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Abstract. To better measure the planetary boundary layer inversion strength (IS), a novel profile-based method
of estimated inversion strength (EIS ) is developed using the ERAS5 daily reanalysis data. The EIS , is designed to
estimate the IS based on the thinnest possible reanalysis layer above the lifting condensation level encompassing
the inversion layer. At a ground-based site in North America, the EIS,, correlates better with the radiosonde-
detected IS (R = 0.74) than the lower-tropospheric stability (LTS, R = 0.53) and the estimated inversion strength
(EIS, R = 0.45). The daily variance in low cloud cover (LCC) explained by the EIS,, is twice that explained by
the LTS and EIS. Higher correlations between the EIS, and the radiosonde-detected IS are also found at other
radiosonde stations of the subtropics and midlatitudes.

Analysis of LCC observed by geostationary satellites and the Moderate Resolution Imaging Spectroradiometer
shows that the EIS,, explains 78 % of the annual mean LCC spatial variance over global oceans and land, which
is larger than that explained by the LTS and EIS (48 % and 13 %). Over tropical and subtropical low-cloud-
prevailing eastern oceans, the LCC range is more resolved by the EIS, (48 %) than by the LTS and EIS (37 %
and 36 %). Furthermore, the EIS, explains a larger fraction (32 %) in the daily LCC variance as compared to
that explained by the LTS and EIS (14 % and 16 %). The seasonal LCC variance explained by the EIS, is 89 %,
which is larger than that explained by the LTS and EIS (80 % and 70 %). The LCC-EIS, relationship is more
uniform across various timescales than the LCC-LTS and LCC-EIS relationships. It is suggested that the EIS,,
is a better cloud-controlling factor for LCC and is likely a useful external environmental constraint for process-
level studies in which there is a need to control for large-scale meteorology in order to isolate the cloud responses
to aerosols on short timescales.

as meteorological constraints on low cloud cover (LCC):

The inversion strength (IS) of the planetary boundary layer
(PBL) is an important factor that affects PBL moisture trap-
ping and low-cloud formation. Strong IS inhibits the dry
air above the inversion from being incorporated into the
PBL and traps moisture below the inversion to favor greater
cloud cover (Wood and Bretherton, 2006; Mauger and Nor-
ris, 2010). In contrast, weak IS promotes the drying effect of
entrained air from the free troposphere and reduces the PBL
moisture to decrease cloud cover (Bretherton and Wyant,
1997; Myers and Norris, 2013). Currently, two approximate
measures of the IS based on reanalysis data are widely used

the lower-tropospheric stability (LTS; Klein and Hartmann,
1993) and the estimated inversion strength (EIS; Wood and
Bretherton, 2006). They are both defined as a two-level po-
tential temperature (0) difference between the 700 hPa level
and the surface, but for the EIS the moist adiabatic 6 increase
above the lifting condensation level (LCL) is additionally re-
moved. The EIS can be combined with the moisture differ-
ence between the 700 hPa and surface to form a new stability
index, the estimated cloud-top entrainment index (ECTEI).
The ECTEI and the EIS have similar correlations with LCC
on the seasonal timescales (Kawai et al., 2017).
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The LTS and EIS are the best known and most widely
used cloud-controlling factors for the explanation of LCC
variations. Enhanced LTS can moisten PBLs and has been
shown to precede LCC changes by about 24-36 h (Mauger
and Norris, 2010; Klein, 1997). Similarly, Myers and Nor-
ris (2013) found that the EIS is the main cause of LCC
variations, and enhanced subsidence actually decreases LCC
for the same value of the EIS. These LCC-LTS and LCC-
EIS relationships are vital for not only separating observa-
tional aerosol effects on clouds from meteorological influ-
ences (L’ecuyer et al., 2009; Rosenfeld et al., 2019; Murray-
Watson and Gryspeerdt, 2022; Coopman et al., 2016) but also
estimating low cloud climate feedbacks (Klein et al., 2017,
Sherwood et al., 2020). In terms of aerosol—cloud interac-
tions, the LTS and EIS can be used to constrain meteorologi-
cal influences and thus largely reduce the confounding influ-
ence of meteorology to separate aerosol effects on low clouds
(Mauger and Norris, 2007; Coopman et al., 2016), since LCC
variations are most explained by the LTS and EIS among
all the LCC-controlling meteorological factors (Stevens and
Brenguier, 2009). Without strong cloud-controlling factors,
the confounding influence of meteorology is poorly con-
strained, and over half of the relationship between aerosol
optical depth and LCC results from meteorological covaria-
tions (Gryspeerdt et al., 2016). Besides, in climate projec-
tions, Webb et al. (2012) found that most climate models
cannot reproduce the observational LCC-LTS and LCC-EIS
relationship, and thus low cloud feedbacks have the largest
spread among climate models. To help constrain future cli-
mate projections, the LTS- and EIS-induced low cloud feed-
back can be more accurately estimated by multiplying the ob-
servational LCC-LTS and LCC-EIS sensitivity by the LTS
and EIS changes of climate model projections (Webb et al.,
2012; Qu et al., 2014; Myers and Norris, 2016; Klein et al.,
2017; Mccoy et al., 2017; Myers et al., 2021; Seethala et al.,
2015; Kawai et al., 2017).

Although the LTS and EIS are best correlated with LCC
among all meteorological factors, the LTS and EIS only ex-
plain a small portion of LCC variance on short timescales.
A total of 12 % of daily LCC variance are explained by the
LTS, but when the monthly means are subtracted from the
data, only 4.8 % of the daily LCC variance are explained by
the LTS at the subtropical ocean weather station (OWS) N
(Klein, 1997). Similarly, when the monthly means are re-
moved, only 4 % of daily LCC variance are explained by the
EIS over the typical subtropical eastern oceans (Szoeke et
al., 2016). LCC on daily time scales is not as well explained
by the LTS/EIS as the LCC on longer time scales. But the
LCC sensitivity to LTS/EIS is assumed to be time-scale in-
variant to estimate the LTS/EIS-induced low cloud feedback
and thus leads to some uncertainty (Klein et al., 2017). The
explanation for the variant relationship between LCC and LT-
S/EIS across different time scales is not clear. And it is also
not known whether the LTS and EIS can approximate the IS
with the same accuracy across different time scales.
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Grounded on the well-mixed condition, the PBL’s thermal
structure is relatively simple, and both the LTS and EIS are
likely to be good measures of IS. However, the actual PBL
thermal stratification may not always be well mixed. In deep
decoupled PBLs, a strong stratification with a large 6 in-
crease between cloud layers and surface-mixed layers would
exist (Jones et al., 2011; Nicholls, 1984). In this case, both
the LTS and EIS likely count the stable layer of the decou-
pling into the IS estimates and thus overestimate the real IS
atop the PBL. Previous studies also showed that the free-
tropospheric lapse rate has small biases and large spreads,
although on average it is close to the moist adiabat on daily
timescales (Wood and Bretherton, 2006). Thus, further re-
finements of the algorithm for IS estimations are possible if
we can reduce the biases and errors resulting from the devia-
tions from the well-mixed conditions. Given the importance
of the LTS and EIS for studies of cloud—aerosol interactions
and climate predictions, a better measure of the IS can lead
to more accurate quantification and increasing confidence in
these fields. Based on the previous EIS framework, this study
further establishes a profile-based EIS (ELS,) algorithm to
take advantages of the reanalysis and thus to estimate more
accurately the IS.

This paper is laid out as follows: Sect. 2 briefly describes
the observation and reanalysis data and introduces method-
ologies used in our analysis; Sect. 3 illustrates the develop-
ment and validation of the new EIS; Sect. 4 evaluates the
relationship between LCC and EIS, at the global scale, with
conclusions in Sect. 5.

2 Data and methods

Data used in this study include the following: (1) high-
vertical-resolution radiosondes and cloud radar and lidar ob-
servations from the ground site of the Atmospheric Radia-
tion Measurement (ARM) Program; (2) radiosondes of sev-
eral subtropical and midlatitude stations from the Integrated
Global Radiosonde Archive (IGRA) of the National Oceanic
and Atmospheric Administration (NOAA); (3) global satel-
lite observations of LCC; (4) the fifth-generation atmo-
spheric reanalysis from the European Centre for Medium-
Range Weather Forecasts (ECMWF). Methodologies of data
processing are also introduced.

