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Dust can affect the vertical structure of precipitation and latent heat in frontal raining system.

Public summary

m WRF simulations and GPM observations were combined to study the interactions between dust aerosols and frontal rain-
ing system.

m Greater cloud ice, snowfall, high-altitude precipitation rate, and more latent heat rate at upper layers were found in selec-
ted dust laden area.

m WRF simulated LH and DPR retrieved LH are comparable in terms of both vertical shape and amplitude in selected ver-
tical cross sections.
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Abstract: A heavy dust storm originating in Mongolia and Inner Mongolia traveled to Northeast China and met a midlatit-
ude frontal system on May 3, 2017. The potential ice nuclei (IN) effects of mineral dust aerosols on the vertical structure
of clouds, precipitation, and latent heat (LH) were studied using Global Precipitation Mission (GPM) satellite observations
and Weather Research and Forecasting (WRF) model simulations. The WRF simulations correctly captured the main fea-
tures of the system, and the surface rain rate distribution was positively correlated with data retrieved from the GPM Mi-
crowave Imager. Moreover, the correlation coefficient increased from 0.31 to 0.54 with increasing moving average win-
dow size. The WRF-simulated rainfall vertical profiles are generally comparable to the GPM Dual-Frequency Precipita-
tion Radar (DPR) observations, particularly in low layers. The joint probability distribution functions of the rain rate at dif-
ferent altitudes from the WRF simulation and GPM observations show high positive correlation coefficients of ~0.80, in-
dicating that the assumptions regarding the raindrop size distribution in the WRF model and DPR retrieval were consistent.
Atmospheric circulation analysis and aerosol optical depth observations from the Himawari-8 satellite indicated that the
dust storm entered only a narrow strip of the northwest edge of the frontal precipitation system. The WRF simulations
showed that in carefully selected areas of heavy dust, dust can enhance the heterogeneous ice nucleation process and in-
crease the cloud ice, snowfall, high-altitude precipitation rate, and LH rate in the upper layers. This effect is significant at
temperatures of —15 °C to —38 °C and requires dust number concentrations exceeding 10° m™. It is important to accurately
classify the dusty region in this type of case study. In the selected vertical cross section, the WRF-simulated and DPR-
retrieved LH have comparable vertical shapes and amplitudes. Both results reflect the structure of the tilted frontal surface,
with positive LH above it and negative LH below it. The simulated area-averaged LH profiles show positive heating in the
entire column, which is a convective-dominated region, and this feature is not significantly affected by dust. DPR-based
LH profiles show stratiform-dominated or convective-dominated shapes, depending on the DPR retrieval product.
Keywords: dust aerosol; frontal system; vertical structure of precipitation; latent heat; GPM; WRF; WRF-Chem
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1 Introduction cipitation by different mechanisms at different altitudes (tem-

peratures). At low altitudes and warm temperatures, dust

Mineral dust is the dominant type of atmospheric aerosol by particles coated with soluble pollutants such as sulfate can act

mass in China, contributing ~35% of the total aerosol mass
with diameters less than 10 pm!". Dust particles originating
from the Taklimakan and Gobi deserts because of natural
wind erosion and anthropogenic activities are usually driven
eastward and southward by westerly atmospheric circulation.
During transport, the relatively cold, dry dusty air mass may
encounter a warmer, more humid air mass from southeastern
China and generate deep convective frontal systems with
many clouds and much precipitation. These processes provide
ideal testbeds for studying interactions between Asian dust
aerosols and clouds™ .

Dust aerosols can affect the properties of clouds and pre-

as cloud condensation nuclei (CCN) that increase the cloud
number concentration and decrease the cloud -effective
particle radius™ . Furthermore, they can decrease the coales-
cence efficiency and thus suppress warm rain processes in
both shallow rain and deep convective rain™*. At high alti-
tudes and cold temperatures, insoluble mineral dust particles
can act as effective ice nuclei® (IN) that enhance heterogen-
eous ice formation under warmer temperatures and lower su-
persaturation compared with that under pristine conditions.
This mechanism may increase the precipitation rate at high
altitudes™* and modify the cloud vertical structure. Empirical
orthogonal function (EOF) analysis''"” revealed that the first
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EOF modes of rainfall profiles observed by satellite precipita-
tion radar with and without dust loading for convective and
stratiform rain are similar, whereas the second and third EOF
modes of stratiform rain profiles embedded in a dust-laden at-
mosphere are significantly enhanced at high layers above the
freezing level. In a complex midlatitude mesoscale convect-
ive system, where dust is effectively mixed with clouds, the
cloud-top temperature of ice clouds was found to be warmer
than that in dry, clean areas”. Villanueva et al.'! found that
the dust IN effect increases the probability of ice cloud forma-
tion by 5%—-10% at midlatitudes under the same temperature,
water vapor, and stability conditions. In addition, aerosols can
have thermodynamic and dynamic effects owing to latent heat
(LH) release!”. Rosenfeld et al.'”! proposed that the suppres-
sion and delay of warm rain by the CCN effect of aerosols
may cause more liquid cloud droplets to be elevated to higher
altitudes and freeze there. This process can release more LH
to invigorate the otherwise suppressed convection. Enhanced
condensational heating by ultrafine aerosols in deep convect-
ive storms was also found in the Amazon rainforest area’".
However, this invigoration effect may also vary with aerosol
type, as indicated by Zhou et al.'! and Sun and Zhao"". Cur-
rent satellite retrievals of LH profiles are highly uncertain;
therefore, observational studies on the effects of dust on LH
are rare.

