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ABSTRACT

Boundary layer height (BLH) significantly impacts near-surface air quality, and its determination is important
for climate change studies. Integrated Global Radiosonde Archive data from 1973 to 2014 were used to estimate
the long-term variability of the BLH based on profiles of potential temperature, relative humidity, and atmo-
spheric refractivity. However, this study found that there was an obvious inhomogeneity in the radiosonde-
derived BLH time series because of the presence of discontinuities in the raw radiosonde dataset. The penalized
maximal F test and quantile-matching adjustment were used to detect the changepoints and to adjust the raw
BLH series. The most significant inhomogeneity of the BLH time series was found over the United States from
1986 to 1992, which was mainly due to progress made in sonde models and processing procedures. The ho-
mogenization did not obviously change the magnitude of the daytime convective BLH (CBLH) tendency, but it
improved the statistical significance of its linear trend. The trend of nighttime stable BLH (SBLH) is more
dependent on the homogenization because the magnitude of SBLH is small, and SBLH is sensitive to the
observational biases. The global daytime CBLH increased by about 1.6% decade ' before and after homog-
enization from 1973 to 2014, and the nighttime homogenized SBLH decreased by —4.2% decade ! compared
to a decrease of —7.1% decade ! based on the raw series. Regionally, the daytime CBLH increased by 2.8%,
0.9%, 1.6%, and 2.7% decade ! and the nighttime SBLH decreased significantly by —2.7%, —6.9%, —7.7%,
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and —3.5% decade ' over Europe, the United States, Japan, and Australia, respectively.

1. Introduction

The atmospheric boundary layer is the lowest layer of
the troposphere that is directly influenced by Earth’s
surface (Seibert et al. 2000). Substances emitted into this
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layer disperse gradually, both horizontally and vertically
through turbulence, and become completely mixed
within a time scale of approximately one hour (Eresmaa
et al. 2006; Seibert et al. 2000). Processes within the
boundary layer control the exchanges of momentum,
heat, water, and trace substances (i.e., aerosols) between
Earth’s surface and the atmosphere (Garratt 1993;
Schmid and Niyogi 2012; Seibert et al. 2000). It is im-
portant to determine the boundary layer height (BLH) to
facilitate an understanding of the transport process in the
troposphere, and for effective weather prediction and
climate monitoring (Garratt 1993; Lee and Kawai 2011).
The BLH is a key parameter in air pollution models
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because it determines the volume available for pollutants
to disperse into (Eresmaa et al. 2006; Gupta et al. 1997;
Hong and Pan 1998; Jordan et al. 2010; Lee and Kawai
2011; Liu and Liang 2010; Seibert et al. 2000; Zhang et al.
2011). Long-term variation in the BLH can drive changes
in air quality, and its determination is important in cli-
mate change studies (Yang et al. 2013; Zhang et al. 2013).
However, our knowledge of the global BLH is very
limited. Climatological analyses of the BLH have been
undertaken over some areas (Fetzer et al. 2004; Gryning
and Batchvarova 2002; Johansson et al. 2001; Ratnam
et al. 2010; Sempreviva and Gryning 2000), but very few
attempts have been made to estimate a global and long-
term BLH. Existing studies of the BLH are highly local-
ized, and the data have been obtained over relatively short
time periods (Chan and Wood 2013; Hennemuth and
Lammert 2006; Seidel et al. 2010; White et al. 1999; Zhang
et al. 2013). The available long-term global radiosonde
dataset is the most common data source for the opera-
tional determination of the BLH (Seibert et al. 2000), and
the BLH derived from radiosonde data has been widely
used as the reference to evaluate the estimates obtained
using other datasets or model simulations (Dai et al. 2011;
Eresmaa et al. 2006; Ferrero et al. 2011; Lee and Kawai
2011; Lewis et al. 2013; von Engeln and Teixeira 2013).
The raw radiosonde data records have been shown to
contain many spurious changes and discontinuities
resulting from changes in instruments, observational
practices, processing procedures, station relocations, and
other issues (Dai et al. 2011; Elliott and Gaffen 1991;
Elliott et al. 1998; Haimberger 2007; Parker and Cox
1995; Zhao et al. 2012). Numerous methods have been
proposed to homogenize the raw radiosonde dataset at
mandatory pressure levels (i.e., temperature, humidity,
and wind profiles) (Haimberger et al. 2012; McCarthy
et al. 2009, 2008; Pattantyﬁs-Abrahém and Steinbrecht
2015; Sherwood et al. 2008; Thorne et al. 2011; Titchner
et al. 2009; Zhai and Eskridge 1996); however, there has
not been a study that has focused on the homogenization
of the radiosonde-derived variables such as BLH, which
was estimated based on the original radiosonde vertical
resolution rather than on the mandatory pressure levels.
In this study, we found significant inhomogeneity issues
that were relevant to the radiosonde-derived BLH time
series, particularly in the United States (see section 2c for
detailed information). Therefore, we attempted to ho-
mogenize the radiosonde-derived BLH; that is, we used
statistical changepoint detection and adjustment methods
to homogenize the BLH time series derived from the
Integrated Global Radiosonde Archive (IGRA) released
by the National Climatic Data Center (NCDC). This
paper is the first attempt to homogenize BLH derived
from radiosonde data over the global land surface from
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1973 t0 2014, and the long-term variabilities of convective
BLH (CBLH) and stable BLH (SBLH) based on the raw
data and homogenized time series are reported. These
results have important implications for climate change,
especially for the long-term variability of air quality and
land-atmosphere energy and mass exchanges.