2.1 Radiosonde and cloud observations at the
ground-based sites

Long-term ground-based observations are from two sites of
the ARM Program at the southern Great Plains (SGP) and the
eastern North Atlantic (ENA) (Ackerman and Stokes, 2003).
ARM was established by the US Department of Energy’s
Office of Biological and Environmental Research to pro-
vide an observational basis for studying the Earth’s climate.
At the SGP observatory (97.5° W, 36.6° N and 318 m above
sea level) and the ENA observatory (28.1° W, 39.5°N and
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30ma.s.l.), high-quality radiosondes and cloud radar and li-
dar observations are provided to validate the new algorithm
of EIS, and to investigate the relationship of IS and IS es-
timates (i.e., LTS, EIS and EIS,) with LCC. However, the
ENA is located on Graciosa Island in the midlatitude ocean,
where low clouds frequently occur but with no inversion
(Norris, 1998) so that it is not an ideal site to investigate
the relationship of LCC with IS. Thus, the observations at
the ENA are only used to validate the accuracy of EIS, by
comparing with the radiosonde-measured IS.

The atmospheric temperature, relative humidity (RH) and
pressure profiles measured by the SGP balloon-borne sound-
ing system (SONDE) from 2002 to 2011 are used. The son-
des at the SGP are launched four times a day at 05:30, 11:30,
17:30 and 23:30 UTC. To avoid the diurnal-cycle influence
on our analysis, only the sondes launched at 17:30 UTC
(11:00LT) are used. At this time, the PBL is relatively more
well mixed by turbulence with more uniform vertical distri-
bution of # than at the other times of the day (Liu and Liang,
2010). The data at different times are also tested, and they
come to similar results. The precision of the sonde-measured
temperature, RH and pressure is 0.1 K, 1 % and 0.1 hPa (Ken,
2001), respectively. Their accuracy is 0.2 K, 2 % and 0.5 hPa,
respectively (Ken, 2001). Its vertical resolution is normally
about 10m from the ground level up to 30 km. The sonde
temporal resolution is less than 2.5 s with 6ms~! ascent rate
at the 1000 hPa level. The 6 profile is computed from the
sonde temperature and pressure profiles as follows:

Ra

1000 <pa
9=T<—) ", 1)
p

where R, is the specific gas constant of dry air, and cp, is
the specific heat capacity for dry air at constant pressures. T
and p are the sonde temperature and pressure. The 6 vertical-
gradient (d6/dz) profile is derived from the 6 difference be-
tween two adjacent levels:

de 0i+1—6;
(s = ——— )
Z 2 Zi+1 —Zi

where 7 is the height above the ground level (AGL). The sub-
script “i” indicates the ith level detected by the sonde.
Cloud profiles are observed every 10s by the 35 GHz
millimeter-wavelength cloud radar and the micro-pulse lidar
from 2002 to 2011 at the SGP. The ARM best-estimate cloud
radiation measurement (ARMBECLDRAD) product is used
(Chen and Xie, 1996), which provides radar and lidar cloud
profiles derived from the Active Remote Sensing of Clouds
(ARSCL). Its vertical resolution is 45 m. To match the sonde
launched at 17:30 UTC, the hourly segment of cloud mea-
surements during 17:00-18:00 UTC is used. The cloud base
and top heights of an hourly segment are recognized as the
lowest and highest levels of cloud layers (non-zero cloud
fraction) detected in that hourly segment. In a cloud profile,
distinct cloud layers are separated by a minimum distance
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threshold of 250 m (Li et al., 2011). Low clouds are defined
as having a cloud base height of less than 3km and a top
height of less than 4 km. These low clouds are dominated by
stratus, stratocumulus and shallow cumulus clouds (Dong et
al., 2005). Segments of solely other types of clouds but no
low cloud are excluded in our analysis. Segments that have
low clouds but with other clouds aloft are kept. The LCC
of an hourly segment is defined as the ratio of the number of
cloudy profiles to the total number of profiles in that segment.

These hourly segments are further sorted into three cat-
egories: clear sky, coupled cloudy and decoupled cloudy
segments. Clear sky segments are those in which no cloud
is present within that segment. The coupled and decoupled
cloudy segments are segments containing low clouds in cou-
pled and decoupled PBLs, respectively. A straightforward
indicator to distinguish coupled and decoupled PBLs is the
height difference between the cloud base and the LCL (Azy,)
(Jones et al., 2011). When the PBL is well mixed, Azp is
close to zero, but in the decoupled PBLs the cloud and sub-
cloud layers would be separated by a stable layer, and the
LCL may diverge from the cloud base by hundreds of me-
ters with large Azp (Nicholls, 1984; Jones et al., 2011).
The threshold value of Azy, is empirical; for different instru-
ment capability, vertical resolution and locations, the thresh-
old may be a little different. In reference to the linear least-
squares fit between Az and A6 in Jones et al. (2011), where
150 m of Azp correspond to 0.5 K of the 6 difference in the
subcloud layer, a similar linear relationship is found, but the
slope is a little different in that 180 m of Az, corresponds to
0.5K of the 6 difference at the SGP site. Thus, at the SGP
site, a threshold value of 180 m for Az, is used to distinguish
coupled and decoupled PBLs.

At the ENA, data of radiosondes and LCC from 2014 to
2020 are used. The data product and processing method of
the ENA site are the same as those of the SGP. The ENA
site is characterized by marine stratocumulus clouds but at
midlatitudes, where the correlation between LCC and IS is
much weaker as compared to that at the SGP. This will be
verified and discussed later.

2.2 Radiosonde stations of subtropics and midlatitudes

The IGRA of NOAA collects radiosondes from globally dis-
tributed stations (Durre et al., 2018; Durre et al., 2006).
The radiosonde temperature, RH, pressure and geopotential
height profiles in the IGRA are used. The 6 and 6 gradient
profiles are computed from Egs. (1) and (2). These atmo-
spheric parameters of radiosondes are available at the stan-
dard pressure levels (1000, 925, 850, 700 and 500 hPa) or
variable levels. It provides reliable instantaneous observa-
tions for the PBL IS (see definitions in Sect. 2.5). However,
most low-cloud-dominated regions are over the ocean with
no available radiosondes in the IGRA. Thus, five radiosonde
stations with relatively higher occurrence frequencies of low
clouds are selected: the OWS N in the subsidence and steady
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trade wind circulation of the northeast Pacific (Klein, 1997,
Klein et al., 1995), the OWS C in the frequently decou-
pled PBLs of the North Atlantic (Norris, 1998), the tropical
East Pacific coast with the classic stratocumulus condition
(Albrecht et al., 1995), the southeast Pacific coast with the
stratocumulus-capped PBLs (Bretherton et al., 2004) and the
southeast Chinese coast of subtropical low-cloud domains
(Klein and Hartmann, 1993). Locations, observational period
and time of data for each station are listed in Table 1.

2.3 Global LCC observations

Global LCC observations of the geostationary satellites
(GEOs) and the Moderate Resolution Imaging Spectrora-
diometer (MODIS) on board the Aqua and Terra satellites
are provided by the Clouds and the Earth’s Radiant En-
ergy System (CERES) project (Doelling et al., 2013, 2016;
Trepte et al., 2019). Global hourly LCC between 60° S and
60° N during 2006-2011 is used. It is available in the Syn-
optic 1° (SYNldeg) edition 4.1 product of the CERES
project (Doelling et al., 2013, 2016; Trepte et al., 2019).
The GEO-MODIS LCC here refers to the cloud area frac-
tion of the identified cloudy pixels with cloud top pressure
above 700 hPa divided by the total number of pixels in the
1° x 1° grids. The MODIS pixel-level cloud identification
is based on the CERES MODIS cloud algorithm (Minnis
et al., 2008, 2011). The sampling frequency of clouds de-
rived from the MODIS narrowband radiance is four times
a day (two from each of the Aqua Terra). GEOs with radi-
ances calibrated against the MODIS provide hourly cloud re-
trievals between MODIS observations (Doelling et al., 2013).
The GEO cloudy pixel identification is also based on the
CERES-MODIS-like cloud algorithm to achieve more uni-
form MODIS and GEO clouds. An advantage of this product
over cloud retrievals of the first-generation GEO is that the
CERES project uses the latest generation of the GEO im-
ager capability with more additional channels to enhance the
accuracy of cloud retrievals (Doelling et al., 2016). Hourly
LCC is used to match the IGRA radiosondes. Daily LCC
used in Sect. 4 is the mean of the full-day hourly GEO-
MODIS LCC from the CERES SYN1deg edition 4.1 product
(Doelling et al., 2016).

