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Abstract

Atmospheric boundary layer (ABL) processes are important in climate, weather and air
quality. A better understanding of the structure and the behavior of the ABL is required
for understanding and modeling of the chemistry and dynamics of the atmosphere on
all scales. Based on the systematic variations of ABL structures over different sur-5

faces, different lidar-based methods were developed and evaluated to determine the
boundary layer height and mixing layer height over land and ocean. With Atmospheric
Radiation Measurement Program (ARM) Climate Research Facility (ACRF) micropulse
lidar (MPL) and radiosonde measurements, diurnal and season cycles of atmospheric
boundary layer depth and ABL vertical structure over ocean (TWP_C2 cite) and land10

(SGP_C1) are analyzed. The new methods are also applied to satellite lidar mea-
surements. The derived global marine boundary layer structure database shows good
agreement with marine ABL stratiform cloud top height.

1 Introduction

The atmospheric boundary layer (ABL) is the turbulent layer near the earth’s surface15

(Stull, 1988). The heat, moisture or aerosols are trapped and vertically mixed within
the ABL, and are exchanged with the free troposphere at the top of ABL. Therefore,
boundary layer height (BLH) acts as a key length scale in weather, climate, and air
quality models to determine turbulence mixing, vertical diffusion, convective transport
and cloud formation (Garratt, 1992; Seibert et al., 2000; Stevens, 2002; Erickson et al.,20

2008; Kekkonen et al., 2012; Zilitinkevich, 2012; Ferrare et al., 2013). However, in op-
erational forecast models, regional models, or global climate models, ABL is still poorly
simulated due to complex processes at small temporal and spatial scales (Lenderink
and Holtslag, 2000; Hannay et al., 2009; Wyant et al., 2010). Also modeled ABL is not
fully evaluated due to the lack of reliable global BLH climatology database (Seidel et25
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al., 2010). Therefore, a better understanding of ABL structure and physical processes
is required to improve model simulations.

Despite of its importance, BLH is difficult to be directly measured by standard mete-
orological measurements (Tombrou et al., 2007; Liu and Liang, 2010). Usually, BLH is
indirectly diagnosed from analysis of thermodynamic variables, turbulence-related pa-5

rameters or measuring concentrations of tracers, by using different definitions of BLH
with respect to the various characteristics of ABL, as reviewed by Seidel et al. (2010).
However, different definitions often give different BLH results and no standard BLH defi-
nition exists (Seidel et al., 2010). Also in-situ measurements are sparse especially over
ocean. Over land, the limited sounding measurements may not be so representative10

for a large region due to surface inhomogeneity.
Satellite-based observations allow a non-traditional way to derive the global BLH

climatology. A few studies have been done by using Global Positioning System radio
occultation (GPS RO) measurements (Ratnam and Basha, 2010; Guo et al., 2011;
Ao et al., 2012) or Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observa-15

tion (CALIPSO) (McGrath-Spangler and Denning, 2013). GPS RO provides a valuable
global view of height-resolved refractivity or moisture structure of ABL. However, GPS
RO has very coarse resolutions (200m in vertical and ∼200 km horizontal), and suffers
several problems such as insufficient penetration into the lowest 500 m of atmosphere
(Xie et al., 2012). CALIPSO has much finer vertical (30 m) and horizontal resolution20

(333 m) and is sensitive to boundary layer aerosols and clouds. Former studies showed
that CALIPSO has the great ability to derive global BLH distributions (Jordan et al.,
2010; McGrath-Spangler and Denning, 2012, 2013). However, the variance methods
used in these studies often gave lower BLH than the other methods (will be shown
in Sect. 2.3) and thus gave shallower BLH over ocean than other measurements (re-25

ferring to Fig. 3 in McGrath-Spangler and Denning (2013) and Fig. 3 in Ratnam and
Basha (2010)). And also the previous work mainly relay on in-situ measurements to
evaluate the global BLH climatology (i.e., McGrath-Spangler and Denning, 2013). The

8313

http://www.atmos-meas-tech-discuss.net
http://www.atmos-meas-tech-discuss.net/6/8311/2013/amtd-6-8311-2013-print.pdf
http://www.atmos-meas-tech-discuss.net/6/8311/2013/amtd-6-8311-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


AMTD
6, 8311–8338, 2013

Lidar-based remote
sensing of

atmospheric
boundary layer

T. Luo et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

in-situ measurements are sparse and mainly limited over land, thus the limited evalua-
tion results may be not so representative for global BLH distribution.