2. Data and methodology
a. Dataset

Radiosonde data are available on a global scale. The
data quality is well controlled by the NCDC IGRA
project (Durre et al. 2006, 2008), which provides the most
commonly used data source for the operational de-
termination of the BLH (Garratt 1994; Seibert et al. 2000).
The latest version of the NCDC IGRA consists of a his-
torical dataset from 1110 globally distributed stations,
with quality-assured daily radiosonde records, and in-
cludes observed temperature, geopotential height, hu-
midity, and derived variables (e.g., potential temperature
and atmospheric refractive index) at mandatory pressure
levels, additionally required levels, and thermodynami-
cally significant levels (Durre and Yin 2008; Durre et al.
2006; Sorbjan 1989). The vertical resolution and extent of
the soundings have improved significantly over time, with
approximately three-quarters of all soundings extending
to at least 100 hPa by 2003 (Durre et al. 2006).

b. The method used to estimate BLH

In this study, both the CBLH and SBLH were exam-
ined. For the stable boundary layer (SBL), the top of the
surface-based inversion was defined as the SBLH. As
shown in Fig. 1a, because air temperature increased with
the increase of altitude below 253 m, the BLH was es-
timated to be 253 m. If no surface-based inversion oc-
curred in the sounding profile, we considered it to be a
convective or neutral boundary layer.

The convective boundary layer (CBL) can be identified
as a transition from a convectively less stable region below
to a more stable region above (Garratt 1994; Sorbjan 1989)
and is a moister, more refractive region than the overlying
troposphere. Thus, the CBLH can typically be defined as
the level of the breakpoint of a temperature or humidity
variable profile. Many methods have been proposed to
estimate the CBLH based on an individual atmospheric
variable relevant to the topic being investigated (Seibert
et al. 2000; Wang and Wang 2014; Zhang et al. 2010).

The existing methods generally identify the level of the
maximum vertical gradient of potential temperature 6, or
the minimum gradient of relative humidity (RH) or re-
fractivity N as the top of the boundary layer. In some
cases, the BLH values derived from these three methods
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FIG. 1. Profiles of T, 6, RH, N, and the derived BLH. BLH, indicates the boundary layer height derived from the individual variables
(6, RH, and N). BLHj indicates the height that best meets all of the variables. BLH is the final boundary layer height, integrating the
information about #, RH, N, and clouds. Gray shading indicates the locations of clouds. All four cases were obtained from Canadian
station 71203 (49.95°N, 119.4°W): (a) stable boundary layer at 0424 LST 6 Feb 2001, (b) three individual methods consistent at 1624 LST 10
Feb 2010, (c) three methods inconsistent under clear-sky conditions at 1624 LST 22 Aug 1999, and (d) boundary layer cloud conditions at
1624 LST 23 Jul 2011.
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are in good agreement, as shown in Fig. 1b. However, the
difference in the BLH between the different methods
could be as large as a few hundred meters, especially for
an imperfectly mixed boundary layer, as shown in Fig. 1c,
where the profiles of RH and atmospheric N defined the
CBLH as 2397m above ground level (AGL), which was
quite different from that derived from the potential
temperature (3698m AGL).

Our previous study analyzed the reasons for these in-
consistencies (i.e., the inconsistencies in the temperature
and humidity profiles, the changing measurability of the
atmospheric N with height, the measurement error of
humidity instruments within clouds, and the presence of
clouds; Wang and Wang 2014). A method that is able to
integrate information about temperature, humidity, and
clouds was proposed to estimate a consistent CBLH and
was applied to radiosonde data in the United States (Wang
and Wang 2014). This method was applied to the IGRA
dataset in this study and is briefly introduced below.

1) DIAGNOSE THE EFFECTIVENESS OF THE DAILY
SOUNDING PROFILE

Given the change of station altitude because of station
relocation, the height of the first level in each sounding
was taken as the ground level. To guarantee an adequate
vertical resolution, the soundings were accepted only if
there were at least 10 levels below 5000 m AGL. To avoid
mistaking free tropospheric features for the top of the
boundary layer, we restricted the available data of all the
sounding records to 5000m AGL.