2.4 The fifth-generation ECMWF atmospheric
reanalysis (ERA5)

Reanalysis data from the ECMWF are to provide the at-
mospheric profile information. The ERAS combines obser-
vations with model outputs by the 4D-Var assimilation to
achieve the 1 h resolution (Hersbach et al., 2020). The hourly
atmospheric temperature, RH, geopotential profiles in the
ERAS dataset are used to match the SGP, IGRA and GEO-
MODIS observations. The 6 and 8 gradient profiles are com-
puted based on Eqs. (1) and (2). Atmospheric profiles at the
16 pressure levels between 500 and 1000 hPa are available.
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At the SGP site, the ERAS atmospheric profiles between the
years 2002 and 2011 at the grid point (97.5° W, 36.625° N)
nearest to the SGP site (within about 2.8 km) are used. For
the IGRA radiosonde stations, the ERAS hourly data of the
0.125° grid point nearest to them during the same observa-
tional period are used. At the global scale, the ERAS atmo-
spheric profiles are averaged to 1° resolution data, centered at
0.5°, 1.5°, ... during the years between 2006 and 2011. This
resolution is consistent with the global LCC data. Those three
metrics, LTS, EIS and EIS ,, are then computed based on the
3h 1° ERAS atmospheric profiles. All metrics at longer (i.e.,
from daily to seasonal) timescales are computed from the 3 h
metrics.

2.5 LTS, EIS and radiosonde-measured IS

The LTS and EIS over the ocean are defined as follows:

LTS = 6700 npa — 60, (3)
EIS = LTS — I'm(z700hPa — ZLCL)s “)

where 0 and z are, respectively, the potential temperature and
the height. The subscripts “700 hPa”, “0” and “LCL” indicate
the levels of 700 hPa, 1000 hPa and the LCL, respectively.
zrcL is calculated using temperature and RH at 1000 hPa
based on the exact expression in Romps (2017), indicating
the height at which an air parcel would saturate if lifted adia-
batically. I'y, is the moist adiabatic € gradient at 850 hPa cal-
culated using the mean temperature of the 1000 and 700 hPa
levels. I'y, can be calculated as follows:

1000\ i
I'm(T, p)= T

-i<l— 1+ Lygs(T, p) /R.T )
1+L%QS (T, p)/cpaRvT2

®)

Cpa

gs is the saturated mass fraction of water vapor. L, is the
latent heat of vaporization. Ry is the specific gas constant for
water vapor.

Over land, the LTS and EIS are computed following
Egs. (3)—(5) but based on the heights of 0.15 and 3 kma.g.l.
The height of the initial air parcel, set as 0.15kma.g.l, is
to avoid noisy and contaminated readings of the RH near
the surface from the radiosondes and the influence of surface
layers (Liu and Liang, 2010). The temperature, RH and pres-
sure at 0.15 and 3 km a.g.l. over land can be directly derived
from the radiosondes or linearly interpolated from the ERAS
profiles. zpcr, over land is calculated using the temperature
and RH at 0.15kma.g.l. I'y, over land is computed using the
mean temperature and pressure of the two heights.

To derive the IS from the radiosonde profiles, the layer
of the greatest 6 gradient (d6/dz) between the LCL and
Skma.gl. is firstly identified, similarly to Mohrmann et
al. (2019) but with an LCL constraint to guarantee that it is
above the cloud layer. For the SGP high-resolution (10 m)
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Table 1. The location, observational period and time of the IGRA radiosonde stations.
OWS N OWS C  Tropical East Pacific coast ~ Southeast Pacific coast ~ Chinese coast
Location 140° W, 35.5°W, 120.5667° W, 70.4408° W, 119.2833°E,
30°N 52.75°N 34.75°N 23.4503° S 26.0833° N
Period 1969-1974  1969-1974 2006-2011 2006-2011 2006-2011
Time 00:00UTC  12:00UTC 00:00UTC 12:00 UTC 00:00UTC
radiosondes, the inversion top and base are defined as the i-3
nearest levels above and below the layer of maximum dé/dz,
where df/dz is equal to three-fourths of maximum dé/dz. ) T
. . . . 0] op
The IS is defined as the 6 jump across the inversion layer af- 3 i-2 2
ter removing the 6 increase due to the moist adiabat in this B Top 1 Top3
layer: 5 i1
y . 2 }(d@/dz)max
IS = (6isT — bisB) — 'y~ (z1sT — 218B) - (6) &) : Base, Base,
The subscripts “IST” and “ISB” indicate the identified top i+1 Base3 LCL
and base heights of the corresponding layers, respectively. i+2
F}EB is the moist adiabatic d9/dz computed from Eq. (5) us- E|Sp1 EIS 2 E|Sp3
p

ing the temperature and pressure at the identified inversion
base. The method that determines the IS in low-resolution
soundings of IGRA is exactly the same as the new profile-
based method of EIS and will be introduced in detail in
Sect. 3.1.

2.6  test and multiple timescale analysis

In our study, the Pearson’s correlation coefficient (R) and the
slope of the least-squares linear fit are used. R square is used
with a minus or plus sign for a negative or positive correla-
tion. The existence of a correlation and confidence interval
for the true mean value (u) is estimated based on the ¢ test.
The number of independent samples is determined by divid-
ing the total length of samples by the distance between in-
dependent samples (Bretherton et al., 1999). All correlations
listed in this study are at the 95 % significance level if there is
no mention of their significance. The confidence bound of R
is computed based on the Fisher z transformation. The con-
fidence interval of the slope is computed from the residual
error of the least-squares linear fit. Besides, for isolating the
correlation and the regression slope on different timescales,
window anomalies are defined as being consistent with those
in Szoeke et al. (2016):

2D = [x]™ = [x]2 (7)

The brackets represent the mean of x over the window of
length A. The superscripts A; and A;4; are the ith window
length and the next longer window length.

3 The profile-based method of EIS (EISp)

In this section, the new EIS,, algorithm is established based
on ground-based observations at the SGP and validated
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Figure 1. An illustration of finding the location of three possible
layers encompassing the inversion between the LCL and Skma.g.1.
in ERAS or coarse sounding profiles. The red block is one sin-
gle layer of (df/dz)max that includes the inversion. The blue and
green blocks are a combination of two adjacent layers if the inver-
sion is distributed into the two layers but not just in the layer of
(df/dz)max- EIS, 1-3 are computed accordingly, and the largest
value among them is regarded as the true EIS .

at other radiosonde stations of the subtropics and midlati-
tudes. In Sect. 3.1, the new EIS, algorithm is described. In
Sect. 3.2, at the SGP site with long-term 10 m resolution ra-
diosondes, two questions are discussed: (1) why and how is
EIS, a better estimate for the IS than LTS and EIS? (2) How
well does EIS,, control LCC as compared to LTS and EIS
when it is a better estimate for the IS? In Sect. 3.3, the EIS,,
is further validated at radiosonde stations of the subtropics
and midlatitudes.

3.1 The algorithm of the new EIS,

The EIS, is designed to capture the IS information from the
thinnest layer encompassing the inversion in low-resolution
(hundreds of meters) atmospheric profiles. For these coarse-
resolution profiles (e.g., ERAS), it is difficult to accurately
locate the exact place of the inversion because, usually, the
thickness of the inversion is much smaller than the distance
between two adjacent vertical levels. Thus, only one or two
adjacent layers that could encompass the inversion are lo-
cated. The latter is for the consideration that an inversion
layer may be across two adjacent layers of the ERAS. Specif-
ically, the EIS, is computed as follows:

Atmos. Chem. Phys., 23, 3247-3266, 2023
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1. Locating the layer of the maximum 6 vertical gradient
(d9/dz)max-

For each hourly ERAS profile, the layer of (d6 /dz)max 1S
firstly located between the LCL and 5kma.g.1. (the red
zone in Fig. 1), since the inversion only features strong
gradients in thermodynamical properties.

2. Finding the layers encompassing the full inversion.

The layer of (d9/dz)max may not encompass the full in-
version if the inversion crosses two adjacent layers of
the ERAS. Thus, the layer of (df/dz)max is combined
with an adjacent layer just above and below it, respec-
tively, to constitute another two candidate layers that
could encompass the full inversion (the blue and green
zones in Fig. 1).

3. Calculating the EIS .

The EIS, is calculated for the three possible layers iden-
tified in the second stage, respectively:

EISp = etop — Opase — I'm (Ztop - Zbase) , (8)

where subscripts “top” and “base” represent the top and
base levels of a candidate layer. I'y, is computed using
Eq. (5) at the base level. The 6 increase of the moist
adiabat is removed to extract the strength of the inver-
sion between the top and base levels, which is con-
sistent with the EIS framework in Wood and Brether-
ton (2006). The final EIS, is determined by which layer
in Fig. 1 encompasses the stronger inversion computed
from Eq. (8) and thus refers to the largest value among
the three candidates EIS ), 1-3.

The EIS (Wood and Bretherton, 2006) assumes that the
PBL is well mixed (dry adiabat below the LCL and moist adi-
abat above the LCL) for estimating the IS. If that is the case,
EIS, would give the same results as EIS. However, it will be
shown in the following sections that the actual PBL often de-
viates from the well-mixed conditions, where the EIS, pro-
vides a physically more reasonable estimate for the IS than
the EIS and thus a stronger cloud-controlling factor.

