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ABSTRACT: The hydrostatic equilibrium addresses the approximate balance between the positive force of the vertical pres-
sure gradient and the negative gravity force and has been widely assumed for atmospheric applications. The hydrostatic imbal-
ance of the mean atmospheric state for the acceleration of vertical motions in the vertical momentum balance is investigated
using tower, the global positioning system radiosonde, and Doppler lidar and radar observations throughout the diurnally vary-
ing atmospheric boundary layer (ABL) under clear-sky conditions. Because of the negligibly small mean vertical velocity, the
acceleration of vertical motions is dominated by vertical variations of vertical turbulent velocity variances. The imbalance is
found to be mainly due to the vertical turbulent transport of changing air density as a result of thermal expansion/contraction
in response to air temperature changes following surface temperature changes. In contrast, any pressure change associated with
air temperature changes is small, and the positive vertical pressure-gradient force is strongly influenced by its background value.
The vertical variation of the turbulent velocity variance from its vertical increase in the lower convective boundary layer (CBL)
to its vertical decrease in the upper CBL is observed to be associated with the sign change of the imbalance from positive
to negative due to the vertical decrease of the positive vertical pressure-gradient force and the relative increase of the
negative gravity force as a result of the decreasing upward transport of the low-density air. The imbalance is reduced
significantly at night but does not steadily approach zero. Understanding the development of hydrostatic imbalance
has important implications for understanding large-scale atmosphere, especially for cloud development.

SIGNIFICANCE STATEMENT: It is well known that the hydrostatic imbalance between the positive pressure-
gradient force due to the vertical decrease of atmospheric pressure and the negative gravity forces in the vertical
momentum balance equation has important impacts on the vertical acceleration of atmospheric vertical motions.
Vertical motions for mass, momentum, and energy transfers contribute significantly to changing atmospheric dynamics
and thermodynamics. This study investigates the often-assumed hydrostatic equilibrium and investigate how the hydro-
static imbalance is developed using field observations in the atmospheric boundary layer under clear-sky conditions.
The results reveal that hydrostatic imbalance can develop from the large-eddy turbulent transfer of changing air density
in response to the surface diabatic heating/cooling. The overwhelming turbulence in response to large-scale thermal
forcing and mechanical work of the vast Earth surface contributes to the hydrostatic imbalance on large spatial and
temporal scales in numerical weather forecast and climate models.

KEYWORDS: Atmosphere-land interaction; Momentum; In situ atmospheric observations; Lidars/lidar observations;
Radars/radar observations; Radiosonde/rawinsonde observations

1. Introduction acceleration of vertical motions. Nonhydrostatic processes are
investigated, for example, in gravity waves (e.g., Eliassen and
Palm 1960; Smith 1979), detrainment vertical transport of
condensed water content and aerosols by deep convection
(e.g., Xue et al. 2000; Cotton et al. 2010), and frontal bands
(e.g., Dudhia 1993). Weather events due to the hydrostatic
imbalance have been investigated extensively in the atmo-
sphere research community mainly through numerical models
for cloud development (e.g., Xue et al. 2000). Buoyancy be-
tween clear and cloudy areas is considered to contribute to
the mass flux for deep convection in the vertical momentum
balance (e.g., Kuo 1974; Donner 1993). Boundary layer shal-
low cumulus clouds are commonly described through the sum
of eddy diffusion and mass flux (e.g., Soares et al. 2004;
.Spéith.’s current _afﬁliatipn: I_nstitute of Soil _Science and Land Evalu-  Gjebesma et al. 2007; Angevine et al. 2010). Nonhydrostatic
ation, Biogeophysics, University of Hohenheim, Stuttgart, Germany. . . o
models often include air compressibility and pressure changes
associated with acoustic waves, which are often dealt with by ap-
Corresponding author: Jielun Sun, jielun@nwra.com plying anelastic equations (e.g., Arakawa and Konor 2009; Cotton

The hydrostatic imbalance is the imbalance between the
positive pressure-gradient force from decreasing atmospheric
pressure with height —dp/dz and the negative gravity force
—pg in the vertical momentum balance for the atmosphere
where p, p, z, and g are air pressure and density, the height
above the surface, and gravity acceleration, respectively. The
hydrostatic imbalance regardless of its magnitude drives
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et al. 2010). The widely used validation for nonhydrostatic models
is done through comparison with the numerical study of density
currents by Straka et al. (1993). With increasing computing power
and model resolution, regional and global climate models are ap-
proaching resolving clouds (e.g., Skamarock and Klemp 2008;
Arakawa and Konor 2009; Skamarock et al. 2012; Satoh 2014;
Prein et al. 2015; Taylor et al. 2020). Nonhydrostatic processes
have drawn increasing attention for addressing cloud processes
and aerosol—cloud impacts on climate change (e.g., Arakawa
2004; Stephens 2005).

The hydrostatic imbalance is a mechanical force responsible
for the acceleration of vertical motions. For a two-dimensional
airflow with the horizontal wind V in the direction of x and the
vertical velocity w in z, the vertical momentum balance with
the good approximation of the continuity equation can be ex-
pressed as (e.g., Stull 1988; Garratt 1992; Sun 2019)
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where p represents the air dynamic viscosity due to molecule col-
lisions with different speeds. In the atmosphere, the rate of verti-
cal momentum change per unit volume pdw/dt (kg m™2 s~ ?) is
driven by the hydrostatic imbalance force —(9p/dz + pg) and the
air viscous force due to air motions and air viscosity [the last
term in Eq. (1)]. Because the viscous force consumes environ-
mental momentum for cascading energetic large turbulent eddies
down to small ones, the driving force for the w acceleration is the
hydrostatic imbalance force. The hydrostatic imbalance force re-
lies on the delicate imbalance between the positive vertical pres-
sure-gradient force —dp/dz and the negative gravity force —pg.

Atmospheric vertical motions include not only mean but
also turbulent vertical motions. Identifying the role of mean
and turbulent motions in Eq. (1) can be achieved by first de-
composing each variable ¢ as ¢ = ¢ + ¢, where ¢ is the
Reynolds-averaged ¢ and ¢’ represents the turbulent pertur-
bation of ¢ relative to ¢, and then Reynolds averaging the de-
composed Eq. (1). Clearly, the so-called turbulent motion
represents any air motion with scale less than the Reynolds
averaging scale. There is no clear physical division between
turbulent and mesoscale motions. Because the Reynolds aver-
age is a simple box average, ¢’ = 0. Reynolds averaging the
decomposed Eq. (1) with the assumptions of |p’/p| << 1,
lop’loz] << |9p/az| (see section 3c for characteristics of turbu-
lent mixing), and the horizontal homogeneity of the surface
and the ambient flow (i.e., 9¢/dx = 0), Eq. (1) can be simpli-
fied as (see the appendix)
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A large body of turbulence work in the literature is on small tur-
bulent eddies. Here small turbulent eddies or local turbulent ed-
dies refer to those for which their turbulent transfer of a scalar at
a location is related to the local gradient of the scalar at the point
in analogy to molecular diffusion (e.g., Stull 1993). However, the
most energetic turbulent eddies are generated by environmental
forcing, particularly the vertical forcing of environmental flows
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such as mechanical work due to vertical wind shear or positive
buoyancy from surface heating. Environmental forcing here is
used to represent ambient energy sources in general. Recently,
Sun et al. (2012, 2016, 2020) demonstrated that the most ener-
getic turbulent eddies in the atmospheric boundary layer (ABL),
which contribute to the maximum value of vertical velocity oscil-
lations in vertical velocity power spectra, have the characteristic
finite vertical scale of the environmental forcing in the atmo-
sphere. Thus, the most energetic turbulent eddies are not related
to small-spatial-scale local gradients and are nonlocal large turbu-
lent eddies. The usage of “nonlocal” eddies here is consistent
with its usage in the literature for distinguishing them from local
or small turbulent eddies and does not imply the origin of turbu-
lence generation. In this study, we refer to turbulent eddies that
are related to local gradients as small ones, and other ones are
large ones.

Turbulent mixing generated by large-scale environmental
forcing is much stronger and more effective than molecular
diffusion from random molecule motions in transferring mass,
momentum, and energy. With the reduced impact of the
ground surface, the vertical scale of the environmental forcing
increases with height so does the vertical scale of the most en-
ergetic turbulent eddies. Therefore, vertical momentum and
energy transfers by the most energetic large turbulent eddies
can effectively influence atmospheric dynamics and thermo-
dynamics over a large range of scales. Early cloud observa-
tions have led to the proposed “bubble” concept for cumulus
convection (e.g., Ooyama 1971), which resembles a group of
large turbulent eddies. The mass-flux contribution to convec-
tion discussed in the literature (e.g., Soares et al. 2004) could
be essentially the energy transfer by relatively large turbulent
eddies under diabatic heating conditions. In contrast to large
nonlocal energetic turbulent eddies, small eddies that cascade
down from these energetic ones as a result of air viscosity and
angular deformation from wind shear contribute much less to
vertical mass, momentum, and energy transfers.