The study of these processes and mechanisms requires ver-
tical profiles of clouds, precipitation, and LH. Satellite-based
precipitation radars provide unique estimations of the vertical
distribution of precipitation-sized hydrometeors based on the
measured backscattered microwave radiation energy. The ef-
fects of dust aerosols on clouds have been studied by analyz-
ing the properties of vertical precipitation profiles® ™',
However, these observations can reveal only the combined ef-
fect of multiple environmental factors, including the aerosol
and meteorological effects, on clouds and precipitation. A
cloud-resolving model (CRM) is crucial for explaining the
mechanisms of aerosol effects in detail. CRMs such as the
Weather Research and Forecasting (WRF) model have been
widely used to study the impacts of dust aerosols on
precipitation™ .

Most previous studies have focused on dust-related vari-
ations in surface rain rate and gave less attention to dust-
related wvariations in rainfall vertical structure, which is
closely related to latent heating®”*". CRM simulations of the
vertical profiles of multiple types of hydrometeors and LH
have seldom been compared with real observations, espe-
cially on regional scales. It is even more difficult to directly
study the possible impacts of aerosols on LH profiles within
storms. Although indirect estimates of LH derived from ver-
tical precipitation profiles have been developed™ ™!, very few
studies have compared them to CRM results or directly in-
vestigated the proposed impacts of aerosols on LH in storms.
In addition, interactions between tropical deep convective
systems and aerosols have received more attention than
storms at midlatitudes and/or high latitudes™".

In this study, the effects of dust on precipitation and LH in
a midlatitude frontal system in China were studied using both

satellite observations and WRF simulations. We focused on
three aspects: (D the dust-related characteristics of precipita-
tion and LH from the WRF simulation, @) the dust-related
characteristics of precipitation and LH from satellite observa-
tions, and (@ a comparison of the precipitation and LH pro-
files from satellite observations and WRF simulations.

2 Data and methods

2.1 Satellite observations of precipitation and latent

heating

The surface rain rate and vertical precipitation profile data
used in this study were derived from observations by the
Global Precipitation Measurement (GPM) satellite’s passive
microwave imager (GMI) and Dual-Frequency Precipitation
Radar (DPR), respectively. The GPM satellite orbits at
407 km above ground in a non-Sun-synchronous orbit from
65°S to 65°N. The GMI surface rain rate product has a swath
width of 904 km and horizontal resolution of 8 km x 15 km.
The DPR precipitation profile product has a swath width of
245 km, vertical resolution of 125 m, and horizontal resolu-
tion of ~5.2km. The DPR can detect only precipitation
particles with a radar reflectivity exceeding ~12 dBz. This
limit introduces discrepancies between DPR-observed precip-
itation profiles and those derived from CRMs, particularly in
layers near the rain top.

The LH profile data used in this study were retrieved from
the DPR precipitation profile product using a vertical profile
heating (VPH) algorithm from the University of Science and
Technology of China (USTC)"”" which uses a piecewise lin-
ear model to represent the LH at each vertical layer as a func-
tion of the vertical gradient of the precipitation rate con-
strained by air temperature. The original VPH method was
developed for retrieving the LH over the Tibetan Plateau.
However, the concept also applies to midlatitude storms. Two
other DPR-based LH products, the Spectrum Latent Heating™!
(SLH) and Convective Stratiform Heating"™ (CSH) were also
used. These two methods are look-up-table (LUT) based
methods using key and limited real observations, including
rain type, surface rain rate, rain top height, as input to re-
trieve LH® 9.

2.2 Satellite observations of aerosol optical depth

The aerosol optical depth (AOD) is derived from Himawari-8
satellite observations. Advanced Himawari Imager (AHI)
observations were used in this study. Himawari-8 is a geosta-
tionary weather satellite operated by the Japan Aerospace
Exploration Agency (JAXA). The AOD retrieval algorithm™”
used for the JAXA official L2 aerosol product utilizes
images from the AHI, which is the primary instrument on
Himawari-8, to estimate the AOD for non-cloudy pixels on
the same grids as the AHI observations (0.05° spatial resolu-
tion, 60°S—65°N, 85°E-25°W across the 180th meridian)
every 10 min.

2.3

Simulations without dust [no dust, (ND)] and with dust (DS)
were conducted using a selected case (see Section 3.1). For
the ND simulation, only the WRF model was used, without

WRF model simulations
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considering the effects of dust aerosols. For the DS simula-
tion, WRF-Chem was used to obtain the spatial and temporal
variations of dust aerosols. The WRF-Chem simulation con-
sidered only the dust aerosol process and did not consider
other aerosols. Information on the dust aerosol distribution
was input to the WRF simulation, and the proposed IN effect
was taken into account in the associated ice phase microphys-
ical scheme.