When high-resolution radiosondes are available, the exact
IS can be obtained fairly straightforwardly (Sect. 2.5, Eq. 6).
The computation of EIS,, is in fact adapted from the algo-
rithm for obtaining the IS from high-resolution radiosondes
but is adjusted to suit coarse-resolution atmospheric profiles
in reanalysis. Because high-resolution soundings are rare, an
applicable metric derived from reanalysis would be much
more beneficial. Because the IGRA soundings have similar
vertical resolutions as ERAS in the lower troposphere, the IS
of these soundings (used in Sect. 3.3) is derived in exactly
the same way as the EIS,.
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3.2 PBL stratification and the establishment of the EIS,
at the SGP

The characteristics of PBL thermal structures are examined
by using the SGP high-resolution radiosondes as shown in
Fig. 2. Figure 2a illustrates an idealized 6 profile of the well-
mixed condition consistent with Wood and Bretherton (2006)
and an idealized 6 profile of the decoupled PBLs based on the
observations in Jones et al. (2011). The primary difference in
the 0 profiles between the coupled and decoupled PBLs is
whether a stable layer exists to decouple the cloud and sub-
cloud layers (Nicholls, 1984). Hence, under the decoupled
conditions, the LTS and EIS would include the sum of the
PBL IS and the 6 increase from the ground to the LCL (the
blue line in Fig. 2a). The LTS and EIS can be separated into
different terms:

LTS = (BLcL — 60) + A6 + IS, (9a)
EIS = (O1cL. — 6p) + (A — Ty Az) + 1S, (9b)
A6 = O3km — OcL — IS, 9¢)
A7z = Z3km — ZLCL- (9d)

The subscripts of “3km”, “0” and “LCL” indicate the levels
of 3km, 150ma.g.l. and LCL. If over oceans, the levels of
3km and 150 m can be replaced with 700 and 1000 hPa. In
Eq. (9a), the LTS can be regarded as the sum of the 8 dif-
ference between the LCL and 150 ma.g.l. (6rcL — 6p), the 6
increase (A8) due to the actual 6 gradient above the LCL,
and the PBL IS. Similarly, in Eq. (9b), the EIS is similar to
the LTS, except for the fact that the 8 increase due to the
moist adiabat (I', Az) above the LCL is removed. It can be
seen that the first two terms on the right-hand side of Eq. (9a)
and (9b) contribute to the LTS and EIS even though they are
not a part of the IS. In the well-mixed PBLs, the two terms
OLcL — 0o and AG — 'y Az are both equal to zero. Thus, the
EIS defined by Eq. (9b) is exactly the IS, and the LTS defined
by Eq. (9a) is equal to IS+ I'y Az under perfectly well-mixed
conditions.

At the SGP site, 29 %, 32 % and 39 % observational sam-
ples are classified into the coupled cloudy, decoupled cloudy
and clear-sky segments, respectively. Note that the Az
method cannot distinguish whether the PBL is coupled or
decoupled when a segment has no low cloud. Thus, the clear-
sky segments might contain both coupled and decoupled
PBLs. The following is noted about Fig. 2b: (1) the proba-
bility distribution functions (PDFs) of 6 cr, — 69 for the cou-
pled cloudy segments peak at zero and have relatively pos-
itive skewness. The exact reason for the positive skewness
is not clear. Because the height of the LCL being close to
the simultaneously observed cloud base height is only a nec-
essary condition of a PBL being coupled, a decoupled sur-
face layer and overlaying cloud layer coincidently having the
height of an LCL close to the cloud base is not a surprise.
Either the advection of clouds from other places or the de-
velopment of a new surface stable layer while clouds that
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Figure 2. Illustrations of PBL 6 profiles (a), with the LCL heights indicated by dashed horizontal lines and the moist adiabat represented by
light dashed lines. PDFs of the 6 difference between the LCL and 150 ma.g.1. (b), the 6 difference with the moist adiabat removed between
the LCL and the inversion base (c), and the 0 difference with the moist adiabat removed for the free troposphere between the inversion top
and 3 kma.g.l. (d). The red, blue and black lines are for coupled cloudy, decoupled cloudy and clear-sky segments, respectively. In (c¢), the 6
differences of decoupled cloudy segments are further separated into those between the LCL and the cloud base (dashed blue line) and those

between the cloud base and the inversion base (solid blue line).

were formed earlier are still left above might result in posi-
tive OcL — 6. (2) Strong stratification below the LCL (large
positive 6; c —6p) frequently occurs in the decoupled cloudy
and clear-sky segments, with mean values of 6.3 and 11.5K,
respectively. Thus, the non-zero term of 6 cr, — 6y will cause
LTS and EIS to largely deviate from the real value of IS in
the decoupled cloudy and clear-sky segments.

Besides, a premise of using LTS and EIS to measure the
IS is that the lower-tropospheric 6 gradient can be predicted
by the moist adiabat above the LCL. This moist adiabatic as-
sumption is supported in previous studies but still with some
uncertainties on the daily timescales (Stone, 1972; Wood and
Bretherton, 2006; Schneider and O’Gorman, 2008). Accord-
ing to PDFs of the 6 difference between the LCL and inver-
sion base or between the inversion top and 3kma.g.l. with
the moist adiabat removed (A6 — 'y Az), 6 likely follows
the moist adiabat above the LCL (Fig. 2c¢ and d), with a
peak at zero, but all PDFs of A6 —I'y Az have broad dis-
tributions. The standard deviation of A6 — I';, Az above the
LCL is about 4 K. Note that, here, the I'y,, is computed using
Eq. (5) but is based on the temperature and pressure at the
base level of each layer.

Typically, the real IS is less than 10K. Thus, the term
OLcL — 6o in Eq. (9a) and (9b) will cause a strong overestima-
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tion of the IS by the LTS and EIS. Furthermore, the variation
of the LTS and EIS is attributed not only to variations of IS
but also to variations of the systematical deviations of tem-
perature profiles from the dry adiabat below the LCL. As a
result, at the SGP site, the decoupled cloudy and clear-sky
segments (with weak IS but large 6y cr, — 6y) are mixed with
the coupled cloudy segments with strong IS when using the
LTS and EIS to sort data. Large values of LTS and EIS cor-
respond not only to strong IS but also to weak IS with strong
stratification below the LCL. On short timescales (like the
daily scale), the spread of A —I'yAz (Fig. 2¢ and d) re-
sulting from the 6 gradient deviating from the moist adiabat
above the LCL could add additional uncertainty into the LTS
and EIS. Hence, weak and even unphysical relationships of
clouds and moisture with the LTS and EIS might exist.
Figure 3a—c shows that the composited LCCs of cloudy
segments are all positively proportional to the radiosonde-
measured LTS, EIS and IS. However, the composites of LCC
are slightly (significantly) more sensitive to the changes of
IS than the changes of LTS (EIS). The occurrence frequency
of the clear-sky segments (the number of clear-sky segments
divided by the number of total segments) is investigated sep-
arately. Figure 3c shows that clear-sky segments are rarely
observed when the IS is very strong (~ 0% at 10K) and

Atmos. Chem. Phys., 23, 3247-3266, 2023



3254

—I— LCC of coupled cloudy segments
—F— LCC of decoupled cloudy segments
Occurrence frequency of clear sky segments

Z. Wang et al.: Profile-based Estimated Inversion Strength

100 f(a) 100 f(b) 100 f(c)

80 80 80
< 60 60 60
40 40 40

20 20 20

0 0 0

4 8 12 16 20 24 28 -4 0 4 8 12 16 20 2 0 2 4 6 8 10
—~ 100
o
ﬂf— 80 -
€ g
< 60 -
E D:
S 40
T
T 20

0
4 8 12 16 20 24 28

LTS (sonde, K)

4 0 4 8

EIS (sonde, K)

0
12 16 20 2 0 2 4 6 8 10
IS (sonde, K)

Figure 3. (a—c¢) LCC composites of the coupled cloudy (red line) and decoupled cloudy segments (blue line) and the occurrence frequency
of the clear-sky segments (black line). (d—f) Composited RH profiles. Composites are based on the SGP radiosonde-measured LTS (a and
d), EIS (b, and e) and IS (c and f), respectively. Error bars in (a—c) show the 95 % confidence interval of the mean based on the ¢ test. The
solid and dashed black lines in (d—f) indicate the average height of the inversion center and the LCL, respectively. All composites are based

on daily data of all seasons for the full period at the SGP.

more frequently exist with weaker IS (60 % at 0 K). This is
consistent with the fact that stronger IS inhibits the entrain-
ment of dry air from the free troposphere and thus favors the
formation and maintenance of low clouds and corresponds
to less occurrence of the clear sky. On the contrary, such a
physically reasonable expectation is not seen (even qualita-
tively) in the composites of the clear-sky segments based on
the LTS and EIS. Figure 3a-b shows that the occurrence fre-
quency of clear-sky segments changes little (even increases)
with increasing LTS (EIS). This is also expected based on
Fig. 2b showing the existence of a large positive skewness
in the term 6y cr, — 6y in the clear-sky segments. This strong
static stability below the LCL results in large LTS and EIS,
even when the real IS is weak.

