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1. INTRODUCTION 
 

Model studies have shown that convective in-
jections of peroxides (H2O2, CH3OOH) and for-
maldehyde (CH2O) in the boundary layer (BL) to 
the upper troposphere (UT) can produce HOx and 
ozone in the UT (Chatfield and Crutzen, 1984; 
Prather and Jocob, 1997). Peroxides and formal-
dehyde is reservoir species in the ozone chemical 
reaction system.  Ozone precursors include hy-
droperoxy radicals that are stored in peroxides 
and CH2O. Cohan et al.(1999) addressed the im-
portance of deep convection on the BL air venting 
and scavenging of H2O2 and CH3OOH using air-
craft observation in the marine environment. They 
found that mixing ratios of CH3OOH in convective 
outflow at 8-12 km altitude are enhanced on aver-
age by a factor of 6 relative to background, while 
mixing ratios of H2O2 are enhanced by less than a 
factor of 2. The estimated scavenging efficiency of 
H2O2 is 55-70%, while that of CH3OOH is negligi-
ble. These aircraft observations were not exactly 
coincident with convective events in time, which 
puts some limitations on the interpretation of data 
due to uncertainties in chemical reactions, advec-
tion and convection processes. To understand 
interactions among convection, microphysics, and 
aqueous chemistry, a modeling framework that is 
complementary to observations needs to be de-
veloped. 

Here we introduce the Weather and Research 
Forecast (WRF) model coupled with aqueous 
chemistry and microphysical transfer processes. 
We examine the importance of cloud physics and 
chemistry on peroxides and CH2O concentrations 
by simulating the 10 July 1996 STERAO storm 
which was observed in northeastern Colorado. 

 
2. MODEL DESCRIPTION 
 

The WRF model is the host meteorological 
model. The model solves the conservative (flux-
form), nonhydrostatic compressible equations 
(Skamarock et al., 2001) using a split-explicit 

time-integration method based on a 3rd order 
Runge-Kutta scheme (Wicker and Skamarock, 
2002).  Scalar transport is integrated with the 
Runge-Kutta scheme using 5th order (horizontal) 
and 3rd order (vertical) upwind-biased advection 
operators.  Transported scalars include water 
vapor, cloud water, rain, cloud ice, snow, graupel 
(or hail), and chemical species.  The WRF model 
exactly conserves mass and scalar mass to 
machine round off.  Further information 
concerning the equations and integration scheme 
can be found at 
http://www.mmm.ucar.edu/individual/skamarock/w
rf_equations_eulerian.pdf and the meteorological 
model and further documentation can be found at 
http://wrf-model.org.  The ice microphysics 
parameterization is that described by Lin et al. 
(1983).  For the simulations performed here, hail 
hydrometeor characteristics (ρh = 0.9 g cm-3, No = 
4 x104 m-4) are used. 

The model is configured to a 120 x 120 x 20 
km domain with 121 grid points in each horizontal 
direction (1 km resolution) and 51 grid points in 
the vertical direction with a variable resolution 
beginning at 50 m at the surface and stretching to 
1200 m at the top of the domain.  A description of 
the meteorological scenario and transport of pas-
sive tracers is found in Skamarock et al. (2000) for 
the 10 July 1996 STERAO storm.  We initialize 
the model environment and the initiation of con-
vection in the same manner as Skamarock et al. 

The gas chemistry represents daytime chem-
istry of 15 chemical species, methane, carbon 
monoxide (CO), ozone (O3), hydroxyl radical (OH), 
hydroperoxy radical (HO2), nitrogen dioxide, nitric 
oxide, nitric acid (HNO3), H2O2, CH3OOH, CH2O, 
formic acid (HCOOH), sulfur dioxide (SO2), aero-
sol sulfate, and ammonia (NH3). The aqueous 
chemistry is computed for the cloud water and 
rain assuming a pH of 4.5.  Most chemical species 
are initialized with values measured in the inflow 
region of the storm; other species are estimated 
from values found in the literature or from the July 
monthly-mean mixing ratio for northeastern Colo-

http://www.mmm.ucar.edu/individual/skamarock/wrf/_equations/_eulerian.pdf
http://www.mmm.ucar.edu/individual/skamarock/wrf/_equations/_eulerian.pdf
http://wrf-model.org/


rado calculated by the 3-dimensional global trans-
port model, MOZART (Brasseur et al., 1998).  The 
chemical mechanism is solved with an Euler 
backward iterative approximation using a Gauss-
Seidel method with variable iterations.  A conver-
gence criterion of 0.01% is used for all the species. 
 
