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• To improve air-quality forecasting, new assimilation capabilities have been 
developed using the RACM/MADE-VBS chemistry scheme (Tuccella et al. 2015; WRF 
V3.4) in WRF-Chem/WRFDA for the last few years.

: chem_opt = 108 in WRF-Chem/WRFDA was released in WRF V4.4 (Ha, GMD2022).

• Weakly coupled DA: 
• Simultaneous but independent assimilation of MET and CHEM observations in WRFDA 
• MET and CHEM variables are fully coupled only in WRF-Chem forecasts. 

Background – Developments for aerosol DA in WRF-Chem/WRFDA

328 V. Aquila et al.: The new aerosol microphysics submodel MADE-in

Fig. 1. Schematic representation of the aerosol distribution in MADE-in. BC indicates black carbon, POM particulate organic matter, SS sea
salt and DU dust. The shaded mode is the coarse mode, which does not interact with the sub-micrometer modes. The black line depicts the
fine modes without BC and dust, the red line the modes for externally mixed BC and dust particles and the blue line the modes for internally
mixed BC and dust.

2.1.1 Representation of the aerosol population

MADE-in represents the aerosol number concentration by
a superposition of seven log-normal modes. The particle
number concentration n(D) within each mode follows a log-
normal distribution:
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where Nt is the total number concentration of the mode, Dg
the median diameter and �g the geometric standard devia-
tion. A detailed description of the modal approach can be
found in Whitby and McMurry (1997). Each of the seven
modes describes a different type of particles, characterized
by particle size, composition and mixing state (Fig. 1). The
seven MADE-in modes are:

– an Aitken mode (aknsol) for internally mixed soluble
particles. aknsol particles are composed of SO4, NH4,
NO3, POM and water;

– an accumulation mode (accsol) for internally mixed sol-
uble particles. accsol particles are composed of SO4,
NH4, NO3, POM, water and sea salt;

– an Aitken mode (aknext) for BC particles without or
with only a thin soluble coating, following the defini-
tion given in Sect. 2.2. Particles with a thin coating
probably show similar hygroscopic properties as exter-
nally mixed particles (Weingartner et al., 1997; Khali-
zov et al., 2009). Therefore we generally refer to these
particles as externally mixed BC particles. The coating
is composed of the same species as present in aknsol;

– an accumulation mode (accext) for particles composed
of BC and mineral dust without or with a thin soluble
coating (externally mixed BC and dust). The coating is
composed of the same species as present in accsol;

– an Aitken mode (aknmix) for BC particles with a thick
coating. We refer to these particles as internally mixed
BC particles;

– an accumulation mode (accmix) for BC and dust parti-
cles with a thick coating (internally mixed BC and dust
particles);

– a coarse mode (cor) for particles typically larger than
about 1 µm and composed of water, sea salt and dust.

Similarly to MADE, the Aitken modes typically contain
particles smaller than 100 nm and the accumulation modes
have a typical size range of 100 nm to 1 µm. The size range
of one mode is not fixed, and can change due to microphysi-
cal processes. The growth of particles, for instance, shifts the
diameter of the modes towards larger values. The nucleation
of many small particles shifts the mode to smaller diame-
ters. Aerosol mass and number can be transferred among the
6 sub-micrometer modes. If, for instance, Aitken mode parti-
cles grow into the size range of the accumulation mode, a part
of the mass and number concentration of the Aitken mode is
transferred to the accumulation mode. If externally mixed
BC or dust particles acquire a soluble coating large enough
to become internally mixed, they are transferred to the inter-
nally mixed modes with BC and dust. As MADE, MADE-in
simulates the evolution of the coarse mode independently of
the sub-micrometer modes, in order to reduce the computa-
tional demand. Within an individual mode, it is assumed that

Geosci. Model Dev., 4, 325–355, 2011 www.geosci-model-dev.net/4/325/2011/

Aquila et al. (GMD 2011)

ÞGas-phase mechanism: Regional Atmospheric Chemistry Mechanism 
(RACM; Stockwell et al., 1997) in WRF-Chem.