2) IDENTIFY THE HEIGHT THAT BEST SATISFIES
THE 6, RH, AND N CRITERIA AS THE INTERIM
BOUNDARY LAYER HEIGHT (BLH,)

The levels of the first three minimum (or maximum
for 0) gradients of each variable profile were considered
to satisfy the criterion of the top of the convective
boundary layer and were likely to be the BLH. We
identified the lowest level where at least two of the three
variables met the requirement of the top of the bound-
ary layer as the BLH,, which indicated that all three of
these variables exhibited a sharp variation at the level of
BLH,, but might be not the sharpest transitions in the
entire profile. The allowable error was 100 m. If no con-
sistent altitude was noted in any of the first three gradient
levels, then the BLHj, for this record was considered to be
missing, and the following steps were not performed.

3) DERIVE THE LOCATION OF THE BOUNDARY
LAYER CLOUD

The top of the boundary layer cloud is typically de-
fined as the top of the convective boundary layer, be-
cause of its sharp decrease in RH. However, the deep
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stable stratification in the cloud will suppress the de-
velopment of turbulence, in which case the convective
BLH should be located at the base of the stable layer.
We derived the location of the cloud based on the
validated method proposed by Zhang et al. (2010).

1) Transform the RH profiles with respect to ice rather than
liquid water, for all levels with temperatures below 0°C.

2) Derive the boundary of the moist layer where the
observed RH exceeded the minimum-RH threshold
for that level, as listed in Table S1 in the supplemen-
tal material.

3) Define the moist layer as a cloud layer if the
maximum RH of the moist layer exceeded the
corresponding maximum RH (Table S1 in the sup-
plemental material) at the base of the moist layer.

4) DETERMINE THE FINAL CONSISTENT BLH

If the BLH, was lower than the base of the lowest
cloud or was identified as clear-sky conditions, then the
BLH, was the final BLH. As shown in Fig. 1c, no cloud
was formed based on the RH profile. Thus, the BLH,
overlapped with BLH.

If the convective BLH, was higher than the base of the
lowest cloud, and there was also a stable stratification
deeper than 200 m in this boundary layer cloud, then the
base of the stable layer was defined as the BLH (Fig. 1d).
The bulk Richardson method has been shown to be suit-
able for both the stable and convective boundary layers
(Glickman 2000; Vogelezang and Holtslag 1996; Zhang
et al. 2013; Zilitinkevich and Baklanov 2002), in which
both the temperature and wind field are considered. How-
ever, we found that at most of the IGRA stations wind speed
and wind direction information were only available at some
mandatory levels, which made it difficult to make full use of
all the available radiosonde data. Thus, only the potential
temperature, RH, and N profiles were used to define BLH.

To reduce the impact of the missing data, we calculated
the monthly BLH only if the daily BLH values were
available for more than 15 days in a month, and the an-
nual BLH was calculated only if monthly values were
available for more than six months in a year. Figure 2
shows the time series of the number of available stations.
The number of IGRA stations increased sharply in 1964.
However, the number of stations with effective annual
BLH significantly increased in 1973 and remained stable
afterward. Therefore, we limited our analysis to the pe-
riod from 1973 to 2014. A total of 846 stations with more
than 10 years of effective data were included in this study.

¢. Method to homogenize the BLH series

We checked the BLH time series for each station and
found clear discontinuities in some monthly BLH series
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FIG. 2. Time series of the number of available stations in the
IGRA dataset. Monthly BLH data were calculated only if the daily
values were available for more than 15 days during a month, and
the annual BLH was calculated only if monthly values were
available for more than six months in a year. The dashed line in-
dicates the number of stations with effective daily BLH data, and
the solid line is the number of stations with an effective annual
BLH. The number of IGRA stations increased sharply in 1964, and
the number of stations with an effective annual BLH increased
since 1973.

(as shown in Fig. 3). Figure 3 shows the BLH time series
at a U.S. station (station 72451) before and after ho-
mogenization. During the period from September 1989
to December 1992, there was a significant discontinuity
of BLH series at this station, with a sharp increase in the
occurrence of SBLH. Therefore, homogenization tests
had to be performed on the BLH time series. Most of the
existing homogenization methods use neighboring sta-
tion data as the reference series. However, radiosonde
stations are very sparsely distributed, and it is difficult to
identify an effective neighboring station. In addition, the
sounding systems were generally replaced or upgraded
throughout a country at approximately the same time,
and therefore the neighboring station may suffer from
the same inhomogeneity problem.

