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surface area, and γ the uptake coefficient, defined as the ratio
of the number of gas molecules depositing on the particle’s
surface over the total molecules colliding with the given
surface.
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I.

E XTENDED A BSTRACT

A. Introduction

For the uptake of HNO3 , the value of the uptake coefficient
is typically taken as γ = 0.1 for mineral dust [4], [5].
Previous studies have shown, however, that using γ = 0.1
overestimates the particulate nitrate formation [4]. Several
experimental studies highlight the strong dependence of γ to
ambient relative humidity [4], [5], [6] and with mineral dust
composition (specifically on calcite percentage) [2], [5].

Mineral dust is amongst the largest contributors to the
global aerosol mass load and dominates climate effects over
large areas of the Earth. Dust undergoes heterogeneous chemical reactions during transport that increase its hygroscopicity,
while altering its optical properties, and the associated radiative
forcing. The rates of heterogeneous chemical reactions on
the dust surface that form coatings of sulfate, nitrate, chloride, or organics depend strongly on the dust mineralogical
composition. For example, the uptake of sulfur dioxide by
calcite exceeds by at least an order of magnitude uptake by
quartz, feldspar and hematite. Dust composition also affects
the partitioning of semi-volatile inorganic compounds, altering
their burden and radiative forcing.

The uptake coefficient dependence on relative humidity (γ(RH)) has been shown to behave similarly to a
Brunauer–Emmett–Teller isotherm for water adsorption on
dust particles described by the function [6]:
γ =m×

B. Objectives

cRH
(1 − RH)(1 − (1 − c)RH)

(2)

Where RH is relative humidity, c the water adsorption
scaling factor (c = 8 [6]) and m the specific dust mineralogy
scaling factor, taking different values depending on the calcite
1
content. For example, a factor of m = 30
for Arizona Test Dust
has been proposed [6], while m = 0.018 for China Loess from
Gobi’s desert with 39% CaCO3 content based on experimental
measurements has been used [5], [7].

In this preliminary work we first present an overview of
the state-of-the-art regarding the representation of the uptake
of nitric acid (HNO3 ) by mineral dust in models. We have also
implemented the uptake of HNO3 that forms coarse nitrate in
the Multiscale Online Nonhydrostatic AtmospheRe CHemistry
model (MONARCH) [1] and performed a sensitivity study
simulating a series of pollution events over Beijing that involve
the formation of coarse nitrate using constant (0.1), null and
humidity-dependent uptake coefficients. The main objective
is to set a benchmark to conduct future sensitivity studies
for factors affecting dust heterogeneous chemistry, such as
the explicit treatment of mineralogical composition of dust or
ambient relative humidity.

D. Methodology
In this work we simulate 3 pollution episodes over Beijing
happening in 2015 between the 28th of March and the 2nd of
April, being: 1) Pure anthropogenic, 2) pure dust from Gobi
desert, and 3) dust mixed with anthropogenic pollutants (numbers in figure 1, respectively). To evaluate the results, we use
observations of fine and coarse nitrate surface concentration
during these events from the Beijing Institute of Atmospheric
Physics (IAP, 116.4ºE, 39.9ºN) [7].

C. Theoretical background
Heterogeneous dust chemistry implies mainly acidic trace
gases resulting in the formation of coatings on the dust particle
surface. Uptake of sulfate and nitrate are the major reactions
involved [2]. For this study, the reaction evaluated is the
nitric acid (HN O3 ) uptake on coarse dust particles (diameter
above 2.5µm), that can be expressed by the reaction HNO3 +
dust −−→ NO3 – [3], [4]. The reaction rate of this uptake can
be defined as a first-order function as [3]:

−1
r
4
K=
+
×S
(1)
Dg
vγ

We use the MONARCH model [1] over a regional domain
covering Asia and the region of Beijing with an horizontal
resolution of 0.2 by 0.2 degrees and 24 vertical layers up
to 50hPa. The meteorological initial and boundary conditions
are from the NCEP FNL analyses . Emissions are taken from
the CAMSv2.1 global inventory for anthropogenic emissions
and GFASv1.2 for biomass burning emissions. The Carbon
Bond 2005 chemical mechanism is applied for the gas-phase
chemistry, and the aerosol module describes the lifecycle of
dust, sea-salt, black carbon, organic matter (both primary and
secondary), sulfate and nitrate aerosols [8]. While a sectional
approach is utilized for dust and sea-salt, a bulk description of
the other aerosol species is adopted.

