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ARTICLE INFO ABSTRACT

Atmospheric temperature inversions, i.e., temperatures increasing with altitude, modulate both radiative and
buoyancy fluxes in the atmosphere. A temperature inversion layer often occurs immediately above a cloud layer
Cloud that cools radiatively and thereby strengthens the capping temperature inversion. This study aims to investigate
Radiative cooling the characteristics of temperature inversions above clouds and their relationships with cloud-top radiative
Radiosonde dataset cooling. Using a 17-year (January 2001 to December 2017) high-quality and continuous radiosonde dataset
collected at the Atmospheric Radiation Measurement Southern Great Plains Central Facility site, key tempera-
ture inversion parameters, namely, the occurrence frequency (dp), depth (dz), temperature difference (dT), and
gradient (dT/dz), are derived for single- and double-layer clouds (SLC and DLC, respectively). The occurrence
frequency of temperature inversions above single-layer clouds decreases dramatically as cloud tops rise from low
to high altitudes. When an overlying higher cloud layer is present, the inversion becomes less frequent, shal-
lower, and weaker than without it. This may be because higher clouds weaken the cloud-top radiative cooling of
the underneath clouds by enhancing downwelling infrared radiation. This is supported by radiative transfer
simulations. There are distinctive seasonal cycles of cloud-top radiative cooling for high clouds that are primarily
driven by variations in shortwave heating. Distinctive seasonal cycles of temperature inversions also occurred
regardless of the cloud regime (SLC or DLC) and altitude (low or high clouds). They appear to be driven by the
seasonal cycle of cloud coverage (i.e., a greater amount of clouds undergoes stronger area-mean radiative
cooling) although the shortwave heating seasonal cycle also plays a role for high clouds. Cloud radiative cooling
cannot explain the diurnal cycle of temperature inversions.

Keywords:
Atmospheric temperature inversion

1. Introduction

Clouds affect the radiation budget of the earth's atmosphere by re-
flecting the incoming solar radiation, absorbing the upwelling infrared
radiation, and then re-emitting it at generally lower temperatures
(Stephens et al., 2012). The radiative heating/cooling caused by clouds
couple strongly with atmospheric dynamics, thermodynamics, and the
hydrological cycle (Del Genio et al., 2005; Kalesse and Kollias, 2013).
Despite the critical importance of clouds in the formation of the earth's
climate, clouds and their climatic effects remain the largest un-
certainties in modeling climate and its changes.

As a common atmospheric feature, the atmospheric temperature
inversion, i.e., an inversion of the thermal lapse rate, impacts both ra-
diative and turbulent heat fluxes and partly determines local climate
feedbacks (Pithan et al., 2013). There are complicated mutual
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interactions between clouds and their overlying temperature inver-
sions. On the one hand, an inversion helps trap moisture within the
underlying layers and thus favors cloud formation (Klein and
Hartmann, 1993; Wood and Bretherton, 2006; Solomon et al., 2011).
This effect has been extensively studied and applied in many cloud-
related studies. For example, the lower-tropospheric stability (LTS,
defined as the potential temperature difference between the surface and
700 hPa) as a proxy for cloud-top temperature inversions has been
widely used to parameterize cloud coverage and to classify cloud re-
gimes. On the other hand, clouds enhance the temperature inversion
through radiative and evaporative cooling (Wood, 2012; Zheng et al.,
2016). This effect, however, has been less studied. This study focuses on
the cloud-top radiative cooling effects on temperature inversions. A
practical reason for not considering evaporative cooling is the extreme
difficulty of quantifying it in observations and numerical models (Lolli
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et al., 2017). Note that these two cooling mechanisms are principally
correlated with each other because the radiative-cooling-driven turbu-
lent mixing can enhance the cloud-top entrainment rate, thereby in-
creasing the evaporative cooling (Bretherton and Wyant, 1997). The
radiative cooling can be obtained from a radiative transfer model that
ingests radiosonde-observed temperature and moisture profiles and
cloud boundaries (Ghate et al., 2014; Wood, 2005; Zheng et al., 2016,
2018, 2019).