ÞInorganic aerosols: Modal Aerosol Dynamics Model for Europe (MADE; 
Ackermann et al., 1998), defining the aerosol particle size distribution as a 
superposition of three log-normal modes.
ÞSecondary Organic Aerosol (SOA) is produced based on the Volatility Basis 
Set (VBS) approach (Ahmadov et al., 2012). 



Background – Expansion of WRF-Chem/WRFDA to aqueous chemistry

Eck et al. (2018): Major aerosol pollution transport events over East Asia were often associated 
with extensive cloud cover, changing aerosol size distribution, but hard to be observed.  

=> Underrepresented in the remote-sensing data. 

ØThe lack of observations makes it more critical to reduce model error (e.g., w/ advanced physics).
Ø Aqueous Chemistry (AQCHEM) is required to simulate aerosol-cloud interactions in WRF-Chem.

visible and significant diffuse radiation is present (direct beam signal nearly completely attenuated, see
Sinyuk et al., 2012). In Version 3 very high AOD data are retained in the longer wavelengths (675 to
1,640 nm) if the Ångström exponent is sufficiently high (>1.2 for 675–1,020 nm or >1.3 for 870–1,020 nm)
when the solar radiation at the ultraviolet and visible wavelengths is attenuated to levels below the
instrument sensitivity. However, robust SDA retrievals require all wavelengths from 380 to 870 nm (five
channels) be utilized as input: therefore, we do not analyze the impact of these particular extremely
high AOD events in this paper. Additionally, AERONET measurements cannot detect AOD in the
presence of moderate to thick clouds, including most cumulus clouds when COD exceeds 7. As a result
there is a sampling bias from AERONET measurements (and satellite retrievals also) that results in a
lack of characterization of AOD in major cloud systems with moderate to high COD. Additionally,
AERONET does not attempt measurements during precipitation, since a wet sensor signal keeps the
instrument in parked mode (looking down) to help protect the optical lenses from water and solute
contamination. However, the data that we are analyzing here of fine mode AOD from SDA retrievals of
L1 data provide better characterization of AOD in the near-cloud environment (as compared to
cloud-screened data), or in cases where few small gaps in the clouds allow for very few direct Sun
observations over the course of the day.

3.2. Aerosol Processing by Fog and/or Low-Altitude Layer Cloud

In this section we examine how cloud and/or fog processing of particles may significantly modify the particle
size distribution in the fine mode. In Figure 6 the South Korean Hankuk University of Foreign Studies site
(Hankuk_UFS) almucantar volume size distribution retrievals from 17 March 2012 are compared with the
spring season average size distribution at the Yonsei University site for the months of March through May
of both 2011 and 2012. These two sites are located in the same region, ~38 km apart. On 17 March 2012
at the Hankuk_UFS site during the time of these almucantar retrievals the AOD at 440 nm was 1.03 and
the Ångström exponent (440–870 nm) was ~0.96. The spring season mean at the Yonsei University site
was computed as the average of 42 Level 2 almucantar retrievals with a mean FMF of AOD of 0.88 at
440 nm with AOD at 440 nm ranging from 0.6 to 0.8. The MODIS Terra image from ~4 hr after the time of
the retrievals shows extensive cloud cover plus layer cloud over the Yellow Sea that may be fog. Both the
smaller radius fine mode and the coarse mode size distribution of this case at Hankuk_UFS are very similar
to the Yonsei climatological size distributions. The significant difference is the presence of the middle
submicron-sizedmode with radius ~0.4–0.5 μm in the Hankuk_UFS retrievals. It is noted that three other sites
(Yonsei University, DRAGON_NIER, and Anmyon) had almucantar retrievals on 18 March 2012 (about 8–9 hr
later) that also had a submicron middle mode. Additionally, the Anmyon site was 126 km from Yonsei in