WRF and WRF-Chem V4.0 were used in this study. The
model simulation used two nested domains; the inner and
outer spatial resolutions were 3 and 9 km, respectively. The
model was divided into 50 layers in the vertical direction
using the mixed vertical coordinate layering method intro-
duced in V3.9. The inner and outer time resolutions of the
model simulation were 15 and 30 s, respectively.

The physical scheme used in the model was configured as
follows. Microphysical parameterization was performed us-
ing the Thompson scheme™; the longwave and shortwave ra-
diation scheme used the RRTMG longwave and shortwave
radiation schemes, respectively™); the near-surface layer
scheme used the Revised MM5FY; the land surface was para-
meterized using the Unified Noah scheme®"; the planetary
boundary layer scheme used the YSU scheme™; convection
was parameterized using the Grell-Freitas ensemble
scheme®, which was applied only in the outer domain, and
no convection parameters were set in the inner domain area.
The GOCART sand and dust scheme” was used in the WREF-
Chem simulation. This scheme assumes spherical particles
and divides dust particles into five bins according to their
sizes.

We output the latent heating rate and precipitation rate pro-
files, which are not included in the WRF standard output. The
following formula is used for the precipitation rate (RR):

RRA=vX><p><i,
0

where x represents for different types of precipitation
particles (rain, graupel, snow), v, is the effective terminal fall
speed, p is the density of air, p’ is the density of water, and g,
is the mixing ratio of particle x.

The latent heating rate has already been calculated as the
“temperature tendency” (i.e., “tten””) in Thompson schemes;
therefore, we gather the results and write them to WRF out-
puts.

In the ND simulation, the number concentration of IN (i.e.,
N,, unit: m>) was

N; =1000.

In the DS simulation, following Demotte et al.**), the number
concentration of IN was rewritten as

N, =1000 +5.94x 107 x (273.16 — T)**x
0.0264x(273.16-T)+0.0033 5 ﬁ %1000

n
ac
Po

where n,. is the number concentration of dust (unit: m=), T is
air temperature (unit: K), p is air density (unit: kg'm~), and
Po = 1.292 kg-m™ is the air density under standard conditions.
In this study, the original n, calculated by the Thompson
scheme was replaced by the total dust number concentration

3-3

(the sum of bins 1-5) in the GOCART scheme.

The initial conditions and lateral boundary conditions of
the model meteorological driving field are based on the Cli-
mate Forecast System Reforecast”™ global reanalysis data of
the US National Centers for Environmental Prediction. This
product was also used for atmospheric circulation analysis.

3 Results

3.1 General features of atmosphere circulation, precipit-

ation, and aerosol distribution in selected case

At 8:00 UTC on May 3, 2017, the northern part of the study
area was dominated by westerly winds on the south side of a
strong polar vortex (Fig. 1). The East Asian Trough was loc-
ated at 100°E—115°E, 38°N—44°N, where the airflow direc-
tion changes from northwesterly to southwesterly. The cold,
dry airmass with dense dust aerosols (refer to Fig. 2 and Fig. 5)
moved from west to east with wind speeds of up to
~20 m-s™" at 850 hPa. In addition, two warm, humid airflows
from south China and north of the West Pacific Subtropical
High converged and entered the southern part of the study
area. A low-pressure cyclone was centered in the
Henan—Hubei region. Southeasterly air flow from the East
Ocean transported abundant water vapor to the study area on
the east side of the cyclone. These air masses met at
110°E-115°E, 30°N—50°N, forming a strong frontal system
with many clouds and much precipitation.

According to GMI measurements at 7:50 UTC on that day
(Fig. 2a, GMI width: 780 km), a long, narrow southwest-
northeast rain belt extended from 30°N to approximately
45°N; the strongest precipitation occurred in Henan and
Hubei provinces. In the middle of the GPM orbit, the DPR
(Fig. 2b, DPR width: 240 km) measured the three-dimension-
al precipitation structure and the associated LH. We divided
the GMI precipitation area roughly into three sectors (G1, G2,
and G3), where both DPR and GMI observations are avail-
able in Sector G2.

In addition, in early May, the terrestrial surface of Mongo-
lia and Inner Mongolia was strongly disturbed by northwest
airflow at the bottom of the polar vortex, which resulted in a
dense dust storm. According to Himawari-8 observations
(Fig. 2¢), at 8:00 UTC on May 3, in Inner Mongolia and
Gansu (upstream of the frontal system), the maximum
AOD was at least 5.0. The dust was transported east by the
westerly airflow, causing high AOD in Northeast China, the
Korean Peninsula, the Bohai Sea, and the Sea of Japan. This
dust storm met the frontal system shown in Figs. 2a and 2b.