Composited moisture distribution shows information that
is consistent with the LCC composites. Figure 3f shows that
the composited RH has an increasing trend towards stronger
IS, and high values of RH (RH>80 %) are restricted below
I kma.g.l. at the large IS value bins. However, the compos-
ited RH distribution is completely reversed when sorted by
the EIS, with high (low) RH being related to weak (strong)
EIS (Fig. 3d). The RH distribution sorted by the LTS has a
similar dependence on the magnitude of the LTS (Fig. 3c)
as the IS does, but with weaker variations and smaller PBL
RH as compared to the composites based on the IS (Fig. 3e).
Thus, respectively, the LTS and EIS poorly and incorrectly
represent the IS at the SGP site; hence, the dependence of
the PBL moisture conditions and LCC on the IS are weakly
and erroneously reproduced by the LTS and EIS.

An interesting phenomenon is that the LTS overall per-
forms better than the EIS with respect to constraining LCC

Atmos. Chem. Phys., 23, 3247-3266, 2023
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Figure 4. Joint PDFs of the 6 difference (A6) between the levels
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each panel. The dashed black lines indicate the least-squares fit.
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at the SGP site. To understand why this happens, the LTS
and EIS in Eq. (9) both have been separated into three terms
to discuss. For the LTS, the two terms 6y cr, — 6y and A of
Eq. (9a) usually offset each other, with a negative correlation
of —0.56 and a slope of the least-squares fit of —0.5 K K~!
(Fig. 4a). In contrast, the slope of the least-squares fit be-
tween AG — 'y Az and 6; cp, — 6 is only —0.05 KK™! (not
shown). Furthermore, the LTS and EIS equation can be trans-
formed into the following:

A
LTS = <1+—)(0LCL—00)+Is, (102)
OLcL — 6o
AO —TpA
EIS = (1 +—mz)(9LCL—90)+IS. (10b)
OLcL — 6o

On average, the coefficient before 6 cr, — 8y for the LTS in
Eq. (10a) is 0.5, while that for EIS in Eq. (10b) is 0.95. The
variations of LTS and EIS result from both the changes of
IS (positively correlated with LCC, as shown in Fig. 3c¢) and
the changes of 0 c1, — 6y (negatively correlated with LCC, as
shown in Fig. 4b). According to Eq. (10a) and (10b), the LTS
actually only involves half of the bias caused by 6rcL — 6y
and is thus not as strongly influenced by 6pcr, — 6y as the
EIS. As a result, removing only the moist adiabat (I'yAz)
does not make the EIS a better estimate for the IS at the SGP
but instead makes the EIS more influenced by 6y cp. —6p. This
explains why the LTS is better correlated with LCC and RH
(Fig. 3a and d) than the EIS (Fig. 3b and e) at the SGP. How-
ever, the physical reason why the PBL stratification changes
in this way is unclear to us, and it is beyond the scope of this
study.

As shown in Fig. 2¢c and d, the 6 difference between the ac-
tual environmental 6 gradient and the moist adiabatic 6 gra-
dient (A8 — 'y Az) is another source of uncertainty in the
EIS based on Eq. (9b), especially on short timescales. How-
ever, Fig. 4c and d suggest that the spread of |A0 — ' Az|
increases with the layer thickness, either between the LCL
and the inversion base or between the inversion top and
3kma.g.l. (with a correlation of 0.59 or 0.58, respectively).
Thus, the thicker the layer encompassing inversion involved
in the EIS calculation is, the larger the uncertainty is. Includ-
ing more layers around the inversion layer in estimating the
IS likely results in more uncertainty. This suggests a possi-
ble way of better estimating the IS if we can reduce the layer
thickness (Az) associated with the second term on the right-
hand side of Eq. (9b), which also makes the IS estimate less
dependent on the moist adiabatic assumption.

The above results suggest that there are two major bias and
error sources when estimating the IS using the LTS and EIS
metrics. One is caused by systematic deviations from the dry
adiabat below the LCL, and the other is the errors resulting
from the spread of the actual 6 gradient around the moist adi-
abat above the LCL. To exclude the former source, we can lo-
cate the LCL and only consider the inversion above the LCL
to drop the first term on the right-hand side of Eq. (9b). The
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impact of the latter one can be indirectly reduced by finding
the thinnest layer encompassing the inversion that is involved
in the computation of the second term on the right-hand side
of Eq. (9b). Thus, the new EIS, (as described in Sect. 3.1) is
proposed accordingly to achieve a better estimate of the IS.

The LTS, EIS and EIS,, derived from the hourly ERAS re-
analysis are directly compared against the SGP radiosonde-
measured IS. In Fig. 5¢c, the R square between the EIS, es-
timated from the ERAS and the IS measured by radiosondes
is 0.55, which is much larger than those of the LTS (0.28,
Fig. 5a) and EIS (0.20, Fig. 5b). The slope of the least-
squares fit of the IS to the EIS , is 0.86 KK~!. This indicates
that the value of the EIS,, is much closer to the IS as com-
pared to the LTS (0.26 KK~1) and EIS (0.19KK™!). The
composites of LCC and RH based on the EIS , (Fig. 5f) show
similar results to that based on the IS (Fig. 3f). Stronger EIS,
corresponds to larger RH trapped below about 1 km, and with
the EIS, weakening and the inversion layer lifting, RH de-
creases but distributes to higher levels. However, the LCC
and RH composites based on the LTS and EIS (Fig. 5d, e,
g and h) show weak or erroneous relationships similar to
the results based on the radiosonde-measured LTS and EIS
(Fig. 3a, b, d and e). Thus, the EIS, offers a better fit to
the real IS and better constrains the PBL moisture distribu-
tion and LCC. The slope of the composited LCC to the EIS,,
is 6 % per kelvin, in contrast to that of the LTS (1.9 % per
kelvin) and the EIS (0.4 % per kelvin). Since the ranges of
the LTS and EIS are larger than that of the EIS ,, larger slopes
of the LCC to the EIS,, than those to the LTS and EIS are
expected. To measure the sensitivity of LCC to changes of
LTS, EIS and EIS,, we consider the effective range of LCC
resolved by changes in a metric. The sensitivity of LCC to
a metric here is defined as the difference between the com-
posited LCC values associated with the largest and smallest
10 % of that metric:

LCC Sensitivity to x = LCC(x > x99 9)
—LCC(x < x109%). (11)

The bar over the LCC head represents the mean value of LCC
sorted by x quantile. xg9p9, and x19g are the 90 % and 10 %
quantiles of x. The LCC sensitivity of all segments to the
EIS, is 50 %, which is larger than that to the LTS (39 %)
and EIS (12 %). These weaker and erroneous dependences
of LCC on the LTS and EIS, respectively, are expected, since
large errors (Fig. 2b—d) are carried in the LTS and EIS. Al-
though the vertical resolution of the ERAS profiles may not
always suffice to resolve the inversion layer, the IS estimated
from the ERAS profile-based algorithm (EIS ) is highly con-
sistent with the IS directly derived from the SGP 10 m resolu-
tion radiosondes, and they present similar relationships with
the PBL RH and LCC.

The ERAS5-based LTS, EIS and EIS, are further examined
on the different timescales with respect to their relationships
with radiosonde-measured IS and LCC (Fig. 6). Overall, the
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Figure 7. Blue asterisk marks the SGP and ENA sites. Red cy-
cles mark the locations of radiosonde stations from the IGRA. Eight
10° x 10° boxes are the most typical low-cloud-dominated regions
defined in Klein and Hartmann (1993).