Large nonlocal turbulent mixing has been investigated in
laboratories and through numerical models (e.g., Adrian et al.
1986; Stull 1988, 1993; Hutchins et al. 2012; Pandey et al.
2018). Large turbulent eddies near the ground have also been
investigated as attached wall eddies (e.g., Townsend 1976;
Krug et al. 2019; Marusic and Monty 2019; Li et al. 2022), or
“inactive eddies” (e.g., Bradshaw 1967; Hogstrom 1990).
Because the dominant role of large turbulent eddies in the
turbulent transfer of any scalar, turbulent mixing of any scalar
is not related to local vertical gradients of the scalar. Parame-
terizing observed large-eddy turbulent fluxes with local gra-
dients would sometimes require “countergradient fluxes”
(e.g., Edwards et al. 2020) for correcting misrepresentation of
relatively large-scale turbulent eddies with small-scale local
gradients. Countergradient fluxes under convective conditions
are sometimes addressed through convective mass fluxes by
thermal plumes (e.g., Siebesma and Cuijpers 1995; Olson et al.
2019; Angevine et al. 2020), which have been traditionally
used for cumulus convection development (e.g., Donner
1993).

The latest understanding of energetic large-eddy vertical
mass, momentum, and energy transfers has strong implications
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for contribution of turbulence to the hydrostatic imbalance of
the atmosphere and interactions of air motions across scales.
Fundamentally, the same physics laws govern atmospheric dy-
namics and thermodynamics regardless of their temporal and
spatial scales. To our knowledge, turbulent momentum and
energy transfers have been considered in current nonhydro-
static models but have not been investigated for their contribu-
tion to the hydrostatic imbalance. The crucial knowledge gap
regarding hydrostatic imbalance is to understand how the hy-
drostatic imbalance is developed in the atmosphere.

This study focuses on this important knowledge gap by in-
vestigating development of the hydrostatic imbalance using
field observations in the ABL. Because of visibly large verti-
cal turbulent motions in the ABL, hydrostatic imbalance in
the ABL is expected. However, how the hydrostatic imbal-
ance is physically developed, whether the physical process for
establishing the hydrostatic imbalance impacts large-scale mo-
tions, and what possible physical processes leading to the hy-
drostatic equilibrium remain unclear as far as we know. Using
the field observations described in section 2, we investigate
physical development of the hydrostatic imbalance of the
mean atmospheric state using in situ tower observations at
the bottom of the ABL in section 3 and using both in situ and
remote sensing data throughout the ABL in section 4. The
main results and conclusions as well as implications of contri-
bution of large-eddy turbulent mixing to large-scale hydro-
static imbalance are summarized in section 5.

2. Field observations and data analysis methods
a. In situ tower observations

In situ tower observations used in this study were collected
during the Cooperative Atmosphere-Surface Exchange Study in
1999 (CASES-99) (UCAR/NCAR Earth Observing Laboratory
2016), which was conducted in southeastern Kansas during
October 1999. The CASES-99 land surface was covered with
dominant short senescent grass of about 0.1 m tall over a rela-
tively flat land (Poulos et al. 2002; Sun et al. 2002, 2003, 2013).
There was a 60-m tower in the center surrounded by six
stations within 300 m from the 60-m tower. On the 60-m
tower, there were eight three-dimensional sonic anemometers
(Campbell Scientific, Inc., CSAT, version 3). The top seven
levels were 5, 10, 20, 30, 40, 50, and 55 m above the surface,
and the lowest one was at 1.5 and 0.5 m before and after
20 October, respectively, for investigating vertical variations of
the surface layer. Air temperature was measured at 5 samples
per second with thermocouples (E-type, Chromel/Costantan)
at 34 levels with the vertical resolution of 1.8 m from 2.3 to
58.1 m on the 60-m tower, and at 0.2 and 0.6 m on two adja-
cent poles about 1 m from the 60-m tower (Burns and Sun
2000; Sun et al. 2002). Because of the small diameter and the
material of the thermocouple sensors, the radiation error of
less than 0.1 K is expected based on the study of Foken (2017,
their Fig. 6.16). Paroscientific pressure sensors with a resolu-
tion of 0.2 Pa were sampled at every 2 s~ ! and were collocated
with the sonic anemometers at the lowest level (0.5 or 1.5 m),
30 m, and 50 m on the 60-m tower (Cuxart et al. 2002). The
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horizontal separation distance between the sonic anemometer
and the pressure sensor at each level was about 0.2-0.3 m. A
narrowband infrared (IR) radiometer manufactured by Ever-
est Interscience, Inc., for measuring surface skin temperature
was mounted at a vertical angle of 45° on each tower at the six
stations. The incoming and outgoing shortwave radiation were
measured at station 2, which is about 100 m from the 60-m
tower. Krypton hygrometers (Campbell Scientific KH-20) for
measuring moisture fluctuations were at 5, 20, 40, and 55 m.
Aspirated Vaisala, Inc., 50Y Humitter sensors [platinum resis-
tance thermometers (PRTs)] for temperature/humidity meas-
urements were installed at 5, 15, 25, 35, 45, and 55 m on the
60-m tower as well as at 2 and 10 m at each of the six stations.

b. Doppler lidar observations

Wind measurements with Doppler lidars manufactured by
Halo Photonics, Ltd. were obtained at the long-term Land-
Atmosphere Feedback Observatory (LAFO) operated by the
University of Hohenheim in southwest Germany (Wulfmeyer
et al. 2020; Spéth et al. 2023a). The LAFO site consists of agri-
cultural fields with small elevation changes between 390 and
420 m over an area of 0.84 km?. The Doppler lidars observa-
tions are based on the coherent detection technique with
high-resolution line-of-sight wind measurements and cover
the bottom atmosphere up to about 4 km with the velocity
precision of less than 0.2 m s~ ! according to the Halo Photon-
ics website. The temporal and spatial resolutions for the lidar
data used in this study are 10 s and 15 m for vertical velocity
and 90 s and 21 m for horizontal wind (Spéth et al. 2023b).

¢. GPS radiosonde observations

Radiosonde observations using the global positioning sys-
tem (GPS) collected at Rogers Memorial Farm, Nebraska,
during the field campaign, Great Plains Irrigation Experiments
(GRAINEX) (UCAR/NCAR Earth Observing Laboratory
2018; Rappin et al. 2021) are also used to examine the hydro-
static imbalance in this study. Vaisala RS41-SGP radiosondes
processed by the Vaisala MW41 sounding system (version
2.5.0) were deployed during GRAINEX (Vomel and Brown
2018). Sonde altitude and pressure are independently mea-
sured using satellite ranging codes with differential corrections
from the MW41 ground station and the silicon capacitor pres-
sure sensor, respectively. The sounding reacquisition time for
GPS receivers is 1 s. The pressure resolution is 0.01 hPa. The
manufacture accuracy for the pressure measurement is smaller
than 0.5 hPa. The absolute accuracy for GPS position values is
about =5 m. Additionally, downward solar radiation at 1 m
above the surface measured by a Hukseflux radiometer is used
to select sunny convective days in this study.

d. Doppler radar wind observations

During GRAINEX, a Vaisala LAP3000 915-MHz bound-
ary layer Doppler Beam Swing (DBS) radar wind profiler
(UCAR/NCAR Earth Observing Laboratory 2021) based on
the early technology developed by NOAA/Aeronomy Labo-
ratory in the 1990s (Ecklund et al. 1990) was deployed at Rog-
ers Memorial Farm as well. Vertical velocity using LapXM
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hardware and software was calculated from raw Doppler
spectra data with spectral moments averaged over 30 min and
postprocessed to remove artifacts such as clutter, interference,
and aliasing (Morse et al. 2002).

e. Field data processing

For tower data analysis, we only concentrate on the bottom
30-m layer. All the observations are averaged over 5-min in-
tervals including turbulent fluxes. All the turbulent fluxes are
calculated using the eddy correlation method with 5-min
block averaging as the 5-min dataset approximately captures
the most energetic eddies in this layer. The decrease of the
scale of the most energetic eddies toward the surface is dem-
onstrated in the lidar data analysis in section 4a.