3. RESULTS 
 
The simulated storm has radar reflectivity compa-
rable to the observed storm (Figure1, maximum 
reflectivity greater than 50 dBZ). Observed radar 
reflectivity obtained from the CSU CHILL radar 
reveals a multi-cellular system (2 cells), as does 
the radar reflectivity calculated from the model 
results (3 cells). The observed storm reaches 
lower stratosphere, while the simulated storm 
does not develop to that height. 
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Figure 2. Horizontal radar reflectivity at 11.5 km altitude 
(simulation time 4200 s). Solid line represents aircraft 
flight path near this time, and dash-dotted line repre-
sents vertical cross section line for the calculation of 
scavenging coefficients. 
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To examine the importance of convective 
pumping of soluble and reactive chemical species, 
the total concentration (gas + cloud water + cloud 
ice + rain + snow + hail) of peroxides, CH2O, 
HCOOH, HOx species, NOx, and SO2 across the 
anvil (such as is shown in Figure 3) are plotted in 
Figure 4.  

At z = 11.6 MSL, the anvil is composed of snow 
and cloud ice (Figure 4d), indicating that the 
chemical species at this location resides in the 
gas, ice, and snow reservoirs. In the anvil 
CH3OOH concentrations are more than ten times 
background concentration, while H2O2 and CH2O 
concentrations are generally smaller than back-
ground concentrations. HOx species concentra-
tion within the anvil are less than background val-
ues. NOx and SO2 increase to twice and ten times 
background concentration across the anvil. 

 

(a) 

The CH3OOH increase in the convective out-
flow agrees well with Cohan et al. (1999). How-
ever, increases in H2O2 and CH2O are not found 
in these simulations contrary to Cohan et al.’s as-
sumption. Aqueous chemistry has been shown to 
deplete peroxy radicals and CH2O and to produce 
HCOOH (Barth et al., 2003). Thus, soluble spe-
cies are dissolved into the cloud water at low and 
mid-levels of the convective cores. Aqueous reac-
tions in this region modify the species’ concentra-
tion while the transfer of the species among 
hydrometeors redistributes the species either to 
the ice in snow which are transported to the anvil 
or to the hail which falls and melts to form rain. 

 

(b) 

To understand how much solubility and aque-
ous chemistry affect the distribution of chemical 
species, we calculate each species’ scavenging 
efficiency, which are determined by a two-
component mixture method (Cohan et al., 1999). 
CO is used as a tracer and the boxes in Figure 5 
are used for defining representative concentra-
tions in BL, UT, and convective outflow regions. 
The spatial distribution of the total mixing ratio of 
CO indicates transport of the species from the BL 
to the UT. The scavenging efficiencies are sum-
marized in Table 1, ordered by the magnitude of 
the solubility coefficient. The calculated scaveng-
ing efficiencies are about the same for species 
with solubility coefficients ranging from 6300 
M/atm (CH2O) to 1011 M/atm (HNO3). It should be 
noted that significant uncertainties in the calcu-
lated scavenging efficiency occur when non-
uniform concentrations occur in any of the analy-
sis boxes. For example, gradients in the boundary 
layer concentration or the convective outflow con-
centration increase the uncertainty of the calcu-
lated scavenging efficiency. 

 

(c) 

 

(d) 

Figure 4. Concentration distribution of (a) peroxides, 
CH2O, HCOOH, (b) HOx, (c) NOx, SO2, and (d) water 
species across the anvil (following solid line in Figure 3). 
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