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The radiosonde humidity profiles available during the
Ganges Valley Experiment were compared to those
simulated from the regional Weather Research and
Forecasting (WRF) model coupled with a chemistry
module (WRF-Chem) and the global reanalysis data-
sets. Large biases were revealed. On a monthly mean
basis at Nainital, located in northern India, the WRF-
Chem model simulates a large moist bias in the free
troposphere (up to +20%) as well as a large dry bias
in the boundary layer (up to —30%). While the overall
pattern of the biases is similar, the magnitude of the
biases varies from time to time and from one location
to another. At Thiruvananthapuram, the magnitude of
the dry bias is smaller, and in contrast to Nainital, the
higher-resolution regional WRF-Chem model generates
larger moist biases in the upper troposphere than the
global reanalysis data. Furthermore, the humidity
biases in the upper troposphere, while significant,
have little impact on the model estimation of column
aerosol optical depth (AOD). The frequent occur-
rences of the dry boundary-layer bias simulated by
the large-scale models tend to lead to the underestima-
tion of AOD. It is thus important to quantify the
humidity vertical profiles for aerosol simulations over
South Asia.

Keywords: Acrosol optical depth and extinction, relative
humidity, regional climate model.

SOUTH ASIA, the Indian subcontinent in particular, has
persistently high aerosol loadings during most of the year
and is one of the regional hotspots for aerosol pollution'™.
Aerosols over this region originate mainly from industrial
activities, residential cooking, agricultural waste and
biomass burnings and transportation, and are mixed with
dust and sea-spray particles transported from the adjacent
desert and oceanic areas respectively. During their resi-
dence time in the atmosphere, aerosols can induce a sig-
nificant radiative impact on the local energy balance by
scattering and absorbing the incoming solar radiation'”,
and can cause severe air quality and human health
issues®. Furthermore, these aerosols may be transported
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over long distances to affect the climatology and hydro-
logical cycle at larger scales’, such as accelerating the
retreat of the Himalayan glaciers'®'! and causing a
decline in the snow packs'?. Therefore, it is important to
quantify the aerosol loadings, chemical composition,
radiative properties and seasonal cycles over the Indian
subcontinent and adjacent areas.

On regional to global scales, chemical transport models
or aerosol and climate models have been used extensively
to simulate the distribution and transport of aerosols over
South Asia based on the compiled emission inventories'>™".
While these model simulations yield insights on the
regional-scale characteristics and radiative impact of
aerosols, they are often subject to large uncertainties in
emissions, aerosol parameterization, cloud representation,
and meteorological fields that are used to drive aerosol
transport and removal>'®. As a result, aerosol concentra-
tion and optical depth are often underestimated in the
large-scale model simulations over the South Asia region
in comparison with ground-based and satellite observa-
tions'™'®!"”_ Using a recent version of the regional
Weather Research and Forecasting (WRF) model coupled
with a chemistry module (WRF-Chem) and anthropo-
genic emissions updated for the year 2010 in India, Feng
et al.* showed that the simulated aerosol optical depth
(AOD) is still underestimated compared with the observa-
tions. Moreover, they found that about 83% of the low
bias in the AOD is attributable to the calculated aerosol ex-
tinctions below ~2 km altitude, and on a regional mean
basis, if the under predicted extinctions are filled primar-
ily with absorption by aerosols, the model generates sig-
nificantly different responses in boundary layer heights,
atmospheric water vapour and cloud fields compared with
the simulation that attributes all the underestimation in
extinction to aerosol scattering. One of the possible rea-
sons for underestimation of aerosol scattering could be
due to the humidity bias in regional model simulations.

Using the relative humidity (RH) profiles retrieved by
ground-based remote sensors, the present study evaluates
the vertical characterization of meteorological fields cal-
culated by the regional WRF-Chem model simulations
and the National Centers for Environmental Prediction
(NCEP) global reanalysis data, and examines the impact
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of simulated humidity on the model predictions of AOD
and aerosol extinction profiles. The outcomes of this
study will improve our understanding of factors contrib-
uting to the discrepancies between the modelled and
observed aerosol optical properties at different altitudes,
thus pointing to future directions for improvement of
aerosol and climate simulations over South Asia. The
WRF-Chem model configuration is described in the next
section, followed by a description of the observational
datasets. The main results include the analysis and evalu-
ation of RH profiles and precipitable water vapour data
from models and observations. Also discussed is the
effect of the humidity bias on simulated AOD and aerosol
extinction.

