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Downward longwave radiation (DLR) is an important component of the global radiation budget, significantly
influencing surface energy dynamics. Accurate quantification of aerosol impacts on surface DLR is crucial for
refining numerical weather predictions and comprehending surface energy balance. While the impact of aerosols
on downward shortwave radiation has garnered substantial attention, investigation into the longwave radiation
effect of aerosols remains relatively limited. In this study, the impact of aerosols on surface DLR is quantified by
using continuous radiation data, conventional meteorological observations, and aerosol optical depth (AOD)
retrieved from the Moderate Resolution Imaging Spectroradiometer (MODIS) satellite. These datasets span the
period from 2011 to 2018 and are obtained from six stations of the Lake Taihu Flux Observational Network
situated in Eastern China. The sensitivity of DLR to AOD (dDLR/dAOD) is determined through multiple linear
regressions using both observational data and the Modern-Era Retrospective analysis for Research and Appli-
cations, Version 2 (MERRA-2) reanalysis. Additionally, a radiative transfer model is employed to derive the
dDLR/dAOD. A three-variable linear regression of the observational data shows that DLR increases by 4.66 +
1.99 W m? per unit increase in AOD (mean =+ 1 standard deviation) under clear-sky conditions. The radiative
transfer model and the three-variable linear regression of MERRA-2 reanalysis yield similar sensitivity values of
4,69 +1.23 Wm 2 AOD ! and 4.10 + 0.25 W m~2 AOD ™}, respectively. However, these sensitivity values are
considerably smaller than those reported in previous studies. Plausible factors contributing to the observed
variance in sensitivity values are discussed. These results help to improve our understanding on the aerosol
longwave radiation effect over the Lake Taihu region in Eastern China.

1. Introduction

Downward atmospheric longwave radiation (DLR), one of the largest
terms in the surface energy balance, plays a crucial role in global radi-
ation balance and climate change research (Wacker et al., 2011; Wang
and Liang, 2009; Vitdez-Mora et al., 2009). Compared to the downward
shortwave radiation, direct observations of DLR remain scarce. A precise
understanding of DLR and its driving factors is essential for various
applications, including land-surface exchange (Wang et al., 2017),
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climate change (Vitidez-Mora et al., 2009), and weather model pre-
dictions (Cho et al., 2008; Maghrabi et al., 2019; Garcia et al., 2018).
Under clear-sky conditions, water vapor and air temperature at
screen level are the two most important factors in determining DLR. As a
result, most physical parameterizations of the clear-sky DLR are devel-
oped primarily based on these two factors (e.g., Brunt, 1932; Brutsaert,
1975; Idso, 1981; Prata, 1996). Even though generally omitted by these
DLR parameterizations, aerosols are known to scatter and absorb
terrestrial radiation (Panicker et al., 2008; Liu et al., 2019) and emit
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radiation energy in the longwave (Dufresne et al., 2002). The aerosol
surface longwave radiation effect has received less attention than its
shortwave radiation effect, and is usually ignored in climate models
(Vogelmann et al., 2003; Hansell et al., 2010). In several observational
studies, the aerosol-induced DLR effect is comparable to or greater than
the radiative forcing of greenhouse gases, potentially offsetting a sub-
stantial proportion (10% to 51%) of shortwave radiation reduction
under aerosol-polluted conditions (Vogelmann et al., 2003; Anton et al.,
2014). Overlooking aerosol effect on DLR may lead to significant errors
in climate models, especially in areas with pronounced aerosol
pollution.