CALISPO could be a more powerful tool to provide the global BLH datasets. How-
ever, careful further evaluations are needed. Usually ABL has more content of aerosol
than free upper atmosphere due to the limitation of capping inversion at the top of ABL5

and primary near-surface aerosol sources. Near surface aerosols are mixed within ABL
by turbulence and convection, thus aerosol vertical distribution is heavily influenced by
the thermal structure. Aerosol vertical structure is regarded as a good tracer to deter-
mine the BLH (Stull and Eloranta, 1984; Boers et al., 1984; Melfi et al., 1985; Boers
and Eloranta, 1986). Lidar provides direct measurements of aerosol profiles within10

the ABL. Several methods, such as threshold method, gradient method, and variance
method, have been developed to determine BLH by using lidar backscatter measure-
ments (Emeis et al., 2008; Jordan et al., 2010). However, the detected aerosol layers
are not always consistent with ABL thermodynamical structures because aerosol verti-
cal structures are also affected by other factors. First, local aerosol vertical distributions15

are also influenced by horizontal transportation of aerosols besides of vertical turbu-
lence mixing. Second, nighttime aerosol residual layer has weak linkages with ABL
processes and is hard to distinguish the ABL aerosol (Ferrare et al., 2013), especially
over land. Therefore, a careful evaluation of lidar based BLH is needed under different
surface and thermal conditions in order to using it globally.20

This study aims to improve lidar-based method to provide consistent BLH determina-
tions as other methods based on thermo-dynamical properties. Long-term collocated
lidar and radiosonde data is used to evaluate lidar-based BLH determination methods
over land and ocean. The method is applied to space-borne lidar measurements to
derive a global ABL structure database. Furthermore, BLH over ocean are further eval-25

uated with lidar measured boundary layer stratiform cloud top heights, which is capped
by the boundary layer top temperature inversion. Section 2 describes the ground- and
satellite-based data and BLH identification methodology. Section 3 gives the results
and some discussions, and Sect. 4 presents a brief conclusion.
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2 Methodology

2.1 Data

2.1.1 Ground-based data

Atmospheric Radiation Measurement Program (ARM) Climate Research Facility
(ACRF) radiosonde and micro pulse lidar (MPL) observations (Xie et al., 2010; Mather5

and Voyles, 2013) were used to investigate the boundary layer aerosol structure and to
develop new lidar-based methods to determine the BLH over different surface. Nauru
(TWP_C2, far ocean small island, 2007–2008) and Southern Great Plains (SGP_C1,
land, 2007–2009) site were selected to represent typical land and ocean conditions.

1. Balloon-borne sounding system (SONDE) provides in situ measurements (verti-10

cal profiles) of temperature, water vapor and the wind speed and direction, at a
frequency of 2 times per day at TWP_C2 and 4 times per day at SGP_C1.

2. Overlap corrected MPL cloud free signals were normalized to molecular backscat-
tering to derive the total attenuated backscattering (TAB) for BLH determination.
After overlap correction, the cloud is detected with the slope algorithm based on15

Wang and Sassen (2001), which uses the change in the slope of the backscat-
tered signal as a function of height to identify the presence of cloud layers in the
atmosphere, and uses several techniques to distinguish aerosol layers from cloud
layers. Then, cloud-free signals (no cloud below 7 km) were averaged into 1-h res-
olution. Usually aerosol layer is lower than 5 km, thus signals within 5 and 6 km20

are selected to calibrate the observed TAB profile with molecular backscattering
coefficients, which are estimated with SONDE temperature and pressure profiles.
Due to uncertainties in overlap correction below 500 m, MPL TABs below 500 m
are not used in this study.
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2.1.2 Satellite-base data

To build global marine BLH database, multiple remotely sensed and operational mete-
orological datasets over far ocean during the period of June 2006 to December 2010
are used, including:

1. CALIPSO level 1b data: CALIPSO is a polarization-sensitive lidar capable of mea-5

suring backscatter intensity at wavelengths of 532 and 1064 nm. CALIOP level 1B
data (horizontal resolution of 333 m along the track) are calibrated and geolocated
532 and 1064 nm total attenuated backscatter and 532nm perpendicular polariza-
tion component (Hostetler et al., 2006).

2. CloudSat 2B GEOPROF: Cloudsat carries a 94 GHZ cloud profiling radar (CPR)10

with horizontal resolution of 1.3 km cross track and 1.7 km along track. The 2B-
GEOPROF product contains the cloud mask information that identifies where
hydrometeors occur in individual profiles over the instrument noise floor (Mace,
2007).

3. ECMWF-AUX: contains temperature and pressure profiles from the European15

Centre for Medium-Range Weather Forecasts (ECMWF) operational analysis in-
terpolated in time and space to the CloudSat track (Partain, 2004).

The cloud is identified by combining CloudSat GEOPROF product and CALIPSO level
1B data (detailed in Wang, et al, 2008, and Loknath et al, 2010). After cloud identifying,
clear-sky lidar profiles within a 25km box were averaged to increase signal-to-noise20

ratio (SNR). In this study, only clear-sky data within 50N and 50S and 200km away
from continents were used.