We use the pressure measurements at the lowest two levels,
1.5/0.5 and 30 m, to estimate mean vertical pressure variations
within the bottom 30-m air layer. Turbulent pressure fluxes
are estimated using the pressure and sonic anemometer meas-
urements collocated at 1.5/0.5 and 30 m and sampled at 1 s~
Because turbulent mixing during daytime and under strong
winds is dominated by the most energetic large turbulence ed-
dies (e.g., Sun et al. 2020), the 1 s~ ! sampling rate would be suf-
ficient for capturing the characteristics of vertical pressure
fluxes under those conditions. The estimated vertical pressure
flux and its vertical variation are consistent with observations by
other investigators (e.g., Bradshaw 1967; McBean and Elliott
1975; Hogstrom 1990; Katul et al. 1996). Vertical pressure fluxes
as functions of the separation distance between sonic anemome-
ters and pressure sensors as well as atmosphere instability have
been investigated by Burns et al. (2021).

For both tower and ABL data analyses, total air density is
calculated using the ideal gas law with observed air tempera-
ture, water-vapor specific humidity, and pressure. To examine
measurements during daytime, local standard time (LST) is
used to relate meteorological measurements with the tempo-
ral variation of the surface heating/cooling impacted by the di-
urnal variation of solar radiation. To analyze measurements
at night, coordinated universal time (UTC) is used for document-
ing an entire night within one calendar day to avoid confusion of
specifying each night with two calendar days. At the CASES-99
site, LST is 6 h behind UTC. We only analyze Doppler lidar
and radar observations for one calendar day at LAFO and
GRAINEX; thus, LST is used for those observations.

3. Contribution of turbulent mixing to hydrostatic
imbalance in the tower layer

Before we discuss contribution of turbulent mixing to the
hydrostatic imbalance, we need to briefly discuss how turbu-
lence is developed in the ABL, characteristics of turbulent
mixing, and the role of large turbulent eddies in the vertical
momentum balance.

a. Turbulence development in the atmospheric
boundary layer

Turbulence is either generated by thermal forcing and/or
by mechanical work of ambient flows and has significantly dif-
ferent characteristics in transferring a scalar depending on
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their generation mechanism, which was explained in Sun et al.
(2016, 2020) and briefly summarized here for understanding
contribution of turbulent mixing to hydrostatic imbalance.
Turbulent motions represent airflows, which consist of mole-
cule movement in organized direction different from random
molecular motions associated with air temperature changes
and is ubiquitous even in the calm stable boundary layer
(SBL; e.g., Mahrt 2010, 2011, 2014). The thermally generated
turbulent mixing under clear-sky conditions relies on the ther-
mal energy source from surface diabatic heating. As the
ground surface is heated by downward solar radiation, the
heat transfer from the surface to the atmosphere is through
molecular thermal diffusion in a thin air layer of O(102 m),
which is often referred as the surface laminar layer because of
the limited distance that molecules travel and the negligibly
small turbulent mixing adjacent to the surface (e.g., Foken
1978; Geiger et al. 1995; Sun et al. 1995; Vickers and Mahrt
2006). Associated with air warming, thermal expansion, which
is not related to air incompressibility defined as air expansion/
contraction under an invariant temperature, causes air density
to decrease (more in section 3d). The resulting warmer and
lighter air near the heating surface below the relatively colder
and denser air above triggers positive buoyancy in generation
of large and powerful turbulent eddies above the laminar
layer leading to the development of the convective boundary
layer (CBL). The vertical size of thermally generated turbu-
lent eddies at a given distance above the surface, z, within the
CASES-99 tower layer is found to approximately scale with z
(e.g., Wyngaard 2010; Sun et al. 2016, 2020). Even with the
help of mechanically generated turbulent eddies from strong
wind shear, the warmer air is observed to remain near the sur-
face and cannot be completely transferred into the ABL to
achieve a neutral surface layer (yellow and dark blue temper-
ature profiles in Fig. 1).

When the surface is cooled by longwave radiation at night,
the cooled air from molecular thermal diffusion results in air
contraction and air density increase near the surface in forma-
tion of the SBL. In contrast to thermally generated turbulent
eddies, mechanically generated turbulent eddies from wind
shear consume energy from environmental work for its gen-
eration of wind shear. Because the environmental mechani-
cal work is independent of atmospheric stratification, wind
shear—generated turbulent mixing under strong wind condi-
tions can effectively mix the SBL toward a nearly neutral state
while the production of the cold air from thermal diffusion at
the surface is relatively slow. Sun et al. (2012, 2016, 2020)
found that when wind speed V at a given height z above the
surface is stronger than a threshold wind speed for the given
location, the bulk wind shear V/z is effective in generating the
most energetic large turbulent eddies that scale with z as well.
When V at z is weaker than the threshold wind speed, the sta-
ble stratification as a result of the cold air from the cooling
surface would reduce the vertical scale of the most energetic
turbulent eddies, resulting in a weak turbulent mixing at z
and the development of a relatively thin SBL. With the rela-
tively warm residual layer from the daytime heating above
the cold air layer developed at night, the air temperature
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The energy source for mechanically generated turbulence is from the environmental
pressure gradient and viscous stress.

- warm air

mechanically generated turbulence eddies

- cold air

Molecular diffusion contributes to the heat transfer in the surface laminar layer.
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The energy source for thermally generated turbulence is from the surface heating.

Molecular diffusion contributes to the heat transfer in the surface laminar layer.

FI1G. 1. (a) Potential temperature 6 and (b) wind speed V profiles from the 60-m tower as a result of large-eddy tur-
bulent mixing over a range of stability conditions: the free convective [noon, weak wind (10 Oct); magenta], convec-
tive [noon, moderate wind (14 Oct); yellow], weak convective [noon, strong wind (17 Oct); dark blue], neutral [night,
strong wind (17 Oct); red], and very stable conditions [night, weak wind (10 Oct); cyan]. For easy comparison, the ver-
tical variation of 0 under the different stability conditions relative to its surface value at 0.2 m is plotted. Schematic
illustrations of the mechanically generated turbulent mixing for the strong-wind night (red lines) and of thermally
generated turbulent mixing for the free convective day (magenta lines) are sketched at the top and the bottom of the

figure, respectively.

increases with height sharply at night (the cyan wind and tem-
perature profiles in Fig. 1).

Overall, turbulence intensity reflects the strength of the en-
ergy source in turbulence generation. The vertical scale of the
most energetic turbulent eddies in a horizontally homogeneous
environment is determined by the vertical scale of the environ-
ment forcing in the stratified atmosphere, which is either bulk
shear, which is the strongest wind shear at a given height, or the

surface heating, which is determined by the air-surface tempera-
ture difference. The ability of turbulent eddies in transporting
scalars is significantly different between thermally and mechani-
cally generated turbulence as shown in Fig. 1.

b. Characteristics of turbulent mixing

The vertical turbulent transfer of a passive scalar ¢ is
through the covariance between its turbulent perturbation ¢’
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and the vertical turbulent velocity perturbation w’ integrated
over an averaging scale w’¢’. Due to interactions between
turbulent eddies, ¢’ at a given location varies constantly with
time. As a result, the spatial variation of ¢’, for example,
d¢’loz, would vary significantly in space and time depending
on the vertical variation of ¢’, 6¢’, over the distance of 6z
used for estimating d¢’/dz. In contrast, w’¢’ is consistent with
the vertical gradient ¢ on a scale larger than the vertical scale
of the most energetic eddies. If ¢ increases with height, the
upward branch of turbulent eddies would bring smaller ¢ up-
ward, that is, w’ > 0 and ¢’ < 0; the downward branch of tur-
bulent eddies would bring larger ¢ downward, that is, w’ < 0
and ¢’ > 0. In either situation, w’¢’ would be steadily nega-
tive. To capture a statistical meaningful w’¢’, the averaging
scale needs to be large enough to capture many of the most
energetic turbulent eddies. Because the Reynolds-averaged ¢,
&, is controlled by its vertical transfer, w’¢’, under horizon-
tally homogeneous conditions, a steady vertical variation of
w’ ¢’ would result in a steady vertical variation of ¢.

c. The role of large turbulent eddies in the vertical
momentum balance

The net vertical transfer of ¢ consists of its vertical turbu-
lent transport, w’¢’, as well as its transport by the Reynolds
averaged mean vertical motion, w¢. The latter is often inves-
tigated in nonhydrostatic models with assumed small contri-
bution from the turbulent transfer (e.g., Cotton et al. 2010).
Because synoptic vertical motions are much smaller than vig-
orous up and down motions of large turbulent eddies in the
ABL and the Reynolds averaged w over many of those up
and down large turbulent eddies constrained by the fluid con-
tinuity equation is negligibly small as well, thus, w ~ 0 (more
in sections 3d and 4a). Therefore, the vertical momentum bal-
ance equation, Eq. (2), can be further simplified as

aw?  (op w Pw
e~ L + pg| + Ep = 3
Pz (az pg) 5P 3)