Overall, WRF simulations of the horizontal distribution of
precipitation and dust (Figs. 2d, 2e, and 2f) are consistent
with satellite observations. The WRF-simulated surface pre-
cipitation rates near the GPM overpass time are shown in
Fig. 2d (WRF-ND) and Fig. 2¢ (WRF-DS). In Sectors G1 and
G2, the WRF simulated rain area, spatial pattern of rain, and
surface rain rate amplitude are all similar to those observed by
GPM (a quantitative comparison is presented in Section 3.2).
The model successfully simulated a long, narrow rain belt
north of 35°N, which is consistent with the GPM-observed
front line. However, the simulated rain area of the front was
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Fig. 1. The spatial pattern of air temperature (left column), specific humidity (central column) and geopotential height (right column) at 850 hPa (top
row), 500 hPa (middle row) and 300 hPa (bottom row) at 8:00 UTC on 2017-05-03 derived from Climate Forecast System Reforecast product.
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Fig. 2. Satellite observations and model simulations of precipitation and aerosol distribution. (a) GPM GMI observed surface rain rate; (b) GPM DPR ob-
served surface rain rate; (c) Himawari-8 observed aerosol optical depth; (d) WRF simulated surface rain rate without dust; (¢) WRF simulated surface

rain rate with dust; (f) WRF simulated dust column content.

smaller, and the simulated rain intensity was weaker. In Sec-
tor G3, although the WRF model also showed significant pre-
cipitation (peak rain rate of >10 mm-h™), which is consistent
with the GPM observation, the spatial pattern of the simu-
lated rain belt is more southeast-oriented, whereas the GPM

34

observation is more northwest-oriented.

In cloudy areas, Himawari cannot identify aerosols.
However, the Himawari-observed spatial pattern of the AOD
and the WRF-simulated dust distribution suggest that it is
very likely that the dust plume did reach the frontal system,
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particularly in the northwestern part of the GMI swath.

3.2 Comparison of precipitation features in GPM obser-
vations and WRF simulations

The surface rain rate derived from the WRF-DS simulation
(with a resolution of 3 km) and GMI observations (with a res-
olution of 5km) in Sector G1 were compared at scales of
5 km and grid spacings of 0.1°, 0.25°, and 0.5° (Fig. 3). For
the 5 km scale, GMI observations were compared to the

24 =
(a) Original Resolution
cross-correlations = 0,31
20
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128
g s
4

b
f~]
|
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nearest WRF-DS simulation. At other scales, multiple fine-
resolution data inside the cell were averaged to establish
coarse-resolution data for comparison. The correlation coeffi-
cients R in other sectors are shown in Table 1.

In Sector G1, there is a positive correlation (R = 0.31) in
the original satellite field of view. With increasing scale, the
positive correlation is enhanced, and R increased to 0.54 for
the 0.5° grid. This phenomenon is also found in Sector G2,
whereas a much weaker correlation is found in G3 because of

18
(b) 0.1° Grid
cross-correlations = 0.37
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Fig. 3. Scatterplot between GMI observed surface rain rate against WRF simulated surface rain rate in sector G1 at (a) original resolution of GMI; (b)

0.1° grid; (c) 0.25° grid; and (d) 0.5° grid.

Table 1. The correlation coefficients (R) between GMI observed surface rain rate and those simulated by WRF without (ND) and with (DS) dust in sec-
tors G1, G2 and G3 at different horizontal resolution of 5 km, 0.1°, 0.25° and 0.5° grid.

Gl G2 G3
ND DS ND DS ND DS
5km 0.32 0.31 0.22 0.21 0.03 0.00
0.1° grid 0.37 0.37 0.25 0.27 0.01 0.01
0.25° grid 0.52 0.49 0.33 0.35 0.02 0.03
0.5° grid 0.55 0.54 0.60 0.67 0.04 0.03
3-5 DOI: 10.52396/JUSTC-2021-0238
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spatial mismatch of the rain areas (Fig. 2e).

In addition, the WRF-ND simulation was also compared to
the GMI observations; the results are essentially the same as
those for WRF-DS (Table 1). This finding indicates that the
inclusion of dust in the WRF simulation, at least in this case,
had a weak effect on the consistency of the surface rain rate
between the model and satellite data, except in G2, where the
DS simulation has a larger R value (0.67) than the ND simu-
lation (0.60) on the 0.5° grid.

In this study, we explicitly output the rain rate in each ver-
tical layer in the WRF simulation. Because Ku-band radar has
a minimum measurable rain rate of 0.5 mm-h’', as stated in
the DPR Algorithm Theoretical Basis document®”, we trun-
cated all the WRF-simulated rain rates to less than 0.5 mm-h™'
in each layer for the comparison (Fig. 4).

Overall, the WRF area mean (inside the DPR swath) vertic-
al profiles of the rain rate are comparable to those derived
from the DPR, as shown in Fig. 4a. In the layers above 4 km,
the simulated precipitation rate is significantly higher than
that of the DPR. The simulated rain top height (~10.5 km) is
approximately 2 km higher than that from the DPR observa-
tions. Because we already truncated light rain from the WRF
outputs, this discrepancy cannot be completely explained by
the sensitivity of the DPR. Instead, it seems that the WRF
model (DPR) overestimates (underestimates) rain rates in
high layers. In the layers below 4 km, the mean precipitation
rates observed by the DPR are higher than those of the model
simulation. The mean precipitation rate of the DS simulation
in each layer is slightly lower than that of the ND simulation.