Radiosonde measurements, which can provide detailed profiles of
temperature, pressure, dew point, and horizontal winds, are ideal for
studying temperature inversions (Seidel et al., 2010). Radiosonde data
have been widely used to characterize the temporal variations of in-
versions (e.g., Bradley et al., 1992; Miller et al., 2013; Serreze et al.,
1992). More importantly, radiosondes can also penetrate cloud layers
and thus likely can provide significant information about clouds, for
example, the locations and boundaries of cloud layers (e.g., Chernykh
and Eskridge, 1996; Minnis et al., 2005; Naud et al., 2003; Wang et al.,
2000). Wang and Rossow (1995) used relative humidity (RH) profiles to
derive the cloud vertical structure. Applying a modified version of the
method described by Wang and Rossow (1995), radiosonde data ob-
tained from the US Department Energy's Atmospheric Radiation Mea-
surement (ARM) mobile facility campaign at Shouxian, China in 2008
were used to derive the vertical distributions of clouds (Zhang et al.,
2010).

While atmospheric temperature inversions have been studied ex-
tensively (e.g., Bourne et al., 2010; Li et al., 2015; Fochesatto, 2015), to
our knowledge, a quantitative assessment of temperature inversions
above clouds has not yet been performed over a long period. As such,
this study attempts to characterize the temporal variations of above-
cloud temperature inversions. The climatological features of tempera-
ture inversions and clouds are valuable for both understanding and
modeling clouds. The synergetic long-term observations made under
the aegis of the ARM program can facilitate this effort. In this study,
seventeen years (January 2001 to December 2017) of radiosonde data
collected at the Southern Great Plains Central Facility (SGP) site are
used to derive cloud boundaries and temperature inversions above
cloud tops. While ground-based cloud radar has provided the high
quality, good continuity and long duration of cloud measurements at
the SGP site, given the following factors, we think that additional ob-
servations are desperately needed to improve our understanding of the
cloud properties. The radiosonde-based atmospheric profile data can
convey valuable and independent/complementary information to the
radar observations. Moreover, radiosonde data from around the world
have been collected routinely for many decades, whereas only a handful
of ARM-like stations have been established over the past decade. De-
tailed observations of cloud properties can't be available globally pro-
vided that we are limited to the ground-based instruments such as those
developed by the ARM project. Therefore, we use the long-term
radiosonde measurements to investigate the climatological features of
the occurrences, depths, differences, and gradients of temperature in-
versions over the tops of clouds. Since clouds in different vertical layers
dictate the adiabatic heating rate and the radiation balance of the at-
mospheric column, a quantitative assessment is also conducted for two
different cloud categories (i.e., low and high clouds).

The paper is organized as follows. Section 2 introduces the data and
detection algorithms of cloud layers and temperature inversions.
Section 3 presents the climatological characteristics of temperature
inversions above cloud and their temporal variations. Section 4 sum-
marizes the main conclusions.

2. Data and methodology
2.1. Data

A large number of remote sensing instruments have been deployed
at the ARM SGP site [(36.61°N, 97.49°W); 315 m above sea level] in
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north-central Oklahoma since 1992. Routine radiosonde launches have
been maintained over two decades, chiefly four times a day at 0530,
1130, 1730, and 2330 UTC, with up to eight launches during intensive
field experiments such as the Atmospheric Infrared Sounder Campaign
(Tobin et al., 2006). Radiosonde type used at the SGP site was mostly
Vaisala RS9x model during the periods we concerned; the new Vaisala
RS41 model was used from fall of 2013 onward. It was indicated that
the differences between their measurements should have little impact
for many science applications (Jensen et al., 2016). A radiosonde
measures pressure, temperature, RH, wind speed, and wind direction
every 2 s at an average ascent rate of about 5 m s~ !, resulting in a high
vertical resolution of ~10 m. Radiosonde data from the SGP site (da-
tastream of sgpsondewnpnCl.al) are of high quality and good con-
tinuity over the period 2001-2017. A total of 23,668 profiles were
collected for this study. Only radiosonde data reaching altitudes ex-
ceeding 10 km are used, which account for 97.2% of all profiles.

