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EXECUTIVE SUMMARY

This report summarizes research carried out during the past year under a contract from

EPRI to develop numerical models of cloud and precipitation chemistry associated with
frontal rainbands.
The scientific rationale for this study is as follows. Most of the precipitation over the
northern half of the United States, on an annual basis, comes from cyclonic storms
dominated by fronts. Furthermore, most of the precipitation in these frontal systems is
associated with quasi-steady state, mesoscale features called rainbands. It is therefore
likely that at least a substantial fraction, if not most, of the wet deposition of acidic sulfate
and nitrate species so called acid rain in the northern half of the United States is
associated with rainbands. Consequently, studies of such rainbands, particularly the
efficiency with which they scavenge acidic species and their precursors, is necessary if we
are to understand the factors that determine the acidity of rain in this region.
The studies described in this report are also important vis-a-vis the regional-scale acid

deposition models currently under development (e.g., RADM n). The numerical modeling
work reported here is on a scale of 80 km (domain size) with a resolution of 1 km. It is
on this scale that much of the actual physics and chemistry of acid deposition occur. The
regional-scale models, on the other hand, necessarily have resolutions of 50 km or
greater. They must therefore parameterize the important processes that occur below this
scale. Models such as those presented in this study can be used to test the validity of the
parameterizations used in the regional-scale models.

During the first two years of this study, a two-dimensional (2-D) model of the chemistry of
rainbands was developed and utilized in diagnostic studies of the cycling of sulfur and
nitrogen species through warm-frontal and narrow cold-frontal rainbands. This yielded
valuable insights into the chemistry of these rainbands. However, the paucity of chemical
data available on rainbands dictated that "climatological" mean chemical values be used for
model input. Furthermore, chemical deposition predicted by the model could only be
compared in the most general terms to available wet deposition data, since none of this data
was specific to rainbands.

In March 1986 a fairly complete data set was obtained on the dynamics, microphysics and
chemistry of a frontal rainband that passed over Cape Hatteras, North Carolina. This
report deals with a diagnostic modeling study of this rainband and the evaluation of the
model predictions against the field observations.

Dual-Doppler radar data were analyzed to determine the airflow in the rainband and the
flow field was used as input to the model. Thermodynamic and chemical input for the
model was provided by rawinsonde and aircraft data. Preliminary 2-D model simulations
of the microphysics of the rainband were carried out for various cross sections through the
band to test the validity of the 2-D assumption. In this way, a portion of the rainband was
found where the 2-D assumption was reasonably valid.
The modeling results reveal that several precipitation-growth mechanisms operated in the
rainband and that their relative importance varied across the width of the band. Because the
degree of chemical scavenging is dependent on the precipitation-growth mechanism, such
scavenging also varied across the rainband. The model-predicted precipitation rates of 0.5
to 2.2 mm h"z are in good agreement with the observed rates of 1.4 3.1 mm h’l. The
low precipitation rates result in a precipitation efficiency for the band of only 8%.

Consequently, the chemical scavenging efficiencies for
(^ 5%).

SO^ and N03 were also low

The model results indicate that 03 and H^O^, acting as oxidants, contributed roughly

equally to the total sulfate deposition on the ground, and that the production of sulfate in the
cloud water contributed more to sulfate deposition on the ground than did the scavenging of
pre-existing sulfate.

u

Finally, reasonable agreement is found between model predictions and field measurements
for this rainband. Where discrepancies occur, plausible explanations are available that yield
insights both into the limitations of the model and areas where future model development
should be beneficial. They also suggest areas for emphasis in future field studies.

m

ABSTRACT

A diagnostic modeling study is presented of the chemistry and physics of a wide coldfrontal rainband observed during the Genesis of Atlantic Lows Experiment (GALE) on the

East Coast of the United States. The data set is used to test the validity of the numerical
modeling results.
The precipitation-growth mechanism in the rainband showed considerable variation across
the width of the band, with deposidonal growth of hydrometeors dominating at the leading
edge of the band and collection processes prevailing towards the rear of the band. The
precipitation rates predicted by the model and observed in the field were both low and in
good agreement. The precipitation efficiency of the rainband was only 8%.
Consequently, the precipitation scavenging efficiencies for key chemical species (such as
S04, N03 and H^) were also quite low (<. 5%). The modeling results indicated that 3
and H^O^, acting as oxidants, contributed roughly equally to
deposition on the
ground. In-cloud
production was somewhat more important that the scavenging of

SO^

SO^

SO^

to sulfur deposition on the ground. Over all, the agreement between
pre-existing
model predictions and field measurements is quite reasonable.
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Section 1

INTRODUCTION

This report summarizes research carried out during the past year under a contract from

EPRI to develop numerical models of cloud and precipitation chemistry associated with
frontal rainbands. During the first year of this study, a 2-D kinematic model of rainband
chemistry was used to study various types of rainbands (Hegg and Hobbs, 1). The second
year of the study was concerned primarily with the acquisition and preliminary reduction of
a field data set to test and evaluate the numerical models (Hegg and Hobbs, 2).
During the
past year we have evaluated the model against this data set and utilized the model as a
diagnostic tool for the interpretation and extrapolation of the field measurements.
The centerpiece of the work reported here are the numerical models for rainband
chemistry
described in our First Annual Report to EPRI (Hobbs and Hegg, 1). These are twodimensional kinematic models that include detailed cloud and precipitation microphysics
and chemistry. Inputs for the models are a kinematic flow field and initial vertical profiles
of temperature, humidity and chemical species. Outputs of the model include the

equilibrium fields for a wide range of physical and chemical fields. The models are
particularly valuable for diagnostic studies of the processes that lead to acid precipitation
and for testing the much less detailed cloud models that are currently incorporated into long
range transport models of pollutants and their effects on acid deposition.
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Section 2

THE FIELD MEASUREMENTS AND THE DATA SET
PURPOSE OF THE FIELD MEASUREMENTS
Field data for the testing of our numerical models for rainbands were gathered during the
Genesis of Atlantic LOWS Experiment (GALE). GALE was designed to study winter
weather systems along the eastern seaboard of the United States. The primary purpose of

GALE was to collect a comprehensive data base of mesoscale and synoptic-scale
measurements that could be used in diagnostic and numerical modeling studies of
cyclogenesis and frontal systems in the eastern United States. The measurements relevant
to the present report were obtained by our group as a "piggyback" experiment on GALE.
Our objective was to obtain Doppler radar data for a rainband, from which detailed air
motions could be derived for input into the numerical models, simultaneously with physical
and chemical measurements that could be used to evaluate the outputs from the numerical
model.

The design of the mesoscale component of GALE was based upon the earlier CYCLES
(CYCLonic Extratropical S.torms) Project carried out in the Pacific Northwest by our
research group (e.g., Hobbs SLaLl; Herzegh and Hobbs 4; Herzegh and Hobbs 5; and
Houze et al. 6). Figure 2-1 shows an idealized classification of the various types of
rainbands that were documented in the CYCLES Project (Hobbs 2). The seven rainband
types were: warm-frontal, warm-sector, wide cold-frontal, narrow cold-frontal, wave-like,
prefrontal cold surge and postfrontal.
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Figure 2-1. Schematic depiction of the mesoscale rainbands observed in extratropical
cyclones.