Equation (3) indicates that the acceleration of the most ener-
getic large nonlocal turbulent vertical velocity can be domi-
nated by the vertical variation of the most energetic large
nonlocal turbulent vertical velocity variance, ow'2/oz, and is
driven by —(1/p)(@p/dz + pg), which is determined by the bal-
ance between the positive mean vertical pressure-gradient
force —dp/dz, as dp/dz is normally negative, and the negative
mean gravity force —pg as the mean air density p is always
positive. The viscous force [the last term in Eq. (3)] in reduc-
ing momentum through air viscosity and molecule collisions
with different speeds depends on spatial variations of vertical
turbulent motions and can be strong near the surface due to
air-land interactions. Governed by the ideal gas law, the me-
chanical force of hydrostatic imbalance can be strongly im-
pacted by atmospheric thermodynamics as well. Because w’?
is a component of turbulent kinetic energy, the temporal vari-
ation of w'2,aw’2/ot, is governed by the kinetic energy bal-
ance; however, its vertical variation, ow’?/9z, is controlled by
the vertical momentum balance, which is dominated by the
hydrostatic imbalance.
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d. Contribution of turbulent transfer of air mass to
hydrostatic imbalance

Vertical turbulent mixing can effectively transport air den-
sity, resulting in vertical variations of pressure and air density
and contribute to the hydrostatic imbalance. We examine the
relationship between observed aw’?/oz and —(1/p)(@p/0z + pg)
within the CASES-99 tower layer under a range of atmo-
spheric stratification conditions associated with varying sur-
face diabatic heating/cooling and wind speeds knowing
different characteristics of thermally and mechanically gener-
ated turbulence in turbulent heat transfer from section 3a.
These include a nearly free convective day on 10 October,
which is characterized with steady weak wind on a clear convec-
tive day (left column, Fig. 2); a convective day with moderate
winds on 14 October (right column, Fig. 2); a nearly neutral
night with strong winds during the night of 16 October and the
early morning of 17 October (the UTC night of 17 October, left
column in Fig. 3); and a very stable night with weak winds dur-
ing the night of 9 October and the early morning of 10 October
(the UTC night of 10 October, right column in Fig. 3). The ver-
tical wind and temperature profiles for the four cases are shown
in Fig. 1.

We find that w’? increases with z in all four cases (Fig. 4),
implying that the atmospheric mean state is hydrostatically
imbalanced with —(1/p)(@p/dz + pg) > 0 under all the stability
conditions [Eq. (3)]. To directly estimate —(1/p)(@p/dz + pg),
we use p averaged between 1.5 and 30 m. The direct estimates
of —dp/dz and pg indicate that the positive force —dp/dz is in-
deed larger than the negative force —pg for all the four cases,
suggesting that —(1/p)(@p/dz + pg) > 0 contributes to the ob-
served aw’2/dz > 0 within the lower tower layer.

To examine how the hydrostatic imbalance is developed,
we first study contribution of thermal expansion/contraction
on the relationship among air density, temperature, and pres-
sure. According to the ideal gas law and the definition of po-
tential temperature 6, perturbations of p, p, and 6, expressed
as op, 6p, and 66, are related as (cu/cp)‘o‘p/ﬁ = Splp + 560/0,
where ¢, and ¢, are the specific heat at constant volume and
pressure, respectively. That is, any air temperature change
would impact not only air density but also air pressure changes.
Based on the observed standard deviation of p, o, =~ 2 Pa, and
the observed standard deviation of 6, og ~ 1 K at either 0.5 or
1.5 m during the entire CASES-99, o,/6 ~ 1/300 ~ 0(107%) is
much larger than o,/p ~ 0.02/1000 ~ 0(107%), implying that
op/p ~ —566/6. That is, thermal expansion/contraction domi-
nates the relationship between air density and temperature dur-
ing the entire CASES-99—an air density increase/decrease is
closely related to an air temperature decrease/increase as a re-
sult of thermal contraction/expansion. The close negative corre-
lation between air temperature and density also suggests that
(cv/cp)ﬁp/ﬁ is a small difference between 8p/p and 86/6. The
observed relatively small variation of p is consistent with early
studies of the Boussinesq approximation (e.g., Mahrt 1986;
Schlichting and Gersten 2000).

Associated with the air temperature increase on the free
convective day, the air pressure is observed to decrease from
its large-scale increasing trend (Fig. 6a) indicating that the
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FIG. 2. (a),(e) Observed temporal variations of downward solar radiation S; and wind speed V; (b),(f) vertical ve-
locity variances w’? and kinematic heat flux w’6 at 1.5 m (the black dashed line); (c),(g) potential temperatures 6,
and (d),(h) the variance of potential temperature 6'> at the labeled heights for (left) the free convective day 10 Oct
and (right) the moderate convective day 14 Oct. The plots in (c), (d), (g), and (h) are from the thermocouples.
Because of the thermocouple instrument issue on the morning of 14 Oct, the sonic temperature measurements from
30 m and up (dashed curves) are added in (g) and (h) to show the diurnal variations of 6 and 6> on the day. An
hourly running mean of the 5-min dataset is used for all of the plots. The wind and potential temperature profiles at

noon for these two cases are shown in Fig. 1.

pressure decrease is dominated by the air density decrease
based on the ideal gas law. The relationship among air den-
sity, temperature, and pressure can be further examined
through their vertical fluxes following the ideal gas law,
(cv/cp)w’—p’/f) =wp'/p + w & /6. The close negative correla-
tion between p decrease and 6 increase is indeed observed in

the close relationship between —w’p’ and (p/0)w’# in Fig. 5b.
The dominance of air density on air pressure is also observed
in the negative w’p’ at both 1.5 and 30 m (Fig. 5¢). The ob-
served increasing magnitude of the negative w’p’ with height,
that is, dw’p’/dz <0, is due to the enhanced |w’| and |p’| at
30 m transported by the most energetic turbulent eddies with
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FIG. 3. As in Fig. 2, but for two nights when S| = 0: (left) the UTC night of 17 Oct (approximately from sunset on
16 Oct to sunrise on 17 Oct), which represents a nearly neutral condition with strong winds, and (right) the UTC night
of 10 Oct (approximately from sunset on 9 Oct to sunrise on 10 Oct), which represents a very stable condition with
weak winds. The wind and potential temperature profiles for these two cases are shown in Fig. 1.

the increasing vertical scale from the surface into the ABL
(section 3a). The seemingly countergradient pressure flux
against the vertical decrease of p here is because pressure is
not a passive scalar and is strongly influenced by the air den-
sity change associated with the air temperature change.

We then investigate how vertical turbulent transfers of air
density and pressure on the free convective day contribute to

the vertical variations of p and p, which in turn enhance the hy-
drostatic imbalance of the mean state. When the surface tempera-
ture T, from downward solar radiation S| is larger than the
surface air temperature at 0.2 m, 7, that is, T, — T, > 0 (Fig. Sa),
air density is reduced as a result of air thermal expansion
(Fig. 4a). As the distance from the surface increases, the im-
pact of the surface heating on thermally generated turbulence
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FIG. 4. Air density p at 1.5 and 30 m; the vertical pressure-gradient force —dp/0z estimated using p between 1.5 and 30 m; the vertical
gradient of w’? between 1.5 and 5 m, i.e., 9w’2/dz; and the corresponding hydrostatic imbalance —(1/p)(@p/)z + pg) in Eq. (3) on (a) the
free convective day 10 Oct, (b) the convective day with moderate winds 14 Oct, (c) the nearly neutral night with strong winds on the UTC
night of 17 Oct, and (d) the very stable night with weak winds on the UTC night of 10 Oct. Note that LST is used for the daytime cases (a)
and (b) and UTC is used for the nighttime cases (c) and (d) so that each night is within the same calendar day. The averaged p between

1.5 and 30 m is used in the calculated hydrostatic imbalance.

decreases, resulting in the decreasing air temperature (Fig. 2c),
the decreasing temperature variance, 6'> (Fig. 2d), and the de-
creasing air density reduction with height (Fig. 4a). Consequently,
the air density is observed to be less at 1.5 m than at 30 m for the
convective period in Fig. 4a, leading to positive buoyancy, upward
heat flux, w’# >0, and downward air density flux, that is, up-
ward transfer of relatively low-density air, w’p’ <0 (Fig. 5b).
Similar to the vertical decrease of the air density reduction, the air
pressure decrease is observed to be more near the surface than
above as well (Figs. 6a,c). That is, the upward transport of the
warm and low-density air reduces the positive value of —dp/dz
(or less negative dp/0z). Because of the relatively small change of
air pressure in response to the air temperature change, the reduc-
tion of the positive value of —dp/oz is less than the reduction of
the air density. With the large background —dp/oz, (0p/dz + pg)
becomes increasingly positive under convective conditions and is
responsible for the increasingly positive aw’?/0z with the surface
heating (Fig. 4a). The observed close connection between ow’?/dz
and —(1/p)(@p/dz + pg) indicates that the so-called positive buoy-
ancy for the vertical turbulence enhancement from the surface
heating as shown in 9w’2/0z > 0 is essentially achieved by the en-
hanced hydrostatic imbalance, which is dominated by the reduc-
tion of the negative gravity force from the upward transfer of
low-density air.