2.2 BLH determination methodology with SONDE measurements

The literatures contain many methods for estimating BLH (see reviews in Seidel et
al., 2010 for details). The main design of these methods is based on some common25
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characteristics of ABL. Usually a capping inversion exists at the top of the ABL, which
prevents the vertical transportations of heat, humidity and pollutions. Below the capping
inversion, usually the ABL is assumed to be well mixed. These different methods tried
to identify ABL top characteristics to determine BLH with different variables such as
temperature or humidity gradient, but often give different BLHs (Seidel et al., 2010).5

For SONDE, Seidel et al. (2010) recommended either the parcel method or the
Richardson number (RI) method to be the most reliable method under convective con-
ditions, whereas the RI method was regarded as the most suitable method under condi-
tions with mechanically produced turbulence. The parcel method determines the height
of intersection of the actual potential temperature profile with the dry-adiabatic ascent10

starting at near-surface temperature (Holzworth, 1964, 1967, 1972). The RI method
determines the BLH as the height at which RI is larger than the critical value (=0.25),
here, RI defined as (Vogelezang and Holtslag, 1996)

RI =
g z(θ(z) − θ(s))

θ(s)[(u(z) − u(s))2 + (v (z) − v (s))2]
. (1)

Good agreements were found for BLH derived by the parcel method and the RI method,15

whereas sometimes parcel model is inapplicable, i.e., in the afternoon, due to the de-
crease in near surface temperature (Hennemuth and Lammert, 2006). The RI method
is suitable for both stable and convective boundary layers. This method relates the de-
rived BLH to ABL processes – surface heating, wind shear and capping inversion, thus
gives the BLH more physical meaning. Also RI method is not strongly dependent on20

sounding vertical resolution, giving no-negative BLH. Therefore the RI method will be
adopted in this study as the best estimation for lidar based BLH evaluations.

2.3 BLH detection methodology with ground-based lidar measurements

For lidar observations, using different characteristics of returned backscatter to deter-
mine the BLH may give different characteristic scale of ABL (Emeis et al., 2008). Five25

methods were demonstrated in Fig. 1a–e respectively. The threshold method (Fig. 1a)
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sets the BLH at the height where lidar aerosol signal above certain threshold and will be
detailed further in the next section. The gradient method (Fig. 1b), log-gradient method
(Fig. 1c) and second derivation method (Fig. 1c) determine the BLH at the height cor-
responding to the minimum of the gradient, log-gradient and second derivation of li-
dar backscattering respectively (Emeis et al., 2008). The variance method determines5

the BLH as the maximum of the variance profile (Jordan et al., 2010). As shown in
Fig. 1a, the threshold method gives the highest BLH; the gradient and log-gradient
method gives the second highest BLH; and the second derivation and variance method
gives the lowest BLH. Therefore a careful evaluation of their performance is needed.
In this study, we’d like to identify the BLH as the height up to which the influence of10

the surface forcing on aerosol content is detectable, and we also try to find suitable
lidar-based methodology under different conditions to minimize the difference between
lidar-derived BLH and traditionally SONDE defined BLH.

Aerosol vertical distribution is strongly influenced by the ABL thermal structures,
which are different over land and ocean, as shown in Fig. 2. Over land, sharp gradient15

in water vapor mixing ratio and potential temperature could be found near the ABL top.
Below the capping inversion layer, the land ABL is well mixed and the potential temper-
ature and mixing ratio is nearly constant. Therefore the mixing layer height (MLH) could
be treated as the BLH. The aerosol loading in mixing layer is higher than upper layer,
which leads to a sharp gradient in TAB near the mixing layer top. On the contrast, the20

deep marine boundary layer (MBL) is more likely to be decoupled (Wood and Brether-
ton, 2004). As shown in Fig. 2, in deep MBL cases (BLH between 1.5 and 2 km), mixing
layer only occupies about 30 % of the total ABL. MLH is much shallower than BLH and
cannot be treated as BLH under this situation. Sharp gradient near the mixing layer top
could be found in humidity, temperature and TAB. In shallow MBL cases (BLH between25

0.8 and 1.2 km), the ABL structure is quite similar to that over land, but not so well
mixed. The gradients in humidity, temperature or TAB at the ABL top are not as sharp
as those over land.
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The diurnal boundary layer aerosol structures over different surfaces were further in-
vestigated. Figure 3 shows the averaged diurnal cycles of boundary layer aerosol struc-
tures over land and ocean in different seasons. The corresponding SONDE-derived
diurnal cycle of BLHs were also overlaid as a reference.

Over the oceans, the diurnal cycles of BLH over ocean are very weak in all seasons,5

because the daily cycle of the surface sensible heat flux is weak and often a persistent
boundary layer with a capping inversion can be observed. The aerosol content has
more concentrations below BLH, because the major source of marine aerosol is sea
salt production by sea-spray processes at sea surface. The sea salt aerosols will be
vertical transported through turbulent mixing processes and be capped by inversion at10

the boundary layer top. Also the MBL shows decoupled structure when deeper. The
lower layer near surface is well mixed and has much higher aerosol loading than the
upper decoupled layer.