Model description

This study uses the same version of the WRF-Chem 3.3
model described in Feng er al.”°. It simulates the spatial
distribution and temporal evolution of externally mixed
aerosols, including sulphate, black carbon (BC), organic
carbon (OC), dust (in five size bins with 0.5, 1.4, 2.4, 4.5
and 8 um effective radius), and sea salt (in four size bins
with 0.3, 1.0, 3.2 and 7.5 um effective radius). It uses
emissions of BC, OC and SO, over India for the 2010
inventories available at a resolution of 0.1° x 0.1° for a
nthropogenic sources and 0.5° x 0.5° for biomass burn-
ing®'. The total emissions of BC and OC are about 1.12
and 3.06 Gg/year over India respectively. SO, emissions
are 9.36 Gg/year. Additional sulphate emissions from
waste and biofuel burning” are also included (about
0.21 Gg/year). Dimethyl sulphide, dust and sea-salt emis-
sions are from on-line calculations®**. Calculations of
optical properties of aerosols assume internal mixing®,
including the kappa-based hygroscopic growth of aerosol
components”. The Rapid Radiative Transfer Model for
General Circulation Model®’ schemes are used for short-
wave and longwave radiation calculations®®. Other main
physical packages used are given in Feng ef al.”°, includ-
ing the Thompson cloud microphysics® and the Zhang—
McFarlane cumulus parameterization®. Aerosol simula-
tions are coupled interactively with the prediction of re-
gional meteorological fields at each time step (72 sec).

The model domain is configured from 55°E to 95°E
and 0°N to 36°N, with a horizontal grid spacing of
~12 km and 27 vertical layers. The initial and boundary
conditions of meteorological fields are interpolated to the
model time step from the 6-h NCEP reanalysis data avail-
able at 1° x 1° resolution. Outputs from the MOZART-4
global chemical transport model®' are used for deriving
initial and boundary chemical conditions.

Eight months of WRF-Chem simulations were per-
formed from August 2011 to March 2012, at the same
time as when multi-instrumental meteorology and aerosol
data were collected by the US Department of Energy
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(DOE) Ganges Valley Aerosol Experiment (GVAX) at a
mountaintop site, Nainital (29°N, 79°E, 1939 m amsl),
northern India. The AOD and aerosol extinction profiles
generated with the WRF-Chem model have been
evaluated by comparison with aerosol observations, as
reported in Feng et al.*’.

Datasets

In this study, in situ and ground-based remote sensing
data of RH profiles, temperature, and precipitable water
available during GVAX are compared with the WRF-
Chem simulations as well as the NCEP reanalysis data.
At Nainital, the temperature and RH profiles are derived
from radiosondes launched every 6 h (00Z, 06Z, 12 Z
and 17 Z), and these profiles extend from the surface up
to 10 km. Monthly mean profiles are then calculated from
the six-hourly data. In addition, RH profiles retrieved
from Microwave Radiometer Profiler (MRP) are obtained
at Thiruvananthapuram (TVM: 8.55°N, 76.9°E, 75 m
amsl and ~200 m inland from the Arabian Sea coast),
located in southern peninsular India, from December
2011 to March 2012. Details of the study region, radi-
ometer installation and its mode of operation over TVM
are reported by Raju et al.**. This dataset is available at
hourly intervals up to 10 km. Together they provide the
high-frequency temporal variations in the temperature
and humidity profiles from post-monsoon to winter and
pre-monsoon seasons at these two ground sites.