After S| starts to decrease in the afternoon, the thermal en-
ergy source for generating turbulence decreases following the
T, — T, reduction (Fig. 5). The consistency between 7, — T,
and the upward heat flux w’@’ indicates that the CBL remains
as long as T, — T, > 0 but the instability decreases with de-
creasing T, — T, (Figs. 5a,b). Thus, both —dp/dz (negative
dpliz) and p reach to their daily minimum in the afternoon;
however, the resulting —(1/p)(@p/z + pg) > 0 is observed to
reach to its maximum around noon so does aw’?/9z (Fig. 4a).

With the moderate wind speed on the convective day of 14
October (Fig. 2), the contribution of mechanically generated
turbulence helps lifting the relatively warm and low-density
air near the surface upward, leading to the larger heat flux
w'¢, the larger temporal reduction of p and —dp/dz, and
the reduced vertical air density difference in comparison
with the free convective day (Figs. 4a,b). Consequently, both
—(1/p)@p/oz + pg) and aw’?/dz are consistently smaller on
the moderate wind convective day. The daytime reduction of
both —dp/oz (less negative) and p as well as the daytime in-
crease of 9w’?/dz are evident throughout the entire CASES-99
(Fig. 7).

At night, mechanically generated turbulent mixing lifts the
cold and dense air from the surface upward, increasing p, p,
and —dp/oz especially when wind speeds are strong such as
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the UTC night of 17 October (Figs. 3, 4c, and 6b,c). Because
—dpldz is enhanced more than pg (Fig. 4c), the increasing
—(1/p)@p/oz + pg) > 0 with wind speed is observed in support
of the increasing 9w’2/0z at this weakly stable night. Contri-

bution of the mechanically generated turbulent mixing to
—dpldz in response to the wind speed increase and decrease
before and after 0600 UTC (Fig. 3b) evince in Fig. 4c. Un-
der weak wind conditions without influence of significant
gravity waves to enhance turbulence intensity (e.g., Sun
et al. 2015) during the UTC night of 10 October, the weak
vertical turbulent mixing as shown in small w’?> and o>
(Figs. 3f,h) could not visibly impact the strong stable strati-
fication (Fig. 3g). Thus, the hydrostatic imbalance is not sig-
nificantly impacted by the weak turbulent mixing in the
SBL (Fig. 4d).

Overall, the hydrostatic imbalance is observed within the
tower layer throughout CASES-99. The hydrostatic imbal-
ance is the consequence of thermal expansion/contraction
in changing air density following air temperature changes
through both molecular diffusion in the surface laminar layer
and turbulent mixing above. Turbulent mixing in response to

the diurnal variation of the surface diabatic heating/cooling
and wind shear causes the vertical transport of lighter/heavier
air upward resulting in the diurnal oscillations of —dp/dz, p,
and —(dp/dz + pg). Because of the relatively large vertical
pressure gradient near the surface despite the vertical turbu-
lent transport of different air mass, —(9p/dz + pg) remains
positive in the lower ABL as evident in the observed
aw'?/9z > 0 (Fig. 7). The importance of the vertical pressure
gradient in the vertical momentum balance was also con-
cluded, for example, by Kaimal and Businger (1970) in their
observational analyses of thermal plumes and dust devils.
Among the four cases that range from the most convective,
the most neutral, to the most stable cases during CASES-99,
we find that the largest (9p/dz + pg) occurred at the strong-
wind night and the smallest imbalance occurred at the very

stable night. Because mechanically generated turbulent mix-
ing consumes environmental work through wind shear and
can effectively transfer heat. In contrast, thermally generated
turbulent mixing relies on positive buoyancy from heat trans-
fer (section 3a). Therefore, the corresponding hydrostatic im-
balance of the mean state can be larger in the night under the
strong wind than the free convective day. Because ow/dt is an
order of magnitude smaller than 9w’2/0z in the tower layer,
the observed relatively large —(1/p)(@p/dz + pg) in compari-
son with 9w’2/0z in Fig. 4 suggests possible important contri-
butions of air-land interactions to momentum dissipation in

Eq. (3).

4. Hydrostatic imbalance in the atmospheric
boundary layer

Knowing aw’2/oz is well correlated with the hydrostatic im-
balance of the mean state in the bottom layer of the atmo-
sphere, we examine how gw’?/dz varies in the entire ABL,
and whether it is a good indicator for the hydrostatic imbal-
ance in the ABL as well.
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FIG. 6. The air pressure p at 1.5 and 30 m (a) on the free convective day 10 Oct in LST and (b) at the strong-wind
UTC night of 17 Oct. Also shown is (c) the vertical difference of the pressure daily variation &p between 30 and
1.5 m, 8p3om — Op1.5m, during the free convective day (red curve and abscissa) and the strong-wind night (black curve
and abscissa above the plot). The pressure daily variation &p at each level is obtained by linear detrending of the ob-
served pressure. Because pressure decreases at both 1.5 and 30 m during the free convective day, the positive value of
the red 8p3om — Op1.sm curve in (c) indicates that the pressure decrease is more at 1.5 m than at 30 m. At night, pres-
sure increases at both levels and the negative value of the black dpzom — 6p1.sm curve in (c) implies that the pressure

increase is more at 1.5 m than at 30 m.

a. Vertical variations of vertical velocity variances

Using the Doppler lidar data described in section 2b, the
vertical and horizontal turbulent motions in response to the
surface heating/cooling are investigated for a relatively weak
wind and clear-sky day, 23 August 2022 (Fig. 8). We concen-
trate on the lidar data within 2 km above the surface where
the air layer is strongly impacted by the surface diurnal heat-
ing/cooling and the lidar signal is strong. In the early morning
before sunrise, the SBL is developed due to a weak surface
wind over the radiatively cool surface (Fig. 8a). Because the
stable stratification reduces interactions between the atmo-
sphere and the surface, a low-level jet (LLJ) establishes above
the SBL (Fig. 8c), which is commonly observed (e.g., Banta
et al. 2002, 2007; Li et al. 2018). Following the gradual in-
crease of the surface temperature after sunrise (Fig. 8a), tur-
bulent intensity increases gradually during 0700-1100 LST
and becomes strong during the most convective period of
1100-1700 LST as shown in strong up and down large-eddy
turbulent vertical motions (Fig. 8b). Constrained by flow con-
tinuity, horizontal wind is observed to oscillate from the air-
flow convergence/divergence in response to strong up and
down large vertical turbulent motions (Fig. 8c). The observed
temporal variation of wind direction reflects the upward verti-
cal turbulent motion in bringing up the southerly surface wind
and the downward vertical motion in bringing down the
northerly wind (Fig. 8d). The intensity of the turbulent verti-
cal motion in the CBL is reduced in the afternoon until sunset

following the decrease of the surface temperature due to the
reduction of downward solar radiation. After about 1700 LST,
the surface becomes a heat sink to the atmosphere, turbulent
mixing in the entire ABL decreases, and an LLJ above the
SBL appears again.

We then calculate the standard deviation of w, o, to capture
turbulence variation as a function of height over the entire ABL
and the entire day of 23 August (Fig. 9). To investigate the im-
pact of the diurnal variation of the surface heating/cooling on
turbulence strength, we divide the entire day into four time peri-
ods as shown in Fig. 8: the nighttime period between midnight
to sunrise, the early-morning CBL development period, the vig-
orous convective period, and the after-sunset SBL period. To
understand the temporal and vertical development of the size of
turbulent eddies, we first examine the variation of o, with the
size of data segments from 5 to 120 min as a function of height
for the four periods (Fig. 9). To ensure the sampling size espe-
cially for large data segments at each height, we calculate o,
with the running window for each segment by shifting the seg-
ment window one data point at a time, which is 10 s, along the w
time series at each height. The value of o, for each segment size
at each height is then obtained by averaging all the o,, values
from the running window of the segment at the height.