Figure 6. (a) Almucantar retrievals of aerosol size distributions from Aerosol Robotic Network measurements made at the Hankuk UFS site on 17 March 2012, as
compared to climatological mean size distributions from the Yonsei University site utilizing 42 retrievals from March to May 2011 and 2012 with average fine
mode fraction (440 nm) of 0.88 and AOD(440 nm) ranging from 0.6–0.8. (b) MODIS Terra image from about 4 hr after the Hankuk UFS retrievals shown in (a). The blue
circle indicates the Yonsei University site location. MODIS = Moderate Resolution Imaging Spectroradiometer.
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Aerosol-cloud interactions w/ aqueous chemistry in WRF-Chem

To interact with clouds, aerosols in cloud water 
(cw) should exist. => “Aqueous chemistry”

Adopted from WRF-Chem Tutorial 2013

q Aqueous Chemistry - coupled to Lin and 
Morrison double-moment microphysics.

q Wet removal: cloud-borne aerosols are 
collected by both grid-scale and convective 
precipitation (rain, snow, graupel).

q Without AQCHEM, aerosols cannot directly 
affect the formation/growth of clouds and 
cannot be displaced through convective 
transport or removed by wet scavenging.q WRF-Chem/namelist.input

• Simple: chem_opt = 0 (WRF)
• Complex: chem_opt = 108 

=> 109; AQCHEM
• Progn = 1



where                           and  

Control variables (v), Background error covariance (B), Observation operator H(x), observations 
(y) are all composed of MET fields + gas and aerosol fields defined in RACM/MADE-VBS.

For PM2.5 assimilation,
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where the innovation vector is defined as d= y�H(xb) and H is a linearized version of H . While the control variable

transformation has been extensively practiced in the meteorological data assimilation (because meteorological variables largely60

follow physical balance equations such as geostrophic or hydrostatic equations at large scales) (Bannister, 2008), it is not

straightforward to define multivariate correlations between chemical and aerosol variables due to complex chemical reactions

that are highly nonlinear. Therefore, the model state variables in the WRF-Chem model are used as control variables in the

chemical data assimilation. For the MADE-VBS aerosol scheme, the analysis (or control) variables are 32 aerosol species and

4 gas species in the three-dimensional model space, as specified in the next subsection for observation operators.65

2.3 Observation operator

When the RACM-MADE-VBS option (e.g. chem_opt = 108) is chosen, the model equivalent of the observed PM2.5 is com-

puted as a total sum of three-dimensional mass mixing ratios of 32 aerosol species predicted in the WRF-Chem model: aerosol

sulfate (so4ai and so4aj), nitrate (no3ai and no3aj), ammonium (nh4ai and nh4aj), chloride (clai and claj), primary organic

matter (orgpai and orgpaj), elemental carbon (eci and ecj), sodium (naai and naaj), unspeciated PM2.5 (p25ai and p25aj), 4-bin70

anthropogenic and biogenic SOA (asoa1i, asoa1j, asoa2i, asoa2j, ..., bsoa4i, bsoa4j) with i and j at the end of each variable

name indicating Aitken and accumulation mode, respectively.
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where ⇢d is dry density for the unit conversion from aerosol mixing ratios (µg/kg) to mass concentrations (µg/m3).

When PM10 is assimilated alone, the model correspondent is computed by adding three coarse-mode variables - anthro-75

pogenic aerosol (antha), marine aerosol concentration (seas), soil-derived aerosol (soila) - into the simulated PM2.5. But in

the concurrent assimilation of PM10 and PM2.5, PM10 is computed as a sum of the three coarse-mode variables representing

coarse-mode aerosols only, following Pang et al. (2018).

In the assimilation of gas-phase pollutants on the ground, corresponding model variables are used as analysis (or control)

variables in the same unit of ppmv as in the observations. Therefore, the observation operators require a simple horizontal80

interpolation (e.g. bilinear interpolation) of those variables at the lowest model level.

For the new assimilation capability, namelist.input in the WRF-Chem has additional namelist parameters, as summarized in

Table 1.

2.4 Background error covariance

To compute the background error covariance matrix (B) for chemical assimilation, the GEN_BE v2.0 (Descombes et al., 2015)85

is expanded for 35 three-dimensional control variables. As cross covariance between the variables are not considered, the static

3

�x=B
1/2

v. While forecast errors of model variables are typically correlated, the control variables are designed to have no

cross correlations. With the control variable transformation, the cost function is rewritten as below.