Aerosol extinction profiles and AODs for March 2012
were retrieved at Nainital from the DOE atmospheric
radiation measurement mobile facility 1 (AMF1) micro-
pulse lidar (MPL) backscatter measurements at 532 nm
wavelength and multi-filter rotating shadow band radi-
ometer (MFRSR) measurements at 500 nm wavelength.
The extinction retrievals at 30-min frequency are averaged
hourly and monthly with a vertical resolution of ~500 m.
They are used for evaluation of the modelled aerosol op-
tical properties together with the post-processed, quality-
assured AMF1 AOD products (pghmfrsraodlmichM1.sl1
datastream) from the MFRSR. The aerosol observations
are used together with the relative humidity data to eva-
luate the humidity effect on aerosol optical properties
simulated by the WRF-Chem model.

Humidity bias at Nainital and
Thiruvananthapuram

Using the WRF-Chem simulations, Feng et al.?® recently
showed that the column AOD and aerosol extinctions at
Nainital are underestimated compared with the satellite
and ground-based measurements during the pre-monsoon
month of March 2012. They speculated that the humidity
bias in the regional climate model is one of the factors
contributing to this underestimation of aerosol optical
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Monthly mean relative humidity profiles at Nainital from the six-hourly radiosondes (Obs), six-hourly NCEP reanalysis data (NCEP),

and the hourly WRF-Chem model simulations (WRF) during GVAX from August 2011 (upper left panel) to March 2012 (bottom right panel).

properties. To evaluate the model-simulated humidity
profiles, Figure 1 compares the monthly mean RH pro-
files at Nainital from the 12-km WRF-Chem model and
1° x 1° NCEP reanalysis (interpolated to the 12-km grid
cells) with the radiosonde sounding data collected from
August 2011 to March 2012. The NCEP reanalysis data
are included because they were used to prescribe the
initial and boundary meteorology conditions for the
regional WRF-Chem model simulations.

From August to November, the wetter monsoon season
transitions into the drier post-monsoon. Correspondingly,
the atmospheric RH decreases throughout the column
from the surface to the upper troposphere. In particular,
RH in the free troposphere is low as 10-20% in October
and November, compared to about 40—60% on average
in August and September. The boundary-layer RH also
decreases by 20%, from above 80% to below 60%. These
seasonal variations in RH profiles are consistently cap-
tured in both the NCEP data and WRF-Chem model.
However, the NCEP data overestimate the absolute
values of RH in the upper troposphere and underestimate
them near the earth’s surface compared with the sounding
data. The finer grid spacing of the WRF-Chem model
better resolves processes in space. This capability leads to
better agreement with the observed RH at higher altitudes
above the boundary layer, which is about 4—5 km above
sea level over this time period. On the other hand, the
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WRF-Chem model under-predicts RH near the surface,
and even produces larger low biases in October and
November.

During the winter and early spring months from
December to March, the atmospheric conditions at
Nainital remain generally dry, with RH values less than
50% near the surface and less than 30% in the free tropo-
sphere. In this time-span, January is the only exception,
when the monthly mean RH at the surface reaches up to
70% according to the sounding data. This high-RH month
is well-simulated by the WRF-Chem model. The occur-
rences of high RH in January might be related to the fre-
quent formation of upslope winter fog at this site.
Interestingly, the high RH does not appear in the NCEP
reanalysis data, which suggests much lower mean RH
(below 40%) near the surface, possibly because the
coarse spatial resolution of the data does not resolve the
topography-driven fog formation.

Overall, the WRF-Chem model reproduces the seasonal
changes in RH present in the radiosonde sounding pro-
files over the eight-month period of GVAX, although the
regional model results are systematically lower than the
observations near the surface by up to —30% on monthly
average. This low bias is, in part, inherited from the
NCEP data, which are used as initial and boundary mete-
orology of the regional model. Compared with the NCEP
data, the 12-km resolution WRF-Chem model reduces the
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Figure 2.
tions (WRF) from December 2011 to March 2012.

biases in RH for most months, and the improvement is
more significant in the upper troposphere than in the
boundary layer.