The observed variation of o,, with the size of the data seg-
ments, local time periods, and height demonstrates the depen-
dence of the size of the most energetic turbulent eddies on
turbulence generation mechanism and the distance away from
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FIG. 7. Observed diurnal variations of (a) downward solar radiation S, (b) vertical pressure
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dploz increase) and the p decrease responsible for the hydrostatic imbalance as well as the
aw’2/3z increase following the S| increase. The pressure sensor as well as the sonic anemometer
at the lowest level were moved from 1.5 to 0.5 m on day 293 (20 Oct); the two time periods were
marked in (b)—(d). The days here are in UTC.
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the surface (Fig. 9). The observed decrease of o,, toward the
surface for all the data segments and their convergence to the
5-min o, regardless of the turbulence generation mechanisms
either thermally or mechanically indicate the impact of the

surface drag on diminishing the size and strength of turbulent
eddies. The observed increase of o,, with the size of the data
segment at a given height and the vertical increase of o,, with
height for a given data segment demonstrate the growth of
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FIG. 8. (a) The downward solar radiation S| and the upward longwave radiation L;, and
(b) the vertical velocity w, (c) the horizontal wind speed V, and (d) the horizontal wind direction
(wd) as functions of height above the surface, all during the free convective day of 23 Aug 2022.
The vertical black lines mark the time periods of the early-morning stable period, the morning
CBL development, the deep convective period, and the evening period used for Figs. 9 and 10,
described below. Here we only concentrate on the observations from the surface up to about
2000 m where the diurnal variation of the signals is strong.

turbulent eddies with height. Evidently, the fastest growth of
o, with height occurs during the most convective period of
1100-1700 LST (Fig. 9a), suggesting contribution of the sur-
face heating to the growth of turbulent eddies. During this pe-
riod, o,, reaches to its maximum value from the 5-min data
segment near the surface to about 90-min at ~500 m where
the daily maximum o, is achieved. Further increasing the seg-
ment size does not contribute significantly to o, at each height.
This observation demonstrates that the size of the most ener-
getic turbulent eddies generated by the surface heating in-
creases with height and these most energetic eddies dominate
turbulence intensity, which is consistent with the tower data
analysis in Sun et al. (2016, 2020) and the numerical investiga-
tion by Zhou et al. (2019). The impact of the surface heating on
the growth of the size of the most energetic eddies is also evi-
dent in the growth of the vertical maximum o, from 0.65 m s~!
at ~150 m during 07001100 LST to 1.4 m s~ " at ~500 m dur-
ing 1100-1700 LST. As the heat flux transfer is reduced with in-
creasing distance from the heating surface, the size of the most
energetic turbulent eddies above the height of the maximum o,,
decreases with height.

After sunset, the thermal impact of the surface to the atmo-
sphere is reversed from being the thermal source to the ther-
mal sink. Due to the lack of strong mechanically generated
turbulence and the impact of the surface drag and air viscosity
on reducing turbulence intensity, the size of the most ener-
getic turbulent eddies that contributes to o, in the entire

daytime CBL is significantly reduced at night (Fig. 9d). Con-
sequently, o, approaches to its early-morning value before
sunrise (Figs. 9b,d). The similar nonmonotonical vertical vari-
ation of o, at night and above the height of the largest o, in
the upper CBL in contrast to the relatively smooth vertical in-
crease of g, in the lower CBL reveals the characteristic differ-
ence between the intermittent turbulence decay regime and
the relatively homogenous active turbulence generation re-
gime in the lower CBL. o

Similar vertical variations of w’> have also been observed
in the ABL with various atmospheric stratifications in the lit-
erature. Lenschow et al. (1980) observed that w’? increased
with height up to about 0.3 z; and decreased from 0.3 z; up to
z;in the CBL, where z; is the CBL height and ranges between
680 to 1900 m (their Fig. 4). The decreasing w’?> with height at
the upper CBL was also observed by Lenschow et al. (2012,
2000). Similar vertical variations of w’?> were observed with
sonic anemometers up to 132 m over a coastal zone (Acevedo
et al. 2018), with lidar observations in the air layer below 2 km
at night (Bonin et al. 2020), below 1 km after the passage
of a squall line during daytime (Bezerra et al. 2021), and
within clouds (Wang and Geerts 2013). Similar to the surface
diabatic heating, water condensation also releases heat. The
vertical variation of w2 was clearly observed during cloud
formation where latent heat release is expected to be large
(e.g., Atlas et al. 2020). Over the North Atlantic where the
surface diurnal variation is weak, Shaw and Businger (1985)
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5 to 120 min marked with different colors for the four tlme periods specified by the vertical black lines in Fig. 8. For easy comparison of
the change of a,, between the different time periods, the 5-min a,, in (b), (c), and (d) are plotted as the black curves in (a).

found w’? did not vary significantly with height in the near-
neutral marine boundary layer. The observational analyses in
the literature imply that the vertical variation of w’? is com-
monly observed; the hydrostatic equilibrium could only occur
when the atmosphere is nearly neutral.

We then investigate characteristics of gw’2/dz = do2/dz in
the ABL for the same four time periods (Fig. 10). We first
compare the magnitude of 9w’2/dz with the estimated tempo-
ral variation of mean vertical motion, dw/dt. Because of the
surface heating for generating turbulent eddies in the lower
CBL, the strongest 9w’2/dz is about 4 X 107> m s~ in the lower
CBL under the strong convective condition (Fig. 10a). The ob-
served largest W at any height below 2 km during any of the
four time periods is approximately —0.28 m s~ during the con-
vective period, which is much less than the vertical oscillation of
the most energetic large turbulent eddies (o, ~ 1.4 m s~ 1) dur-
ing the same period. The largest temporal variation of w, dw/ot,
is about 4 X 107® m s™2 between the convective period of
1100-1700 LST and the evening period of 17002400 LST.
Clearly, 9w/dt is much less than ow’?/dz on this convective day.

Therefore, the acceleration of vertical motions is dominated by
large-eddy turbulent motions, which further confirms the close
relationship between the hydrostatic imbalance and dw’2/dz at
least in the ABL.

The positive dw’?/dz at the lower CBL increases with increas-
ing surface heating up to the maximum o,, height of ~500 m
implies that the tower observed daytime «9p/0z + pg) > 0 can
extend from the surface up to ~500 m during the convective pe-
riod. The systematic vertical decrease of dw’2/dz with its zero
value at the maximum o,, in the CBL implies that the hydro-
static imbalance switches sign at the elevation of the maximum
o, which is further examined in section 4b. Due to the decreas-
ing strength of the most energetic turbulent eddies at night, the
magnitude of gw’?/dz is reduced significantly, but never ap-
proaches zero steadily during the night, which could be due to
the atmospheric stratification and the background wind shear.
The seemingly zero dw’?/dz between 1000 and 1700 m in the
early morning in Fig. 10c is due to the relatively large range of
the horizontal scale for covering the increasing 9w’2/dz near the
surface during the early CBL development. The dominant
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FIG. 10. The vertical derivative of w2, 9w’2/oz as a function of height z and the data segment lengths from 5 to 120 min. The black
dashed line in each panel marks the zero dw’?/dz, which approximately corresponds to the hydrostatic equilibrium of the mean atmo-
spheric state. Note that the magnitude of the nighttime 9w’2/9z in (b) and (d) is reduced by two orders of magnitude from its daytime value.

positive aw?loz at night suggests the nighttime reestablishment
of the relatively large vertical pressure gradient dp/oz > 0. The
vertical oscillation of 9w’2/dz throughout the night (Figs. 10b,d)
implies the sensitivity of hydrostatic imbalance to heteroge-
neous weak vertical air density transfer or the lack of the physi-
cal mechanism for achieving hydrostatic equilibrium even with
the weak mechanical generation of turbulence in the stable at-
mosphere above the surface layer.

