scavenging coefficient is much less precisely determined than that for
sulfate. This is primarily due to the necessity of determining total nitrate by using two filters

(whereas, only one filter is used for sulfate). This is particularly critical in the determination
of interstitial nitrate, because of the low concentrations (see Table 2).

4. PAN MEASUREMENTS

Several workers have found that peroxyacetyl nitrate (PAN) is a ubiquitous constituent of the

background troposphere as well as the urban troposphere (e.g., Singh and Salas, 1983; Fahey fil
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TABLE 5i. Deri ved sulfate (F) and nitrate (FN) scavenging coefficien ts in clouds

uw
Flight
Number
1219
1221
1221
1222
1223
1224
1225
1227

1227
1228
1228
1229
1231
1269
1271
1277
1278
1278
1279

Date

m
14 February

^

17 February
17 February
19 February
21 February
22 February
24 February
27 February
27 February
1 March
1 March
6 March
13 March
27 October
20 November
19 December
22 December
22 December
29 December

Location*

F

F^N

NC-W
NC-W
NC-W
NC-W
NC-L

0.36 +/- 0.02
0.59 +/- 0.02
0.93 +/- 0.21
0.42 +/- 0.09
0.89 +/- 0.28
0.90 +/- 3.1
0.77 +/- 0.06
0.55 +/- 0.18
0.50 +/- 0.15
0.79 +/- 0.61
0.58 +/- 0.27
0.51 +/- 0.70
0.65 +/- 0.21
-3.5 +/- 5.5

-1.0 11
0.56 +/- 0.10
0.99 +/- 4.0
1.0 +/- 0.36
1.0 +/- 0.31

NC-W
NC-L
NC-W
NC-W
NC-W
NC-W
NC-L
NC-W
WW-L
WW-W
WW-L
WW-W
WW-L
WW-W

1282
1283

12 January
30 January
11 February
7,1 February

* NC

North Carolina, WW

WW-W
WW-W
WW-W
WW-L

0.3
0.7
1.0
0.3
0.5
1.0
0.3
0.2
0.1
0.4
0.5
0.3
0.4

40.1
+0.3
40.4
+0.1
+0.4
+0.2
+0.1
+0.1
+0.1
+0.2
+0.3
+0.1
+0.2

0.9 +/-0.2

0.94 +/- 4.0
0.58 +/- 0.12
0.73 +/- 2.72
0.88 +/- 8.8
0.91 +/- 9.9

0.97 +/- 35
0.43 +/- 1.4

0.75 +/- 4.7

0.6 +0.4
0.3 +0.2
0.3 +0.3
0.3 +0.1
0.4 +/-0.3

0.65 +/- 2.1
0.64 +/- 0.44
1.1 +/- 2.4
0.83 + 0.31

-0.25 +/- 1.2
0.83 +/-. 22
1.0 +/- 3.4
1.0 + 1.6

0.5
0.3
0.7
.09

1987

1280
1281

-3.5 +/- 4.3
0.94 +/- 15
0.43 +/- 1.0
1.2 +/- 42
2.0 +/- 49
0.09 +/- 0.03
-0.04 +/- 3.3

Liquid V^ater
Content (g m-3)

Western Washington State, W over water, L over land

+0.2
+0.1
+0.4
+ .05
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aL, 1986). Indeed, under background conditions, PAN is commonly the largest single constituent
of the odd-nitrogen reservoir in the troposphere (Bottenheim et al.. 1986; Faney et al.. 1986).

Hence, any study of the potential sinks for odd-nitrogen species in the troposphere, such as cloud
scavenging, must take into account PAN.

Representative measurements of PAN have already been presented in Table 3. Values range
from essentially zero to in excess of 800 ppt, with a mean value of 109 ppt and a standard
deviation of 184 ppt. The standard error of the mean value is

+/-

40 ppt. These measurements

were primarily cloud interstitial, therefore they might be expected to differ systematically from
measurements made in clear (cloud-free) air, but such is not the case. The mean value for PAN
measured in clear air below cloud bases for the GALE data set is 120 ppt. This is understandable
given the rather modest solubility of PAN in water; Holdren et al. (1984) report a Henry’s Law
coefficient for PAN of 5

+/-

1 M

aim-1 at 10C, which is roughly similar to the solubility of SOg.