The efficiency of aerosol longwave radiative forcing is often quan-
tified as the sensitivity of DLR to aerosol optical depth (AOD). This
sensitivity, denoted as dDLR/dAOD (W m2 AOD_l), measures the
amount of variation in DLR due to a unit change in AOD. The published
studies on dDLR/dAOD have mainly focused on heavy pollution con-
ditions and short time periods of approximately 1 day to 3 months,
revealing a wide range of variability. For example, Markowicz et al.
(2003) observed a dDLR/dAOD of 55 W m~2 AOD ! for boundary-layer
aerosols and 37 W m~2 AOD™! for elevated dust aerosols during the
Aerosol Characterization Experiment, ACE-Asia. At three ChinaFlux
sites subject to industrial and desert dust pollution, dDLR/dAOD ranged
from 24 to 62 W m 2 AOD ! (Cao et al., 2016). Slightly lower sensitivity
values (i.e., 20.8 and 24.8 W m~2 AOD™1) were found based on two
calculation methods for an urban site in Indian (Panicker et al., 2008),
while a large sensitivity value of 46.3 W m~2 AOD™! was obtained
through linear regression between DLR and AOD observed in Saudi
Arabia (Maghrabi et al., 2022). Notably, a strong Saharan dust event in
southeastern Spain showed a 20 W m ™2 increase in DLR for each AOD
unit increment (Anton et al., 2014). Varied DLR sensitivities of 16 and
31 to 35 W m~2 AOD™! were reported during the NASA African
Monsoon Multidisciplinary Analysis (NAMMA) 2006 field campaign and
the Asian Monsoon Years field experiment in China, respectively
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(Hansell et al., 2010, 2012). A radiative transfer modeling study showed
sensitivities of 4.9 W m ™2 AOD ! and 6.2 W m~2 AOD ™! for rural and
urban aerosols, respectively, which are significantly smaller than that
for dust aerosols (i.e., 29.8 W m 2 AOD’l; Wang et al., 2017). Overall,
these studies demonstrate an important effect of aerosols on DLR, but
the impact varies considerably with aerosol types and regions.

The Lake Taihu region is situated in the Yangtze River Delta, the
most economically developed area in China, and has experienced heavy
aerosol pollution due to rapid increase in anthropogenic emissions over
the past decades (e.g., Shu et al., 2017; Huang et al., 2020). While
aerosol shortwave radiative effects have been extensively studied in this
region (e.g., Sun et al., 2017; Zhuang et al., 2018; Sun et al., 2019a; Yu
et al., 2019; Liu et al., 2021), aerosol impact on DLR remains underex-
plored. In this study, long-term continuous radiation measurements and
Moderate-resolution Imaging Spectroradiometer (MODIS) satellite-
derived AOD product at six stations of the Lake Taihu Flux Observa-
tional Network from 2011 to 2018 are presented, together with Modern-
Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2) reanalysis dataset. Leveraging multiple variable linear
regression and radiative transfer model, we aim to quantify the sensi-
tivity of DLR to AOD (dDLR/dAOD) in the Lake Taihu region, and to
determine whether the sensitivities estimated from radiative model and
calculated with MERRA-2 reanalysis are consistent with those derived
from observations.

2. Data and methods
2.1. Observational data in the Lake Taihu

The DLR was measured by the four-way net radiometers (model
CNR4; Kipp & Zonen B.V., Delft, the Netherlands) at the six observa-

tional sites over the Lake Taihu (site ID: BFG, DPK, DS, MLW, PTS, and
XLS; Fig. 1). The spectral range of CNR4 radiometer for longwave is
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Fig. 1. A Landsat 9 natural color image of Lake Taihu (taken on 22 February 2022) and the location of six observational sites (red circles). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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4.5-42 pm. The dataset spans the period from January 2011 to
December 2018 and has a half-hour temporal resolution. Concurrently,
meteorological variables such as atmospheric pressure, relative hu-
midity, and air temperature were measured at the same six sites. For
information about the observational sites and the instruments, the
reader is referred to the papers by Zhang et al. (2020) and Lee et al.
(2014).

Due to the lack of direct ground-based observation in longwave AOD,
visible AOD (i.e., 550 nm) is obtained from MODIS sensor on the Aqua
and Terra satellites at a 3-km resolution (MODO04_3K for Terra and
MYDO04_3K for Aqua) (Levy et al., 2015). Note that we use visible AOD
(550 nm) to establish the relationship with DLR in our study for the sake
of convenience to compare the results with findings from previous
studies (e.g., Panicker et al., 2008; Anton et al., 2014; Hansell et al.,
2010, 2012; Cao et al., 2016; Maghrabi et al., 2022), though AOD de-
creases with increasing wavelength and is related to Angstrom exponent
for different types of aerosols. The Terra and Aqua satellites passed over
the Lake Taihu region at around 10:30 and 13:30 local standard time,
respectively. The radiation data collected during MODIS satellite over-
passes were used to establish the relationship between DLR and AOD.
The MODIS algorithm masks out any pixel that contains clouds (Remer
et al., 2013). Thus, the dataset is suitable for quantifying aerosol radi-
ative impact on DLR under cloudless daytime conditions. To ensure
sufficient numbers of valid data points, a set of 3 x 3 pixels with high-
quality AOD data (quality flag = 3) derived from dark target algo-
rithms around the six observational sites was used for statistical ana-
lyses. These ground-based measurements of DLR, air temperature and
relative humidity, together with satellite-observed AOD are utilized to
determine the DLR sensitivity to AOD, following the procedure
described in section 2.3.