Source: Hobbs. Z
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Two principal types of precipitation mechanisms were identified in CYCLES. In warmfrontal, wide cold-frontal, and, to a lesser extent, in prefrontal cold surge rainbands,
precipitation is formed by the release of potential instability in the form of generating cells
above a region ofmesoscale lifting with updrafts of 10 100 cm s’1. In this case, ice
crystals from the generating cells increase in mass through vapor deposition, followed by
light riming and aggregation, as they fall through lower-level clouds. This is the "seederfeeder" mechanism described by Herzegh and Hobbs (5), Matejka et al. (8) and Houze
si
aL (6). Warm-sector and narrow cold-frontal rainbands, on the other hand, are driven by
surface convergence, which produces moderate to low-level vigorous convection, in which
precipitation particles grow by strong riming, sometimes producing heavy graupel showers
(2). Convective processes are also responsible for precipitation development in postfrontal
and wave-like rainbands.

One of our goals in GALE was to see to what extent the above ideas on rainbands, gained
from studies on the West Coast, are applicable to winter storms on the East Coast of the
United States.

EXPERIMENTAL DESIGN
The GALE field project was centered on Cape Hatteras, North Carolina. To collect the
needed data, a surface mesonet, shown in Fig. 2-2, was created. Some of the mesonet
features included 5 Doppler radars and 50 NCAR PAM II mesonet stations. The PAM
stations provided high time resolution (5-minute average values) of pressure, temperature,
dewpoint, wind velocity and precipitation. The Doppler radars were used to determine the
airflow and dynamics in precipitating systems. The areas of single and dual-Doppler radar
coverage are shown in Fig. 2-3. Along with these surface observations, ten research
aircraft were available for in situ measurements. All of the chemistry data and most of the
microphysical data to be described in the present study were collected aboard the University
of Washington’s C-131 A aircraft.
The GALE observation period lasted from 15 January 15 March 1986. The data utilized
for the modeling study described in this report was collected on 6 March 1986 during the
period 1300 to 2300 GMT.
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Figure 2-2. GALE special mesoscale, surface-based observational facilities.

Source: QQ)
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100 km

SYNOPTIC SITUATION FOR THE 6 MARCH CASE STUDY
The National Weather Service (NWS) surface analysis for 1800 GMT on 6 March 1986
shows a low-pressure center of 993 mb over western New York State, with the
corresponding cold front extending through the Carolinas into the Gulf of Mexico (Fig.
2-4). Approximately 50 km to the east of the cold front a pressure trough, corresponding
to an upper-level cold front, was analyzed from Virginia to Florida. The passage of the
first trough was accompanied by a cyclonic wind shift and a pressure check. The passage
of the surface cold front produced a greater cyclonic wind shift, a drop in dewpoint, and a
pressure increase. Precipitation associated with this system, as observed from the NWS
WSR-57 radars, extended from New Jersey into South Carolina. Warm, southerly airflow
preceded the upper-level cold front and supplied the requisite moisture for precipitation.
The rainband to be modeled in this study is labelled Rl in Fig. 2-4. It generated its
precipitation in the convergence zone associated with the upper-level cold front and the
southerly airflow.

DATABASE
The GALE data utilized in the analysis presented here consists primarily of chemical and

microphysical measurements obtained aboard the University of Washington’s C-131A
research aircraft and airflow fields derived from a pair ofdual-Doppler radars (NCAR’s
CP-3 and CP-4). Supplemental data sources are the University of Washington’s verticalpointing 35 GHz Doppler radar, which was located at Cape Hatteras, selected PAM
stations, and the chemical precipitation sampling network deployed by Battelle Northwest
Laboratories.
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Figure 2-4. NWS surface analysis for 1800 GMT on 6 March 1986. Black areas are
composite radar echoes from nine WSR-57 radars.

Source: (ID
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Section 3

MODEL INPUTS

KINEMATIC STRUCTURE OF THE RAINBAND
The key input to the rainband chemistry model is the kinematic flow field that was
derived
from analysis of the dual-Doppler radar data. This input is essentially a forcing function
for both the microphysical and chemical processes that occur in the rainband.
Because the
model is two-dimensional (2-D), an implicit assumption in the model initialization is that
the 2-D kinematic flow field across the rainband is characteristic of the band dynamics
everywhere along the length of the band. Since this assumption is never literally true, the
first step in evaluating the appropriateness of the input flow field is to assess the
extent to
which the 2-D assumption is correct.

Figure 3-1 shows the radar echo from the rainband studied at a time centered on the time
interval over which aircraft measurements were obtained in the band. The location of the
aircraft sampling is shown in the figure. Also shown is a reference line (y 0) parallel to
the planes through the band for which kinematic flow fields were derived from the Doppler
radars. The y 0 line or plane is perpendicular to the long (or y) axis of the band, and is
located at the point in the band closest to the NWS WSR-57 radar site at Cape Hatteras (and
the NCAR CP-4 Doppler radar). All subsequent planes or cross sections through the band
are defined by their distances to the northeast (plus) or southwest (minus) of the reference
plane y 0. For example, the aircraft sampled the band roughly between the y -10 and
y -20 km cross sections.
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The radar echo shown in Fig. 3-1 suggests that the band was not particularly homogeneous
along the y axis. This is confirmed by comparison of kinematic cross sections of the
airflow, derived from the dual-Doppler radar data, at several points along the y axis. Two
examples of such cross sections, in the form of flow vectors, are shown in Figs. 3-2 and
3-3. Figure 3-2 shows a cross section at y 44 km and Fig. 3-3 shows an average of
several cross sections in the relatively homogeneous region between y -10 and y
20 km. While differences in the two cross sections are apparent, even in this relatively
unprocessed form, they are much more clearly revealed in plots of the vertical velocity and
the band-relative horizontal velocity (Uygp. The latter quantity is determined by
subtracting the motion of the band (~ 16 m s’1) from the horizontal component of the
measured wind vectors. Such plots are shown in Fig. 3-4 for the y 44 km cross section
and in Fig. 3-5 for the average cross section between y -10 and y 20 km.
The y 44 km cross section reveals the presence of substantial vertical velocities, with
three areas of deep updraft within the band. The most substantial updraft is located at the
front of the band (at y -10 to -20 km); this was undoubtedly the main updraft that fed the
rainband. The two slightly weaker updrafts towards the rear of the band were associated
with weak convective elements that were ubiquitous across the band but were not clearly
associated with the main dynamics of the band. The direction of the inflow into the band
was generally front-to-rear, with a weak eddy between y -10 and -20 km and at 5 km
altitude.

The mean cross section for y -10 to 20 km shows considerable contrast to the above
scenario. The vertical velocity field (Fig. 3-5) indicates a broad, weak updraft aloft across
the entire width of the rainband, but relatively little updraft penetration through the surface
layer (i.e., no deep convection). The updraft on the leading edge of the band, seen in the
y 44 km cross section, is still present, although much weaker, it constitutes the only
significant updraft in the surface layer, although there are still suggestions of very weak,
low-level updrafts towards the rear of the band. The horizontal airflow relative to the band
still shows predominately front-to-rear flow, but the weak eddy seen in the y 44 km
cross section has now grown into a very significant feature, which penetrates over halfway
through the band.
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Figure 3-4. (a) Vertical air velocities in the band at y 44 km. Isopleths are labelled in m s’1 and the shaded areas indicate
updraft regions, (b) Band-relative horizontal air velocities for the same cross section. Shaded areas represent areas of flow
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Figure 3-5. As for Fig. 3-4 but for y
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-10 to 20 km.