Over land, boundary layer has much stronger diurnal cycle especially in MAM and
JJA at the SGP site, corresponding to the sensible heat flux variations at the surface.15

The aerosol layer structure over land is more complicated than that over ocean, be-
cause aerosol here is not all locally produced. The aerosol layer over land is usually
higher than BLH, mainly due to background aerosols or elevated aerosol layer. Es-
pecially during night, when turbulence is weak, the residual layer still contains very
high aerosol loadings and it is hard to find systematic characteristics to distinguish the20

boundary layer aerosol and the lofted aerosol. However, usually a sharp gradient of
aerosol backscattering can be expected near the convective boundary layer top during
daytime.

Therefore, considering their systematic different characteristics, different methodolo-
gies are needed for identifying BLH over ocean and land, as shown in Figs. 4 and 5.25

Over ocean, the threshold method could be used to determine the BLH. BLH is
defined at where TAB>β′

thr, here β′
thr is defined as

β′
thr = β′

m + 2MBV, (2)
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where, β′
m is the attenuated molecular backscattering, estimated based on tempera-

ture and pressure profiles from SONDE data or from other sources; MBV is the mea-
sured backscatter variation, estimated as the standard deviation of measured attenu-
ated backscatter coefficients within 5 to 7 km.

BLH is searched from top down as the first three points larger than β′
thr. To remove5

the possible elevated layer, we keep searching the strong peak near the BLH. If there
exists a strong peak near formerly identified BLH, the profile will be identified as the
elevated layer case and the layer base (where gradient changes its sign) is identified
and treated as BLH.

Over land, the gradient method could be used to determine the BLH (or MLH) at day-10

time, by determining the first minimum peak of the TAB gradient smaller than threshold
(=4 ·dβ′

m, dβ′
m is the gradient of molecular backscattering) from bottom upward. Also

the gradient method could be used to determine the marine MLH, as the dashed blue
line in Fig. 4.

2.4 Methodology for space-borne lidar15

BLH can be determined with collocated CALIPSO level 1B data by an improved thresh-
old method due to its lower signal-to-noise ratio. For molecular attenuation corrected
signals, the threshold β′

thr is still chosen as

β′
thr = β′

m + 2 · MBV. (3)

Here,β′
m is the molecular backscattering, estimated by temperature and pressure pro-20

files from ECMWF-AUX products; MBV is the measured backscatter variation, esti-
mated as the standard deviation of measured attenuated backscatter coefficients from
30 to 40 km.

Considering the poor SNR in 532 nm channels, 532 nm (β′
532) and 1064 nm (β′

1064)
attenuated backscatter were combined to determine the aerosol layer, because β′

1064 is25

less noised and molecular attenuated. For each aerosol layer detected by the threshold
method, it should exist in the both channels.
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The detailed aerosol layer identification scheme is as follows:

1. For each height, compute molecular backscattering coefficients β′
m, two-way

transmittances T 2
m and MBV at 532 and 1064 nm; and then the corrections for

molecular attenuations were applied to signals, as

β′ = β′
obs/T 2

m. (4)5

Here, β′
obs is the measured signal; β′ is the corrected signal.

2. Build up aerosol masks at each channel. To compensate the attenuation incurred
within and bellow the aerosol layers, the estimated aerosol backscattering coef-
ficients βe were used to identify layers. The βewere computed with the forward
method (Klett, 1981; Fernald, 1983; Young and Vaughan, 2009) by assuming10

layer top at 8 km. Lidar ratios (S) were chosen as 25 (532 nm) and 40 (1064 nm).
While retrieving at certain level, βe will be set to zero if βe +βm is smaller than
(β′

m +2 MBV)/T 2
e (here, T 2

e is the estimated transmittances of aerosols with βe).
Then, aerosol mask will set to be 1 for each height bin where βe >0.

3. Refine the aerosol mask by combining 532 and 1064 nm aerosol mask profiles.15

First, for each wavelength, we remove the aerosol layer with less than 3 points.
Then we combine 532 and 1064 nm aerosol mask profiles and set the new aerosol
mask to be 1 if mask in any of profiles equals to 1 at certain height. Finally, to get
more accurate aerosol layer top, a 3-points moving smooth is applied to β′

532
profiles. And then the aerosol layer top is defined as the highest points extending20

from the certain aerosol layer where β′
532 is larger than β′

thr in Eq. (1) and color
ratio (1064 nm/532 nm) is larger than 0.06. Then, a final check with elevated layer
will be done. Only the lowest layer is identified as boundary aerosol layer. This
screen removes the elevated layer which has a gap between the boundary aerosol
layer. However there are still a few cases that elevated layer connected with the25

boundary aerosol layer. Therefore, if the initial identified BLH is higher than 2.5 km
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and there exists strong peak closed to BLH, the elevated layer is exist. Then, the
elevated layer base (where gradient change its sign) will be used as the BLH.