2.2. Cloud detection using radiosonde data

The radiosonde-based cloud retrieval algorithm of Zhang et al.
(2010), which was significantly modified from Wang and Rossow
(1995), was used to detect cloud boundaries. Zhang et al. (2013) further
carried out an extensive validation of radiosonde-based cloud detection
against a ground-based remote sensing product at multiple ARM sites
(including the SGP site) located in different climate regimes, which
showed a good agreement. It should also be noted that it is challenging
to perform the strict evaluation given their respective advantages/
limitations inherent in the two different cloud retrieval methods (i.e.,
remote sensing and in-situ measurements), the object mismatch caused
by a fixed ground-based instrument and a drifting balloon, and the
different temporal resolutions of the two datasets (Zhang et al., 2014).

A description of the radiosonde-based cloud retrieval algorithm is
presented here for completeness while details can be found in Zhang
et al. (2010, 2013). The algorithm employs three height-resolving RH
thresholds to determine cloud layers, i.e., minimum and maximum RH
thresholds (min-RH and max-RH) in cloud layers, as well as the
minimum RH threshold within the distance between two neighboring
cloud layers (inter-RH). The RH is transformed with respect to ice for
levels with temperatures below 0 °C. Cloud layers are then identified
according to the main following steps: 1) the base of the lowest moist
layer is determined as the level where RH exceeds the min-RH corre-
sponding to this level; 2) levels above the base of the moist layer with
RH greater than the min-RH are treated as the same layer; 3) the top of
the moist layer is identified where RH decreases to the min-RH; 4) the
moist layer is classified as a cloud layer if the maximum RH within this
layer is higher than the corresponding max-RH at the base of this moist
layer; 5) the base of cloud layers is set to 136 m above ground level; 6)
two neighboring cloud layers are considered as a one-layer cloud if the
distance between these two layers is < 300 m or the minimum RH
within this distance is greater than the maximum inter-RH value within
this distance; and 7) clouds are discarded if their thicknesses are <
30.5 m for low clouds and 61 m for middle/high clouds.

Only radiosonde retrieved single- and double-layer clouds (SLC and
DLC, respectively) are investigated, i.e., the radiosonde profiles with
more than two-layer clouds determined are excluded by this study. The
SLC and DLC dominate the radiosonde-based cloud populations
(77.4%) at the SGP site.

2.3. Above-cloud temperature inversion identification

The approach of Zhang et al. (2016) is employed to determine the
temperature inversion above a cloud and is specified as follows. The
method uses the first-order derivative of the temperature profile with
respect to height to determine the temperature inversion layer. The
temperature difference across each thin layer is calculated by scanning
upwards from the surface to the top of the profile to find cases with
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Fig. 1. Temperature inversions above (a) an SLC at
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is defined as those contiguous levels with first-order derivatives greater
than zero. Within a thick temperature inversion, thin layers that are not
temperature inversions may occasionally be present. If these layers are
very thin (i.e., < 50 m), they are considered to be embedded within the
overall temperature inversion. The depth of the temperature inversion
layer needs to exceed 15 m to be larger than the vertical resolution of
radiosonde data. Only those temperature inversions with base
heights < 200 m away from cloud-top heights are considered here to
ensure that above-cloud temperature inversions are highly related to
cloud processes. There are likely multilayered temperature inversions
above the cloud top, so only the first temperature inversion layer above
the cloud top is considered.

Four parameters associated with temperature inversions are de-
fined: (1) The occurrence frequency (dp in units of %) which is defined
as the number of cloud layers with temperature inversions above the
cloud tops divided by the total number of cloud layers, (2) the depth of
the temperature inversion (dz in units of m) which is the height dif-
ference between the top height and base height of the temperature
inversion layer, (3) the temperature difference across the temperature
inversion (dT in units of °C) which is defined as the temperature dif-
ference at the top height and base height of the temperature inversion
layer, and (4) the temperature gradient across the temperature inver-
sion [dT/dz in units of °C (0.1 km) '] which is defined as dT divided by
dz. The temperature gradient, of the four parameters, has the weakest
signal so is not discussed in any great detail in this paper.

3. Observational results and physical interpretations
3.1. Physical principles

To assist with the interpretation of the observational results, we
briefly describe how cloud-top radiative cooling depends on cloud
properties and meteorological conditions by assuming a gray-body-at-
mosphere theoretical framework. The cloud-top radiative cooling rate
(CTRCngr) has two components: LW cooling (CTRCrw) and SW
warming (CTRWsw). In a gray body atmosphere, the CTRCy for a
single-layer cloud is quantified as.