Clearly, care must be exercised in the selection of an appropriate airflow for input to the
numerical model for this rainband. The best possible cross section would be one centered
in the portion of the band actually sampled by the aircraft. Unfortunately, the
proximity of

the band to the baseline of the two Doppler radars at the rime of aircraft sampling resulted in
a sharp fall-off in data density and quality to the southwest of y -10 km, where the
aircraft was sampling (see Fig. 3-1). We shall therefore use, as a surrogate for such a
cross section, the mean cross section between y -10 and y 20 km, which is depicted in
Figs. 3-2 and 3-5. This mean cross section is taken over a portion of the band that was
quite similar with regard to radar reflectivity to that sampled by the aircraft.

THERMODYNAMIC STRUCTURE
A sounding of temperature, humidity and winds ahead of the rainband was provided by a
rawinsonde launched from Wilmington, North Carolina, at 1735 GMT. This sounding is
shown in Fig. 3-6, where it can be seen that significant drying was present below 850 mb.
This has important consequences for evaporative effects and subsidence at low levels (cf.
Fig. 3-5). Above 850 mb, the sounding is generally saturated. Because the flow field
derived from the Doppler radar data suggests that it was the air in front of the band that was
primarily entrained into the band, we will use this pre-band sounding for a model input.
Both the kinematic and thermodynamic inputs used in this study are in good agreement
with a detailed synoptic analysis of this case by LocatelU etal. Q2) Finally, we note that
according to the classification of Hobbs (7), this rainband can be considered as wide coldfrontal (cf. Fig. 2-1).

CHEMICAL INPUT

To the extent possible, all chemical inputs to the model were determined from aircraft
measurements ahead of the band. Table 3-1 lists mass-mixing ratios at the surface, and the
scale heights of most of the chemical species used as inputs to the model. However, in
several instances the vertical distribution of an input species differed markedly from the

exponential decrease with height implicit in the use of a scale height In these cases, the
actual measured profiles were used as input to the model. For example, initial vertical
profiles of H^O^ and PAN used in the model are shown in Figs. 3-7 and 3-8, respectively.
For ozone, a uniform background concentration of 100 ppb was used for the model input.
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Figure 3-6. Thennodynamic sounding from Wilmington, North Carolina, at 1730 GMT

on 6 March 1986.
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Table 3-1

VALUES FOR THE INITIAL MIXING RATIOS OF CHEMICALS [q,(0)]
AND THEIR SCALE HEIGHTS (H^).

Chemical
Species

SO2

SO^

NH^
N03

[qi(0)J

Hi

10-6
1.4 x 10-6
2.6 x 10-7
1.6 x 10-7

2.0

^eke-1)
3.7 x

3-10

3.5
3.5
2.0

CONCENTRATION OF H^ (in units of 10-9 g g-1)

Figure 3-7. Initial profile of FbO^ used as input to the model. This profile was measured
from the UW research aircraft between 1830 and 2200 GMT on 6 March 1986.
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CONCENTRATION OF PAN (in units of 10-10 g g-1)

Figure 3-8. Initial profile of PAN used as input to the model. This profile was measured
from the UW research aircraft during 1980 and 2200 GMT on 6 March 1986.
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Section 4

MODEL SIMULATIONS FOR THE BASELINE CASE

In this section, model results for what we will call the Baseline Case (i.e., a simulation
using the observed conditions for model input) will be discussed. The features of both the
model-generated cloud and cloud chemistry fields will be described, but comparisons with
observations and details of pollutant scavenging mechanisms will be postponed to Section
5. All fields to be shown are equilibrium fields, which occurred after 10,000 s of
integration time. All simulations were run on the CRAY-XMP computer at the National
Center for Atmospheric Research. The acronyms used below for the cloud microphysical
processes are the same as those used by Hegg and Hobbs (1).

MICROPHYSICS
The model outputs for the fields ofcloudwater (QCW), snow (QS), graupel (QG), and rain
(QR) are shown in Figs. 4-1 to 4-4, respectively. The various features revealed by these
fields will be discussed in the context of the precipitation and hydrometeor growth
mechanisms operating for this particular case.

The widespread mid-level updraft shown in Fig. 3-5 results in a similarly widespread
cloudwater field (QCW), as shown in Fig. 4-1. Further aloft, the lifting initiates ice by
activation of ice nuclei (PINT). After initiation, the ice particles grow by vapor deposition

(PDEPT) until they are converted into snow. The growth of snow occurred through both
deposition (PSDEP) and riming (PSACW). However, depositional growth dominated the
overall growth and produced the snow field (QS) shown in Fig. 4-2. Interestingly, PMS
2-D laser spectrometer data obtained aboard the aircraft showed the presence of relatively
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Figure 4-1. Model output for the mixing ratio of cloud water in the rainband for the Baseline Case. Isopleths are labelled in units
ofg kg-1.
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Figure 4-2. As for Fig. 4-1 but for mixing ratio of snow.
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Figure 4-3. As for Fig. 4-1 but for mixing ratio of graupel.
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Figure 4-4. As for Fig. 4-1 but for mixing ratio of rain.

unrimed snow aggregates over much of the rainband, thus supporting the model prediction
of predominately depositional growth.

In the forward portion of the rainband, the updraft was sufficiently high and, more
importantly, closed (i.e., an eddy was present) to produce an additional hydrometeor field,
namely graupel. This field is shown in Fig. 4-3. While this graupel makes only a minor
contribution to the total mass of precipitation, its prediction by the model is significant since
some graupel was observed in the 2-D laser spectrometer data collected aboard the aircraft.
The rain field (QR). shown in Fig. 4-4, is the "end product" of the other hydrometeor
fields. The two main sources of rainwater mass are the melting of snow and the accretion
ofcloudwater by the falling raindrops. The model results predict that, averaged over the
entire rainband, melting snow contributed 41% to the rainwater mass, compared to
42% contributed by the accretion of cloud drops by rain. The rest of the rainfall mass
was produced by autoconversion of cloudwater. Because, as previously mentioned, the
snow particles grew predominately by vapor deposition, the relatively large source strength
of melting snow dictates that a very significant fraction of the mass of the rain was due to
depositional processes. Interestingly, there is a mild dichotomy between the front and rear
of the band with regard to precipitation growth mechanism. In the forward part of the
band, associated with the main updraft, depositional growth of snow was somewhat more
marked than in the rear. Furthermore, accretion ofcloudwater played a somewhat smaller
role in the formation of precipitation in the front portion of the band compared to the rear
portion (- 51% of formation in rear portion and 32% of formation in front portion).
Thus, overall, depositional growth was significantly more important in the front than in the
rear of the band. As we will see later, this has some noteworthy chemical consequences.
Finally, it is important to note that the maximum in the rain field is situated well aloft,
indicating considerable low-level evaporation. Low-level evaporation and sublimation have
been observed in other wide cold-frontal rainbands (3). This also has chemical
consequences that will be discussed later.
The model diagnosed field for the precipitation rate (CPR) and radar reflectivity (dBZ) are
shown in Figs. 4-5 and 4-6. The two fields are, of course, consistent. More importantly,
they are consistent with the measured radar reflectivity field from the NCAR radars. The
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Figure 4-5. Model output field for precipitation rate for the Baseline Case. Isopleths are labelled in units of mm h’].
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Figure 4-6. Model output field for radar reflectivity (in dBZ) for the Baseline Case.

model precipitation rate at the surface never exceeded 2 mm h’1, in accord with the above
discussion of below-cloud evaporation.