R square and the slope of the EIS , with the IS are the largest
throughout all timescales as compared to those of the LTS
and EIS. Particularly on the daily, 7 and 15 d timescales, the
lower bounds of the 95 % confidence interval of the EIS ,—
IS R square are much higher than the upper bounds for the
LTS and EIS. On the seasonal timescale, three metrics have
similar correlations with the IS, but as shown in Fig. 6b, the
slope of the IS to the EIS, (nearly 1) is still much larger
than those to the LTS (0.28 KK~!) and EIS (0.23KK™1).
The limited accuracy restricts the LTS and EIS in reproduc-
ing the relationship between the true IS and LCC. In Fig. 6c,
on daily timescales, the LTS explains 3.1 % of variance in
LCC, which is comparable to the 4.8 % variance explained
by the LTS at OWSN (a typical low-cloud-dominated site
over the ocean) in Klein (1997)). For the EIS,, it explains
9.1 % of the daily LCC variance, which is remarkably close
to that explained by the IS. Similar conclusions can be drawn
from weekly timescales. On longer timescales, the EIS,, and
the LTS both explain comparable variance in LCC but much
larger variance than that explained by the EIS. In Fig. 6d, the
slope of LCC composited based on the IS is nearly repro-
duced by the EIS,, consistently. The slopes of LCC compos-
ited based on the LTS and EIS are much smaller than those
based on the EIS, and IS.

3.3 Validation of the EIS,, at radiosonde stations of the
subtropics and midlatitudes

As shown in Sect. 3.2, at the ARM SGP site, the EIS,, es-
timates the PBL IS better than both the LTS and EIS when
the PBL thermal structure is largely deviated from the ide-
alized structure of well-mixed PBLs. Next, we want to see
if such a deviation exists at other radiosonde stations of the
subtropics and midlatitudes. The ARM ENA site and another
five ground-based radiosonde stations are selected to exam-
ine their characteristics of PBL thermal structures. Their lo-
cations are shown in Fig. 7. Because the cloud base height
information is not available at the radiosonde stations of
IGRA, the method used at the SGP to distinguish the cou-
pled cloudy, decoupled cloudy and clear-sky segments is not
accessible. Thus, an alternative indicator, the decoupling de-
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gree (ap), is used to distinguish coupled and decoupled PBL
according to the PBL thermal structures. The definition of oy
is introduced in Wood and Bretherton (2004) by using the lig-
uid potential temperature (6.) as the conserved variable dur-
ing the moist adiabat. Here, 0 is used to construct the moist
adiabatic conserved variable by removing the moist adiabatic
6 increase above the LCL to express the oy parameter:

_ bisB — 60 — 'y (z1sB — 21CL)
st — 00 — Dm(zisT — ZLCL)

ag (12)
The subscripts “ISB”, “IST”, “0”, “700 hPa” and “LCL” in-
dicate the base and top of the inversion layers, the levels of
1000 and 700 hPa, and the LCL, respectively. To understand
its meaning, Eq. (12) can be transformed as follows:

O — O+ [0isB — el — T'm (z1sB — zLCL)]
IS +60LcL — 00 + [O1sB — OLcL — I'm (z1sB — zLcL)]
EIS — IS

~ . 1
EIS (3)

o9

The numerator of oy can be understood as the strength of
the PBL thermal structures deviating from the coupled con-
ditions. The denominator of &g can be understood as the sum
of the deviation strength of the PBL thermal structure from
the coupled conditions and the IS (or EIS). By Eq. (13), the
EIS can also be expressed as IS/(1 — op). Thus, whether the
EIS is the real IS is actually determined by the decoupling
parameter ag. In perfectly coupled conditions, og is zero and
the EIS is exactly equal to the IS. In decoupled PBLs, when
ap is larger, the EIS actually accounts more for the devia-
tion of the PBL thermal structure from the coupled condi-
tion. A small value of oy would suggest a state very close
to the coupled condition, and here, a threshold value of 0.2
is used to distinguish the coupled and decoupled PBLs based
on Eq. (12). ag has been tested for the high-resolution sound-
ings, and it comes to similar results. In fact, results listed in
Table 2 at the SGP based on ay show consistent results with
that based on Azp,.

As shown in Table 2, it is found that the two terms
OLcL —0p and A —T' Az in Eq. (9) are non-negligible, even
over the subtropical oceans. Both the mean and standard de-
viation of 6; cr, — 6y are very small in the coupled PBLs. The
mean of 6 cp — 6y at the other sites in the decoupled PBLs
is usually smaller (about 1-4 K) as compared to that at the
SGP (8.69 K), except at the tropical East Pacific coast, where
it is larger (10.46 K) than that at the SGP. Theoretically, a
constant shift on the 6 difference between the LCL and the
ground level will not change the correlation coefficient and
regression slope between the LTS and EIS and the IS and
LCC. However, the term 6 cr, — 0g is systematically differ-
ent between the coupled and decoupled PBLs. Thus, using
the LTS and EIS to sort the PBL structures will unequally
mix the coupled and decoupled conditions in their different
composite bins. Moreover, this bias is distinct for different
places, and thus, the regional difference would make the LTS
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Table 2. The characteristics of the PBL thermal structures and evaluation of the LTS, EIS and EIS, in terms of estimating the IS and the IS-LCC relationships of the six radiosonde
stations. Coupled and decoupled PBLs of all stations are distinguished by «p. Italics indicate not-significant correlations. Bold indicates the largest correlation. The daily IS-LCC
correlation is based on the data after subtracting 7 d means.

ARM SGP ARM ENA OWS N OWS C  Tropical East Southeast Pacific ~ Chinese coast
Pacific coast coast
6r.cL — 6p in coupled 0.33K (0.36K) 0.26 K (0.39K) 1.33K (0.74K) 0.85K(0.86K) 0.70K (1.34K) 0.17K (0.28K) 0.16 K (0.93K)
PBLs (standard
deviation)
6LcL — 6p in 8.69K (5.82K) 2.55K (2.37K) 353K (2.23K) 273K (230K) 1046K (6.71K) 1.41K (2.05K) 3.34K (3.50K)
decoupled PBLs

(standard deviation)

A6 —T'n Az above the 1.22K (3.98K) 0.07K (1.64K) —039K(2.26K) 1.65K(2.74K) —1.06K((2.36K) 0.48K (2.34K) —1.16 K (2.93K)
LCL (standard

deviation)

IS-LTS correlation 0.53 0.51 0.35 0.29 043 0.62 0.62

IS—EIS correlation 0.45 0.58 0.41 0.36 —0.06 0.53 0.76

IS-EIS, correlation 0.74 0. 0.60 0.48 0.75 0.79

IS-LCC daily 0.34 (2.824+0.42%/K) 0.16 (3.05£0.97 %/K) NAN NAN 0.26 0.30 0.16

correlation (slope =+ (2.61£0.43%/K) (2.71£0.39%/K) (3.07 £0.85 %/K)
confidence intervals)

IS-LCC monthly 0.65 (3.65+0.78 %/K) 0.43 (6.44 £ 3.34 %/K) NAN NAN 0.38 0.71 0.76

correlation (slope =+
confidence intervals)

(6.95+4.02 %/K)

(4.52+£1.06 %/K)

(6.57 £1.38 %/K)

https://doi.org/10.5194/acp-23-3247-2023

Atmos. Chem. Phys., 23, 3247-3266, 2023



Z. Wang et al.: Profile-based Estimated Inversion Strength

and EIS not uniform in terms of their accuracies when esti-
mating the IS. In contrast, this will not happen in the EIS,
since this bias caused by the term 6y c — 6 in the LTS and
EIS is completely excluded from the EIS,.

The standard deviation of the term A6 — I', Az, as shown
in Table 2, suggests that the errors in estimating the IS based
on Eq. (9) due to the moist adiabatic assumption above the
LCL of the ENA and the other five radiosonde sites range
from 57 %—74 % of that of the SGP site (3.98 K). Thus, the
term A6 —I'iy Az at these six sites will likely also be reduced
when measuring the IS by the EIS . Thus, it is not surpris-
ing that the ERAS5 EIS, is best correlated with the IS directly
derived from the radiosondes over all stations (Table 2). Re-
gional differences of the correlations with the IS still exist for
all metrics to measure the IS but are relatively small for the
EIS,.

4 On the relationship of global LCC with LTS, EIS
and EIS,

In this section, the relationship of global LCC with LTS, EIS
and EIS,, is discussed through daily to seasonal timescales.
Since ground-based observations of radiosondes from ARM
and IGRA are all assimilated in the ERAS5 reanalysis (Hers-
bach et al., 2020), it is not surprising that the assimilated
output can capture well the PBL thermal structures to esti-
mate the IS for these locations where ground-based observa-
tions are available. However, for most areas of the oceans,
only limited radiosondes are available over scattered islands
or during short-term campaigns of field experiments to be
used in ERAS assimilation, and thus, whether the IS can be
rightly captured from the ERAS profiles needs further exam-
ination. In this section, whether the EIS, derived from the
ERAS profiles at the global scale (especially for oceans with
few radiosondes assimilated into the ERAS) can better con-
strain LCC than LTS and EIS is explored.