4. Identify MLH by the gradient method. The gradient of βe is calculated after three
points moving smoothing. Then MLH is determined from bottom up as the first
point with βe gradient larger than 4 times of the molecular backscattering gradient.5

3 Results and discussion

3.1 Validation

The lidar-based algorithms discussed above are applied to MPL observations at
TWP_C2 (daytime and nighttime, 11 782 profiles) and SGP_C1 cite (daytime only,
5926 profiles). 3-h averaged BLH were collocated with SONDE observations for com-10

parison, as shown in Fig. 6a and b. MPL derived BLHs show good agreements SONDE
determined BLHs. Over ocean, the bias and mean square error (MSE) of MPL derived
BLH is −0.12±0.24 km, and 83 % of points have a percentage difference less than
30 %. Over land, the bias and MSE is −0.04±0.27 km. 74 % of points have a percent-
age difference less than 30 %. However, there are a few points with large discrepancy15

between the two methods. Over ocean (Fig. 6a), there are a few points with MPL de-
rived BLH much lower than SONDE derived BLH, which is mainly due to the overlap
issues. Over land (Fig. 6b), unidentified elevated aerosol layers result in a few points
with MPL derived BLH much higher than SONDE derived BLH. Under strong convec-
tion situation over land, the gradient method often underestimates BLH according to20

SONDE results. But the threshold method performs better under this situation. There-
fore, no single approach can cover all situations over land.

The diurnal and seasonal cycles of BLH from 1-h averaged MPL observations also
show good agreement with those from SONDE, especially over ocean (Fig. 7). Over
land, the MPL derived BLH accords well in warm seasons but shows a positive bias25

(+0.296 km) in cold seasons. This suggests that lidar-based BLH identification over
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land could be further improved. During night, aerosol structure is less correlated with
boundary layer thermo-dynamical structure, especially under cold surface temperature.
And another issue is the overlap correction because the nighttime BLH is often near to
or is lower than 500 m.

The lidar-based algorithms were also applied to CALIPSO observations over global5

ocean to derived 4-yr global ocean BLH datasets. Marine stratiform clouds were a
good proxy to estimate marine BLH from satellite-retrieve cloud-top heights in previous
studies (Minnis et al., 1992; Wood and Bretherton, 2004; Ahlgrimm and Randall, 2006;
Zuidema et al., 2009; Karlsson et al., 2010). Therefore, marine stratiform cloud top
height was used to evaluate the large database in this study. Cloud top height and cloud10

type was provided by Cloudsat 2B-CLD-CLASS-LIDAR data (Wang, 2011). Stratifrom
cloud height was collocated and averaged into the same 25 km grid box as described in
Sect. 2.4. Only the cases with cloud fraction between 0.1 and 0.7 were considered. As
shown in Fig. 6c, CALIPSO derived BLH shows good agreement with marine stratiform
cloud height. The bias and MSE of CALIPSO derived BLH is −0.08±0.37 km. 75 % of15

points have a percentage difference less than 30 %.

3.2 Discussion

Over ocean, former studies showed the cloud-topped MLH is shallower than BLH when
deepening, and the ABL is not well mixed above MLH (Wood and Bretherton, 2004).
Bretherton and Wyant (1997) showed the decoupling structure under cloudy condition20

is mainly driven by an increasing ratio of the surface latent heat flux to the net radia-
tive cooling in the cloud. And other factors, such as drizzle, the vertical distribution of
radiative cooling in the cloud, and sensible heat fluxes, only play less important roles.
However, early observations are mainly limited to specific case studies (Wood and
Bretherton, 2004). The decoupling mechanisms of MBL are still not well understood,25

especially for none cloud-toped MBL. Lidar can provide MLH and BLH simultaneously
to further study the decoupling.
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Figure 8a–c shows the MBL structure in terms of water vapor, temperature, and
aerosol TAB as a function of BLH determined from ground-based SONDE measure-
ments during 2007–2008 at the TWP_C2 site. Figure 8a and b show that the MPL-
derived MLH is coincident with sharp gradients of temperature and humidity. Mixing
layer is moister and unstable than the ABL above the MLH (decoupled from near sur-5

face mixing layer). The decoupling becomes clear when BLH is deeper than 1 km.
Figure 8c shows the aerosol structure changing with SONDE determined BLH sys-
tematically. The aerosol intensity gradients at MLHs are consistent with temperature
and water vapor jumps. Therefore the gradient method is reliable to identify the marine
MLH. To further illustrate this point, CALIPSO observations within a 10◦ latitude×20◦

10

longitude box centered at TWP_C2 cite are shown in Fig. 8d and e. It is clear that ma-
rine ABL aerosols show distinct signatures for BLH and MLH. Figure 9d shows more
aerosol contents in mixing layer than the rest of ABL in terms of lidar signal intensities.
Combined with two wavelength CALIPSO measurements, Fig. 8e provides the color
ratio (1064 nm/532 nm) of aerosols. The larger the color ratio is, the larger the aerosol15

particle size is. Thus, Fig. 8e shows that the mixing layer has relatively larger particle
size than the rest of the ABL, which is consistent with higher water vapor mixing ratio
in the mixing layer. These results showed that the decoupling occur frequently under
cloud-free conditions. Similar structure could also be found over global ocean. With the
global MBL BLH and MLH datasets from CALIPSO measurements, factors controlling20

MBL decouple structure over global ocean will be further studied in the future.