CHEMICAL SPECIES
In the following discussion of the model outputs for the chemistry of the rainband, the
ammonium fields will not be directly addressed since they qualitatively imitate the nitrate
fields. Ammonium has no sources in the model outside of its initial profile, and its sinks
are due entirely to microphysical processes. It is qualitatively the same as nitrate for this

case study because the sources for nitrate in the model (outside of the initial profile) were
negligible or non-existent. More specifically, the dissolution of PAN was an unimportant
source ofin-cloud nitrate and adsorption of gaseous nitric acid onto snow was not present
(since nitric acid was not observed in the region of the rainband, it was not included as an
input to the model). Therefore, the nitrate profiles were only affected by cloud
microphysical processes.

CHEMICAL FIELDS
The model output fields for paniculate sulfate and paniculate nitrate are sown in Figs. 4-7

and 4-8, respectively. Both fields show significant depletion congruent with the
cloudwater field (see Fig. 4-1). This is due in large pan to nucleation scavenging. The
increase of paniculate sulfate at low levels to the left of x -40 km is due to evaporation of
rainwater. The sulfate in rainwater is transferred back to the paniculate phase upon
evaporation. This effect is considerably less evident in the nitrate field, due to the lack of a
hydrometeor source for nitrate that is comparable to the production of sulfate by SO-j
oxidation in cloudwater. The upper-level maximum in the sulfate field, and to a lesser
extent the iiitrate field at x -45 km, is due primarily to transpon and in-solution
production in the case of sulfate and to transpon in the case of nitrate.
Model output fields for SO^, H^O^ and PAN are shown in Figs. 4-9 through 4-11,
respectively. The SO^ field displays marked depletion congruent with the cloudwater field,
indicative of the aqueous sink for SO^ that is included in the model. Indeed, the minimum
at an altitude of 3 km and at a horizontal location of -45 km is coincident with the upperlevel maximum in sulfate mentioned above. The H^O^ field, shown in Fig. 4-10, shows
an even more uniform depletion than the SO^ field, which is due to the very high solubility

4-9

-45

-35

HORIZONTAL DISTANCE NORMAL TO BAND (km)

Figure 4-7. Model output field for mixing ratio of aerosol sulfate for the Baseline Case. Isopleths are labelled in units of ng g’l.
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Figure 4-8. As for Fig. 4-7 but for aerosol nitrate.
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Figure 4-9. As for Fig. 4-7 but for SO^.
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Figure 4-10. As for Fig. 4-7 but for H^.
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Figure 4-1 1. As for Fig. 4-7 but for PAN.

of H^O^ in the cloudwater as well as the chemical sink provided by the oxidation of

SO^ in

hydrometeors. On the other hand, the PAN field, shown in Fig. 4-11, reveals little
evidence of depletion associated with the presence of hydrometeors and is dominated by the
effects of advecdon. This is due to the rather low solubility of PAN and its very slow
dissolution in solution. It is interesting to note that PAN, essentially a passive tracer for the
conditions of this particular case study, shows marked evidence of vertical transport.
Clearly, the relatively minor vertical transport for SO^ and H^O^ must be attributed to their
reactivity in cloudwater.

The fields representing the mixing ratios of the chemical species in the various hydrometeor
classes form a logical complement to the chemical concentrations in the air just discussed.
The hydrometeor fields for sulfur species, namely QSCW (cloudwater sulfate), QSS (snow
sulfate), QSG (graupel sulfate), and QSR (rain sulfate), are shown in Figs. 4-12 through
4-15, respectively. While these fields are generally similar to their parent microphysical
fields, there are some noteworthy differences. For example, the cloudwater sulfate field
(Fig. 4-12) shows close spacing of the isopleths on the upwind boundaries of the main
QSCW mass. This is indicative of the importance of nucleation scavenging and the short
distance over which it acts. In comparing the chemical-hydrometeor fields, the contrast
between the concentrations of QSCW as compared to QSS (Fig. 4-13) is most striking.
The lower values characteristic of the QSS field are attributable to the large contribution that
depositional growth makes to the snow mass. This deposition source essentially dilutes
any chemical species that is not incorporated into the snow through various scavenging
mechanisms (e.g., impaction or riming of cloudwater). The graupel sulfate field (Fig.
4-14), while (surprisingly) showing the same relatively low concentrations as the snow
sulfate field (and for the same reasons), is of too limited spatial extent to be of much
significance. Finally, the rain sulfate field (Fig. 4-15) is most interesting in that it shows
two distinct maxima at the ground. The first of these is associated with precipitation from
the main updraft near the leading edge of the rainband. The second maximum is apparently
associated with the cumuliform feature to the rear of the rainband.
The hydrometeor fields for nitrate, corresponding to those just discussed for sulfate, are
shown in Figs. 4-16 through 4-19. In general, the nitrate fields are similar to the sulfate,
including the relative concentrations between the various nitrate fields. The nitrate
concentrations are, however, far lower than the sulfate concentrations reflecting both the
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Figure 4-12. As for Fig. 4-7 but for the cloudwater sulfate.
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Figure 4-13. As for Fig. 4-7 but for snow sulfate.
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Figure 4-14. As for Fig. 4-7 but for graupel sulfate.
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Figure 4-15. As for Fig. 4-7 but for rain sulfate.
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Figure 4-16. As for Fig. 4-7 but for cloudwater nitrate.
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Figure 4-17. As for Fig. 4-7 but for snow nitrate.
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Figure 4-18. As for Fig. 4-1 but for graupel nitrate.
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Figure 4-19. As for Fig. 4-1 but for rain sulfate.

lower initial nitrate concentrations and the lack of an aqueous (i.e., in-cloud) source for
nitrate.

The hydrometeor fields for H^O^, namely, peroxide in cloudwater (QHCW), peroxide in
snow (QHS), peroxide in graupel (QHG) and peroxide in rain (QHR), are shown in Figs.
4-20 through 4-23, respectively. While revealing some similarity to their parent cloud
microphysical fields, substantial differences are apparent. These differences are largely
attributable to the presence of a strong aqueous sink for H^O^ in the form of the sulfur (IV)
oxidation reaction.

Finally, the acidity of the hydrometeors (liquid phase only), calculated by the standard
method of ion balance, is represented in Fig. 4-24 by the pH field. While the pH values
aloft range up to 5.6, the pH of the precipitation at the ground level ranged from 4.0 to
4.5. A roughly inverse relationship between pH at the surface and precipitation rate (cf.
Fig. 4-5) is evident This phenomenon is associated primarily with dilution by liquid water
of trace chemical species in the precipitation.

DEPOSITION AND TRANSPORT
One of the main reasons for studying interactions between chemical species and
precipitating systems is to understand the mechanisms for deposition and transport
Deposition of liquid water itself (i.e., the rain rate), which has been discussed in the
previous section, is a fundamental diagnostic variable in the model. Deposition rates for
the various chemical species can be determined from the model outputs by taking the
product of the mixing rado of the species in rain and the rain rate.