Figure 8 shows the 6-year mean map of the ERA5-based
LTS, EIS and EIS,. The GEO-MODIS LCC global pattern
is also used to examine its spatial correlation with the above
three metrics. For the LTS, EIS and EIS ,, the plateau regions
with surface pressures smaller than 700 hPa are not investi-
gated here, where no GEO-MODIS LCC is observed. Over-
all, the annual mean values of LTS and EIS are obviously
larger than the EIS, value, except in the inner tropical con-
vective zone, where the EIS value is largely negative. In ad-
dition, there are three differences between the spatial distri-
butions of LTS, EIS and EIS,.

1. Over the subtropical eastern oceans, the center locations
of LTS, EIS and EIS,, are different. For LTS and EIS,
their center locations are more eastward and adjacent to
the coast as compared with the center locations of EIS,,
and LCC. For EIS , its center locations are relatively far
away from the coast and more consistent with the center
locations of LCC.

https://doi.org/10.5194/acp-23-3247-2023
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2. Over midlatitude oceans, the contrast of the values be-
tween the midlatitudes and the tropics is different for
LTS, EIS and EIS,. The midlatitude LTS reduces to the
minimum but still corresponds to about 40 % of LCC.
The midlatitude EIS is as strong as the EIS over the
subtropical eastern oceans but corresponds to a much
smaller LCC than the subtropical LCC. Only the vari-
ation of EIS, from the tropics to midlatitudes is more
reasonably consistent with the spatial variation of LCC.

3. Over land, the LTS and EIS, explain over half of the
LCC spatial variance according to their linear fit, but the
EIS only explains 2 % of the LCC spatial variance. This
implies that the IS is still a controlling factor for LCC
distribution over land. The EIS barely correlates to con-
tinental LCC, possibly because the EIS poorly estimates
IS due to the strong influence of the term 6cr. — 6p, as
discussed in Sect. 3.

On the whole, the performance of EIS,, is better and less
dependent on surface types. Over all global oceans and land,
the EIS, explains 78 % of the spatial variance in LCC, which
is significantly higher than that explained by the LTS (48 %)
and the EIS (13 %). The spatial variations of LCC are also
more sensitive to the EIS, (Fig. 8f).

In Fig. 9, the dependence of LCC on the LTS, EIS and
EIS, is further examined globally for the full daily time
series (i.e., all timescales) and for the daily, 7d window-
averaged anomalies and monthly means (i.e., daily, 7d and
monthly timescales). It is noted that the dependence of LCC
on the three ERAS-based metrics varies across different re-
gions. LCC is best correlated with three metrics over the sub-
tropical eastern oceans and some land regions that are most
dominated by low clouds. Over midlatitude oceans and the
inner Tropical Convergence Zone, the LCC is weakly or neg-
atively correlated with three metrics. Thus, it is discussed
separately for the most LCC-dominated regions over sub-
tropical oceans, midlatitude oceans and land.

1. Over the subtropical eastern oceans with more than
60 % of LCC, on all timescales (Fig. 9a—c), the EIS , ex-
plains 36 % of the variance in LCC on average, which is
larger than that explained by the LTS (21 %) and the EIS
(20 %). The fact that EIS does not provide a stronger
correlation with LCC than LTS was also recognized by
Park and Shin (2019) and by Cutler et al. (2022). In con-
trast, the explained variance of the linear fitting between
LCC and EIS,, is 1.8 times that with LTS and EIS. Be-
sides, the mean LCC sensitivity (defined in Eq. 11 and
not shown in the figure) to the EIS,, on all timescales is
48 % over these regions, which is significantly higher
than that to the LTS (37 %) and the EIS (36 %). Al-
though radiosondes are rare and the ERAS5 profiles are
mostly from the model output over these regions, the
EIS,, still provides a much stronger constraint on LCC
than LTS and EIS. As shown in Fig. 9d—i through daily
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Figure 8. Spatial distribution of the ERAS reanalysis-based LTS (a), EIS (b), EIS, (c) and the GEO-MODIS LCC (d) between 60° S and
60° N. The black contours enclose regions with LCC larger than 60 %. The specific R square and LCC sensitivity to the LTS (blue cycle),
EIS (green square) and EIS;, (red cross) over the ocean, land and all is shown in (e) and (f), respectively. The error bars show the 95 %
confidence interval of the mean based on the t test.
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Figure 9. R square between the GEO-MODIS LCC and the ERAS reanalysis-based LTS (left column), EIS (middle column) and EIS, (right
column) at the all timescales (a—c), daily timescale (d—f), 7 d timescale (g—i) and monthly time scale (j-I). The black contours enclose regions

with LCC larger than 60 %. Only R squares at the 95 % significance level are shown. The minus (plus) sign of R square indicates negative
(positive) correlations.
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to monthly timescales, the EIS , robustly explains larger
LCC variance, more so than the LTS and EIS, especially
on short timescales.

2. Over midlatitude oceans, weak and not-significant cor-
relations between LCC and the three metrics exist
through all of the timescales in Fig. 9. This poor rela-
tionship is also found at the ENA site (Table 2), even
when using the radiosonde to derive the IS, and thus, it
is not caused by using the ERAS to estimate the IS. This
suggests that the IS-LCC relationship is indeed not uni-
form but varies with regions. Klein et al. (2017) also in-
dicated that the LCC relationship with cloud-controlling
factors (e.g., the IS and sea surface temperature) is sys-
tematically different between the subtropical stratocu-
mulus region and other regions (e.g., trade cumulus and
midlatitude regions). Thus, when the IS is used to con-
strain the environmental influence on LCC variations,
it should be noted that LCC is not all uniformly con-
strained by the IS for different regions. For some regions
such as midlatitude oceans, the IS might not be a good
constraint on LCC. But by more accurately estimating
the IS, the EIS, is more correlated with LCC than the
LTS and EIS over midlatitude oceans such as the North
Pacific and North Atlantic on all timescales in Fig. 9a—c.

3. Over land regions of relatively more LCC (about 15 %—
25 % in South America, China and Europe), the corre-
lation between EIS , and LCC is comparable to the sub-
tropical oceanic regions through all of the timescales in
Fig. 9. This suggests that the EIS, is also an impor-
tant controlling factor for continental LCC over these
regions. Besides, the EIS, is more correlated with LCC
than the LTS and EIS over most land regions, except
over China, where the LTS explains larger LCC vari-
ance than the EIS and EIS . The higher correlation of
LTS with LCC over China might not be attributed only
to the IS (LTS is not a direct measure of inversion but
static stability). But more comprehensive and in-depth
investigations on the LTS-LCC dependence are needed
to understand the exact reason for this phenomenon.

In Klein and Hartmann (1993), several key low-cloud re-
gions are defined. Those regions are of a particular interest
in climate projections due to their strong low cloud albedo
effects. As shown in Fig. 7, we pick eight key low-cloud re-
gions according to Klein and Hartmann (1993), and the linear
relationships between LCC and the three metrics are inves-
tigated. These regions lack radiosondes for long-term obser-
vations of IS. They are separated into a group of five typical
tropical and subtropical low-cloud-prevailing eastern oceans
(Fig. 10) and a group of midlatitude oceans and subtropical
land (Fig. 11).

As shown in Fig. 10 (the dashed line in the left panel),
over the five key tropical and subtropical eastern oceans,
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the daily and seasonal window-averaged LCC anomalies ac-
count for a larger portion of the total LCC variance, indicat-
ing that the LCC variation mainly happens at the daily and
seasonal timescales. Over the Peruvian, Namibian and Ca-
narian regions, over 50 % of LCC variances are from the sea-
sonal variations, and much smaller LCC variances are from
other four shorter timescales. But over the Californian and
Australian regions, 40 % and 51 % of the LCC variances are
from the daily timescale, which are larger than those on other
timescales. Although the LCC variances on the 7d, 15d and
monthly timescales are relatively smaller, the sum of them
still accounts for about 20 % ~ 30 % of the total LCC vari-
ance.

In Fig. 10, the LCC variance explained by the LTS, EIS
and EIS, and the LCC slopes of the linear regression to them
are examined through daily to seasonal timescales. In addi-
tion, the relative LCC sensitivity to those three metrics refers
to the LCC sensitivity as defined in Eq. (11) divided by the
LCC range. Here, the LCC range is the difference between
the mean values of the largest and the smallest 10 % of LCC.
The LCC variance is explained most by the EIS, among
the three metrics (left panel of Fig. 10), and LCC is most
sensitive to the EIS, (right panel of Fig. 10) through all of
these timescales, except in the cases of the monthly timescale
over the Peruvian region and the seasonal timescale over the
Namibian region. On the daily timescale, 32 % of LCC vari-
ances are explained by the EIS,, on average over the five east-
ern oceans, which is more than 2 times the variance explained
by the LTS (14 %) and EIS (16 %). On the longer timescales
(30-904d), overall, the EIS, explains 89 % of the LCC sea-
sonal variance on average over the five eastern oceans, in
contrast to 80 % for the LTS and 70 % for the EIS. Only the
EIS, can robustly explain the seasonal variance of LCC ex-
ceeding 80 % for all locations. However, the EIS cannot ex-
plain well the seasonal variation of LCC over the Californian
and Canarian regions, and the LTS cannot explain well the
seasonal variation of LCC over the Australian region.