2.2. MERRA-2 reanalysis data

MERRA-2 is an atmosphere reanalysis dataset developed by the
NASA Global Modeling and Assimilation Office with a spatial resolution
of 0.5° x 0.625° (latitude x longitude) (Gelaro et al., 2017). It can serve
as a valuable data source when observational data is not readily avail-
able. By utilizing MERRA-2 data to calculate the sensitivity of DLR to
AOD, we aim to investigate whether this commonly-used dataset can
accurately estimate the sensitivity consistent with that derived from
observations.

For a comparison, hourly AOD in 550 nm (data collection: tavgl_2-
d_aer_Nx), DLR under clear-sky and all-sky condition (tavgl_2d_rad_Nx),
air temperature, and humidity (tavgl_2d_slv_Nx) from MERRA-2 were
also utilized to determine the DLR sensitivity to AOD via multiple linear
regressions described in section 2.3. Details about MERRA-2 data
collection and variables used in this study are given in Table S1. Four-
grid averages over the area of 31° N to 31.5° N in latitude and 120° E
to 120.625° E in longitude were used to represent the Lake Taihu region.
Although MERRA-2 assimilates several AOD datasets including bias-
corrected AOD from MODIS (Cao et al., 2021), several studies found
that MERRA-2 AOD is lower than the MODIS AOD and ground obser-
vations (Sun et al., 2019b; Gueymard and Yang, 2020; Che et al., 2022).

2.3. Determination of DLR sensitivity to AOD with multiple linear
regressions

We first performed a linear regression analysis of the observational
data. In this regression analysis, DLR is described as a three-parameter
function:

DLR = a+bT, +ce, +dAOD @
where T, is air temperature, e, is water vapor pressure (hPa); a repre-

sents intercept, and coefficients b, ¢ and d represent DLR sensitivity to
temperature (W m~2 K’l), water vapor pressure (W m~2 hPa’l), and
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AOD (W m~2 AOD™ 1), respectively. In this function, the regression co-
efficient is estimated by using the least square method. There are a total
of 676 data points used for the regression with either observations or
MERRA-2 reanalysis.

The temperature and humidity sensitivities values were also deter-
mined with the DLR parameterization:

DLR = ¢,0T,* 2

where o is the Stefan-Boltzmann constant, T is air temperature in K, and
&q is apparent atmospheric emissivity. In this study, ¢, was computed
from the Brutsaert (1975) clear-sky formula:

£, = 1.24(e,/T.)"" )

The sensitivity of DLR to temperature (ADLR/AT,) and water vapor
pressure (ADLR/Ae,) were obtained by differentiation of Eq. (2) as:

ADLR /AT, ~ 4.78¢T,* "¢, 4

ADLR/Ae, = 0.1776T,% "¢,/ 5)

2.4. Calculations of DLR sensitivity to AOD with radiative transfer model

To further understand the DLR sensitivity to AOD, the Santa Barbara
Discrete Ordinate Radiative Transfer Model (SBDART) model was
employed to simulate the surface DLR over a range of aerosol-polluted
conditions. The model has been widely adopted for the calculation of
DLR and the associated aerosol radiative forcing (Ricchiazzi et al., 1998;
Dufresne et al., 2002; Vitdez-Mora et al., 2009; Panicker et al., 2008).
The model inputs include time, longitude and latitude, surface albedo,
atmospheric vertical profile of temperature, humidity and ozone, and
aerosol optical parameters such as AOD, single scattering albedo (SSA),
and asymmetric factor (ASY). The surface type is specific as lake water,
and the surface albedo is correspondingly determined with the model
pre-defined values between 0.35 and 1.0 pm. The aerosol optical pa-
rameters were determined by the model-predefined boundary-layer
aerosol types (e.g., rural, urban, oceanic) or defined by the user. Here,
the monthly-averaged 550-nm SSA was retrieved from MERRA-2 rean-
alysis (Xu et al., 2022), while 550-nm ASY was acquired from the ob-
servations in the Lake Taihu region during 20062009 (Liu et al., 2012).
Then the wavelength-dependent SSA and ASY were obtained by
extrapolating 550-nm value to other wavelength based on the similar
wavelength distribution pattern of rural aerosols. The obtained wave-
length distribution of SSA and ASY in the Lake Taihu and their values for
other aerosol types were compared in Fig. S3. Given that the lack of
sounding in the Lake Taihu, we acquired monthly mean radio sounding
observation from the Integrated Global Radiosonde Archive (Durre
et al., 2016) for surrounding cities near the Lake Taihu, such as Shanghai
(85 km away), Hangzhou (72 km away), and Nanjing (150 km away). A
total of 288 radiosonde profiles from 2011 to 2018 were averaged across
these three observational sites to represent the atmospheric conditions
over the Lake Taihu region in the simulations. As shown in Fig. S1, the
main differences in temperature and water vapor between radio
sounding observations and SBDART model-default profiles were found
below the 300-hPa level.