Because we are most interested in deposition at the ground, we will concentrate on
deposition variability at the ground, rather than through various horizontal planes aloft
(although the latter are readily calculated from the model).
To this end, horizontal variability in deposition rates at the ground will be discussed rather
than variability in a 2-D plane. The rain (or precipitation) rate across the bottom of the
model domain (i.e., the ground) is shown graphically in Fig. 4-25 for comparison with
chemical deposition rates. Some chemical deposition rates are shown in Fig. 4-26.
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Figure 4-20. As for Fig. 4-1 but for cloudwater H^O^ field.
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Figure 4-21. As for Fig. 4-7 but for snow H^O^ field.
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Figure 4-22. As for Fig. 4-7 but for graupel

H^O^ field.
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Figure 4-23. As for Fig. 4-7 but for rain H^O^ field.
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Figure 4-24. Model output for the pH field of the liquid hydrometers for the Baseline Case.
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Figure 4-25. Model results for the precipitation rate at the ground for the Baseline Case. The long line is for the y -10 to 20
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Figure 4-26. Model outputs for the deposition rates of sulfate, nitrate and hydrogen peroxide for the Baseline Case.

As might be expected, the chemical deposition rates all reflect the two-peak structure seen
in the precipitation rate. However, whereas the first chemical deposition peak is coincident
with the first peak in the precipitation rate, the second chemical peak slightly precedes that
for precipitation. This interesting contrast is explicable in terms of the dichotomy in
precipitation formation mechanism between the front and the rear of the rainband, as
discussed in the previous section.
The second peak in the chemical deposition plot is associated with precipitation formed by
collection processes (i.e., riming of snow by cloudwater or accretion of cloudwater).
Chemical species are rapidly incorporated into cloudwater at the leading edge of the

cloudwater field, as was illustrated in the QSCW field (see Fig. 4-12). Trace chemicals
transferred from the cloudwater field to precipitation thus form a concentrated swath of
chemical species at the leading edge of the precipitation field formed by collection growth
a swath that is slightly in advance of the peak in the precipitation rate itself, since the
precipitation peak corresponds to the maximum in the cloudwater field rather than its
leading edge.

In contrast to the above scenario, the first peak in chemical deposition is associated with
precipitation that is formed primarily by depositional growth. The structure of the
cloudwater field is therefore largely irrelevant to the transfer of trace species to
precipitation; therefore, there is a closer correspondence between chemical and rain
deposition, as illustrated in Figs. 4-25 and 4-26.
Another topic of interest is the effect of a precipitation system on the vertical transport of
chemical species. This can be examined by comparing initial vertical profiles of the
chemical species with the averaged (horizontally) vertical equilibrium profiles. Such
comparisons are shown in Figs. 4-27 through 4-31 for SO^ (QSO^), aerosol sulfate
(QDS), aerosol nitrate (QDA), H^O^ (QH^O^) and PAN (QPAN). respectively.
The profiles for the sulfur species are quite interesting. The SO^ field is depleted below
about 4.5 km, whereas, the aerosol sulfate field is substantially enhanced over roughly the
same altitude interval. Clearly, these profiles reflect the importance of aqueous-phase
conversion of SO^ to sulfate in hydrometeors. The location of essentially all of the excess
sulfate in the lower part of the model domain is somewhat surprising. This redistribution
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Figure 4-27. Vertical profiles for SO^ for the Baseline Case. The solid line is the initial
(input) profile, the calculated equilibrium profile averaged across the model domain is the
dashed line, and the profile averaged across the domain sampled by the aircraft is dotted.
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Figure 4-28. As for Fig. 4-27 but for aerosol sulfate.
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Figure 4-29. As for Fig. 4-27 but for aerosol nitrate.
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Figure 4-30. As for Fig. 4-27 but for H^O^.
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arises because of low updraft velocities, which render upward transport of sulfur-

containing hydrometeors reladvely slight, and the unusually dry conditions below cloud
(produced by low-level divergence) that result in extensive evaporation of rain below cloud
base and thus the transfer of sulfate back to the aerosol reservoir.

In contrast to the sulfur profiles, the aerosol nitrate profile (Fig. 4-29) shows only minor
departures from the initial vertical distribution. The H^O^ profile (Fig. 4-30) shows a
marked depletion aloft between 2 and 6 km, with a similarly-marked enhancement below
2 km. The highly water-soluble H^O^ is absorbed by cloud hydrometeors and "washed
down" in rain that subsequently evaporates below cloud base and returns the FbCh to the
gas phase. H^O^ is also depleted aloft due to reaction with S(TV) in solution.
Finally, Fig. 4-31 shows the vertical profiles of PAN initially and after equilibrium has
been established. In addition to "wash down", some upward transport is also evident for
the only modestly water-soluble, and essentially unreactive, PAN. The different vertical
transport scenarios for SO^, PAN, and H^O^ illustrate the ideas set forth by Rodhe (13)
concerning vertical transport of soluble and insoluble trace species, a topic that we will
return to in the next section.
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Section 5

SENSITIVITY STUDIES

To elucidate several of the issues raised in the preceding section (e.g., the extent of the
contribution of in-cloud sulfate production to the sulfate content of rain, and the influence
of such production on vertical transport of trace gases), we now present the results of some
model sensitivity studies. The sensitivity studies were designed to investigate different
aspects of in-cloud oxidation of SO^ to the chemistry of the rainband. Table 5-1 lists the
various model simulations.

The fields of paniculate sulfate and SO^ for Case 2 (03 0) are shown in Figs. 5-1 and
5-2, respectively. The paniculate sulfate field shows only modest change relative to the
Baseline Case described in Section 4 (see Fig. 4-7). The major difference is a less
pronounced sulfate peak aloft at about y -45 km. The change in the SO^ field is
considerably more marked, with substantially less SO^ depletion aloft particularly at a
horizontal distance of y -45 km (see Fig. 4-9 for Baseline Case). Complementary to this,
the hydrometeor sulfate fields, shown in Figs. 5-3 (QSCW). 5-4 (QSS), 5-5 (QSG) and
5-6 (QSR), show somewhat less sulfate for the Case 2 simulation compared to the Baseline
Case (see Figs. 4-12 to 4-15). The changes are generally more noticeable at higher
altitudes. While the QSR field suggests somewhat less sulfate deposition than the
background case, we will postpone discussion of deposition until the various simulations
can be compared collectively. Finally, the hydrometeor pH field for Case 2 is shown in
Fig. 5-7. Once again, while differences from the Baseline Case are modest, the general
effect of eliminating 03 is to raise the hydrometeor pH.
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Table 5-1

MODEL SIMULATIONS CARRIED OUT IN THE SENSITIVITY STUDIES.

Case Number

Changes
Baseline case (described in Section 4)

3
H202
03 H^O^

0
0
0
Nucleadon scavenging 0
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Figure 5-1. Model results for aerosol sulfate field with the ozone concentration set to zero. Isopleths are labelled in ng g-1.
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Figure 5-2. As for Fig. 5-1 but for SO^ field.
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Figure 5-3. As for Fig. 5-1 but for sulfate in cloudwater field.
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Figure 5-4. As for Fig. 5-1 but for sulfate in snow field.
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Figure 5-5. As for Fig. 5-1 but for sulfate in graupel field.
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Figure 5-6. As for Fig. 5-1 but for sulfate in rain field.
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Figure 5-7. Model results for pH field with ozone concentration set to zero.