4 Conclusions

In this study, lidar-based methods are developed to provide consistent BLH and MLH
determinations as those with temperature profiles. The results are evaluated with multi-
year data. A global lidar-based MBL structure database was created.25

With ACRF MPL and radiosonde measurements, diurnal cycles of boundary layer
aerosol structures over land and ocean are investigated and compared. The results
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showed systematically different characteristics requiring different approaches for land
and ocean to determine the BLH and MLH with lidar aerosol measurements. Over
ocean, MBL shows decoupled structure. The aerosol layer top shows good according
with BLH and could be easily identified by the threshold method. And the MLH could
be identified by gradient methods. Over land, the boundary layer aerosol structure5

is very complicated due to several reasons, such as that the turbulence in nocturnal
boundary layer is very weak and the residual layer still has very high aerosol loading,
or that the aerosol over land is not dominantly locally produced, thus there are elevated
aerosol layers transported from non-local sources, etc. The aerosol layer top is usually
higher than BLH. The daytime BLH could be identified by gradient method using lidar10

observations.
Comparison between MPL derived BLH and Sonde derived BLH shows good agree-

ments. Over ocean, the bias and MSE of MPL derived BLH is −0.12±0.24 km and
83 % of points have relative error smaller than 30 %. Over land, the bias of MPL de-
rived BLH is −0.04±0.27 km and 74 % of points have relative error smaller than 30 %.15

However, the BLH identification over land still needs further improvements, especially
during nighttime. During night, aerosol structure is less correlated with boundary layer
thermo-dynamical structure. This is a general weakness of using lidar aerosol mea-
surements for BLH determination. It will be our future work to further improve the BLH
identification over land.20

The improved lidar-based method was further applied to CALIPSO cloud-free ob-
servations and a global marine BLH and MLH database were developed. The BLHs
was further evaluated with global marine stratiform cloud top. The mean bias and MSE
of CALIPSO derived BLH is −0.08±0.37 km and 75 % of points have relative error
smaller than 30 %. This indicates that CALIPSO aerosol measurements offer reliable25

BLH over oceans with our method. The gradient method applied to CALIPSO aerosol
measurements also provide reliable MLHs, which corresponds well with MBL potential
temperature and water vapor structure. The global marine ABL structure database de-
veloped in this study is useful for model evaluations and for process study to improve
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the ABL simulations in the weather, climate, and air quality models. The results show
that MBL are often decoupled under cloud free conditions. With the dataset, we will
further understand the MBL decoupling structure and related mechanisms.
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Figure 1. Comparison of BLH determinations from lidar measurements with five different methods.  𝜷 denotes the lidar 
backscatter intensity (sr-1 km-1).  (a) Comparing of BLH derived from different methods. The gray lines are the 

measured 30s-averaged 𝜷 within 1-hour centered at 4:30pm June 24,2007 at the SGP site. The black dotted line is the 
averaged 𝜷 of all gray lines.  H_thr denotes the BLH derived by the threshold method; H_gd denotes the BLH derived 
by the gradient or derivation method (b); H_gd2 denotes the BLH derived by the second derivation method (c); H_lgd 
denotes the BLH derived by the log-gradient method (d); H_var denotes the BLH derived by the variance (var) method 

(e) using the data showed as the gray lines in (a). 

 Aerosol vertical distribution is strongly influenced by the ABL thermal structures, 

which are different over land and ocean, as shown in figure 2. Over land, sharp 

gradient in water vapor mixing ratio and potential temperature could be found near 

the ABL top. Below the capping inversion layer, the land ABL is well mixed and 

the potential temperature and mixing ratio is nearly constant. Therefore the mixing 

layer height (MLH) could be treated as the BLH. The aerosol loading in mixing 

layer is higher than upper layer, which leads to a sharp gradient in TAB near the 

mixing layer top. On the contrast, the deep marine boundary layer (MBL) is more 

likely to be decoupled (Wood and Bretherton, 2004). As shown in figure 2, in 

Fig. 1. Comparison of BLH determinations from lidar measurements with five different meth-
ods. β denotes the lidar backscatter intensity (sr−1 km−1). (a) Comparing of BLH derived from
different methods. The gray lines are the measured 30 s-averaged β within 1-h centered at
16:30 UTC 24 June 2007 at the SGP site. The black dotted line is the averaged β of all gray
lines. H_thr denotes the BLH derived by the threshold method; H_gd denotes the BLH derived
by the gradient or derivation method (b); H_gd2 denotes the BLH derived by the second deriva-
tion method (c); H_lgd denotes the BLH derived by the log-gradient method (d); H_var denotes
the BLH derived by the variance (var) method (e) using the data showed as the gray lines in (a).
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deep MBL cases (BLH between 1.5 km and 2km), mixing layer only occupies 

about 30% of the total ABL. MLH is much shallower than BLH and cannot be 

treated as BLH under this situation. Sharp gradient near the mixing layer top could 

be found in humidity, temperature and TAB. In shallow MBL cases (BLH 

between 0.8 and 1.2km), the ABL structure is quite similar to that over land, but 

not so well mixed. The gradients in humidity, temperature or TAB at the ABL top 

are not as sharp as those over land.   