CTRCrw = f (e 0Ter*€220Ti2*) + (1 — fe1) (810 Tur*-£420T2*), (@]

where f, €, 0, and T are the cloud fraction, the emissivity, the Stefan-
Boltzmann constant (5.670367 x 10~ 8 kg s™2 K™*), and effective
temperature, respectively. The subscripts cl1, al, and a2 stand for the
cloud, the atmosphere below the altitude of the cloud top in cloud-free
regions, and the atmosphere overlying the clouds. The clear-sky com-
ponent &,10T, 21t — €400, (several K day_l) is typically a magnitude
smaller than the cloudy component ¢.; 0T, 1t — £400Ta0", so the equation
can be simplified to.

This equation highlights several key influential factors of LW ra-
diative cooling that should be considered. First, the CTRCyyy is linearly
proportional to the cloud fraction and cloud emissivity that is a function
of cloud optical depth (Stephens et al., 1990). A more extensive cloud
layer with a greater optical depth tends to cool the overlying air layer
more, thereby leading to a stronger temperature inversion. Here, we use
CTRCiw to denote the LW radiative cooling under fully cloudy condi-
tions. Second, CTRC,,y is proportional to the fourth power of the cloud-
top temperature. Third, CTRCyy is compensated by downwelling ra-
diation that is governed by the water vapor burden of the overlying
atmosphere (Mapes and Zuidema, 1996; Zheng et al., 2016). If there is
an overlying cloud layer, an additional cloud emission term should be
added: - €., oT.,* This suggests that the occurrence of an overlying
cloud layer can weaken the LW cooling of the underlying clouds. As will
be shown later, such weakening effects on CTRCrw can considerably
reduce the occurrence frequency of the temperature inversion for the
lower cloud.

The CTRWsy always compensates for the CTRCpw by absorbing
solar radiation, and the degree of the compensation largely depends on
the solar zenith angle and water vapor amount above clouds. Since a
considerable fraction of the absorption bands by water vapor and cloud
droplets are overlapped, absorption by clouds and the water column
depends critically on their vertical distributions (Li and Moreau, 1996).
Under most conditions, however, the CTRWgy is less than the CTRC;w,
leaving a net radiative cooling at cloud tops (Wood, 2012).

3.2. Case study and probability of all temperature inversions

Fig. 1 shows how the temperature inversion structure is determined
above an SLC at 11:30 UTC 26 April 2001 and above DLC at 23:29 UTC
6 November 2001. Gray shading shows the extents of the cloud layers
retrieved from radiosonde measurements. A temperature inversion
layer was identified above the SLC (Fig. 1a). Its dz, dT, and dT/dz were
91 m, 0.50 °C, and 0.55 °C (0.1 km)~ ', respectively. For the DLC
(Fig. 1b), one temperature inversion layer with dz, dT, and dT/dz values
of 279 m, 1.4 °C, and 0.5 °C (0.1 km) ~ ! was retrieved above the higher
cloud. No temperature inversion layer was detected above the lower
cloud.

Fig. 2 shows histograms of the temperature inversion parameters for
all SLCs, the lower cloud in the DLC configuration, and the higher cloud
in the DLC configuration. All histograms are highly skewed to smaller
values. The occurrence frequency of dz reaches a maximum at 40 m
then gradually deceases. The accumulated frequencies for dz < 200 m
are 69.9%, 79.2%, and 68.5% for the three cloud configurations, re-
spectively (Fig. 2a). The greatest frequency is 18-21% for dT at 0.2 °C
then a slight reduction appears (Fig. 2b). The peak dT/dz occurs at
0.4 °C (0.1 km) ~ ! (Fig. 2¢). Most values are < 2 °C (0.1 km) ™!, which
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Fig. 2. Distributions of temperature inversions in terms of (a) depth (20-m
bins), (b) temperature difference (0.2-°C bins), and (c) gradient [0.2 °C
(0.1 km) ~ ! bins] above an SLC (black bars), the lower cloud in a DLC config-
uration (red bars), and the higher cloud in a DLC configuration (blue bars). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

accounts for 85.1%, 80.5%, and 87.9% of all values for the three cloud
configurations, respectively.