Where r is the aerosol bin radius, Dg is the gas-phase diffusion
coefficient, v the mean molecular speed, S the aerosol specific

90

8th BSC Doctoral Symposium

II.

ACKNOWLEDGEMENTS

This work is part of FRAGMENT, funded by the European
Research Council (ERC) of the European Union’s Horizon
2020 programme (grant agreement No. 773051), and NUTRIENT (CGL2017-88911-R) funded by the Ministerio de
Economı́a y Competitividad (MINECO). We also thank the
AXA research Fund. We acknowledge RES and PRACE for
granting us supercomputing resources on Marenostrum4.
R EFERENCES
[1]

Fig. 1. (Top) Fine nitrate partition (D < 2.5µm) over Beijing for the
3 pollution events (indicated with numbers) simulated in MONARCH with
uptake coefficient γ = 0.1 (blue), γ = 0 (cyan, crossed line) and γ as
function of relative humidity as described in section I-C (red, doted line),
compared with the observations from IAP (gray) [7]. (Bottom) The same as
top figure for coarse nitrate (D > 2.5µm).

[2]

[3]

For this study, aerosol nitrate formation in MONARCH
is computed in two consecutive steps: for the fine mode (diameter under 2.5 µm), the thermodynamic equilibrium model
EQSAM is used, assuming thermodynamic equilibrium. For
the coarse mode (diameter greater than 2.5 µm) the specific
mass transfer is computed for each of the dust and sea salt bins
using the scheme described in section I-C. This methodology
has been applied in the reference studies with satisfactory
results [9], [7]. Three cases have been simulated: 1) assuming
a constant γ = 0.1, 2) assuming there is no nitrate uptake on
coarse dust (γ = 0) and 3) assuming an RH-dependent uptake
coefficient as in equation 2 with m = 0.018, equivalent to
considering the mineralogy of China Loess [7], [5].

[4]

[5]

[6]

E. Preliminary results

[7]

The surface concentration of fine and coarse nitrate over
Beijing obtained with MONARCH and its comparison against
observations are shown in figure 1. The concentrations obtained with nitrate uptake coefficient equal to 0.1 overestimate
coarse nitrate formation and underestimates the fine one, which
indicates an exessive nitrate uptake by the coarse partition
of dust during the mixed dust-anthropogenic pollutants event
(number 3 in figure 1). This bias is improved when considering
that gamma is a function of relative humidity, mainly for
the third event. Omitting coarse nitrate formation causes an
overestimation of fine nitrate during the same event. In all
cases, the formation of fine nitrate during the first and second
events is underestimated.

[8]

[9]

F. Conclusion
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We performed a literature review on the treatment by
models of the nitric acid uptake on mineral dust. We implemented an uptake reaction on the coarse mode of dust in
MONARCH for HNO3 and evaluated simulations of a series
of 3 dust events with strong coarse nitrate formation using:
null, constant and humidity-dependent uptake coefficients.
These results represent the starting point of future sensitivity
studies that consider explicit mineralogy when simulating dust
heterogeneous chemistry.
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INTRODUCTION
Mineral dust is amongst the largest contributors to the
global aerosol mass load and dominates climate effects
over large areas of the Earth.
Dust undergoes heterogeneous chemical reactions during
transport that increase its hygroscopicity, while altering its
optical properties, and the associated radiative forcing.
The rates of heterogeneous chemical reactions on the dust
surface that form coatings of sulfate, nitrate, chloride, or
organics depend strongly on the dust mineralogical
composition. Dust composition also affects the partitioning
of semi-volatile inorganic compounds, altering their burden
and radiative forcing.

OBJECTIVES
1. Perform an overview of the state-of-the-art of the representation of nitric acid (HNO3) uptake by mineral dust in
models.
2. Implement the uptake of HNO3 in the Multiscale Online Nonhydrostatic AtmospheRe CHemistry model
(MONARCH) [1]
3. Perform a sensitivity study using constant (0.1), null and humidity-dependent uptake coefficients.
This would set a benchmark to conduct future sensitivity studies for implementing explicit treatment of mineralogical
composition of dust.