Several sensitivity experiments were completed with varying AODs,
aerosol types and atmosphere conditions. For each simulation, the
SBDART was run with 16 streams, which was considered an optimal
stream number for achieving accurate flux calculations (Vitidez-Mora
et al., 2009). The volume mixing ratios of CO3, CH4 and N2O were set to
412 ppm, 1.875 ppm, and 0.33 ppm, respectively according to the year
2022 global background observations (https://gml.noaa.gov/ccgg
/trends/, last access: September 26, 2022). The spectral DLR was
calculated in the range of 4 to 40 pm at an interval of 1% in wavelength.
The total DLR was obtained through integration of the spectral DLR over
the range of 4 to 40 pm. The DLR forcing (DLRF) is defined as the DLR
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difference under aerosol-polluted and aerosol-free conditions. The DLR
sensitivity to AOD was derived through linear regression between the
modeled DLRF and AOD (Panicker et al., 2008; Wang et al., 2017).

3. Results
3.1. Long-term variations of AOD, DLR and meteorological variables

The inter-annual variations of AOD, DLR, T, and e, at the DPK site
from 2011 to 2018 are presented as an example in Fig. 2. The annual
averages and trends for these variables in all the sites are detailed in
Table 1. The annual mean of 550-nm AOD at the DPK site shows a
decreasing trend over the period 2011 to 2018 with a regression slope of
—0.046 yr~! and a range of 0.75 to 1.21. A similar decreasing pattern
was observed at the other sites, although the magnitude is slightly
different (varying between —0.015 and —0.038 yr™1). The decreasing
trend suggests that the aerosol pollution was alleviated due to the
implementation of strict emission reduction measures in China since
2013 (Zhang and Geng, 2019). A similar decreasing trend of AOD was
also reported in other studies. For example, He et al. (2020) found a
decreasing trend of —0.02 yr~! in AOD during 2010 to 2016, while
Filonchyk et al. (2019) reported a declining AOD trend of —0.04 yr’1
from 2008 to 2017 in the Yangtze River Basin of China.

The annual mean DLR at the DPK site varies in the range of 362.0 to
3743 Wm™2, showing a significant increasing rate (1.46 W m 2 yr’l, P
< 0.01) during 2011 to 2018, which is comparable to that at other lake
sites (i.e., 1.14 to 1.60 W m~2 yr’l, p < 0.05). The DS site (a land site)
shows a subtle decline trend (—0.89 W m™2 yr™ !, p = 0.32), probably
due to significant data gaps as highlighted by Zhang et al. (2020). The
DLR variation trends are consistent to those presented by Xiao et al.
(2020), in which the DLR shows an increasing trend of 1.7 W m~2 yr’1 at
BFG site from 2011 to 2017. The annual mean T, and e, which are
closely related to DLR, show clear increasing trends. The increasing rates
for T, and e, are in ranges of 0.07 to 0.19 °C yr ! and 0.07 to 0.50 hPa
yr~1, respectively, across the Lake Taihu area (as indicated in Table 1).

3.2. DLR sensitivity calculated with observational data

Fig. 3 depicts the dependence of DLR on Tg, e,, and AOD. In these
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scatter plots, each data point represents one half-hourly observation at
each of the six sites. A significant and positive correlation is observed
between DLR and AOD (linear correlation coefficient r = 0.25, p < 0.01),
although the coefficient is lower than that with T, and e, (0.96 and 0.94,
respectively; p < 0.01). The relatively diminished correlation coefficient
and increased variability between DLR and AOD (Fig. 3a) than that with
T, and e, indicate that the T, and e, are the predominant factors con-
trolling the variations in DLR though AOD exerts an important impact on
DLR.