3.3. Vertical structure

Fig. 3 shows the vertical profiles of the occurrence frequencies of
cloud-top heights for SLC and DLC. While the frequencies of cloud oc-
currence at the time of radiosonde launch are likely different from that
all day long obtained by the ground measurements due to the diurnal
cycle of the cloud occurrence (Dong et al., 2006), the radiosonde-based
SLC retrievals are consistent with cloud radar observations made over
this region (Dong et al., 2006; Xi et al., 2010; Kennedy et al., 2014;
Zhang et al., 2017), as shown by a bimodal distribution with a lower
peak located in the boundary layer and an upper peak located in the
high troposphere in Fig. 3. Also note that different temporal and ver-
tical resolutions among various cloud datasets may affect the magni-
tude of their retrieved cloud occurrence frequency (Xi et al., 2010;
Zhang et al., 2014; Kennedy et al., 2014). Ground-based radar cloud
product generally has a temporal resolution of 10 s and a vertical re-
solution of 45 m, whereas the radiosondes are generally launched every
6 h with a vertical resolution of ~10 m. The altitudes of the two peaks
in the SLC case (2 km and 12 km) match the altitudes of the peaks of the
lower and higher clouds in the DLC case (Fig. 3). Such a correspondence
motivates us to split the SLC samples into low (cloud top < 6 km) and
high clouds (cloud top > 6 km) to match the lower and higher clouds in
the DLC configuration, respectively.

Table 1 shows the statistics of temperature inversions for the four
cloud types, i.e., SLC low clouds, SLC high clouds, DLC lower clouds,
and DLC higher clouds. For SLC, the occurrence frequency decreases
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Fig. 3. Profiles of the occurrence frequencies of cloud-top heights for an SLC
(solid green line), the lower cloud in a DLC configuration (short dashed blue
line), and the higher cloud in a DLC configuration (long dashed blue line). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1

Occurrence frequencies (dp in %) of temperature inversions above cloud tops
for SLC low clouds, SLC high clouds, DLC lower clouds, and DLC higher clouds;
and averages and standard deviations of the temperature inversion depth (dz in
units of m), the temperature inversion difference (dT in units of °C), and the
temperature inversion gradient [dT/dz in units of °C (0.1 km) ] of the four
kinds of cloud configuration.

dp (%) dz (m) dT (°C) dT/dz [°C

0.1 km)~ ]

SLC Low clouds 85.5% 189.1 + 169.8 2.6 = 26 1.7 + 1.8

High clouds 46.5% 219.3 * 276.1 1.6 = 2.0 08 = 0.7

DLC Lower 40.3% 133.6 = 1352 1.7 * 22 13 *= 1.4
clouds

Higher 48.4% 2135 * 2763 1.8 = 22 1.1 *= 1.1
clouds

dramatically from 85.5% to 46.5% as the cloud top rises from low to
high altitudes. In the DLC configuration, the higher clouds have larger
dp, dz, and dT relative to the lower clouds.

There are two noteworthy features in Table 1:

(1) In SLC, the temperature inversion is more frequent (larger dp),
shallower (smaller dz), and stronger (larger dT) for low clouds than
for high clouds.

(2) The temperature inversion is significantly stronger in terms of dp,
dz, and dT for SLC low clouds than for DLC lower clouds whereas
there is no marked difference between the SLC high clouds and the
DLC higher clouds.

We next examine the roles of both cloud LW cooling and SW
warming by running a radiative transfer model. We use the Santa
Barbara DISORT Atmospheric Radiative Transfer (SBDART) model
(Ricchiazzi et al., 1998). The vertical resolution is 300 m. The solar
zenith angle is set to the value of the equinox noon time. The ther-
modynamic profiles inputted to the model are from the climatological
means of the radiosonde measurements. Fig. 4a shows that there is no
systematic difference in temperature profile between SLC and DLC. The
atmosphere is slightly moister when DLC are present than when SLC are
present (Fig. 4b). The liquid water path (LWP) and ice water path (IWP)
for the low and high clouds are set as 97 and 163 g cm ™2, respectively.
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Fig. 4. Mean profiles of (a) temperature and (b) specific humidity for SLC (solid lines) and DLC (dashed lines).