To reduce the discrepancies in the absolute intensity and
geolocation of rain between the WRF and DPR, we calcu-
lated the probability functions for different rain rate bins and
vertical altitudes. Fig. 4 shows this joint probability distribu-
tion functions (JPDFs) of the height and rain rate derived
from DPR observations and the WRF-ND and WRF-DS sim-
ulations. Although remarkable differences appear above 4-5
km, as in the mean profiles (Fig. 4a), the JPDF of the DPR is
positively correlated (R = 0.77 and 0.83) with the WRF-ND
and WRF-DS simulations, respectively. The JPDFs below
4 km of the DPR observations and the two simulations are in
good agreement. Fig. 4 also shows that the profile of the
99.5 percentiles of the ND and DS simulations are similar to

— DR (d) WRF-DS 0.400

0.200

(@) (b) DPR () WRF-ND

0.100
0.070
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0.040

o

0.030
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0.002

0.001

0.0 0.5 1000 25 50 7500 25
Precipitation rate (mm/hr)

Fig. 4. The intercomparison of rainfall vertical structure between DPR re-
trievals and WRF simulations. (a) The area means vertical profiles of pre-
cipitation rate area. The joint probability function (JPDF) of height and
precipitation rate derived from (b) DPR observation, (¢c) WRF-ND simu-
lation and (d) WRF-DS simulation, where red lines are 99.5 percentiles
of DPR observation, and black lines are 99.5 percentiles of WRF simula-
tions (ND, DS, respectively).

the DPR observations below ~4.5km. The consistency
between the DPR and WRD-ND is even better than that
between the DPR and WRF-DS. Overall, it is encouraging
that the JPDFs of the DPR observations and WRF simula-
tions below ~6 km exhibit similar patterns, although the dis-
crepancies in high layers are significant, indicating that both
the model simulations and satellite retrievals must be further
improved.

3.3 Comparison of clouds, precipitation, and LH with
and without dust as additional IN between WRF
simulations

The DPR did not observe the entire frontal system, especially
on the side directly facing the high dust concentrations (Sec-
tor G1). The WRF model yielded a complete characterization
of the entire system, and the effects of dust on the system can
be directly studied by comparing the DS and ND simulations.
Therefore, we first used the WRF simulations to study the ef-
fects of dust on clouds and precipitation in the system.

Fig. 5 shows the horizontal distribution of the atmospheric
dust column mass density (ug-m™) simulated by the WRF and
the column ice cloud water path (kg'm™). We made five ver-
tical cross sections along the lines shown in Fig. 5. Here we
discuss three of them in detail.

Fig. 6 shows vertical cross sections of water vapor, cloud
ice, snowfall, rain rate, and LH simulated by WRF-DS and
WRF-ND along line 1, which is perpendicular to the front
line (Fig. 5). The wind field is also shown.

The first column shows the WRF-DS simulation, and the
brown contour represents the dust column concentration.
Figs. 5 and 6 show that the dry, cold northwesterly air flows
carrying dust meet the warm, humid southeasterly air flows
along the edge of Taihang Mountain. The warm airmass rises
over the cold airmass, forming an obvious frontal slope from
southeast to northwest. The DS and ND simulations both
show significant amounts of cloud ice and snow above the
frontal surface, and the cloud bottom height is in excellent
agreement with the frontal surface. The WRF-DS results
show that the dust extends from 6 to 12 km, providing abund-
ant IN for ice-phase cloud physical processes above the front.
However, as the two air flows converged on the front and
then moved northwest (see Fig. 8 for analysis), most of the
dust particles were distributed only near the front and did not
penetrate the warm, humid mass in the southeast (brown con-

2017-05-03_08:00:00
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40N

30N

100E 120E 140E
001 02 06 1 14 18
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Fig. 5. The dust column density (gray shaded) and ice water path (rain-
bow shaded) simulated by WRF and five selected lines for making cross-
section analysis.
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Fig. 6. WRF DS and ND cross sections along line 1 in Fig. 5 (perpendicular to the front line). The first column is from WRF-DS simulation, the second
column is from the WRF-ND simulation, and the third column is the difference between these two simulations. The fourth column is the mean profile av-
eraged over the whole cross section. Different rows represent different variables as denoted at top left of every row. Brown contour lines in the 1* column
represent dust concentrations. Vectors are wind fields (vertical winds are multiplied by 5).

tour in Fig. 6a), which also limited the dust IN effect to the
frontal surface area. In the WRF-ND simulation, although
there is no dust, the default IN (number concentration: 1000
m™~) seems sufficient to form cloud ice and snow.

The difference between the WRF-DS and WRF-ND simu-
lations (third column in Fig. 6) shows that in the northwest-
ern part of the region of heavy dust, more cloud ice and snow

3-7

formed at 4-6 km (the heterogeneous freezing altitude) and
released more LH at the same time. The WRF-DS simulation
shows significantly enhanced cloud ice, snowfall,and LH
above the front. However, on the southeast side of the front,
the cloud ice, snowfall, and LH in the DS simulation are all
lower than those in the ND simulation. We speculate that be-
cause the water vapor content is essentially the same, and the
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dust in the DS experiment consumes more water vapor in the
front area, it weakened cloud formation in the downstream
area.