We further evaluate the relationship of DLR with the three variables
by using multiple linear regressions for each site (Eq. 1). The regressions
explain 95% to 99% of the observed variability (R) at the statistically
high significance level p < 0.001. Table 2 presents the respective fitted
coefficients for the three variables at each site. The sensitivity of DLR to
T, and eg is in the range of 4.07 to 5.44 W m 2K~ ! and of 2.56 to 3.07 W
m~2 hPafl, respectively, with the six-site mean of 4.24 (+ 0.21) W m—2
K ! and 2.98 (+ 0.22) W m 2 hPa~! (mean + 1 standard deviation of
spatial replicates). Meanwhile, the sensitivity of DLR to AOD fluctuates
between 3.02 and 8.80 W m~2 AOD ™! with an average sensitivity of 4.66
(41.99) Wm~2 AOD ! across the lake. The sensitivity values at DPK and
DS are higher than other sites, probably due to smaller water vapor
content in DS (a land site) and larger variability of meteorological
conditions in these two sites (Table 1). The coefficients obtained from
the three-variable regression are much smaller than the slope co-
efficients derived from the simple one-variable linear regression shown
in Fig. 3, especially for AOD, implying that single-factor regression
analysis exaggerates the effect of aerosols.

Table 3 shows the sensitivity of DLR to T, and e, derived from the
DLR parameterization (Egs. 4 and 5). The calculations show the sensi-
tivity is in the range of 4.11 to 4.48 Wm 2K for T, and 3.0 to 3.80 W
m~2 hPa™! for ey, with the means of 4.32 Wm 2K ! and 3.33 W m 2
hPa™! for the entire Lake Taihu. These results are consistent with those
obtained through the multivariate linear regression (Table 2).

3.3. DLR sensitivity calculated using MERRA-2 reanalysis

Fig. 4 displays a comparison between MERRA-2 hourly data and the
observations in the Lake Taihu. The MERRA-2 AOD is biased low in
comparison with the MODIS AOD, with a regression slope of 0.38.
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Fig. 2. Time series of hourly (black) and annual (magenta) means of a) MODIS-derived AOD, b) observed downward longwave radiation (DLR), c) observed air
temperature (T,), and e) observed water vapor pressure (e,) at the DPK site. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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Table 1
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Annual mean MODIS-derived AOD, observed downward longwave radiation (DLR), observed air temperature (T,), observed vapor pressure (e,) at the Lake Taihu sites.

Variable site 2011 2012 2013 2014 2015 2016 2017 2018 Trend (yr’l)
BFG 1.10 0.89 1.11 0.86 0.91 0.81 0.78 0.84 —0.038
DPK 1.21 1.01 1.00 0.70 0.99 1.17 0.71 0.75 —0.046
AOD DS 1.06 1.07 0.99 1.02 1.04 1.02 0.94 0.95 -0.015
MLW 0.97 0.99 1.09 0.73 1.06 0.86 0.85 0.88 —0.020
PTS 1.09 1.01 0.97 0.70 0.91 0.92 1.10 0.82 —-0.016
XLS 1.11 0.89 0.80 0.75 0.93 0.84 0.83 0.91 -0.017
BFG — 362.9 361.5 362.2 365.7 369.5 366.1 368.8 1.22
DPK 362.0 364.3 365.0 363.9 366.7 370.6 367.7 374.3 1.46
Py DS — 363.1 362.5 352.5 362.0 359.6 353.4 358.5 —-0.89
DLR (W m™=) MLW 357.0 359.1 359.8 359.4 362.6 — — — 1.14
PTS — — — 362.3 365.6 369.7 366.9 369.6 1.60
XLS - - 363.3 363.0 366.7 370.8 367.5 369.8 1.43
BFG — 16.5 17.3 16.9 17.0 17.4 17.7 17.6 0.15
DPK — 16.3 17.0 16.6 16.6 17.0 17.6 17.6 0.15
T, ¢C) DS - 16.5 17.4 17.0 17.1 17.5 17.7 17.6 0.15
a MLW 17.1 16.3 17.0 16.6 16.6 17.4 — — 0.07
PTS — — — 17.0 17.0 17.4 17.7 17.6 0.19
XLS — — 17.2 16.8 16.8 17.2 17.5 17.5 0.11
BFG — 16.3 16.7 15.8 15.8 17.5 17.4 17.8 0.27
DPK — 14.8 15.1 15.5 15.9 17.4 16.3 17.9 0.40
¢, (hPa) DS — 14.8 14.5 14.7 14.2 15.1 14.9 15.6 0.13
a MLW 15.3 14.5 14.8 14.4 14.5 16.0 — — 0.10
PTS — — — 16.6 16.5 17.2 16.7 16.9 0.07
XLS — — 16.9 16.5 16.5 18.5 18.2 19.0 0.50
500
-
g
S 400
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Fig. 3. Scatter plots between observed downward longwave radiation (DLR) and a) MODIS-derived AOD, b) observed air temperature (T,), and c) observed water
vapor pressure (e,) observed at the six sites. Solid lines represent linear regression with statistics noted. The data density that is categorized from 1 to 8 represents the

data number for different colors.