The fields for aerosol sulfate (Fig. 5-8) and SO^ (Fig. 5-9) for the Case 3 simulations
(H^O^ oxidation eliminated) show considerable divergence from the Baseline Case. For
sulfate, there is a marked diminution in concentrations over much of the domain,
particularly in the region y -35 to -55 km (compare to Fig. 4-7). The SO^ field displays
a mirror image of this change, with substantially less
SO^ depletion observable everywhere
relative to the Baseline Case (compare to Fig. 4-9). Indeed, the minimum in the SCh
concentration at about y -45 km and 3 km altitude, which was so evident in the

Baseline Case (see Fig. 4-9), has nearly disappeared. Complementary reductions of the
sulfate mixing ratio in hydrometeors (Figs. 5-10 5-13) are again evident Interestingly,
the hydrometeor pH field (Fig. 5-14) shows pH values at the ground intermediate between

the Baseline Case (see Fig. 4-24) and the 03 0 case (see Fig. 5-7). This surprising result
(i. e., that 03 has somewhat more effect on precipitation pH than H^O^) is due to the rapid
depletion of H^O^, so that 03 oxidation occurs over a much larger portion of the rainband
than does H^O^ oxidation. Furthermore, the H^O^ and 03 oxidation reactions are
competitive and, with H^O^ absent, more S(IV) is oxidized to sulfate by
03 than would
otherwise be the case.

A more extreme scenario is Case 4, where both 03 and H^O^ are initially set to zero. This
is essentially equivalent to exploring the effects on cloud and precipitation chemistry of
nucleation scavenging alone. The aerosol sulfate and SO^ fields for this case are shown in
Figs. 5-15 and 5-16, respectively. The sulfate field is quite similar to those for the
Baseline Case, but with still lower sulfate concentrations than previously encountered.
Clearly, the general shape of the sulfate field is determined by nucleation scavenging. The
SO^ field for Case 4, on the other hand, displays considerable differences from the other
cases examined. Indeed, the field for this case looks roughly similar to the PAN field
shown in Fig. 4-11. Given the comparable solubilities of PAN and
SO^ and, with incloud sulfur oxidation set to zero for Case 4, the similarities are understandable. This
analysis suggests that the ratio of SO^/PAN might be a good indication of SO^ loss due to
conversion to sulfate in cloud systems. The sulfate hydrometeor fields (Figs. 5-17 through
5-20) show Ac expected lower sulfate concentrations compared to previous cases.
Similarly, the hydrometeor pH field (Fig. 5-21) shows ground-level pH values
significantly higher than those for the other simulations.
The final sensitivity study (Case 5) was initialized for the (unrealistic) case of complete
suppression of nucleation scavenging. This was done for several reasons. Firstly, to
5-10
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Figure 5-8. Model results for aerosol sulfate field with the hydrogen peroxide concentration set to zero. Isopleths are labelled
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Figure 5-9. As for Fig. 5-8 but for SO^ field.
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Figure 5-10. As for Fig. 5-8 but for sulfate in cloudwater field.
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Figure 5-11. As for Fig. 5-8 but for sulfate in snow field.
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Figure 5-12. As for Fig. 5-8 but for sulfate in graupel field.
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Figure 5-13. As for Fig. 5-8 but for sulfate in rain field.
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Figure 5-14. Model results for pH field with the hydrogen peroxide concentration set to zero.
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Figure 5-15. Model results for aerosol sulfate field with both ozone and hydrogen peroxide concentrations set to zero.
Isopleths are labelled in ng g \
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Figure 5-16. As for Fig. 5-15 but for SC>2 field.
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Figure 5-17. As for Fig. 5-15 but for sulfur in cloudwater.
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Figure 5-18. As for Fig. 5-15 but for sulfur in the snow field.
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Figure 5-19. As for Fig. 5-15 but for sulfur in the graupel field.
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Figure 5-20. As for Fig. 5-15 but for sulfur in the rain field.
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Figure 5-21. Model results for pH field with ozone and hydrogen peroxide concentrations set to zero.

allow a "two-sided" evaluation of the effects of in-solution oxidation (i.e., to determine the
contribution of this process to sulfate concentrations both by turning it off and also by
turning everything else off). Secondly, to examine the extent of in-solution sulfate
production unconstrained by low initial pH values (i.e., the purely self-limiting of sulfate
production). It is clear from examination of the aerosol sulfate field (Fig. 5-22) that
concentrations of sulfate generated in the absence of initial sulfate are of the same order as
those generated in its presence. Indeed, the concentrations of sulfate aloft are
somewhat
higher than those in the baseline simulation (see Fig. 4-7). although there is a
compensating
relative depression in sulfate concentrations at lower (<. 1 km) altitudes. This suggests that
sulfate production is limited by the time available for reaction, rather than by pH values.
The SO^ field for Case 5 (Fig. 5-23) shows the most severe depletion of SCh of any of the
model runs. The sulfate hydrometeor fields, shown in Figs. 5-24 through 5-27, are
included for completeness; they do not reveal any features worthy of further comment.
Finally, the hydrometeor pH field for this simulation (Fig. 5-28) shows pH values at
ground level similar to those seen in the background simulation (see Fig. 4-24). This and
the previous simulations indicate that for any given initial conditions, changes in the relative
contributions of the chemical and physical scavenging processes will change the pH of rain
by a few tenths of a pH unit.
Shown in Fig. 5-29 are the sulfate deposition rates across the rainband, in a plane 1 cm
wide, for both the baseline case and the various sensitivity studies. It can be seen that all

cases show the same general two-peaked deposition pattern, with the major deposition peak

associated with the cumuliform activity at the back of the rainband, and the secondary peak
associated with the main updraft at the front of the rainband. However, the total amount of
sulfate deposited varies widely from case to case. This can be quantified by integrating the

deposition for each case across the band domain and presenting the results in tabular form.
This is done in Table 5-2. The results show several interesting features. Firstly, they
indicate that 03 and H^O^ are of roughly equal importance in aqueous sulfate production; a
result in accord with our previous modeling studies (e.g., Hegg and Hobbs, 1, and 2).
Secondly, for this particular rainband, at least, in-cloud sulfate production is a much larger
contributor to sulfate deposition than nucleation scavenging. This result differs
significantly from our previous modeling studies of warm-frontal and narrow cold-frontal
rainbands (e.g., Hegg and Hobbs, 1,2). We think this may be due to the larger liquid
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Figure 5, 22. Model results for aerosol sulfate field with nuclearion scavenging set to zero. Isopleths are labelled in units
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Figure 5-23. As for Fig. 5-22 but for the SO^ field.
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Figure 5-24. As for Fig. 5-22 but for sulfur in the cloudwater field.
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Figure 5-25. As for Fig. 5-22 but for sulfur in the snow field.
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Figure 5-26. As for Fig. 5-22 but for sulfur in the graupel field.
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Figure 5-27. As for Fig. 5-22 but for sulfur in the rain field.
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Figure 5-28. Model results for the pH field with nucleation scavenging set to zero.
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-10 to 20 km cross section for the various model sensitivity

Table 5-2

TOTAL SULFATE DEPOSITION RATES ACROSS THE RAINBAND FOR THE
VARIOUS CASE STUDIES DISCUSSED IN THE TEXT.