	
  

	
  

Figure 1. Comparison of ABL structure in terms of mixing ratio (a), potential temperature (b) and TAB (c) for over 
ocean (TWP C2 site, top panel) and land (SGP C1 site, bottom panel). The green and blue line denotes the cases with 
SONDE-derived BLH between 1.5km and 2km for land and ocean (deep cases) respectively. The red line denotes the 

cases with SONDE-derived BLH between 0.8km and 1.2km for ocean (shallow cases).  

	
  

Fig. 2. Comparison of ABL structure in terms of mixing ratio (a), potential temperature (b) and
TAB (c) for over ocean (TWP C2 site, top panel) and land (SGP C1 site, bottom panel). The
green and blue line denotes the cases with SONDE-derived BLH between 1.5 and 2 km for land
and ocean (deep cases) respectively. The red line denotes the cases with SONDE-derived BLH
between 0.8 and 1.2 km for ocean (shallow cases).
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Figure 3. Diurnal cycle of boundary layer aerosol structure over ocean (TWP C2 site, 2007-2008, top panel) and land 
(SGP C1 site, 2007-2009, bottom panel). The black dot in each figure represents the BLH derived from SONDE with 
the RI number method.  

	
  
  The diurnal boundary layer aerosol structures over different surfaces were further 

investigated. Figure 3 shows the averaged diurnal cycles of boundary layer aerosol 

structures over land and ocean in different seasons. The corresponding SONDE-

derived diurnal cycle of BLHs were also overlaid as a reference.  

  Over the oceans, the diurnal cycles of BLH over ocean are very weak in all 

seasons, because the daily cycle of the surface sensible heat flux is weak and often 

a persistent boundary layer with a capping inversion can be observed. The aerosol 

content has more concentrations below BLH, because the major source of marine 

aerosol is sea salt production by sea-spray processes at sea surface. The sea salt 

aerosols will be vertical transported through turbulent mixing processes and be 

capped by inversion at the boundary layer top.  Also the MBL shows decoupled 

structure when deeper. The lower layer near surface is well mixed and has much 

higher aerosol loading than the upper decoupled layer.  

Fig. 3. Diurnal cycle of boundary layer aerosol structure over ocean (TWP C2 site, 2007–2008,
top panels) and land (SGP C1 site, 2007–2009, bottom panels). The black dot in each figure
represents the BLH derived from SONDE with the RI number method.
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  Over land, boundary layer has much stronger diurnal cycle especially in MAM 

and JJA at the SGP site, corresponding to the sensible heat flux variations at the 

surface.  The aerosol layer structure over land is more complicated than that over 

ocean, because aerosol here is not all locally produced. The aerosol layer over land 

is usually higher than BLH, mainly due to background aerosols or elevated aerosol 

layer. Especially during night, when turbulence is weak, the residual layer still 

contains very high aerosol loadings and it’s hard to find systematic characteristics 

to distinguish the boundary layer aerosol and the lofted aerosol. However, usually 

a sharp gradient of aerosol backscattering can be expected near the convective 

boundary layer top during daytime.   

  Therefore, considering their systematic different characteristics, different 

methodologies are needed for identifying BLH over ocean and land, as shown in 

figure 4 and 5.	
  	
  

	
  

Figure 4. Illustrations of MPL BLH and MLH identification methods for oceanic measurements: (a) TAB; (b) TAB 
gradient; (c) RI; (d) potential temperature and mixing ratio. The blue solid line in each figure denotes the Sonde 
derived BLH, and the blue dashed line denotes MPL derived MLH. 

Fig. 4. Illustrations of MPL BLH and MLH identification methods for oceanic measurements:
(a) TAB; (b) TAB gradient; (c) RI; (d) potential temperature and mixing ratio. The blue solid line
in each figure denotes the Sonde derived BLH, and the blue dashed line denotes MPL derived
MLH.
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Figure 5. Illustrations of MPL BLH identification methods for measurements over land during daytime: (a) TAB; (b) 
TAB gradient; (c) RI; (d) potential temperature and mixing ratio.  The blue line in each figure denotes the Sonde 
derived BLH. 

  Over ocean, the threshold method could be used to determine the BLH. BLH is 

defined at where TAB>𝛽!!!! , here 𝛽!!!!  is defined as 

𝛽!!!! = 𝛽!! + 2𝑀𝐵𝑉  , (2) 

  where, 𝛽!!  is the attenuated molecular backscattering, estimated based on 

temperature and pressure profiles from SONDE data or from other sources; MBV 

is the measured backscatter variation, estimated as the standard deviation of 

measured attenuated backscatter coefficients within 5 to 7 km. 