The fourth column in Fig. 6 shows the mean profiles in the
entire cross section. The cloud ice, snowfall, and LH profiles
from the DS and ND simulations are fairly similar. We there-
fore conclude that dust may have significantly affected the
storm in certain areas of the entire system, but this effect is
not remarkable over large areas because of insufficient penet-
ration of the storm by dust.

Height (km)

Height (km)

In another cross section (Fig. 7) perpendicular to the front
(along the line 2 in Fig. 5), the dust concentration is very high
in the WRF-DS simulation because of the very narrow rain
belt embedded in the area of heavy dust. Again, WRF-DS
shows greatly enhanced cloud ice, snow, rain, and LH at high
altitudes compared to WRF-ND in all the vertical cross sec-
tion plots and area mean profiles.

Fig. 8 shows vertical cross sections along the front line
(line 3 in Fig. 5). In contrast to the large spatial gradient of
the dust concentration in Fig. 6, the dust concentration was
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Fig. 7. Same as Fig. 6, but along line 2 in Fig. 5 (perpendicular to the front line).
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Fig. 8. Same as Fig. 6, but along line 3 in Fig. 5.

high throughout the cross section (the brown contour in
Fig. 7a). This cross section along the front does not show an
interface between the northwesterly and southeasterly air-
flows. Instead, strong horizontal winds appear, many stronger
than 10 m's™'. Note that in the DS simulation, most cloud-
forming areas have high dust contents. The dust was lifted by
the wind as it was transported from southwest to northeast,
and it extended from near the surface to 12 km.

Although the water vapor (first row) and liquid cloud
water (not shown) simulated by WRF-DS and WRF-ND are
in good agreement, WRF-DS shows significantly more cloud
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ice than WRF-ND. This result clearly shows that the dust-
induced additional IN enhanced the ice formation by hetero-
geneous nucleation. The LH profiles simulated by WRF-DS
and WRF-ND show a clear boundary at 4-6 km associated
with the frontal surface. Above this boundary, updrafts
clearly appear, which release LH and heat the atmosphere via
condensation, freezing, and sublimation. Below this bound-
ary, downdrafts clearly appear, which cause the absorption of
LH and cool the atmosphere via evaporation and melting. Be-
cause the dust effect enhances heterogeneous ice nucleation in
the WRF-DS simulation, slightly more LH is released above
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the boundary than in the WRF-ND simulation.

In this cross section, dust affects ice formation in most
areas; therefore, the area mean profiles (right column) gener-
ally show clear enhancement of cloud ice, snow, and latent
heating by dust at high altitudes.

We studied the differences in cloud ice, snow, and LH
between the WRF-DS and WRF-ND simulations (DS minus
ND) as functions of temperature and number concentration of
dust in clouds (Fig. 9) for the region in which the GMI swath
and WRF simulation domain overlap, which we believe is the
part of the frontal system most strongly affected by dust, as
shown in Fig. 2. The results confirm the theoretical under-
standing of the different mechanisms of ice formation. At
temperatures below —38 °C, the homogeneous ice formation
mechanisms work equally well in both the DS and ND simu-
lations. That is, the difference (which is somewhat random

T <-38°C

-38°C < T'< -15°C

around zero) does not depend on dust number concentration.
At temperatures below —15°C but above —38°C, heterogen-
eous ice formation dominates, and IN are required. Because
the ice number concentration in WRF-ND is equal to 1000
m>, the WRF-DS simulation does not show significant en-
hancement when the dust concentration is less than 1000 m™.
With increasing number concentration of dust, the enhance-
ment becomes clear. In particular, when the concentration ex-
ceeds 10°m™, the enhancement of cloud ice, snow, and LH
increases dramatically. This result demonstrates that the en-
hancement of ice formation by dust requires a high number
concentration.

3.4 Features of latent heating vertical structure ob-
served in GPM DPR retrievals

It is very difficult to directly compare the instantaneous re-
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Fig. 9. The difference of cloud ice (up row), snow (mid row) and latent heating (bottom row) between WRF-DS and WRF-ND at temperature colder than
-38 C,-38 ——15 ‘C and warmer than —15 ‘C as functions of dust number concentration.
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trieval of LH by DPR with a model simulation at a certain
vertical cross section. Slight discrepancies in the location of
rain between the DPR observation and WRF simulation make
such comparisons impossible. After careful searching, we
found two relatively comparable cases, as shown in Fig. 10
(along line 4 in Fig. 5) and Fig. 11 (along line 5 in Fig. 5). In
both figures, the first row shows the vertical cross section of
the precipitation rates of the DPR, WRF-ND, and WRF-DS;
the second row shows the LH retrieved by SLH, CSH, and
VPH; and the third row shows the LH simulated by WRF-ND
and WRF-DS.

As shown in Fig. 10, the DPR observed a weak precipita-
tion system with a rain top surface tilted to the west. The rain
top height was 3-5.5 km, and the peak precipitation rate of
approximately 0.7 mm-h™ occurred at an altitude of ~3 km.
Both WRF-ND and WRF-DS simulated precipitation sys-
tems in similar locations. The WRF-ND simulation shows a
much higher rain rate. The WRF-DS simulation is closer
to the DPR observation, with a rain top height of ~7 km and
peak precipitation rate of 1.5 mm-h™ at an altitude of ~4 km.