Case Study

Sulfate Deposition (g cm-1

1 (baseline)
2 (03 0)
3 (H202 0)

5 (nucleadon scavenging 0)
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0.10
0.077
0.076
0.076

h-1)

the present study compared to our previous studies and, perhaps more
importantly, to the longer time scale for chemical reactions to take place in the present case
due to the relatively weak flow (particularly vertical flow) in the rainband.
water contents in

A final comparison of interest is the vertical transport of SO^, as represented by the vertical
profiles of SC>2 averaged over the model domain, for the sensitivity runs in which the
effective reactivity of SO^ in the aqueous phase was reduced relative to the Baseline
Case.
Vertical profiles of SO^ under conditions of no oxidants at all and just
03 as an oxidant are
shown in Fig. 5-30. Comparison of these profiles with that for the Baseline Case
(Fig. 4-

27) demonstrates an inverse relationship between the upward transport
ofS02 and SO^
reactivity in the aqueous phase.
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Figure 5-30. (a) Vertical profile of SCh with no oxidants present. The solid line is the initial (input) profile, the dashed line is
the calculated averaged equilibrium profile, and the dotted line the sample domain average, (b) As in (a) except for ozone
present.

Section 6

COMPARISON OF MODEL RESULTS WITH OBSERVATIONS

One of the most important facets of a modeling study, such as the one described in this
report, should be comparisons of the model outputs with measurements. Ideally, such
comparisons should be done with direct, one-to-one, comparisons of model generated
variable fields with similar fields derived from measurements. However, the data density
available from field observations cannot rival that of a sophisticated model. Furthermore,
the types of data necessary to initialize the model (e.g., a kinematic airflow field derived
from Doppler radars) can be quite different from the data necessary to validate the model
(e.g., 2-D distributions of chemical species at equilibrium). Such data are not always
(indeed, only rarely) available. Thus, model-measurement comparisons always involve
assumptions, such as temporal stationality over some time interval, or spatial averaging of
the model results for comparisons with field measurements that have more limited spatial
resolution. These caveats should be kept in mind when assessing the comparisons between
the model results and field measurements that are described below.

MICROPHYSICAL COMPARISONS
A basic parameter for which model results and measurements can be compared is the radar
reflectivity. Because the kinematic flow field used to initialize the model is, in fact, derived
from the same basic data set as the radar reflectivity, such a comparison is not normally
completely independent. Therefore, to produce a more meaningful comparison, we will
compare the model-predicted radar reflectivity field based on the NCAR scanning dualDoppler radar data with a radar reflectivity cross section measured by the University of
Washington’s vertical-pointing Doppler radar. While the vertical Doppler measurements
are not exactly concurrent, either spatially or temporally, with the scanning Doppler radar
6-1

data and thus with the model predictions, they are close enough to be considered
approximately concurrent.

The cross section of radar reflectivity from the vertically-pointing radar is shown in
Fig. 6-1. It can be seen that the two major echoes aloft, predicted at the front and rear of
the band by the model (see Fig. 4-6), are present in the observations. Furthermore, the
orientation of the leading radar echo, which is due to the fall trajectories of hydrometeors,
is similar in the model predictions and the measurements. Finally, the radar reflectivities
are quantitatively similar, with peak returns of 35 dBZ and major echoes having returns
of~ 30 dBZ.

In line with the good agreement between the modeled and observed radar reflectivity fields,
there is excellent agreement between the liquid water field obtained from the model and the
measured field. This comparison is shown in Fig. 6-2, which displays the vertical profile
for liquid water mixing ratio for both the total model domain and, more to the point, for the
limited domain that corresponds to the area where liquid water measurements were obtained
from the aircraft

A parameter of particular significance for assessments of chemical deposition is the
precipitation rate. The model-predicted precipitation rates at the surface, across the width
of the rainband, are shown in Fig. 6-3. The peak rate is slightly in excess of 2 mm h’1 and
the band-mean rate is slightly below 1 mm h’1. In comparison, the peak precipitation rate
measured by the NCAR/PAM station most appropriate for such a comparison (Station 45),
was 3.1 mm h’ with a one-half hour mean value of 1.7 mm h’1. This latter value is in
good agreement with the precipitation rate (1.4 mm h’1) derived from the sequential
sampler for rain chemistry located 8 km from the PAM station (GAS 36). Both of these
values are in reasonable agreement with the model-predicted rates, although systematically
higher.

CHEMICAL COMPARISONS
Because of the relatively poor spatial resolution of the chemical measurements compared to
the model results, the best method for comparing the values of the chemical parameters

predicted by the model with the field measurements is the same as that just used to compare
the liquid water contents, namely, the model is used to generate a vertical profile for the
6-2
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variable in question over the horizontal domain for which the measurements were

integrated, then the measurements are compared with the model-generated vertical profile.
Such analyses are presented in Figs. 6-4 to 6-7 for SO^, aerosol sulfate, aerosol nitrate and
H^O^, respectively.
The vertical profile for SC>2 predicted by the model (Fig. 6-4) shows reasonable agreement
with the measurements (Fig. 6-4), except at an altitude of 3.75 km where the model

significantly underpredicts the SO^ concentration. The discrepancy at 3.75 km is
conceivably due to a sample point taken in an anomalous portion of the band that was
unresolved by the model input However, it is equally conceivable that the interactions of
gaseous SO^ with the hydrometeors have not been adequately modeled. For example, it
has been assumed that cloud droplets converted to ice by riming of snow retain their SO-? in
the shift from one hydrometeor class to the other. However, recent studies by Lamb and
Blumenstein Q4) suggest that most of the SO^ will be desorbed to the gas-phase upon
freezing of the cloud droplets, thus raising the local gas-phase SO^ levels. This effect will
be included in the model at a future date, although it is unlikely, by itself, to be the sole
explanation for the observed discrepancy. For now, the discrepancy must be considered
unresolved.

The vertical profile of aerosol sulfate predicted by the model (Fig. 6-5) shows more marked
discrepancies with observations than does the SO^. The model clearly overpredicts the
concentrations of aerosol sulfate at all levels, but particularly at lower levels. The
systematic nature of this overpredicdon suggests an error in the value used in the model for
nucleation scavenging. The value of the nucleadon scavenging coefficient used in the

Baseline Case (0.5) is based on aircraft measurements of interstitial and cloud base sulfate,
but, of course, only over a very limited domain compared to the actual rainband. Certainly,

scavenging coefficients much higher than 0.5 have been measured (e.g., Hegg et at.. 1).
Such an explanation would also suggest that cloudwater sulfate concentrations predicted by
the model should be substantially lower than the corresponding measurements. The
cloudwater sulfate field, shown in Fig. 4-12, has a maximum of 2 x 10’9 g g"1 and a mean
value over the 10 km measurement domain (-40 to -50 km) far less than this (on the order
of 10’10 g g’1) no matter what altitude is selected. Measurements in the same domain, on
the other hand, show a maximum (for a particular altitude average) of 3 x 10"9 g g’ and a
minimum of no less than 1.5 x 10"9 g g’1. Clearly, these values are consistent with the
hypothesis that the value of the nucleation scavenging coefficient that we have used in the

^

6-6

0

.5

1.5

2

2.5

S02 CONCENTRATION

3

3.5

4

(ng g-1)

Figure 6-4. Model results for
The solid line is the initial SCh profile, the dashed line
is the profile at equilibrium averaged across the entire model domain, and the dotted line is
the profile at equilibrium averaged over only the domain sampled by the aircraft (y -10 to
20 km). Airborne measurements are shown by horizontal bars. Units are ng/g.

SO^.