Fig. 5. Simulated atmospheric heating rates for (a)
SLC low clouds (in black) and SLC high clouds (in

SLC low
DLC no high cloud

red), and (b) DLC lower cloud with (in blue) and
without (in green) a higher cloud. SLC low clouds are
also shown in this panel (in black). Solid and dashed
lines denote the longwave and shortwave, respec-
-4 tively. The horizontal dashed lines delineate cloud
layers. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
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Table 2

Model-calculated CTRGfw, CTRWw, and CTRGigr (in units of K day ~ 1) for the
four simulations, i.e., SLC low cloud (SCL-low), SLC high cloud (SLC-high), DLC
lower cloud (DLC-lower), and DLC lower cloud without a higher cloud (DLC-
lower’) in Fig. 5.

SLC-low SLC-high DLC-lower DLC-lower’
CTRCGiw —-32.43 —66.93 —22.69 —31.04
CTRWiw 3.84 15.83 0.86 3.73
CTRCier —28.59 —51.34 —21.84 —-27.31

These values are their respective annual means from geostationary sa-
tellite observations over the SGP region (Wu et al., 2008). The inputted
LWP and IWP are uniformly distributed over the altitude range of the
cloud layer. The effective radius of the low and high clouds is set as 15
and 30 pm, respectively. Note that the main conclusions are not sen-
sitive to the values of the effective radius. The calculated SW fluxes are
divided by = to account for the diurnal cycle of the solar zenith angle
(Mapes and Zuidema, 1996). Because the cloud layers specified in the
model are assumed to horizontally fill the atmospheric column, i.e.,
cloud fraction = 1, the cloud-top LW cooling and SW heating computed

-20
Heating rate [K/day]

0

by the simulations are essentially CTRCj and CTRWéy, respectively.
We quantify the CTRCiw and CTRW§y by finding the minimum LW
cooling and maximum SW heating rate within the cloud layers.

Note that the radiative calculation is done in a composite sense,
which is somewhat rudimentary. But since we use it as a guidance for
interpreting the observations (similar to that in Hartmann and Berry,
2017), not for reproducing the radiative effects, the calculation fits our
purpose well. Zheng et al. (2019) show that the CTRC* is most sensitive
to the above-cloud moisture loading, cloud-top temperature, and LWP.
The previous two variables are well constrained by radiosonde data.
The only source of uncertainty stems from the LWP. The dependence of
CTRC* on the LWP is nonlinear: the dependence is strong at low LWP,
but saturates when LWP > 50 g m ™2 (Kazil et al., 2016). This suggests
that the composite-based calculation may have large uncertainties only
for very thin clouds.

Fig. 5a shows that CTRCigr is stronger for high SLC than for low
SLC, which seems inconsistent with our observations of temperature
inversions being weaker and less frequent in high clouds. Indeed,
compared with low clouds, there is less water vapor above high clouds.
This weakens the downwelling infrared fluxes, thus enhancing LW
cooling (Table 2). Although less above-cloud water vapor will
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strengthen SW heating by allowing more incoming solar radiation to
reach and be absorbed by clouds (Li and Moreau, 1996), the net effect is
still negative (Table 2). If high clouds undergo stronger cloud-top ra-
diative cooling, what causes the weaker and less frequent cloud-top
temperature inversion? There are two possible reasons. First, high

clouds undergo strong LW warming at their bases due to a larger
temperature difference between the high cloud base and the warmer
surface (Fig. 5a). This heating rate differentiation causes stronger in-
cloud turbulent mixing that consumes the capping temperature inver-
sion (Hartmann and Berry, 2017). Second, low SLC are mostly
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boundary layer clouds and are often bounded by the ubiquitous tem-
perature inversions that evolve from the radiative-cooling-induced
surface layer inversion of the previous night (Stull, 1988). For SLC high
clouds, the degree of cloud-top cooling should be weaker than the
cooling of the surface because (1) the clouds are not always persistent
so that the accumulation effect of LW cooling on the temperature in-
version is undermined, and (2) the emissivity of clouds is generally
smaller than that of the blackbody surface.