Figure 2 shows the RH profiles for the TVM site. The
observed RH profiles at this site exhibit a distinct inver-
sion between the surface and 500 m, which is also
depicted by both the WRF model and NCEP data.
Compared with Nainital site, the seasonal variations in
RH at Thiruvananthapuram are relatively weaker, and the
RH values are constantly high (above 70%) in the lower
troposphere and decrease as a function of altitude. Due to
its proximity to the sea coast and being a coastal station,
the vertical distribution of specific humidity at TVM also
shows less variability at 0-2 km altitude level®. The overall
pattern of RH biases in the WRF-Chem model (moist bias
in the free troposphere and dry bias in the lower tropo-
sphere) is consistent between the two sites, but the magni-
tude of these biases varies from one location to another.
The dry biases in the lower troposphere are generally
smaller at TVM than Nainital, especially in the region from
the ground to 500 m. In January and February, the WREF-
Chem model simulations display boundary-layer wet
biases. In the upper troposphere, the magnitude of the wet
biases is larger in the WRF-Chem model than in the NCEP
data at TVM, in contrast to Nainital.

In spite of these large biases in simulated RH profiles,
differences in the column total precipitable water vapour
(PWYV) are relatively small due to compensation of the
upper-layer wet biases and lower-layer dry biases. Figure
3 shows the estimated PWV from the WRF-Chem model
versus the sounding data at Nainital from November 2011
to March 2012. The time-averaged difference in PWV is
only about 1 mm, and while the WRF-Chem model over-
estimates the averaged total PWV (6 mm) by ~17%, it is
able to reproduce the diurnal variation in water vapour.
This conclusion is confirmed by the good agreement
in the daytime mean PWV between the microwave radio-
meter measurements (5.1 mm) and WRF-Chem results
(5.9 mm).
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Monthly mean relative humidity profiles at TVM from MRP (Obs), NCEP reanalysis (NCEP), and WRF-Chem model simula-
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Figure 3. Scatter plot of precipitable water vapour (PWV) from the

WRF model vs radiosondes (RS) at Nainital, from November 2011 to
March 2012. The purple line is the linear fit of all the data points (slope
and intercept are shown in the legend).

Effect of humidity bias on aerosol extinction and
AOD

The magnitude of the aerosol extinction coefficients
depends strongly on the RH values in the atmosphere™.
With higher ambient RH, the aerosol particles may grow
larger and scatter the incoming solar radiation more effi-
ciently. In WRF-Chem, the kappa-based hygroscopicity
method” is used to calculate the particle humidity growth
for internally mixed multi-component aerosols containing
varying amounts of inorganic, organic and surface active
compounds. Although the phase state of aerosols in the
atmosphere is not precisely known, it seems reasonable to
assume that metastable states dominate in the hygroscopic
growth of particles, especially because internal mixtures
are considered”. Then optical properties of aerosol
mixtures are calculated based on a parameterization
following the Mie theory”.
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Chem calculations are shown together with the six-hourly radiosonde humidity data coincident with the available MPL-retrieved extinction

coefficients.

Figure 4 shows the observed and simulated relationship
between RH and aerosol extinction at Nainital for two
levels: the boundary layer (surface) and free troposphere
(5 km). The black points represent six-hourly sounding
RH data coincident with the available hourly MPL data,
and the red points are WRF-Chem outputs (hourly) for
March 2012. The red and black lines are best fits of the
model results and data. The slope of the linear fit of the
data points indicates the average effect of humidity on
aerosol extinction. At the surface, the simulated humidity
effect on aerosols (slope = 0.0011) is slightly weaker than
that inferred from the observed aerosol extinction and RH
(slope =0.0017). The goodness of fit is 0.16 for the mod-
el outputs and 0.38 for the observational data. A possible
reason for the scatter in the linear fit is that the RH
dependence of the aerosol extinction is widespread at the
surface due to the diverse chemical composition, size dis-
tribution and mixing state of aerosols influenced by a
variety of surface emission sources. Even under the same
RH conditions, the observations show a large variability
in aerosol extinction, which is underrepresented by the
WRF-Chem model. Although the empirical relationships
based on linear fitting may not fully capture the complex-
ity between extinction and RH, it nevertheless provides a
first-order evaluation of the simulated humidity effect on
aerosol extinction compared with observations. Note that
in the WRF model, this humidity dependence is calcu-
lated based on predicted aerosol properties. Compared
with the surface level, the effect of humidity on aerosol
extinction is considerably weaker at 5 km in both the
model and observations (slope = 0.0004), with a better
goodness of fit for 0.45 and 0.87 respectively. This find-
ing implies that aerosols in the free troposphere, most
likely aged, tend to be more uniform in composition and
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size, and less hydrophilic than the surface aerosols as
those hydrophilic and/or larger particles may have been
scavenged by dry and/or wet removal processes during
the aging. The data in Figure 4 demonstrate that the
WRF-Chem simulations largely reproduce the observed
humidity effect on aerosol extinction at different altitudes
in the column, despite the dry bias in RH at the surface
and wet bias at 5 km. Because the model captures similar
slopes of extinction over RH to the observations, it
allows us to further examine and quantify the effect of the
RH biases on simulated acrosol optical properties.