THEORETICAL BACKGROUND
Heterogeneous dust chemistry implies mainly the uptake of sulfate and nitrate on dust
particles, forming coatings on their surface [2]. For this study, the reaction evaluated is
the nitric acid (HNO3) uptake on coarse dust particles (diameter above 2.5μm), that
can be expressed by the reaction [3], [4]:

The reaction rate of this uptake can be defined as a first-order function as [3]:
- r: aerosol bin radius
- Dg: gas-phase diffusion coefficient
- v: mean molecular speed
- S: aerosol specific surface area
- γ: the uptake coefficient

-The
r isuptake
the aerosol
bin radius
coefficient
(γ), defined as the ratio of the number of gas molecules
-depositing
Dg is theon
gas-phase
diffusion
coefficient
the particle’s
surface
over the total molecules colliding with the
-given
v the
mean molecular
speed
surface,
is typically
taken as γ = 0.1 for uptake of HNO3 on mineral dust
-[4],S[5].
the aerosol specific surface area
-However,
γ the uptake
it hascoefficient
been indicated that γ = 0.1 might overestimate the particulate
nitrate formation [4], and some experimental studies highlight the strong
dependence of γ with relative humidity (γ(RH)) [4], [5], [6], which has been
shown to be similar to a Brunauer–Emmett–Teller isotherm for water adsorption
on dust particles, described by the function [6]:
- RH: relative humidity
- c: water adsorption scaling factor
- m: specific dust mineralogy factor

Where c = 8 [6] and m takes different values depending on the calcite
content. For example, a factor of m = 30 for Arizona Test Dust has been
proposed [6], while m = 0.018 for China Loess from Gobi’s desert with 39%
CaCO3 content from experimental measurements has been used [5], [7].

METHODOLOGY
1

Simulations

Three pollution episodes over Beijing happening from 28th of March to 2nd of April 2015:
1) Pure anthropogenic pollutants
2) Pure dust from Gobi desert composition
3) Dust mixed with anthropogenic pollutants composition
Beijing Institute of Atmospheric Physics (IAP, 116.4ºE, 39.9ºN) observations of fine and
coarse nitrate surface concentration are used for evaluation [7].
Three cases for uptake coefficient values have been simulated (γ = 0.1, 0 and f(RH)
with m = 0.018):

2

Model

● MONARCH model [1] over a regional domain on central Asia with an horizontal
resolution of 0.2 by 0.2 degrees and 24 vertical layers up to 50hPa.
● Meteorology: initial and boundary conditions are from the NCEP FNL analyses.
● Emissions: are taken from the CAMSv2.1 global inventory for anthropogenic emissions
and GFASv1.2 for biomass burning emissions.
● Chemistry: Carbon Bond 2005 chemical mechanism is applied for the gas-phase
chemistry, and the aerosol module describes the lifecycle of dust, sea-salt, black carbon,
organic matter (both primary and secondary), sulfate and nitrate aerosols [8].

3

Nitrate mechanism

Aerosol nitrate formation in MONARCH is computed in two consecutive steps [9], [7]:
1) Fine mode (diameter < 2.5 μm): thermodynamic equilibrium with EQSAM model.
2) Coarse mode (diameter > 2.5 μm): specific mass uptake calculation for each dust
size bin using the reaction rate from the theoretical background section.

RESULTS
❖ Surface concentrations obtained with nitrate uptake coefficient equal to 0.1 overestimate coarse nitrate
formation and underestimates the fine one, which indicates an excessive nitrate uptake by the coarse
partition of dust during the mixed dust-anthropogenic pollutants event (number 3 in the right figure).
❖ This bias is improved when considering that gamma is a function of relative humidity, mainly for the
third event, and it is close to observations for the coarse nitrate partition.
❖ Omitting coarse nitrate formation (null γ) increases the formation of fine nitrate during the event 3.
❖ In all cases, the formation of fine nitrate during the first and second events is underestimated compared
to the observations.
Figure: (Top) Fine nitrate partition (D < 2.5μm) over Beijing for the 3 pollution events (indicated with numbers) simulated in MONARCH with
uptake coefficient γ = 0.1 (blue), γ = 0 (cyan, crossed line) and γ as function of relative humidity as described in the theoretical background
section (red, dotted line), compared with the observations from IAP (gray) [7]. (Bottom) The same as top figure for coarse nitrate (D > 2.5μm).

CONCLUSIONS
● A literature review on the treatment by models of the nitric acid uptake on
mineral dust has been undertaken.
● We implemented an uptake reaction on the coarse mode of dust in
MONARCH for HNO3 and evaluated simulations of a series of 3 dust events
using: null, constant and humidity-dependent uptake coefficients.
● These results represent the starting point of future sensitivity studies that
consider explicit mineralogy when simulating dust heterogeneous chemistry.
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