Fig. 5b shows that the LW cooling of SLC is considerably stronger
than that of DLC lower clouds. The SW heating is also stronger in SLC,
thus compensating to a certain degree the LW cooling. The net cooling
of SLC is still stronger than the clouds in a DLC system (Table 2). This
result is consistent with our theoretical analysis in Section 2 that an
overlying cloud layer weakens the cooling of the underlying clouds and
also the results from Christensen et al. (2013). To remove the potential
radiative impacts of the moister atmosphere in DLC, we remove the
overlying high cloud layer for the DLC case and obtain a radiative
cooling profile very similar to that of SLC (Fig. 5b). This suggests that
the presence of a high cloud layer is primarily responsible for the dif-
ference in radiative cooling. The moister free atmosphere plays a minor
role.

3.4. Seasonal cycle

Fig. 6 presents the seasonal mean variabilities of temperature in-
version parameters. These parameters vary in a similar manner. There
is little variation until April when the magnitudes of the parameters
start to decrease, reaching a minimum mid-year. Increases in the
magnitudes of the parameters then follow. Overall, the three para-
meters show a strong seasonal variability with maxima in cold months
(January, February, March, and December) and minima in warm
months (June, July, August, and September).

What drives such distinctive seasonal cycles? To examine the degree
to which cloud-top radiative cooling plays a role, we ran the SBDART
radiative transfer model by ingesting the radiosonde-measured ther-
modynamic and moisture profiles (Fig. 7a and b) and cloud layers for
each season and cloud regime. The calculated cloud-top radiative
cooling can be considered as the maximum possible cooling under fully
cloudy conditions. The solar zenith angles are specified as the noon
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times at the summer and winter solstices and the spring and autumnal
equinoxes. The calculated SW fluxes, again, are divided by = to account
for the diurnal cycle of the solar zenith angle. Radiative transfer si-
mulations show that high clouds undergo considerably stronger cooling
in winter than in summer (Fig. 8). Because the cloud-top temperature
(or cloud emission) and above-cloud moisture loading (or downwelling
radiation) have little seasonal variations, the contrast is primarily
driven by SW heating because solar insolation is weaker in winter, al-
lowing for more net radiative cooling. Spring and autumn lie some-
where in between but much closer to the summer values primarily
because of the nonlinear dependence of the cloud-top radiative cooling
on the solar zenith angle (Zhang et al., 2005; Zheng et al., 2016).

Compared with high clouds, the seasonal variation in cloud-top
radiative cooling for low clouds is more difficult to assess because of the
considerable seasonal cycles of all the influential parameters, i.e.,
cloud-top temperature [as seen from Fig. 7a, given that the low cloud-
top heights (~2 km) do not change seasonally], above-cloud moisture
loading (Fig. 7b), and solar insolation. The seasonal cycle of the low-
cloud-top cooling is much weaker than that of both SLC and DLC high
clouds (Fig. 8).

If the seasonal variation in cloud fraction was negligible, the cal-
culated CTRCker would not explain the strong seasonal variations in
temperature inversions for all four cloud regimes (recall that the real
spatially averaged cloud-top radiative cooling is the product of cloud
fraction and CTRCkgr). This is particularly so for low clouds whose
seasonal variation can have an amplitude as small as 10%. This moti-
vates us to examine the cloud fraction seasonal cycle given that a larger
cloud fraction enhances cloud-top cooling according to Eq. (2). Pre-
vious studies (e.g., Dong et al., 2005; Xi et al., 2010; Song et al., 2014;
Kennedy et al., 2014) have shown that low- and high-cloud fractions
have significant seasonal cycles, with cloud fractions being greater in
winter than in summer by a factor of two or three. The cloud fraction
impact on real spatially averaged cloud top radiative cooling outweighs
the contribution from CTRC{gr. The seasonal pattern of cloud fraction
[e.g., Fig. 1 in Song et al., 2014] matches well with the temperature
inversions found in this study (Fig. 6). For a given region partially
covered by clouds, a larger amount of clouds will make the overlying
air cooler, enhancing the temperature inversion.

3.5. Diurnal cycle

Fig. 9 shows the diurnal variation in mean temperature inversion
parameters and their standard deviations. Unlike the generally coherent
seasonal cycles shown in Fig. 6, the diurnal cycles of different inversion
parameters vary. It is well established, however, that clouds undergo
considerable diurnal variations in radiative cooling with the weakest
cooling at noon due to strong solar insolation (e.g., Zheng et al., 2016).
Thicker dz above SLC tend to be reported in the early morning and at
midnight relative to noon and afternoon (top panel of Fig. 9). For the
DLC configuration, the diurnal variation in dz of the lower clouds varies
less than that of the higher clouds. The dT of SLC low clouds is higher in
magnitude than that of the three other cloud types.