Earlier Feng et al.*® proposed that the humidity biases
contribute to the underestimation of aerosol extinction as
a function of altitude and AOD in the WRF-Chem
regional simulations. As shown in Figure 5, the vertical
profile of monthly mean extinction at Nainital is under
predicted for March 2012 by the default WRF-Chem
model (control run) compared with both the ground-based
MPL and MFRSR retrievals and satellite CALIPSO
extinction profiles. In particular, AOD underestimation in
the boundary layer (below ~2 km) is more than a factor of
two. Since the humidity effect on extinction is similar in
the model and data (Figure 4), the predicted aerosol
extinction profiles (Dext.control(2)) can be thus scaled by the
ratio of the observed RH (RHyus(z)) over the WRF-
modelled RH (RHconoi(2)) as a function of altitude
(Figure 1) as

RH ., (2)

beytadijusted (2) = Bext.control(z) (2) X )
ext,adjustel ext,contro! RHcomml (Z)

where z is the model level.
The extinction profile determined by the model
(adjusted) is shown by a green line with open circles in
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Aerosol extinction and aerosol optical depth (AOD) at the Nainital site. (Left) Monthly mean aerosol extinc-

tion profiles for March 2012 from the model control run at 550 nm (red), model adjusted by RH bias (green), ground-
based MPL data (black), and satellite-retrieved CALIPSO data (blue). (Right) Monthly mean column AODs from model
control run (red), model adjusted by RH bias (green), ground-based MFRSR (black), and AERONET retrievals (blue).
Box-whiskers denote the distribution of hourly MFRSR data in each month: red bar for the median; box and whiskers for

1-sigma and 2-sigma values respectively.

Figure 5 (left panel). It agrees with the observed profiles,
i.e. within 1% of the CALIPSO data estimated as

n

2

i=1 bext,CALIPSO (l)

bext,model (l) - bext,CALIPSO (l)]

x100.

n

This agreement suggests that the low bias in RH is the
dominating factor that causes discrepancies between the
aerosol extinction predictions from the observations for
the case of March 2012 at Nainital.