Table 2

Coefficients derived from the three-variable linear regression (eq. 1). Here b, c,
d are the sensitivity of observed downward longwave radiation (DLR) to
observed air temperature, observed vapor pressure and MODIS-derived AOD,
respectively. Parameter bounds for individual sites are 95% confidence in-
tervals. Uncertainties of the mean are + one standard deviation of spatial
replicates.

b c(Wm >hpPa™) d(Wm™>A0D™)
Wm 2K
BFG 4.48 £ 0.41 2.67 +0.43 472 +4.25
DPK 4.07 £0.43 2.75 £ 0.41 7.28 + 3.09
DS 5.44 + 0.55 2.56 + 0.62 8.80 + 6.08
MLW 4.37 £0.38 3.07 £0.51 3.21 + 3.09
PTS 4.18 +£0.59 3.01 +0.59 3.43 £371
XLS 4.27 +£0.50 2.71 +0.47 3.02+5.10
Mean 4.24 +0.21 2.98 +0.22 4.66 + 1.99

Similar lower biases were also reported by other researchers (Sun et al.,
2019b; Gueymard and Yang, 2020; Che et al., 2022). In comparison, the
MERRA-2-derived clear-sky DLR is in much better agreement with the
observed DLR, with a regression slope of 1.07 and a mean bias of —39.6
W m~2 (The MERRA-2 all-sky DLR has a regression slope of 1.07 and a

Table 3

Sensitivity of observed downward longwave radiation to observed air temper-
ature (b) and observed vapor pressure (c) according to parameterization Eq. (4)
and Eq. (5). Calculations were made with observed multi-year mean air tem-
perature and vapor pressure.

b(Wm 2K c(Wm 2hPa™!)
BFG 4.34 3.24
DPK 4.33 3.25
DS 4.48 3.49
MLW 4.11 3.80
PTS 4.29 3.14
XLS 4.39 3.00
Mean 4.32 3.33

mean bias of —27.6 against the observed DLR). Impressively, T, and e,
exhibit excellent agreement between MERRA-2 and observations, as
indicated by respective slopes of 0.99 for T, and 1.00 for e,, along with
the small mean biases of 2.3 K and 0.83 hPa.

Table 4 presents the sensitivity results obtained from the MERRA-2
data via two calculation methods. The multivariate linear regression
gives a DLR sensitivity of 3.82 (+0.11) W m 2 K ! to T, and 3.99
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Fig. 4. Comparisons of a) MODIS-retrieved AOD and MERRA-2 AOD, b) observed DLR and MERRA-2 clear-sky DLR, c) observed T, and MERRA-2 T,, d) observed e,
and MERRA-2 e,. Grey solid lines represent linear regression with statistics noted. Dash lines are 1:1. Color indicates data density.

Table 4

Sensitivity results based on MERRA-2 data. Top line: coefficients from three-
variable linear regression (Eq. 1); Bottom: Sensitivity to AOD from the differ-
ence between DLR with aerosol loading (DLR,er,) and DLR without aerosols
(DLRp0aero) Per unit change of AOD. Parameter bounds are 95% confidence
intervals.

b(Wm? c(Wm? d(Wm 2AOD ™)
K™ hPa ')
Multivariate 3.82 +0.11 3.99 +0.11 12.00 + 1.27 (4.56 +
regression 0.48)*
(DLRgero-DLRnoaero)/ - - 4.10 £ 0.25
AOD

" The sensitivity in bracket is obtained by using AOD value adjusted with the
relationship between MERRA-2 and MODIS AOD (i.e., AODmerra2z =
0.38*A0Dpodis + 0.22).

(+0.11) Wm 2 hPa! to eq, which are in general agreement with the
results derived from observations. However, the sensitivity of DLR to
AOD (12.0 + 1.27 Wm 2 AOD 1) is much larger than that derived from
the observational data. The reason is that MERRA-2 AOD is substantially
smaller than the MODIS AOD. The MERRA-2 sensitivity is reduced to
4.56 + 0.48 W m 2 AOD ! after the MERRA-2 AOD is adjusted using the
linear relationship between MERRA-2 and MODIS AOD shown in Fig. 4a.