How clouds adjust on a diurnal timescale may explain why the
diurnal cycles of temperature inversion parameters are not as coherent
as the seasonal cycles. Assuming that the degree of cooling of the air at
the top of an inversion is negligible compared with the strong cooling of
air adjacent to the cloud tops, we can relate the inversion intensity (AT)
to cloud-top radiative cooling by the following relation:

where B stands for the buffering effect arising from the adjustment of
the system as a response to changes in CTRCngr and the resultant AT.
This adjustment can include changes in cloud properties and the
strength of turbulent mixing (i.e., the change in CTRCygr that modifies
the instability of the cloud layer and thus the cloud-top entrainment
warming).
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Fig. 9. Similar to Fig. 6 but for the diurnal cycle.

From a climatological point of view, the system is considered to be
in equilibrium. So CTRCygr should be associated with AT in a clima-
tological mean sense. On a diurnal timescale, however, the system is far
from being in equilibrium. In a transient state, the characteristics of the
buffering term, B, largely determine the relationship between AT and
CTRCygr, This term, however, is too complicated to be quantified by the
observational analysis presented in this study. We are considering doing
a follow-on modeling study using numerical models to further elucidate
the diurnal behavior of inversion layers at cloud tops.

4. Conclusions and discussions

The characteristics of temperature inversions and radiative effects
above clouds are closely related. On the one hand, temperature inver-
sions over clouds can largely alter the radiative properties of the clouds.
On the other hand, cloud-top radiative cooling plays a key role in the
formation and maintenance of the temperature inversion. By analyzing
17 years (January 2001 to December 2017) of high-quality, long-term
continuous radiosonde measurements collected at the ARM SGP site,
this study characterizes temperature inversions above SLC and DLC and
their temporal variability. Radiosonde measurements at a 10-m vertical
resolution are used to retrieve cloud layer boundaries and locations of
temperature inversions simultaneously. This removes potential biases
caused by the mismatch of the two retrievals on spatial and temporal

@

scales. Any variations in temperature inversion parameters according to
cloud category are investigated.

For SLC, the occurrence frequency decreases dramatically from
85.5% to 46.5% as cloud tops rise from low to high altitudes. For DLC, a
stronger temperature inversion is found for the higher cloud in terms of
occurrence frequency, depth, and difference, due to the radiative en-
ergy interactions between the two layers of clouds. A distinctive sea-
sonal cycle of cloud-top radiative cooling was revealed by the high
clouds, primarily driven by SW heating variations. The seasonal var-
iation for low clouds was associated with the seasonal variation in cloud
fraction. How clouds adjust on a diurnal timescale can explain the
mixed results regarding the diurnal cycle of temperature inversions.

The findings presented here are based on measurements from a
single location in the mid-latitudes. Due to the limitation of point
measurements, the results and conclusions from this study might only
represent the local environmental effect on temperature inversion
above cloud near the ARM SGP site. Future investigations will focus on
different geographic locations with different climate regimes, such as
the ARM Tropical Western Pacific site located in the core of the Pacific
oceanic warm pool, and the high-altitude North Slope of Alaska site.
This will further clarify the general representativeness of the findings
under different climate regimes. Given the threshold limit of cloud
thicknesses used by the radiosonde-based cloud retrieval method, it
might miss very thin layer clouds. We will pair the radiosonde data with
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lidar data at SGP site to help improve our understanding of these sub-
visibile clouds in the future work. Moreover, potential evaporative
cooling associated with the wet-bulb effect as the radiosondes emerge
from cloud layers is not considered in this study given the extreme
difficulty of quantifying it in observations. As the next step, it might be
expected to quantitatively address this challenging issue through the
combination of laboratory tests, in-situ experimental measurements and
simulator/model simulations. Radiosonde data have been collected
routinely for many decades by the World Meteorological Organization
at widely dispersed upper-air sounding stations. Global descriptions of
the thermal properties above clouds from these radiosonde measure-
ments should be useful for validating global climate models, especially
in their treatments of clouds and interactions with radiative processes.
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