Concentrations of PAN similar to those given above have been reported by Singh and Salas (1983)

and Bottenheim et al. (1986).
The low solubility of PAN suggests that it should be rather inefficiently scavenged by clouds
and precipitation. However, since PAN (like

SOa)

originates primarily from the surface and has

a relatively short lifetime in the lower troposphere and a relatively long lifetime in the upper
troposphere, significant vertical transport might be expected, similar to that postulated for

(Chatfield and Crutzen, 1984).

SO^

Indeed, the contrast in lower and upper tropospheric lifetimes

for PAN (about 1 hr. and about 120 days, respectively: Wallington et al.. 1984), suggests that
vertical distribution by "cloud pumping" may be even more important for PAN than for

SOg.

The first information required to evaluate this possibility are vertical profiles of PAN. The

only previously reported measurements on the distribution of PAN in the vertical are those of

Singh and Salas (1983). Two plots of PAN as a function of altitude, based on the data of Singh and
Salas, are shown in Figure 3. While irregular, they certainly do not show the monotonic decrease

0

Figure 3.

25

50
PAN ( PPT)

75

00

Two vertical profiles of PAN measured offshore of California. Data from Singh
and Salas ( 1983).
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in concentration with altitude expected of a chemical with a surface (or near surface) source.

Further evidence in this regard is derivable from our measurements.

In Figs. 4-9 we show vertical profiles of PAN measured during four flights on the East Coast
and during two flights in Western Washington State. The most striking aspect of these profiles is
their irregularity, the most extreme case of which is the profile for 27 October 1986 (Fig. 8).

Indeed, the large and unusually frequent negative values shown in this profile suggest instrument
malfunction for this flight, although there is no other evidence of such malfunction.

Nevertheless, even discounting this flight, our profiles for PAN show much greater irregularities
than those derived from the study of Singh and Salas. However, two points must be kept in mind.

Firstly, the Singh and Salas data have far less vertical resolution than ours

they consist of only

a few points distributed over the vertical with a spacing on the order of 100 mb. Our data consist
of mean concentrations at 3 mb intervals. Secondly, our profiles are derived from measurements
which, while taken in clear air, were in the vicinity of clouds. The irregularities could be due to

the rapid transport and redistribution of PAN by clouds. For example, the profile for 6 March

1986 (Fig. 7) shows a concentration maximum between about 800 and 725 mb, which was near

the upper regions of a cloud system where air was probably detraining from the clouds. A similar
maximum occurs in the profile for 20 November 1986 (Fig. 9), while a secondary maximum at

about 825 mb tops a larger one at about 925 mb in the profile for 14 February 1986 (Fig. 4).

These upper-level maxima in PAN are all plausibly due to vertical transport by clouds. However,
caution should be exercised on this point. In the flights where upper-level maxima in PAN were

measured, the measurements do not always extend down far enough to allow determination of
whether or not the concentrations of PAN in the boundary layer are sufficiently high to account
for the observed upper-level maxima.

At this point, the most that can be said is that measured profiles of PAN are in accord with the
hypothesis of vertical transport of PAN by clouds. Given the potential consequences of such
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1986 offshore of North
Vertical distribution of PAN measured on 14 February
but in a cloudy region.
Carolina. The measurements were made in clear air
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Vertical distribution of PAN measured on 21 February 1986 over North Carolina.
The measurements were made in clear air but in a cloudy region.
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Vertical distribution of PAN measured on 24 February 1986 over North Carolina.
Measurements were made in clear air but in a cloudy region.
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Vertical distribution of PAN measured on 6 March 1986 over North Carolina.
The measurements were made in clear air but in a cloudy region.
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Vertical distribution of PAN measured on 27 October 1986 offshore off Western
Washington. The measurements were made in clear air but in a cloudy region.
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Vertical distribution of PAN measured on 20 November 1986 offshore of
Washington State. The measurements were made in clear air but in a cloudy

region.
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transport for the tropospheric odd-nitrogen cycle, this issue should be pursued in future field
studies.