It is also noted that the slopes of LCC associated with
each metric are not uniform across these key low-cloud re-
gions or on different timescales. A similar regional and tem-
poral difference is also found in the LCC-IS relationships
(Table 2). Klein et al. (2017) and Szoeke et al. (2016) also
found the LCC slopes to the LTS and EIS are variant on dif-
ferent timescales, and this timescale dependence would lead
to uncertainties in the final estimates of low cloud feedbacks.
Thus, the error estimates of the LCC slopes to the LTS, EIS
and EIS, are needed for the final uncertainty estimates of
low cloud feedbacks. To quantify the relative variation (or
the uniformness) of the LCC slope to LTS, EIS and EIS,,
we compute the ratio between the standard deviation and the
mean of grouped slopes. For the temporal relative variation,
slopes on different timescales of each region are grouped
together, while for the regional relative variation, on each
timescale, slopes over different regions are grouped together.
The temporal relative variation of the LCC slope to the LTS
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and EIS is 32% and 29 % on average over the five east-
ern oceans. In contrast, the temporal relative variation of the
LCC slope to the EIS, is 21 %. Besides, the regional relative
variation of the LCC slope to the LTS, EIS and EIS, is 24 %,
21 % and 18 % between the five eastern oceans, respectively.
This suggests that the regional and temporal dependence of
the LCC slope in the estimate of low cloud feedbacks is also
non-negligible and needs to be considered in the final error
estimates or to estimate low cloud feedbacks by separating
regions.

Figure 11a and d (the dashed line) show that, over the
North Pacific and North Atlantic regions, 67 % of the LCC
variance is from the daily timescale, while over the China
region in Fig. 11g, variance is mostly from the seasonal
timescale (57 %). Over the North Pacific and North Atlantic
regions, LCC is not necessarily correlated with the IS. Nor-
ris (1998) has found that fogs and bad-weather stratus clouds
frequently occur over the midlatitude ocean but with less in-
version and poor IS-LCC relationships. Similarly, poor cor-
relations (Fig. 11a and d) and sensitivity (Fig. 11c and f)
between LCC and LTS, EIS and EIS, are found over the
North Pacific and North Atlantic. However, the EIS, is clos-
est to the radiosonde-detected IS as compared with the LTS
and EIS at the ENA and OWS C, as shown in Table 2. This
suggests that the EIS,, is still a reliable estimation for the
IS to represent the true IS-LCC relationship. But the LTS—
LCC and EIS-LCC relationships are not necessarily due to
the IS influence on LCC. Figure 11a, d, c and f also show
that the LTS-LCC and EIS-LCC correlations and sensitivi-
ties are very different from those between LCC and EIS, on
the daily and seasonal timescales. Unfortunately, the midlat-
itude LCC-IS relationship has not been well explored. The
poor EIS ,—LCC relationship is representative of the fact that
the IS cannot be a cloud-controlling factor that is as impor-
tant as that over subtropical oceans. Over the Chinese region,
the EIS and EIS,, are both better correlated with the IS, as
shown in Table 2. Figure 11g and i show that LCC is slightly
more correlated with and sensitive to the LTS through all
timescales. These higher correlations and sensitivities are not
related to the IS, since the LTS correlates the least with the
IS. Since the LTS not only includes the IS but actually repre-
sents the total static stability from 1000 to 700 hPa to influ-
ence the amount and liquid water path of low clouds (Klein
and Hartmann, 1993; Kawai and Teixeira, 2010), it may im-
ply that there are other thermal factors in addition to the IS
in LTS that contribute to these higher correlations and sen-
sitivities. Overall, it should be noted that the IS may not be
a strong cloud-controlling factor over the midlatitude oceans
and subtropical land, but EIS, is still the best estimation for
the IS. The IS is not the only LCC-controlling factor, and
other factors (e.g., sea surface temperature, cold advection,
free-tropospheric humidity and vertical velocity) are also im-
portant for influencing LCC (Myers and Norris, 2013; Klein
et al., 2017).

Atmos. Chem. Phys., 23, 3247-3266, 2023

Z. Wang et al.: Profile-based Estimated Inversion Strength

All the above analyses (Figs. 8—11) are based on the daily
averaged LTS, EIS and EIS , data, which are computed based
on the 3h 1° ERAS atmospheric profiles. Based on the
monthly mean atmospheric profiles, over the region of LCC
larger than 60 %, the LTS and EIS explain 50 % and 48 % of
LCC variance, which is similar to the value of 53 % based
on the 3h ERAS5 atmospheric profiles. However, the EIS,
based on the monthly mean ERAS profiles explains 49 % of
the LCC variance, which is significantly lower than the 65 %
based on the 3 h profiles. Thus, for accurately computing the
EIS, on either short or long timescales, a high temporal res-
olution of reanalysis data is necessary.

5 Conclusions

In this paper, a novel profile-based estimated IS (EIS,) is
developed based on the thinnest possible layer that contains
the inversion layer in the ERAS profiles. By this method, the
effects of the static stability below the LCL are completely
removed. The errors due to the spread of the environmental
6 gradient around the moist adiabat above the LCL are re-
duced.

At the ARM SGP site, the EIS , more accurately estimates
the IS, with a correlation of 0.74, than the LTS (0.53) and EIS
(0.45). Thus, the EIS, reasonably replicates the constraints
of IS on the PBL moisture distribution and LCC, while the
LTS and EIS respectively have a weak and erroneous rela-
tionship with the PBL moisture and LCC. The LCC sensi-
tivity to LTS, EIS and EIS, is 39 %, 12% and 50 %, re-
spectively. On the daily timescale (7 d mean excluded), the
variance in LCC explained by the EIS, (9.1 %) is more
than twice that explained by both the LTS (3.1 %) and EIS
(—0.4 %). At the ARM ENA site, the EIS, has similar ad-
vantages when estimating the IS. At other available oceanic
and coastal observation stations, the EIS » is still a better es-
timation for the IS than the LTS and EIS are.

At the global scale, according to the GEO-MODIS LCC
observations, the EIS , explains the spatial and temporal vari-
ations of LCC better than the LTS and EIS do. Over oceans,
the EIS, distribution is more consistent with the LCC pattern
compared with those of the LTS and EIS. The locations of the
strongest EIS, are consistent with the centers of the largest
LCC relatively far away from the coast, while the centers of
the strongest LTS and EIS are over the coast. Over the sub-
tropical LCC domains, the LCC sensitivity to the EIS, is
48 %, which is larger than that to the LTS (37 %) and EIS
(36 %) on all timescales. Furthermore, the increased LCC
sensitivity to EIS,, primarily comes from timescales shorter
than a month. Over the typical low-cloud-prevailing eastern
oceans, as defined in Klein and Hartmann (1993), the LCC
daily variance explained by the EIS, is 32 % and twice that
explained by the LTS and EIS. Furthermore, the LCC sea-
sonal variance explained by the EIS, increases to 89 % as
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Figure 11. Similar to Fig. 10 but for the other three regions defined in Klein and Hartmann (1993), including two midlatitude oceans and
one subtropical land. The minus (plus) sign of R square indicates negative (positive) correlations.
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compared with that explained by the LTS (80 %) and EIS
(70 %).

No uniform relationship between the LCC and any of the
IS, LTS, EIS and EIS,, is found across timescales or differ-
ent regions. As compared to the LTS and EIS, the temporal
relative variation of the LCC slopes to the EIS, is reduced
from 32 % and 29 % to 21 %. The regional relative variation
of the LCC slope to the EIS,, is slightly smaller than that of
the LTS and EIS. This non-uniform LCC sensitivity to cloud-
controlling factors across different regions and timescales
suggests that using a single observational multi-linear regres-
sion between LCC and cloud-controlling factors to estimate
the global low cloud feedbacks is not recommended.

Overall, the EIS, is an improved measure of the IS and
better constrains LCC, especially on timescales shorter than
a month. On short timescales, the enhanced dependence of
LCC on the EIS, makes the EIS, more suitable to resolv-
ing process-oriented studies associated with LCC variations.
Therefore, the EIS), is likely a better constraint to reduce the
meteorological covariations to separate the aerosol effects in
aerosol—cloud interactions.
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