For the LH, the DPR VPH and SLH products both show a
clear frontal surface tilted from east to west, which is associ-
ated with positive heating above and negative cooling below
it. In the vertical cross sections of the LH simulated by WRD-
DS and WRF-ND, tilted surfaces dividing positive and negat-
ive LH are also very clear. In the CSH results, the boundary
between positive and negative LH is relatively flat, without
significant tilted structure. The reason is most likely that the
CSH algorithm classified these samples as stratiform
rains, which have similar boundaries near the freezing level.

However, the CSH product shows more LH above an alti-
tude of 6 km, which is closer to the WRF-DS simulations. In
the area mean LH profiles in Fig. 10i, the mean LH profile
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Fig. 10. DPR vs. WRF cross section along line 4 in Fig. 5. (a) DPR pre-
cipitation rate; (b) WRF-ND precipitation rate; (c) WRF-DS precipita-
tion rate; (d) SLH latent heating product; (¢) CSH latent heating product;
(f) USTC-VPH latent heating product; (g) WRF-ND latent heating; (h)
WRF-DS latent heating;(i) mean latent heating profile of SLH, CSH,
USTC-VPH, WRF-ND and WRF-DS.

from CSH (orange curve) is very similar to those of WRF-DS
above 4 km. In the layers at 2—4 km, WRF-DS shows stronger
cooling than all the DPR-based LH products.

As shown in Fig. 11, the DPR observed two columnar pre-
cipitation systems. Figs. 11b and 11c show that WRF-ND and
WRF-DS, respectively, simulated two similar precipitation
systems. WRF-DS shows a higher precipitation rate in the
precipitation column on the right than WRF-ND. Figs. 11d,
11e, and 11f show that the three DPR LH products all indic-
ate that the precipitation system on the left was a frontal pre-
cipitation system. This result is consistent with the WRF sim-
ulation results in Figs. 11g and 11h. However, the three DPR
LH products show different features for the precipitation sys-
tem on the right. The SLH and CSH LH products show that
the precipitation system on the right was convectively heated,
and the LH was positive throughout the vertical column. The
VPH product shows that the LH in this precipitation system
was positive above and negative below ~2.4 km. The results
of both the WRF-ND and WRF-DS simulations were similar
to those of VPH retrieval; that is, the precipitation system on
the right has positive (negative) LH above (below) 2.4 km.
However, WRF-DS shows stronger latent heating above
2.4 km than WRF-ND, indicating that dust enhanced the lat-
ent heating. This result is also shown in Fig. 11i.

Finally, Fig. 12 compares the area-averaged vertical pro-
files of LH retrieved by SLH, CSH, and VPH and simulated
by WRF-ND and WRF-DS. The LH results from SLH (black)
and CSH (red) show typical top-heavy profiles, with positive
(negative) LH above (below) 4 km. This result implies that
the SLH and CSH algorithms classified most rainfall as strati-
form rain”". However, the LH profiles of VPH (green) and
the WRF simulations (orange and blue) show positive heat-
ing in almost the entire column, except for the layers very
close to the surface (below 1 km), indicating convective-
dominant precipitation. In particular, the VPH LH result
clearly shows a bottom-heavy profile.

The CSH algorithm shows a much larger LH (by a factor of
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Fig. 11. Same as Fig. 10, but along line 5 in Fig. 5.
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Fig. 12. Average vertical profile of latent heat retrieved by JAXA SLH,

NASA CSH, USTC VPH, WRF-ND and WRF-DS in the whole study

area.

approximately 2) at 5-7 km compared to the other results.
The SLH shows latent heating closer to the model results at
5-7 km, whereas the VPH results is closer to that of the
SLH algorithm but 0.1-0.2 K-h'smaller. The VPH heating
has a strong peak at 3.5-5 km (up to 1.2 K-h™), which is in-
consistent with the results of the other four products, indicat-
ing problems with the VPH product in the inversion near the
freezing layer. However, below 3.5 km, the VPH LH is very
close to the model-simulated LH.

Because of the lack of LH retrieval above the rain top
height, the VPH LH above 6 km is much smaller than that of
the other LH products. In addition, its maximum LH height is
only 4.5 km, whereas those of the SLH and CSH algorithms
are 6.5 and 6.0 km, respectively, which are similar to those
simulated by WRF.

Note the LHs simulated by WRF-DS and WRF-ND are
very similar. The reason is that dust affected only a small area
of rain, as described above, and thus the impacts of dust on
LH become unclear when samples from a large area are
averaged.

4 Discussion and conclusion

A case study on the features of clouds, precipitation, and
LH in a midlatitude frontal system mixed with a strong dust
storm was conducted using GPM satellite observations and
WRF modeling results. An analysis of atmospheric circula-
tion revealed that the dust storm mixed only with the narrow
northwest edge of the frontal system but did not penetrate
deeply into the system. Consequently, the expected dust IN
effect was significant only in small areas where clouds were
clearly mixed with dust. The averaged features of large
areas did not show most of the effects of dust IN. This result
demonstrates the importance of accurately classifying areas of
heavy dust in this type of case study.