5. DIAGNOSTIC MODEUNG STUDIES FOR A GALE CASE STUDY
The interactions of trace chemical species with cloud systems are quite complex, particularly
for odd-nitrogen species which are both numerous and volatile. Measurements are rarely, if

ever, available with sufficient frequency and spatial resolution to address some of the key

questions relevant to the interaction of nitrogen species with clouds. A methodology for getting
around some of these difficulties is to utilize numerical models of cloud chemistry in a diagnostic
mode as a tool for the extrapolation and interpretation of limited field measurements. We have
undertaken a preliminary analysis of this sort for the case of a well-documented rainband that
occurred on 6 March 1986 in GALE. For this purpose we are using the 2-D numerical model of
sulfur and nitrogen chemistry for a rainband described by Ruttedge et al. (1986).

(a) Model Initialization and Prediction of 2-D Fields
The model was initialized using our measured profiles of SO^, SO^, N0> and
from filter-pack measurements). Additionally, an initial

reading in concentrations of

model run described here

NH^ (derived

HgOg profile was input

HgOg measured at 50 mb intervals. It should be

to the model by

noted that in the

NN03 was set to zero based on analysis of the field measurements.

Two dimensional parameter fields are the direct output from the numerical model, the
dimensions being the vertical and the horizontal direction perpendicular to the long axis of the
rainband. The precipitation feature studied on 6 March 1986 was a prefrontal rainband of

considerable length (several hundred kilometers) and relatively narrow width (about 40 km).

The flow field for this feature, derived from dual-Doppler radar measurements, generally

supports the 2-D assumption for the band segment analyzed.
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The 2-0 equilibrium fields for

SO^, paniculate

sulfate and paniculate nitrate are shown in

Figs. 10-12, respectively. Significant vertical transport of these three species is suggested by
the fields

a result we shall examine more closely later. The I^Og field is shown in Fig. 13; it

also suggests vertical transport, or at least redistribution, of H^Og. The maximum concentration
of

H202 occurs at a horizontal distance of -34 km and an altitude of about 4 km.

This maximum

coincides with a region where the rainband was probably detraining, as do the upper-level
maxima for paniculate sulfate and nitrate.

Examples of the chemical hydrometeor fields are shown in Figs. 14 and 15, which show cloud
water sulfate and snow sulfate, respectively.

It is interesting to note that most of the scavenged

sulfate is in the snow rather than in the cloud water, a consequence of the predominance of snow
hydrometeors. A similar partitioning was also present in the model output for nitrate. It should
be noted that the snow grew predominantly by vapor deposition

a point we shall return to later.

Finally, the hydrometeor pH field predicted by the model is shown in Fig. 16. The values
shown are only for liquid hydrometeors and they are similar to those measured on 6 March 1986
(which ranged from 3.9 to 4.6 in the liquid phase, with all samples taken at or above about 1.9

km).

(b) Derived 1-D Profiles
Before the model can be utilized for extrapolations, a comparison of model predictions and
field measurements is necessary. To facilitate such a comparison, we have averaged the 2-D
fields of selected chemical species over the horizontal domain of our measurements to produce

1-D vertical profiles of these species for comparison with our measurements. We have also
generated 1-D vertical profiles over the entire model domain and, for comparison, initial
profiles over the entire model domain as well. A comparison of the latter two profiles allows us
to evaluate net vertical redistribution of the trace species examined. Examples of such 1-D

H O R Z O N T A L D S T A N C E (km)
Figure 10. Model outputs for the equilibrium SOy field (in units ofng ofSO^ per gram of air) for the 6 March 1986 case study. Shaded
area indicates concentration > 2 ng g’’

H O R Z O N T A L D S T A N C E (km)
Figure 1 1. Model outputs for the equilibium field of dry sulfate (in units of ng of S04 per grain of air) for the 6 March 1986 study.
Shaded area indicates concentration S 2 ng g *.

H O R Z O N T A L D S T A N C E ( km )

Figure 12. Model outputs for the equilibrium field of paniculate nitrate (in units of 10’^ "grams of nitrate per gram of air) for the
background simulation of the 6 March 1986 case study. Shaded area indicates concentration > ng g’ *.