Alternatively, the sensitivity of DLR to AOD can be determined
through a regression of the DLR difference between the presence and
absence of aerosol scenarios against the corresponding AOD difference.
Such calculation has been widely used in other studies (e.g., Cao et al.,
2016; Panicker et al., 2008). This approach yields a sensitivity of 4.10
(£0.25) Wm 2 A0D ! (Fig. S2 and Table 4), which agrees well with the
observed result (4.66 + 1.99 W m~2 AOD’l).

3.4. SBDART model calculation

Next we aimed to determine whether the DLR sensitivity to AOD

obtained from the radiative transfer model is consistent with the results
derived from observations. Fig. 5 shows the SBDART-simulated DLR
forcing under varying AOD conditions in the Lake Taihu. It is seen that
the simulated DLRF has a significant linear relationship with the AOD,
and the slope of the fit is 4.69 (+£1.23) W m~2AOD L. Such value is fairly
consistent with the sensitivity value obtained by the multivariate linear
regression based on the Lake Taihu observations and MERRA-2 rean-
alysis data.

Fig. 6a further illustrates the simulated DLRF under varying AOD
conditions for four distinct aerosol types: rural, urban, oceanic and dust.
These simulations utilize the averaged radio sounding vertical profiles
during 2011-2018 to represent atmospheric conditions over the Lake
Taihu region. The optical parameters of dust aerosols are specified with

20 g ' : : T ; T
y=(4.69£123)x +0.26(10.098) : ‘
- =0.99, p<0.001 ‘
15 foooeeen] — - |
z
L s i - :
= a
- |
a 3
a7 | | | |
0" i I I I 1 1 i
0 05 1 5 2 25 3 35
AOD

Fig. 5. SBDART-simulated downward longwave radiative forcing (DLRF) as a
function of AOD in the Lake Taihu. Uncertainties of the mean are + one stan-
dard deviation of temporal replicates. Lines represent linear regression with
statistics noted.
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Fig. 6. SBDART-simulated downward longwave radiative forcing (DLRF) as a function of AOD a) for four different aerosol types and b) for four different model

atmospheres. Lines represent linear regression with statistics noted.

the output of Optical Properties of Aerosols and Clouds (OPAC) model
(Hess et al., 1998), whereas other aerosol types are defined by the
SBDART model (see Fig. S3). For the rural aerosol type, the linear
regression slope of DLRF against AOD is 4.34 W m~2 AOD . The slope is
slightly higher at 5.11 W m~2 AOD™! for the urban aerosol type.
Remarkably, dust aerosols exhibit the steepest regression slope (18.77
Wm? AOD’l), followed by oceanic aerosols (6.97 W m 2A0D ). Our
Lake Taihu results fall within the range of sensitivity values obtained
from rural and urban aerosols, further demonstrated that rural and
urban aerosols are good proxies for the aerosols in the Lake Taihu region
(Tao et al., 2020).

Atmosphere conditions also affect the DLR and its sensitivity to AOD.
Fig. 6b shows DLRF variations with AOD under four model atmosphere
conditions: Tropical, Mid-Latitude Summer, Mid-Latitude Winter, and
US62. The regression slope varies from 3.5 W m~2 AOD ™! for Tropical
Atmosphere to 5.88 W m~2 AOD ! for US62 Atmosphere. Particularly,
in the Tropical Atmosphere, high water vapor longwave forcing occurs,
which masks the actual aerosol forcing. The conclusion drawn from
these calculations underscores the strengthened sensitivity of DLR to
AOD in drier and cooler atmosphere conditions.

4. Discussion

The three estimates of dDLR/dAOD, derived from observational
data, reanalysis data and the radiative transfer model, are consistent
with each other, but are generally lower than the sensitivity values re-
ported in the literature (e.g., Markowicz et al., 2003; Panicker et al.,
2008; Anton et al., 2014; Hansell et al., 2010, 2012; Cao et al., 2016;
Maghrabi et al., 2022). Several factors may explain this discrepancy.