b. Understanding the hydrostatic imbalance in the
convective boundary layer

To investigate vertical variations of the hydrostatic imbal-
ance, —(dp/dz + pg), beyond the tower layer, we analyze GPS
radiosonde and Doppler radar observations on the sunny con-
vective day of 3 June 2018 during GRAINEX when the maxi-
mum downward solar radiation is about 1000 W m~2 and
thermally generated turbulence and the hydrostatic imbalance
are expected to be relatively large (Fig. 12). On this day, large
turbulent eddies generated by the surface heating are cap-
tured by vertical velocity observed with the 915 MHz Doppler

radar (Fig. 11a) described in section 2d. Due to the 30-min
data sampling for the radar observation in comparison with
the 10-s lidar observation at LAFO, we examine the vertical
variation of o,, over three periods: the entire day, the daytime
between 0800 and 1800 LST, and the most convective period,
1100-1600 LST (Fig. 11b). Similar to the lidar observation at
LAFO, the largest o,, in the ABL is observed during the most
convective period. The smallest o, for the entire day is due to
small o,, values at night. Different from the convective day
at LAFO, the maximum o, is weaker and the altitude of the
maximum o, is higher. The smaller o, could be due to reduced
w values in each 30-min data sampling window, which is much
larger than the 10-s sample window from the Doppler lidar.
The higher altitude of the maximum o, is expected due to the
large maximum downward solar radiation of 1000 W m™2 for
this case in comparison with 800 W m™~? for the LAFO case.
The relatively strong wind above the CBL on this day could
also play a role in enhancing vertical heat transfer (Fig. 12f).
We then investigate the GPS radiosonde to study the verti-
cal variation of the hydrostatic imbalance throughout the
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FIG. 11. (a) The vertical velocity w from the 915-MHz radar profiler, (b) the standard deviation of w, i.e., g,,, as a
function of height for different time windows, and (c) the estimated hydrostatic imbalance —(9p/dz + pg) during the
most convective period as a function of height on 3 Jun during GRAINEX. The cyan curve in (c) is composited from
three GPS soundings at 1100, 1300, and 1500 LST at every 10 m, the thick red curve is the bin-averaged cyan curve at
every 100 m, and the thin red horizontal lines represent the standard deviation of the hydrostatic imbalance within

each bin. The vertical black line in (c) is the zero line.

ABL. With the progress of the GPS radiosonde technology,
the sonde altitude is obtained independently using the GPS
system without relying on the hydrostatic equilibrium assump-
tion. Air pressure is independently measured as well during
GRAINEX. In the early morning, the surface layer at 0500
and 0700 LST was visibly stable in the increasing potential
temperature 6 with height and the decreasing water-vapor
specific humidity g with height within the SBL as well as the
vertical wind direction change within and above the SBL
(green and red profiles in Figs. 12b,c,g). The nearly vertically
invariant 0, water-vapor specific humidity ¢, and wind speed
(ws) in the upper ABL at these early-morning hours indicate
that there is a well-mixed layer above the stable layer, which
could be due to the previous convective daytime mixing up-
stream somewhere or the relatively strong wind above in the
early morning (Fig. 12f). By 0918 LST, the bottom layer of
the ABL switches from stable to unstable until sometime after
sunset around 1700 LST when the surface layer switches back
to being stable again. The impact of the surface heating on
the air temperature increase is evident in the consistently in-
creasing 6 near the surface until about 1700 LST.

The air density p is observed to decrease steadily with
height throughout the day with the relatively large p in the
shallow SBL during the early-morning hours (green and red
profiles in Fig. 12d). To examine the air density variation in
the bottom 3000-m layer of the atmosphere as a result of the
temporal variation of the surface heating beyond its seem-
ingly linear decrease with height (Fig. 12d), we investigate the
air density deviation 6p from the linear mean of all the sound-
ings in the 3000-m layer for the day (marked with red circles
in Fig. 12d). We find that 8p in the lower CBL decreases
steadily with time from 0500 to 1700 LST due to thermal
expansion following the increasing surface air temperature
(Fig. 12i). The impact of the vertical transport of the surface
low-density air to the CBL is evident in the growth of the in-
creasing negative 8p layer associated with the newly devel-
oped warm moist air with a nearly constant 6 and g within the
layer (Figs. 12b,c,i). The increasing 8p with height from being
negative to positive during the convective period indicates the
decreasing impact of the surface heating on the air density re-
duction. The consistency between the significant reduction of
6p below 1000 m and the maximum o,, at 1000 m during the
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FIG. 12. On the sunny day of 3 Jun 2018 during GRAINEX as shown in (a) the S|, the development of the CBL is

captured by profiles of (b) 6, (c) g, (d) p, (e) p, (f) ws, (g) wd, and (h) the estimated vertical pressure gradient

—Jploz.

The local launching time for each sounding is labeled in (g). To better view the vertical variation of p with time, the
deviation 8p of each p profile from its linear mean of all the soundings marked with red circles in (d) is plotted in (i).
Similarly, the linearly fitted p from all the soundings is marked with red circles in (e), and the deviation &p of each
p profile from the fitted linear line is plotted in (j).
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most convective time evinces contribution of thermally gener-
ated large turbulent eddies to the vertical variation of air den-
sity and the consequent change of hydrostatic imbalance.

Similar to the vertical variation of air density, the observed
air pressure seems to decrease with height at a constant rate
throughout the day (Fig. 12¢). However, the deviation of each
pressure profile, 8p, relative to its linear daily mean within the
bottom 3000-m of the atmosphere (marked with red circles in
Fig. 12e) reveals that p varies with height implying that the
vertical air pressure decreasing rate is not constant within the
3000-m layer (Fig. 12j). The opposite change of §p with height
in the upper and lower half of the 3000-m layer suggests that
the positive value of —dp/dz is larger in the lower half than in
the upper half. Additionally, the stronger positive dp at the
surface than at 3000-m during the convective time indicates
that the decreasing rate of —dp/oz is larger near the surface
than above. That is, neither —dp/dz nor the vertical variation
of —dp/dz is constant. The variation of the negative ép in the
middle of the 3000-m layer from the least negative value at
1300 LST to the most negative one at 1900 LST indicates the
contribution of the vertical density flux to the vertical pres-
sure variation. Although both p and p seem to decrease line-
arly with height, the significant vertical variation of &p in
comparison with the vertical variation of 8p demonstrates
the different impacts of the surface heating/cooling on p and
—dpldz, which further confirms the contribution of the back-
ground air pressure to the pressure change in the atmosphere.
The directly calculated —dp/dz using the sounding data indi-
cates that —dp/oz indeed decreases with height steadily with a
possible sharp decrease near the surface (Fig. 12h). The small
oscillation of —dp/dz in Fig. 12h is probably due to the GPS
altitude accuracy of =5 m.

We then estimate the hydrostatic imbalance —(9p/0z + pg)
for the most convective period using the calculated air density
p and —dp/iz at 1100, 1300, and 1500 LST (Fig. 11c). Because
of the relatively large —dp/dz and the relatively small p near
the surface under convective conditions, the hydrostatic im-
balance —(9p/dz + pg) is relatively large and positive near the
surface. As —dp/dz decreases with height, and the impact of
the vertical turbulent transfer of air density on the gravity
force —pg becomes increasingly important in determining the
hydrostatic imbalance with height. Because of the significant
reduction of air density at the bottom half of the 3000-m layer
as shown in the vertical extend of the most negative dp at
1500 and 1700 LST when the accumulated impact of the sur-
face heating reaches to its daily maximum (Fig. 12i), the hy-
drostatic imbalance —(@p/dz + pg) is positive in the layer
below the vertical maximum o, where o, increases with
height (Figs. 11b,c). Above it, the most negative &p starts to
increase with height as the surface-heating-generated turbu-
lence reduces its intensity for its upward transport of the low
air density air, —(0p/0z + pg) becomes negative and o, de-
creases with height. The sign change of do,,/0z from being pos-
itive in the lower CBL to being negative in the upper CBL is
consistent with the observed decrease of —(9p/dz + pg). The
height of —(9p/dz + pg) =0 depends on accuracies of the
sounding measurements especially the GPS height. As the hy-
drostatic imbalance becomes weak, the vertical momentum
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dissipation becomes important for reducing w2 oz especially
when turbulence intensity is large (e.g., Banta et al. 2007).
Additionally, as the air density decreases with height, the
required momentum force for the acceleration of vertical
motions becomes smaller, which challenges measurement
accuracies. L

The above analyses of the vertical variation of w’? using
the Doppler lidar and radar observations and the vertical vari-
ation of the hydrostatic imbalance using the GPS radiosonde
observations further confirm the tower observation on the
contribution of the vertical turbulent density transport to the
development of hydrostatic imbalance (section 3d). That is,
the hydrostatic imbalance is due to the vertical air density
transfer by the most energetic large turbulent eddies associ-
ated with the diabatic surface heating/cooling and wind shear.
Because turbulence is constantly generated by the indepen-
dent energy source of surface heating/cooling and wind shear
and reduced by ceaseless energy dissipation as a result of air
viscosity and air movement, the vertical velocity variance,
w2, varies spatially and temporally. The hydrostatic imbal-
ance is the consequence of the vertical turbulent air density
transfer on mainly the air density change but also on the verti-
cal pressure-gradient change. Therefore, the steady equilib-
rium between the positive vertical pressure-gradient force
—Jdp/dz and the negative gravity force —pg is not observed
even under weak turbulence in the stable atmosphere. Due to
the dominant role of the hydrostatic imbalance of the mean
atmospheric state in the vertical momentum balance, the ver-
tical variation of w’? is a good indicator for the hydrostatic
imbalance. The consistent vertical variation of w’? and the hy-
drostatic imbalance also implies that the vertical growth of
the most energetic turbulent eddies is determined by the de-
velopment of the hydrostatic imbalance. The contribution of
the convective turbulent mixing to the hydrostatic imbalance
in the CBL is schematically summarized in Fig. 13.