We compared the results of WRF simulations with GPM
GMI observations. The WRF simulations correctly captured
the spatial distribution of the surface rain rate, with a correla-
tion coefficient R of 0.31 at the original resolution of the GMI

footprint; R increased to 0.55 with increasing average scale.
Then we compared the WRF-simulated rainfall profiles with
GPM DPR observations. Although the mean rain rate pro-
files from the DPR observations and WRF simulation showed
significant discrepancies (which are attributed in part to the
detection threshold of the DPR), the probability distributions
of the rain rate at layers below 6 km were in good agreement
with correlation coefficients R of 0.77-0.83. These results in-
dicate that dust did not significantly affect the output of the
WREF simulations.

A significant dust IN effect, specifically, enhanced hetero-
geneous ice formation, was found in selected vertical cross
sections polluted by the dust plume. The WRF simulation
with dust clearly showed higher cloud ice, snow, and precipit-
ation rate at high altitudes compared to the dust-free WRF
simulation. The associated latent heating rate was also en-
hanced in the WRF simulation with dust. However, in vertic-
al cross sections far from the dust plume, the dust IN effect
did not appear. In addition, the WRF simulation results
showed that the dust IN effect appears only at temperatures
between —15°C and —38°C. This result confirmed that dust
can act as IN to cause ice formation at warmer temperatures
than under pristine conditions.

The DPR-based instantaneous retrieval of the rain rate and
latent heating in two selected vertical cross sections were also
compared with the WRF simulations. The SLH, CSH, and
VPH results were presented. Overall, the three LH products
showed LH vertical structures with patterns similar to those
of the WRF simulations. However, discrepancies appeared
among them, particularly in the representation of the tilted
structure of the frontal surface and in the sign of the LH in
low layers near the surface. The VPH algorithm, which aver-
ages over the entire study area, showed positive LH in the en-
tire column, with significant underestimation of the LH at
altitudes above 6.5 km, but its results were similar to those of
the WRF simulations for lower layers. The SLH and CSH
both showed classical stratiform-type LH profiles with signi-
ficant negative LH (cooling) below 4 km, which did not ap-
pear in the WRF simulations. Again, when the results were
averaged over this large area, the LH profiles showed no re-
markable dust IN effect.

Multiple hypotheses have been proposed to explain the
mechanisms by which aerosols affect precipitation and asso-
ciated LH release. These hypotheses are very hard to confirm
by observations because of complex meteorological phenom-
ena that may obscure the effects™. Our study confirmed and
demonstrated this fact by detailed analysis of results from
GPM observations and WRF simulations. Multiple diffi-
culties must be overcome in observational studies.

First, for a particular observed storm, it is hard to identify
the extent to which the storm is mixed with aerosols and the
exact location of dusty areas. Without this information (for
example, when the expected aerosol effect is studied using all
samples, both dusty and dust-free), the results may be incon-
clusive. In this study, the WRF simulations showed a signific-
ant dust IN effect only in the very narrow area of the dust
plume that mixed with the frontal system (Figs. 6, 7, 8). En-
hanced heterogeneous ice nucleation was not observed in
areas even slightly distant from the dust plume. Of course,
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this may also be due to certain meteorological conditions; for
example, the strong southeast wind may have stopped the
spread of dust from the northwest.

Second, we note that the performance of the observing
tools currently used to study dust effects on clouds and pre-
cipitation is quite poor. A large bottleneck exists for passive
microwave remote sensing of precipitation over land, as its
signal source depends strongly on ice-scattering signals.
However, the connection between ice water content and sur-
face rain rate is actually weak considering high non-precipit-
ating clouds and warm raining clouds. The effects of dust on
surface rain rate may not be strong enough to be detected by
passive microwave remote sensing because of its low accur-
acy. The first limitation of active precipitation radar is its nar-
row swath width (~240 km for the GPM DPR). It can ob-
serve only a small part of a mesoscale convective system and
may miss important information on dust-cloud interactions. In
addition, because of its detection threshold (~12 dBz), the
DPR missed many small ice particles in the upper layer of
precipitating clouds. These particles are most likely to be af-
fected by dust. In layers near the surface, the radar signals are
contaminated by strong surface echo, and thus the rain rate re-
trievals are not sufficiently reliable to represent the impacts of
aerosols. The uncertainties of satellite-retrieved LH are even
larger than those of rain rate. As we found in this study, the
results of the three GPM DPR LH products showed different
features. Therefore, it is even harder to use current satellite
LH products to study the impacts of aerosols on LH profiles.

Third, we considered only a simple dust-related modifica-
tion of the number concentration of IN in the microphysical
scheme of the WRF simulations. However, actual dust could
also act as CCN, affecting the warm rain process and introdu-
cing more complicated variations in both rain rate and LH. In
this study, because we focused on the IN effect, we ignored
the CCN effect. The impact of doing so was not evaluated.

This study also yielded some encouraging results. It clearly
showed that dust can indeed enhance ice cloud, snow, precip-
itation, and LH if it is really mixed with the cloud. The WRF-
simulated vertical profiles of rain rate and LH were in reason-
able agreement with state-of-the-art satellite retrievals. In
addition, multiple GPM-DPR-based LH products showed po-
tential for representing the detailed vertical structure of LH
within a storm.
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