Firstly, the sensitivity of DLR to AOD depends on aerosol chemical
and physical properties. Distinct aerosol types exhibit varying compo-
sitions. Rural aerosols are made up of water soluble and insoluble
components (Ramachandran and Kedia, 2012). Urban aerosols are
mixtures of the rural aerosols with carbonaceous particles. Oceanic
aerosols are composed of sea spray droplets and a continental compo-
nent similar to the rural aerosols except that most of the very large
particles are absent (Shettle and Fenn, 1976). Dust aerosols are
composed of mineral particles (Hansell et al., 2010). Urban aerosols,
which contain more black carbon, have a lower SSA (Fig. S3) and thus a
larger DLR forcing than rural aerosols (Fig. 6a). Hansell et al. (2010)
found that variations in dust composition yield large differences in the
surface DLR forcing due to the unique absorption features associated
with pure minerals in the thermal wavelengths. In addition, aerosol size
matters. According to Dufresne et al. (2002) and Hansell et al. (2010),
the DLR forcing at the surface strongly increases as the effective radius of
dust particle increases due to the enhancement of longwave scattering
and absorption. Indeed, as shown in Fig. 6a, the radiative forcing asso-
ciated with dust aerosol (large particle size) is much larger than that
induced by other finer aerosol types (e.g., urban, rural) under the same

AOD condition. Moreover, the dust DLR forcing shows non-linearly
variation with AOD, thus yielding different sensitivity values at
different AOD levels.

Secondly, meteorological condition (e.g., humidity and temperature)
can affect the sensitivity of DLR to AOD. Our SBDART model results
suggest that dDLR/dAOD is larger under drier and cooler atmosphere
conditions than in hotter and more humid environments (Fig. 6b). As
depicted in Fig. 2, the temperature and water vapor content at the Lake
Taihu is highest in the summer and lowest in the winter. We performed
additional three-variable regressions by using MERRA-2 data for the
months of July and December. The results show that dDLR/dAOD is
2.86 Wm 2 AOD ! in July, significantly smaller than the value observed
in December, which is 7.04 W m~2A0OD! (In this analysis, the MERRA-
2 AOD has been adjusted to remove biases in the regressions). Previous
studies support our results that surface DLR forcing decreases with
increasing water vapor content (Markowicz et al., 2003; Ramachandran
et al., 2006; Panicker et al., 2008). The physical explanation is that the
absorption and reemission of DLR by water vapor molecules are more
dominant than those of aerosols in warmer and more humid
atmospheres.

The third factor is related to clouds. It is important to emphasize that
the dDLR/dAOD estimates presented in this study are applicable
exclusively under cloud-free conditions. However, clouds can increase
DLR due to its high emissivity and high temperature relative to the clear
atmosphere. A slightly larger dDLR/dAOD value (6.01 + 0.75 W m 2
AOD™ 1) is obtained if the MERRA-2 all-sky DLR is used to perform three-
variable regression (In this regression analysis, the MERRA-2 AOD has
been adjusted to remove biases).

5. Conclusions

In this study, through the application of three-variable linear
regression to the observational data, it is found that an increase of one
unit AOD resulted in a DLR increase of 4.66 (& 1.99) W m 2 and the
sensitivity of DLR to temperature and humidity was 4.24 (+ 0.21) W
m 2 K ! and 2.98 (+ 0.22) W m 2 hPa’l, respectively. The same
regression analysis of the MERRA-2 data yields a similar sensitivity to
AOD (4.56 + 0.48 W m~2 AOD™!) after the MERRA-2 AOD has been
bias-corrected. Furthermore, the sensitivity of DLR to AOD determined
as the difference in the MERRA-2 DLR between pollution and aerosol-
free scenarios (4.10 + 0.25 W m~2 AOD™}) was in agreement with the
values derived from the three-variable linear regression. The SBDART
model yields a sensitivity of (4.69 + 1.23) W m~2 AOD!. These four
estimates vary in a narrow range of 4.10 to 4.69 W m 2 AOD "}, rep-
resenting approximately 10% of the grand mean of the estimates (4.51
W m 2 AOD™ ). These sensitivity values were determined under clear-
sky conditions, and it is noteworthy that they are lower than the sensi-
tivity values found in the literature which vary in the range of 4.9 to 62
Wm2A0D L.
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Our findings contribute significantly to enhancing our understanding
of the aerosol impact on DLR over the Lake Taihu region in Eastern
China. Furthermore, they shed light on the variability of DLR sensitivity
to AOD under various background conditions and aerosol types. By
elucidating the nuanced relationship between DLR and AOD, this study
advances our comprehension of radiative transfer dynamics in a region
marked by its significance in the broader global energy budget. The
implications of these findings extend to improved accuracy in numerical
weather forecasts and further refinement of climate models.
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