6-7

0

.5

1.5

2

2.5

3

AEROSOL SULFATE (ng g-1)
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model is too low. However, this hypothesis, while quite capable of reconciling model
predictions with measurements at the higher altitudes shown in Fig. 6-5, does not provide a
satisfactory explanation for the large "bulge" of sulfate aerosol below 2 km (Fig. 6-5).
This "bulge" has its origin in the extraordinarily high amount of low-level evaporation of
hydrometeors, indicated by the very dry surface layer found in the sounding on which the
model was initialized (Fig. 3-6). It would appear that actual evaporation was significantly
less than that predicted by the model. A likely explanation for the discrepancy is that the
thermodynamic sounding (which is essentially a profile at a single geographic point and for
a limited dme interval) was not completely representative of the actual pre-band air.
Indeed, the discrepancy shown in Fig. 6-5 illustrates the importance of obtaining
thermodynamic data as accurately and representatively as possible for model initialization.
The vertical profile of aerosol nitrate is shown in Fig. 6-6. Except for the datum point at an
altitude of- 3.75 km, the agreement between the model predictions and the measurements
is quite reasonable. The disagreement at the higher altitude is not unexpected given that no
significant nitrate production is currently included in the model, whereas, a comparison of
the in- and out-of-cloud nitrate measurements suggest that significant nitrate production
was taking place. We plan in the future to include nitrate production in the model.

Finally, the modeled vertical profile of H^O^ is shown in Fig. 6-7. While the few data
points are consistent with the model predictions, the complex nature of both the initial and
equilibrium H^O^ profiles cannot be realistically compared to a single well-characterized
observation and three upper-bounds to concentrations.

An end product, so to speak, of the interactions of trace chemicals with a precipitating
cloud are the concentrations of chemical species in precipitation at the ground. Comparison
of such model predictions with measurements is therefore of considerable importance.
Shown in Fig. 6-8 is such a comparison for the sulfate concentration in precipitation across
the domain of the rainband with a measurement of the same parameter derived from a
sequential bulk cloudwater collector on the ground. Because the rainfall was to meager to
activate more than one stage of the collector, no time or spatial variation in concentration is
available, therefore, a single measured concentration is shown in the Fig. 6-8. The
position of this observation is somewhat questionable but it was selected to correspond to
the position of the precipitation maximum (cf. Fig. 4-5). It can be seen that the model
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Figure 6-8. Model predictions of sulfate concentration in rainwater at the ground across the domain of the rainband.
The measured concentration is represented by the horizontal bar.

underpredicts the measured sulfate concentradon by about a factor of two. Because the
measured precipitation rate was somewhat higher than that predicted by the model (see
Section 5\ this discrepancy cannot be attributed to the large below-cloud evaporation
previously noted. The most likely explanation appears to be either the usage of an
inappropriately low nucleation scavenging coefficient as was suggested by the analysis of
vertical profiles or the occurrence of more efficient below-cloud scavenging of sulfate
than was assumed in the model. However, agreement within a factor of two for model
prediction and measurements of rainwater sulfate concentration is quite good given the
uncertainties discussed at the beginning of this section.
The hydrogen ion concentration in the rainwater, as represented by rainwater pH, shows
good agreement between the model results and measurements. The pH of the rain at the
precipitation maximum was predicted as 4.5 (see Fig. 4-24); the measured pH from the
sequential bulk collector on the ground was 4.4!
The above comparisons suggest substantial, although by no means complete, agreement
between the model results and the measurements of various chemical parameters. Where
significant differences exist, they are generally attributable to a lack of sufficient data to
initialize the model with confidence a chronic problem with numerical models. The model

results presented in this report should be a valuable aid in planning future field programs,
in that the relative importance of various initial conditions to model performance can be
assessed and field resources allocated accordingly.
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Section 7

AN EXAMPLE OF MODEL EXTRAPOLATION: SCAVENGING BUDGETS

An important goal in the development of a model, such as the one used in this report, is the
ability to utilize it as a diagnostic tool and for extrapolating limited field data. For example,
it is of particular interest to determine what fraction of a trace chemical species entrained
into a precipitation feature is rained out on the ground and what fraction is passed through
the rainband, perhaps to higher levels in the troposphere.

We have utilized the model to study the scavenging budgets of the rainband described in
this report by calculating the fluxes of several chemical species into the band and to the

ground in precipitation. This allows us to estimate the fraction of the chemical species in
question that is effectively scavenged by the rainband. The results are shown in Table 7.1,
where it can be seen that the fractions scavenged are quite low. However, the precipitation
efficiency (defined as precipitation mass on the ground divided by total condensate) for this
rainband was only 8%. In view of this value, the chemical scavenging efficiencies appear
reasonable: They illustrate that scavenging efficiencies can be significantly different from
precipitation efficiencies; they depend, in fact, on the precipitation formation mechanism.
In this regard, it is interesting to note that the ratio of chemical scavenging efficiency to
precipitation efficiency for the aerosol species
and
namely, 50 60%, is about
the same as tfie ratio of accretional to total growth of precipitation particles in this rainband
(see Section 4). Clearly, the other major growth mechanism, namely, deposition from the
vapor phase, results in less efficient scavenging of trace chemicals.

SO^
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NO^,

Table 7-1

MODEL RESULTS FOR FLUXES OF SELECTED CHEMICAL SPECIES INTO THE
MODEL DOMAIN AND TO THE GROUND IN THE FORM OF PRECIPITATION
UNITS ARE 10-4 g s-1 cm-1.

Species

Flux in

S02

2.82

SO^
N03

1.61

H22

Precipitation Flux

0.135*
0.083*

1.23
1.05

Fraction Scavenged (%)

0.0049

5.0
5.0
4.0

0.026

2.5

"To deconvolute SO^ scavenging from S04 scavenging, since both yield sulfate in
precipitation, the sensitivity runs with no SO^ oxidation and no nucleadon scavenging have
been utilized.
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Section 8

CONCLUSIONS

In this report we have presented a diagnostic modeling study of the cloud chemical
processes that operated in a wide cold-frontal rainband on the East Coast of the United
States, and we have compared the model outputs with field measurements.
Several precipitation growth mechanism operated in the rainband, and their relative
importance varied across the width of the band. For example, on the leading edge of the
band, depositional growth played the primary role, whereas, the rear portion of the band
was dominated by collection processes. The band was therefore something of a hybrid,
partly a "seeder-feeder" rainband and partly convective. The precipitation rates of 0.5 to
2.2 mm h’ predicted by the model are in good agreement with the observed rates of 1.4 to
3.1 mm h’1. These quite low rates were, according to the model, due to substantial belowcloud evaporation. Consequently, the precipitation efficiency for the band was a very
modest 8%.
The modeling results indicate that 03 and H^O^, acting as oxidants, contributed roughly
equally to the total sulfate deposition and that together they were somewhat more important
than nucleation scavenging to sulfate deposition. The model also indicates quite low
chemical scavenging efficiencies (~ 2.5 5%) for all of the trace chemical species

examined. The depressions relative to the precipitation efficiency were due to depositional
growth of the hydrometeors, and the low absolute magnitudes of the chemical scavenging
efficiencies were due to the low precipitation efficiency.
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The model results show an inverse relationship between the upward transport of trace
chemical species and their reactivity with hydrometeors.

Finally, there was reasonable agreement between model predictions and field measurements
for this rainband. Where discrepancies occur, plausible explanations are available that yield
insights both into the limitations of the model and areas where future model development
might be beneficial. They also suggest areas for emphasis in future field studies.
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