J(v) =
1

2
v
T
v+

1

2
(d�HB

1/2
v)TR�1(d�HB

1/2
v), (2)

where the innovation vector is defined as d= y�H(xb) and H is a linearized version of H . While the control variable

transformation has been extensively practiced in the meteorological data assimilation (because meteorological variables largely60

follow physical balance equations such as geostrophic or hydrostatic equations at large scales) (Bannister, 2008), it is not

straightforward to define multivariate correlations between chemical and aerosol variables due to complex chemical reactions

that are highly nonlinear. Therefore, the model state variables in the WRF-Chem model are used as control variables in the

chemical data assimilation. For the MADE-VBS aerosol scheme, the analysis (or control) variables are 32 aerosol species and

4 gas species in the three-dimensional model space, as specified in the next subsection for observation operators.65

2.3 Observation operator

When the RACM-MADE-VBS option (e.g. chem_opt = 108) is chosen, the model equivalent of the observed PM2.5 is com-

puted as a total sum of three-dimensional mass mixing ratios of 32 aerosol species predicted in the WRF-Chem model: aerosol

sulfate (so4ai and so4aj), nitrate (no3ai and no3aj), ammonium (nh4ai and nh4aj), chloride (clai and claj), primary organic

matter (orgpai and orgpaj), elemental carbon (eci and ecj), sodium (naai and naaj), unspeciated PM2.5 (p25ai and p25aj), 4-bin70

anthropogenic and biogenic SOA (asoa1i, asoa1j, asoa2i, asoa2j, ..., bsoa4i, bsoa4j) with i and j at the end of each variable

name indicating Aitken and accumulation mode, respectively.

PM2.5 = ⇢d

jX

m=i

[SOm
4 +NOm

3 +NHm
4 +Clm +POMm +ECm +Nam +P25m +

4X

k=1

[ASOAm
k +BSOAm

k ]], (3)

where ⇢d is dry density for the unit conversion from aerosol mixing ratios (µg/kg) to mass concentrations (µg/m3).

When PM10 is assimilated alone, the model correspondent is computed by adding three coarse-mode variables - anthro-75

pogenic aerosol (antha), marine aerosol concentration (seas), soil-derived aerosol (soila) - into the simulated PM2.5. But in

the concurrent assimilation of PM10 and PM2.5, PM10 is computed as a sum of the three coarse-mode variables representing

coarse-mode aerosols only, following Pang et al. (2018).

In the assimilation of gas-phase pollutants on the ground, corresponding model variables are used as analysis (or control)

variables in the same unit of ppmv as in the observations. Therefore, the observation operators require a simple horizontal80

interpolation (e.g. bilinear interpolation) of those variables at the lowest model level.

For the new assimilation capability, namelist.input in the WRF-Chem has additional namelist parameters, as summarized in

Table 1.

2.4 Background error covariance

To compute the background error covariance matrix (B) for chemical assimilation, the GEN_BE v2.0 (Descombes et al., 2015)85

is expanded for 35 three-dimensional control variables. As cross covariance between the variables are not considered, the static
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background error covariance is univariate. In the variational algorithms, the square root of the B matrix (B=B
1/2(B1/2)T)

is typically decomposed into a series of sub-matrices for the control variable transform.

B
1/2 =UpSUvUh (4)

where the Up matrix is called physical or balance transformation (via linear regression), S is a diagonal matrix of forecast90

error standard deviation, Uv the vertical transform, Uh the horizontal transform matrix. The WRFDA provides various options

for how to estimate the background error covariance through "cv_option" in namelist. Here, cv_option = 7 is chosen for no

balance transformation in the regional simulations, meaning that the chemical model variables are control variables as full

fields such that Up becomes an identity operator for chemical data assimilation. The horizontal transform Uh is performed

using recursive filters (Purser et al., 2003) while the vertical transform Uv is carried out via an empirical orthogonal function95

(EOF) decomposition of the vertical component of background error covariance.