Similar to the month of March, the bias corrections in
RH can be calculated as a function of height based on the
sounding data and can then be used to adjust the pre-
dicted aerosol extinctions for the other seven months. In
the right panel of Figure 5, the calculated monthly mean
AODs from the default WRF-Chem model output (con-
trol run) and the bias-corrected model output (adjusted)
are compared with the ground-based measurements from
the MFRSR and AERONET from August 2011 to March
2012. The AOD monthly means are also summarized in
Table 1. Consistent with the extinction profile compa-
rison for March, shown in the left panel of Figure 5,
application of RH bias adjustment increases the monthly
mean AOD from 0.18 (from the control run) to 0.26, which
is in better agreement with the AERONET data (0.24)
and MFRSR measurements (0.23). A similar improve-
ment in AOD is also found for November due to the cor-
rection of low bias in RH. For January and August, since
the simulated RH profiles are similar to the observations,
the resulting changes in AOD are small. For the remain-
ing three months, especially in October and December,
the improvement in RH profiles does not result in a cor-
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responding improvement in AOD, causing instead larger
differences between the modelled and observed AODs.
This finding indicates that there may be other uncertain-
ties in the predicted aerosol properties (concentration,
hygroscopicity, etc.), which were fortuitously offset by
the humidity biases in the estimation of AOD. Due to lack
of MPL data for other months, we could not examine the
simulated aerosol hygroscopic growth as shown in Figure
4 for March. Additionally, errors in simulated boundary-
layer dynamics could also have significant impacts. Nair
et al.'® suggest that the nonlocal boundary-layer scheme
used in their regional climate model (RegCM4) tends to
overestimate vertical mixing and thus underestimate the
near-surface BC under convectively stable conditions
such as night-time and winter. Using a version of the
WRF-Chem similar to the present study implemented
with a local boundary-layer scheme (Mellor—Yamada—
Janjic scheme), Govardhan et al*® have shown that the
model also overestimates the surface wind speed and
boundary-layer height compared with the MERRA reanaly-
sis data, and such overestimations correlate with the surface
BC under predictions. Our study provides another possible
explanation by demonstrating that correction on the humid-
ity bias could lead to improved aerosol optical properties at
least for November and March during GVAX.

The effect of humidity bias in the boundary layer plays
a greater role in AOD changes than the upper levels.
Because aerosols are mainly concentrated near the sur-
face layer, the same percentage change in RH would lead
to a larger response in aerosols. In addition, as shown in
Figure 4, the humidity effect on aerosol extinction is
more significant at the surface than in the upper tropo-
sphere, which further enhances the influence of humidity
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Table 1.

Monthly mean aerosol optical depth (AOD) at Nainital from the default WRF-Chem model (control

run), model output corrected by the RH bias (adjusted), GVAX MFRSR retrievals, and AERONET data from
August 2011 to March 2012

August  September October November December January February March
AOD (control run)  0.2688 0.134 0.186 0.0684 0.0648 0.1158 0.1451  0.1782
AOD (adjusted) 0.2947 0.1524 0.2551 0.1056 0.1192 0.1169 0.1327  0.2569
AOD (MFRSR) - 0.1386 0.1843 0.0968 0.0752 0.1064 0.1676  0.2323
AOD (AERONET) - - - 0.0979 0.0633 0.1137 0.1522  0.2383

bias in the lower troposphere on AOD. Since the model
simulations of RH profiles have consistently dry biases
near the surface during GVAX, the reduced humidity
biases lead to increases in AOD at Nainital.

Summary and conclusion

The present study compares the relative humidity profiles
and column precipitable water from regional WRF-Chem
model and/or global NCEP reanalysis data with the
GVAX observational data at Nainital, northern India and
at TVM, southern India. The seasonal changes in the
moist fields by altitude from the post-monsoon to the
winter and spring months are captured by the large-scale
model results. A wet bias in the middle and upper tropo-
sphere is generally simulated by the regional model, but a
large dry bias is shown in the boundary-layer results. We
further show that these moist biases, while significant,
have a small impact on the WRF-Chem simulations of
total water vapour due to the compensation effect in the
lower atmosphere. The sign of the model biases over this
region is consistent with other global climate model anal-
ysis of humidity biases’®. While the higher-resolution
regional model (WRF-Chem) performs better than the
NCEP reanalysis at Nainital, it generates larger wet
biases at TVM. The reasons for these location-dependent
humidity biases in the models are unclear and deserve
further investigation.

We have also examined the hypothesis that humidity
bias contributes to the underestimation of simulated aero-
sol optical properties over the South Asia region. We find
that, although the large wet bias in the upper troposphere
might dominate the column water vapour overestimation,
the boundary-layer humidity bias plays a more important
role in AOD predictions. This effect is because aerosol
loadings near the surface are higher, and more hygroscopic,
and have a larger optical response to the relative humidity
changes. Since most of the time a large dry bias is simu-
lated in the boundary layer, this humidity bias would
result in the underestimation of AOD, among other
factors discussed.
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