-50

-40

-30

H O R Z O N T A L D S T A N C E ( km )

Figure 13. Model outputs for the equilibrium field of gaseous H^O^ (in units of ng of HoO, per eram of air)
harlcpmnnd
for the background
simulation of the 6 March 1986 case study. Shaded area indicates
p-1
> 2 np
ng g-1.

concentraii’oni

5.6 4

-69

-59

-49

-39

-29

H O R Z O N T A L D S T A N C E ( km )
of
for the background
Figure 14. Model outputs for the equilibrium field of cloud water sulfate (in units of ng of sulfate per gram air)
0.5
S
ng
g
concentration
simulation of the 6 March Study. Shaded area indicates

-49

-39

-29
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H O R Z O N T A L D S T A N C E ( km )
Figure 15. Model outputs for the equilibrium field of snow sulfate (in units of ng of sulfatej)er gram of air) for the background
simulation of the 6 March Study. Shaded area indicates concentration ;> 2 ng g ’.

-29
H O R Z O N T A L D S T A N C E ( km )

-59

-49

-39

Figure 16. Model outputs for the equilibrium field for hydrometer pH for the background simulation of the 6 March 1986 case study.
Shaded areas indicate pH ;> 4.5.
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profiles are shown in Figs. 17-19 for

SOg, paniculate

sulfate and particulate nitrate,

respectively.
The

SOg profile predicted by the model for the sample domain

is in reasonable agreement with

the measurements obtained both in cloud and in the outflow regions of the cloud, although the
model somewhat overpredicts interstitial

SOg (probably due to the

fact that for this case study

the model underpredicts cloud liquid water content). A comparison of the equilibrium profile for
the entire domain with the initial profile reveals substantial vertical transport of

SO^.

The vertical profile of paniculate sulfate predicted by the model for the sample domain is also
in reasonable agreement with the measurements, with the possible exception of the

concentrations above 3 km, although even here agreement is within the measurement error. Once
again, the profiles suggest upward transport of sulfate.

There is significant disagreement between the model predictions and the measurements of

particulate nitrate. However, this is simply explained. From Table 2 we see that significant
nitrate production occurred in this case.

numerical model.

At present, nitrate production is not included in our

Therefore, it is to be expected that the model will underpredict the

concentrations of N03. For the same reason, the model predictions of nitrate concentration in
cloud water are much lower than measured. Once again, both the model profiles and the

measurements suggest vertical transport of

(c)

N03.

Nitrate and Sulfate Fluxes through the Rainband

The results presented above suggest that our rainband model does a reasonable job of

predicting concentrations and spatial distributions of most trace chemical species. We therefore
feel justified in using the model to extrapolate our data. As an example of such an extrapolation,

we have selected the following important question: what percentages of the chemical species
entering the rainband are scavenged out by precipitation and what percentages pass through the

rainband (either vertically or horizontally)? We have addressed this issue by integrating the

SCX, C 0 N C E N T R A T 0 N (ng g-1)
ngure
Fieurc

model initiation (continuous line), the equilibrium
17/. Vertical profiles of SO, (in units of ng of S02 per gram of air) for the
model domain (long dashes),and the equilibrium output averaged over the sample domain
the associated uncertainties.
(short dashes). The circled dots are measured values of SO^ and the bars give

^^ ^^
^

-^
1.5

/

2

2.5

3

3

S U L F A T E C O N C E N T R A T O N (ng g 1 )
Figure 18. Vertical profiles of paniculate sulfate (in units of ng of sulfate per gram of air) for the model initiation (continuous line), the
equilibrium output averaged over the entire model domain (long dashes),and the equilibrium output averaged over the sample
domain (short dashes). The circled dots are measured values of SO^ and the bars give the associated uncertainties.

N T R A T E C O N C E N T R A T O N (ng g-1)
Figure 19. Vertical profiles of paniculate nitrate (in units of ng of nitrate per gram of air) for the model initiation (contin-’nus line), the
equilibrium output averaged over the entire model domain (long dashes),and the equilibrium output averaged over the sample
domain (short dashes). The circled dots are measured values of SO) and the bars give the associated uncertainties.
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vacious mass fluxes of trace species at the boundaries of the model domain. Such fluxes, for

paniculate nitrate, sulfate and

HgOg, are

SOg,

shown in Table 6. Perhaps the most striking feature of

the results is the low overall scavenging efficiency for most of the species. Indeed, it can be seen
that the rainband was a net source of sulfate (due to

SOg oxidation).