Over the East Asian region and the Korean peninsula at 27 and 9 km grid spacing, respectively, chemical simulations

are carried out in the WRF-Chem model, starting at 00 UTC every day for a one-month period of May 2016. Differences

between 24- and 48-h forecasts are then used to construct the B matrix using the National Meteorological Center (NMC)

method (Parrish and Derber, 1992). There are 5 sequential stages (e.g. stage0 - stage4) implemented with different options100

in the GENBE software (Descombes et al., 2015), and a list of parameters used in this work (other than default settings) is

summarized in Table 2.

3 Observations and measurement errors

4 Cycling experiments

4.1 Control run105

4.2 Aerosol assimilation

4.3 All

5 Results

6 Conclusions and discussion

A more appropriate choice of control variables can significantly enhance the conditioning of the 3DVAR problem (Heckley110

et al., 1992; Courtier and Talagrand, 1990). As the Aitken mode variables contributes to the particulate matter concentrations

only about 10 %, it might be worth trying to reduce a total number of control variables by either using major constituents

only or by combining Aitken and accumulation modes for each aerosol variable. The specification of error cross correlations,

such as meteorological variables (e.g. wind or temperature) and chemical species or species-species, would be complex, if not

4

q Interstitial and cloud-borne aerosol particles are treated explicitly.
q For each aerosol species, cloud-borne particles (cw) in three different modes are added in control 

variables (v), observation operator (H(x)), its tangent linear(H) and adjoint (HT) versions, and background 
error covariance (B).

Aerosol data assimilation in WRFDA 3DVAR

i: Aitken
j: Accumu-
lation mode



Figure 2. Vertical profile of each aerosol species in background error standard deviation estimated with and without aqueous chemistry (AQ

and NO_AQ, respectively) over domain 2 (D2). Accumulation mode aerosols in AQ (NO_AQ) are depicted in red lines with dots (black solid

lines) while Aitken mode aerosols in AQ (NO_AQ) in dashed orange (dotted gray) lines.
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Background error covariance with aerosol species (B)

v B is critical in spreading out the observed information (H/V) and to weigh aerosol species in the 
assimilation of surface PM concentration.

v cv_options = 7: All control variables (u, v, t, rh, w, ps) are full fields; 
No cross-correlations for chem variables.  

v GENBE 2.0 is expanded for chem_opt=109, increasing total no. of variables from 45 to 80 (= 74 
chem + 6 met).

v Aqueous Chemistry (AQ) mostly affects the oxidation of S(IV) in the mid-to-low troposphere, 
reducing sulfate in the interstitial phase while significantly increasing cloud-borne sulfate in the 
accumulation mode (cwj).

Figure 3. Vertical profile of background error standard deviation with aqueous chemistry (AQ) for aerosol species in the aqueous or cloud

water ("cw") phase (D2).
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Cycling experiments

• One-way nesting in 27- and 9-km grids; 31 vertical levels up to 50 hPa
• Assimilate surface PM10 and PM2.5 observations every 6 h for Feb 21-Mar 21, 2019.
• chem_opt = 108 => 109 (racm_soa_vbs_aqchem_kpp)
• Morrison/RRTMG/Grell-3/YSU/Noah physics with aerosol direct and indirect effects

Figure 1. Surface observation network used in this study: a) Assimilated observation sites are marked as dots in red (black) for Korean

(Chinese) sites, with terrain height colored in domain 1 (at 27 km resolution) and a black box over the Korean peninsula indicating domain 2

(at 9 km grid resolution) b) the sites for evaluation and c) the Korean automated weather stations (AWS) measuring meteorological variables

at the surface.
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Table 1. Physics and chemical options

Scheme Option

Microphysics Double-moment Morrison

Longwave radiation RRTMG

Shortwave radiation RRTMG

Surface layer Monin–Obukhov (Janjic)

Land surface Noah

Boundary layer YSU

Cumulus parametrization Grell-3D

Chemistry driver RACM

Aerosol driver MADE-VBS

Biogenic emissions Gunther

Gas chemistry On

Aerosol chemistry On

Cloud chemistry On

Aqueous chemistry On

Aerosols – cloud – radiation interactions On

Wet scavenging On

Vertical mixing On

Table 2. Experiments. DA stands for data assimilation and AQ aqueous chemistry.