5. Summary and conclusions

The atmospheric hydrostatic imbalance of the mean state
—(@p/dz + pg) and its contribution to the acceleration of verti-
cal motions are investigated by analyzing in situ tower obser-
vations from CASES-99, Doppler lidars measurements at
LAFO, as well as GPS radiosondes and Doppler radar observa-
tions from GRAINEX in the ABL under clear-sky conditions.
Based on the vertical momentum balance, the hydrostatic im-
balance is the driving force for the acceleration of vertical veloc-
ity motions that consist of both mean and turbulent motions
while the remaining force, the vertical momentum dissipation,
consumes environment momentum. The ABL observations
demonstrate that vertical variations of large-eddy vertical turbu-
lent motions dw’?/dz dominates the acceleration of vertical mo-

tions and the averaged vertical velocity w and its temporal
variation ow/ot are negligibly small under horizontally homoge-
neous convective conditions. Consequently, dw’?/0z is well re-
lated to the hydrostatic imbalance —(9p/dz + pg) and their
close relationship is independently validated in the tower layer
and throughout the entire ABL.

Unauthenticated | Downloaded 12/22/23 03:03 PM UTC



JANUARY 2024 SUN E

CBL

rge-edd
ixin

reduce
turbul

12

T AL. 21
Hydrostatic imbalance, -(0p/ 0z +p g),
becomes negative due to the vertical

reduction of the positive force -0p/ oz

and the increase of the negative force

<0 _pgas a result of the reduced upward

transfer of the relatively low-density air
associated with the reduced upward
heat transfer in the upper CBL.

Hydrostatic imbalance, -(6p/ 0z +p g),
is positive due to the relatively small
reduction of the positive force -0p / oz
and the relatively large reduction of the

> negative force -p g as a result of the
upward turbulent transfer of the reduced
‘p from thermal expansion

the reduced air

density above
— p'<0

thermal

expansion
>0 —— p'<0

FIG. 13. Schematic summary of the development of the hydrostatic imbalance for the sign change of ow’2/oz in the
CBL by large-eddy turbulent mixing as a result of the surface heating.

The development of the hydrostatic imbalance is observed
to be due to turbulent transfer of diurnally varying air density
in response to diurnally varying surface temperature through
thermal expansion/contraction, which is independent of air
compressibility defined at constant temperature. Because the
most energetic turbulent eddies are generated by the environ-
mental thermal forcing through surface heating/cooling under
clear-sky conditions and/or by mechanical forcing through
wind shear, their sizes reflect the environmental forcing scales.
These eddies can transport diurnally varying air density well
into the ABL under convective conditions. The variation of
the hydrostatic imbalance is mainly influenced by changing air
density due to the relatively large background —op/oz al-
though the vertical turbulent transfer of air density impacts
both the negative gravity force —pg and the positive vertical
pressure-gradient force, —dp/iz.

The vertical variation of the hydrostatic imbalance is also
observed to be consistent with the vertical variation of
aw’?/9z. Due to the impact of the surface drag and turbulence
generation in the ABL, w2 is observed to increase with
height throughout the day and to consistently decrease with
height only in the upper CBL due to the significant reduction
of upward heat transport in turbulence generation. The sign
change of 9w’2/dz with height in the CBL is consistent with
the sign change of the estimated hydrostatic imbalance due to
the steady vertical decrease of the large background —dp/oz
and the significant vertical variation of air density as a result
of the large upward transport of low-density air in the lower
CBL. At night, the hydrostatic imbalance implied from the
relatively small vertical variation of dw’2/9z is significantly re-
duced due to the lack of strong wind shear in the residual

layer above the SBL. However, under nighttime strong wind
conditions, the strong upward transport of high-density air
from thermal contraction due to the cooling air is observed to
contribute more increase to —dp/dz than —pg, such that the
positive hydrostatic imbalance force —(@p/dz + pg) is even
larger than its daytime value. Because of ceaseless turbulence
in the ABL even under calm stable conditions and the sensi-
tivity of the hydrostatic imbalance to vertical transport of air
density, steady adjustment toward the hydrostatic equilibrium
is not observed even in the relatively calm nighttime residual
layer above the SBL.

The observation study of the development of the hydro-
static imbalance has significant implications for understanding
hydrostatic imbalance at large spatial and temporal scales.
Thermal expansion/contraction plays a key role in air density
changes and the consequent hydrostatic imbalance through
the vertical transport of varying air density by large turbulent
eddies. The most energetic active turbulent eddies are con-
stantly generated by independent energy sources of surface
heating/cooling and wind shear, and their scales are deter-
mined by strength and spatial distributions of the environ-
mental forcing, which are much larger than that have been
traditionally investigated. Although the size of the most ener-
getic turbulent eddies responsible for developing the hydro-
static imbalance may be still much less than grid sizes of
large-scale numerical models, contribution of those turbulent
eddies to large spatial and temporal scale hydrostatic imbal-
ance is through their large spatial and temporal distributions
in response to their large generation scales such as the vast
Earth surface and the continuous diurnal variation of solar ra-
diation. Hydrostatic imbalance cannot be simply adjusted to
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the hydrostatic equilibrium with ceaseless turbulence genera-
tion in the stratified atmosphere, stable or unstable, but can
be reduced to a small value when turbulence intensity is rela-
tively small. Because of the critical role of vertical transports
of air mass, momentum, and energy for understanding chang-
ing atmospheric dynamics and thermodynamics, further inves-
tigation of hydrostatic imbalance in the atmosphere especially
for cloud development is needed.
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APPENDIX

The Vertical Momentum Balance in the
Turbulent Atmosphere

For a two-dimensional flow of a horizontal motion V in
the x direction and a vertical motion of w in the z direction,
the vertical momentum balance equation can be expressed
in terms of the acceleration of vertical motions as (e.g.,
Stull 1988; Garratt 1992; Sun 2019):

6w+V8w+W8w __0p+ + (82w+
Pac ™ Tax " Maz) T ez T 8T Maw

dw _

aw 82w)
Par ~ '

az?2
(A1)

Because the atmosphere is approximately an ideal gas and
incompressible (the air volume does not change significantly
with varying air pressure under a constant air temperature),
the air continuity equation can be expressed as

v ow

A )

Jx  0dz (A2)

Applying Eq. (A2) to Eq. (Al), dw/dt can be expressed as

dw _ |ow N 8(w2)] _ [, N (32w N azw)
Plar = Plar 7 ax 9z oz P8) T M T azz)

(A3)

+ awV)

We then perform Reynolds averaging to Eq. (A3) by de-
composing any variable ¢ to é=¢ + ¢’, where ¢ repre-
sents the Reynolds average of ¢ and ¢’ represents the
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perturbation of ¢ from its Reynolds average ¢. Because
the Reynolds average represents a simple box-mean aver-
age, p =dp—¢ = ? — & = 0. Thus, ¢ can be expressed as
& =(b+¢) =¢ + ¢ Reynolds decomposing Eq. (A3)/p,
using the Taylor expansion

(Ad)

with the assumption of |p’/p| << 1, and Reynolds averaging
the decomposed Eq. (A3)/p, we have
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Assuming p’/dz| << dp/oz and |p'/p| << 1 (see section 3c for
the discussion of the approximations), the third term on the
right-hand side of Eq. (AS5) would be much smaller than
the first term. Assuming the surface and the ambient flow
are horizontally homogeneous, any turbulent-eddy-induced
horizontal motions would be horizontally divergent/conver-
gent following the continuity equation. Thus, horizontal
variations of any turbulent motions would oscillate around
zero. Therefore, d¢p/ox would be approximately negligibly
small. Thus, Eq. (A5) becomes

_aw+a(w2+W)__al7+_ L P aw
Pl oz oz PEI TG T 5P o
(A6)

Because the ambient large-scale vertical motion is normally
negligibly small, w represents the averaged turbulent mo-
tion. Averaging up and down vertical motions of turbulent
eddies generated by either horizontally homogeneous surface
heating/cooling or wind shear, w would be much smaller than
(w?)12 (see lidar observations in section 4a). Thus, Eq. (A6)
would be approximated as

72 1 2107
_o(w) _(3£+_)_;L »*w

= L A
P oz az P8 ﬁp az%’
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