This is quite surprising in

view of the fact that the model predicts a precipitation efficiency (i.e.,

mass of precipitation

falling out of the band divided by the mass of water vapor condensed in the rainband) of 54%

We tentatively attribute the low scavenging efficiency of chemical species to two causes. Firstly,
the model predicts that precipitation formation in this rainband was due primarily to the

deposition of vapor onto snow particles. Depositional growth provides only a weak mechanism for
the scavenging of nitrates, sulfates,

SOg and HgOg. all of which

interact strongly with cloud

droplets but only weakly with ice. Indeed, the dominance of the vapor depositional growth
mechanism, which results in the transfer of water

vapor from evaporating droplets to snow

crystals, will result in far less actual deposition of the above species than would be suggested by
the in-cloud scavenging efficiencies. This illustrates the importance of the precipitation
formation mechanism on the scavenging efficiencies of trace species. Secondly, the model predicts

substantial evaporation of rain below cloud base and this transfers sulfate back to the aerosol
reservoir. This can be seen in Fig. 11 where the rather high sulfate levels in the lower left

portion of the domain are partially attributable to such evaporation.

6.

CONCLUSIONS

The primary objectives of our studies for CRC over the past three years have been:

To determine whether nitrate is produced in clouds and, if so, to determine the
mechanism(s) for such production.

To examine the effects of various cloud parameters, such as liquid water content and the

presence of ice, on the scavenging of nitrate by clouds.
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TABLE 6. Fluxes for selected chemical species into and out of the model domain for the rainband studied on
6 March, 1986. Units are

Species

S02
S04=
N03H202

10-4 g s-1.

Fluxes into
Vertical Planes
of the Model

Fluxes out of
Vertical Planes
of the Model

Fluxes out of the
Upper Horizontal
Plane of the Model

(1)

(2)__________(3)

6.8
3.4
0.3

3.8
3.2
0.1
0.7

1.2

0.9
0.9
0.1
0.3

Net Flux
1 (2 + 3)

Fraction

Scavenged
(%)

2
-0.7*
0.1
0.2

Indicates net flux out of model domain. The negative result is due to sulfate production in the band.
** Calculated assuming removal of SO^ is solely by conversion to sulfate prior to rainout.

*

29

-67**
33
17
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To compare the sources of sulfate and nitrate in cloud water and to evaluate possible
interactions between nitrogen and sulfur species in clouds.

The principle conclusions that have emerged from analysis of the data sets that we have

collected are:
Nitrate production commonly occurs in clouds, but the production is highly variable. The
contributions of in-cloud nitrate production and the scavenging of pre-existing nitrate to the
nitrate content of cloud water are often comparable.

Our measurements suggest that the production of nitrate may be due to the interstitial
formation of

N03 and N^05.

However, the data sets do not permit us to reach definitive

conclusions on this point.

The in-cloud scavenging efficiencies for paniculate and gaseous nitrate (inorganic nitrate)

are variable and similar to those for sulfate. However, sulfate production in cloud appears to be

more substantial than nitrate production.
The efficiencies with which nitrogen (and other species) are scavenged by clouds is

strongly influenced by the precipitation formation mechanism and, in particular, by the presence
and growth mechanism for ice and snow.

PAN, which is a major reservoir for tropospheric odd nitrogen, is poorly scavenged by
clouds but it can be redistributed in the vertical by clouds.

In the course of our studies we have encountered several problems. Firstly, a definitive
analysis of the mechanism of in-cloud nitrate production has been hampered by a lack of a

generally accepted technique for measuring the low concentrations of NOg encountered in, and
commonly around, clouds. In the past year of our studies the luminol detectors provided by

Professor Donald Stedman have somewhat alleviated this difficulty, but questions remain
regarding the specificity of this detector. We recommend that high priority be given to the
continued development and field testing of these and other instruments for measuring low

concentrations of

NOg.
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Another problem has been the paucity of the "complete" data sets required for detailed analysis
of the interactions of nitrogen (and other) species with cloud systems. By "complete" we mean
sufficient meteorological, cloud physics and chemical data to permit the type of analysis that we

are carrying out for the 6 March 1986 case study from GALE. We do, in fact, have some further
"complete" data sets from GALE. but they cannot be analyzed under our present CRC contract.
Analysis of these data sets should be given priority in the future.

If future meteorological field

experiments afford an opportunity to "piggyback" chemical measurements, such opportunities

should be seized.
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