Experiment chem_opt Assimilation

NODA 108 None

DA 108 CHEM+MET

NODA_AQ 109 None

DA_AQ 109 CHEM+MET

Table 3. Air quality index values, as defined in the NIER in Korea.

Concentration Good Moderate Unhealthy Very Unhealthy

PM2.5 [µg/m3] 15 35 75 > 75

PM10 [µg/m3] 30 80 150 > 150

40

High cloud 
extent with 
light rainfall



Aerosol data assimilation with AQCHEM

• A pollution event w/ high cloud cover on 
20 March 2019.

Figure 10. Time series of (top) surface PM2.5 and (bottom) PM10 concentrations for three days (19-21 March 2019), averaged over 71

Korean verification sites (marked in Fig. 1b). In-situ observations (OBS; black triangle) are compared with cycling experiments for their

0-23 h hourly forecasts from the 00Z analysis every day. Gray dotted lines with the right y-axis are (top) mean sea level pressure (hPa) and

(bottom) hourly rainfall (mm) observations averaged over 699 AWS sites over South Korea (marked in Fig. 1c.)
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Time series of 0-24h forecasts of PM10 concentrations 
(colored) at Seoul, South Korea, in each experiment. 
QCLOUD [g/kg]: white contours 
QRAIN [g/kg]: pink contours
LWP [g/m2]: black dashed line w/ right y-axis

Figure 11. Time series of 0-24 h forecasts of PM10 concentrations (colored) simulated at Seoul, South Korea (in model levels up to 20)

in each experiment. Cloud and Rain mass mixing ratios (QCLOUD and QRAIN ([g kg-1])) are contoured in white and pink, respectively.

Liquid Water Path (LWP) is also plotted in dashed lines with the right y-axis.

33

Ø Top two panels (w/o AQCHEM) produced large 
QCLOUD in the mid-troposphere at nighttime 
(around 12 UTC [21 KST]), followed by high PM10
concentration.

Ø With AQCHEM, bottom two panels simulated large 
QRAIN instead, leading to wet deposition of most 
aerosol particles.

Ø The formation and development of clouds (as 
simulated in LWP) are largely affected by aerosols 
in the aqueous phase.

Ø DA reduces the initial overestimation of PM 
concentrations.



Figure 15. Same as Fig. 14, but for PM10.
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Figure 13. Surface observations for (a) PM2.5 and (b) PM10 concentrations valid at 2019-03-21_00:00:00 UTC.
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OBS

Figure 16. Vertical profile of PM concentrations ([µg kg-1]) in the analysis and background with and without aqueous chemistry (DA_AQ

and DA, respectively) over domain 2, averaged over 71 verification sites in South Korea. The upper panel displays the time mean from 6-hr

cycling for 1-23 March 2019 and the bottom panel for the cycle at 00 UTC 21 March 2019.
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Summary

qWRFDA V4.4 was expanded for the RACM-MADE-VBS-AQCHEM (chem_opt=109) to 
assimilate surface PM2.5, PM10, and four gas species (SO2, NO2, O3, and CO); To be released in 
WRF V4.5.

qIn the WRF-Chem/WRFDA 3DVAR system, model error is not explicitly accounted for, but 
introducing aerosols in the aqueous phase in WRFDA seems beneficial in simulating wet 
removal of aerosols in cloudy conditions.

qIn the strong-constraint 3DVAR, reducing model errors through sophisticated physics 
mechanisms can make data assimilation more effective.

qAerosols interacting with clouds and radiation affected local weather conditions such as PBLH 
and 2-m temperature and RH (not shown).

qWith aqueous chemistry, sulfate aerosols in cloud water experience large increases, in 
association with low-level clouds over the Korean peninsula. 

qLimitations 
i. A simple aqueous chemistry – may not work for mixed-phase clouds.
ii. Aerosol number concentrations are not included in the analysis.
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