  BLH is searched from top down as the first three points larger than 𝛽!!!! . To 

remove the possible elevated layer, we keep searching the strong peak near the 

BLH. If there exists a strong peak near formerly identified BLH, the profile will be 

identified as the elevated layer case and the layer base (where gradient changes its 

sign) is identified and treated as BLH. 

  Over land, the gradient method could be used to determine the BLH (or MLH) at 

daytime, by determining the first minimum peak of the TAB gradient smaller than 

Fig. 5. Illustrations of MPL BLH identification methods for measurements over land during
daytime: (a) TAB; (b) TAB gradient; (c) RI; (d) potential temperature and mixing ratio. The blue
line in each figure denotes the Sonde derived BLH.
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the boundary aerosol layer.  However there are still a few cases that elevated 

layer connected with the boundary aerosol layer. Therefore, if the initial 

identified BLH is higher than 2.5km and there exists strong peak closed to 

BLH, the elevated layer is exist. Then, the elevated layer base (where gradient 

change its sign) will be used as the BLH. 

 4) Identify MLH by the gradient method. The	
  gradient	
  of	
  𝛽! 	
  is	
  calculated	
  

after	
   three	
   points	
   moving	
   smoothing.	
   Then	
   MLH	
   is	
   determined	
   from	
  

bottom	
   up	
   as	
   the	
   first	
   point	
   with	
  𝛽! gradient	
   larger	
   than	
   4	
   times	
   of	
   the	
  

molecular	
  backscattering	
  gradient. 

3. Results and discussion 

 3.1 Validation  

	
  

	
  

Figure 6. Comparison of BLHs between SONDE derived and MPL derived (a) with the threshold method at TWP_C2 
site and (b) with the gradient method at the SGP_C1 site; Comparison between marine BLH derived with the threshold 
method and marine boundary layer stratiform cloud top from CALIPSO measurements (c). 

Fig. 6. Comparison of BLHs between SONDE derived and MPL derived (a) with the threshold
method at TWP_C2 site and (b) with the gradient method at the SGP_C1 site; Comparison
between marine BLH derived with the threshold method and marine boundary layer stratiform
cloud top from CALIPSO measurements (c).
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Figure 7. Diurnal cycles of BLH over ocean (a) and land  (b); and annual cycles of BLH over ocean (c) and land (d). 

  The lidar-based algorithms discussed above are applied to MPL observations at 

TWP_C2 (daytime and nighttime, 11782 profiles) and SGP_C1 cite (daytime only, 

5926 profiles). 3-hour averaged BLH were collocated with SONDE observations 

for comparison, as shown in figure 6 (a) and (b).  MPL derived BLHs show good 

agreements SONDE determined BLHs.   Over ocean, the bias and mean square 

error (MSE) of MPL derived BLH is -0.12 ±0.24 km, and 83% of points have a 

percentage difference less than 30%. Over land, the bias and MSE is -0.04 ±0.27 

km. 74% of points have a percentage difference less than 30%. However, there are 

a few points with large discrepancy between the two methods. Over ocean (Fig. 

6a), there are a few points with MPL derived BLH much lower than SONDE 

derived BLH, which is mainly due to the overlap issues.  Over land (Fig. 6b), 

Fig. 7. Diurnal cycles of BLH over ocean (a) and land (b); and annual cycles of BLH over
ocean (c) and land (d).
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Figure 2 Left panel: Ground based observations at TWP_C2 cite of marine boundary layer decoupled structure in terms 
of mixing ratio (a), potential temperature (b) and TAB (c); Right: The same but for satellite based observations near 

TWP_C2 cite in terms of TAB (d) and Color ratio (1024nm/532nm) (e).  

4. Conclusions  

  In this study, lidar-based methods are developed to provide consistent BLH and 

MLH determinations as those with temperature profiles. The results are evaluated 

with multi-year data. A global lidar-based MBL structure database was created.  

   With ACRF MPL and radiosonde measurements, diurnal cycles of boundary 

layer aerosol structures over land and ocean are investigated and compared. The 

results showed systematically different characteristics requiring different 

approaches for land and ocean to determine the BLH and MLH with lidar aerosol 

measurements. Over ocean, MBL shows decoupled structure. The aerosol layer 

top shows good according with BLH and could be easily identified by the 

threshold method. And the MLH could be identified by gradient methods. Over 

land, the boundary layer aerosol structure is very complicated due to several 

Fig. 8. Left panels: ground based observations at TWP_C2 cite of marine boundary layer de-
coupled structure in terms of mixing ratio (a), potential temperature (b) and TAB (c). Right
panels: the same but for satellite based observations near TWP_C2 cite in terms of TAB (d)
and Color ratio (1024 nm/532 nm) (e).
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