In this study, we used the publicly available software
RHtestsV4 (http://etccdi.pacificclimate.org/software.
shtml), which has been widely used (Venema et al.
2012), to detect breakpoints in monthly radiosonde-
derived BLH data, and to make necessary adjustments.
RHtestsV4 detects and adjusts changepoints in data
series that may have first-order autoregressive errors
(Wang and Feng 2013). It includes two algorithms to
detect changepoints: the PMTred algorithm, which is
based on the penalized maximal ¢ test (PMT), and the
PMFred algorithm, which is based on the penalized
maximal F test (PMF). The PMT works with a reference
series, and the PMF can be made without a reference
series (Wang 2008a,b).
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Given the realities of the IGRA dataset, the PMF
algorithm, which works without a reference series, was
selected to detect the significant (95% significant F test)
changepoints in the monthly BLH series at a specific
observation time. PMF is proposed for detecting un-
documented mean shifts that are not accompanied by
any sudden change in the linear trend of the time series.
PMF aims to even out the uneven distribution of false
alarm rate and detection power of the corresponding
penalized maximal F test that is based on a common-
trend two-phase regression model (TPR3) (Wang
2008a).We ignored the changepoints that did not pass
the significance test and those that needed to be sup-
ported by input documents. Although IGRA provided
metadata information for the stations, not all of the
available stations were included in these metadata, and
events were recorded according to the year in which
they occurred, without specific dates (Dai et al. 2011). In
this study, we did not use the metadata as the document
fails to detect the changepoints, but these data were used
to validate the detected changepoints (discussed in the
next section).

The quantile-matching (QM) adjustment in RHtestsV4
was performed to make adjustments after the change-
points were found. The QM adjustment can be used to
adjust a series, so that the empirical distributions of all
segments in the detrended base series match each other.
The adjustment value depended on the empirical fre-
quency of the datum to be adjusted (Vincent et al. 2012;
Wang and Feng 2013; Wang et al. 2010). As a result, the
shape of the distribution may be adjusted, although the
tests are meant to detect mean shifts; in addition, the QM
adjustments could account for a seasonality of disconti-
nuity. The annual cycle, lag-1 autocorrelation, and linear
trend of the base series were estimated in tandem while
accounting for all identified shifts (Wang 2008a), and the
trend component estimated for the base series is pre-
served in the QM adjustments when they are estimated
without using a reference series.

3. Results
a. Diurnal cycle of boundary layer occurrence

During the nighttime, the land surface cools at a faster
rate than the atmosphere above it because the surface
emits more longwave radiation, causing the temperature
to increase with height above the surface. This temper-
ature inversion depresses the turbulence between the
surface and atmosphere, with the resulting stable
boundary layer referred to as the SBL. After sunrise,
the surface absorbs solar radiation, and the air above the
surface becomes unstable. Then, turbulence and the
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FIG. 3. Time series of monthly BLH and the frequency of SBL occurrence for U.S. station
72451 (37.77°N, 260.03°W) at its twice-daily observation times. The red line represents the raw
derived BLH, and the gray line indicates the adjusted BLH series based on the method of QM
adjustment. The vertical dashed line represents the detected changepoints of observed BLH
based on a PMF. Changepoints in the daytime and nighttime series were both detected for 1989
and 1992, and were attributed to a change in the radiosonde model. The spurious increased
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frequency of occurrence of the SBL may be attributed to the false trend in the BLH.

CBL develop. However, even in the daytime, an SBL
may occur over snow and ice surfaces, or when warm air
is advected over a cold surface (Sun et al. 2015). As
shown in Fig. 3 (bottom), CBLH was higher in daytime
than at nighttime, and the frequency of SBL occurrence
was lower during the daytime.

The mandatory radiosonde measurements of the
World Meteorological Organization (WMO) are per-
formed at 0000 and 1200 UTC, but a small number of
soundings are obtained at other coordinated universal
times (UTCs). It is difficult to derive the diurnal varia-
tion of boundary layer development based on twice-
daily observations at each station. In this study, we used
data from the two most frequent observation times at
each station and calculated the long-term annual or
seasonal frequency of occurrence of the SBL at all sta-
tions, at the two available observation times. Accord-
ingly, for each station, we obtained two SBL (annual or
seasonal) frequencies at two specific local observation
times. The times of 0000 and 1200 UTC at all available
stations could be converted to different local times that
were used to reveal the daily variation in SBL occurrence.

Figure 4 shows the diurnal cycle of the frequency of SBL
occurrence, which can indicate the development of a
daily boundary layer (the occurrence of the CBLH is
shown in Fig. S1 in the supplemental material). The
figure shows a significant diurnal cycle of the frequency
of occurrence of the SBL, with a higher frequency of
80%—-100% at nighttime and a low frequency of less than
20% at 1300-1400 local solar time (LST; hereafter all
times given are LST).

The daily convective boundary layer developed more
rapidly at low latitudes (40°S—40°N) than at high lati-
tudes. At low latitudes, no significant seasonal differ-
ence was observed in the daily cycle of SBL occurrence,
with the development starting at approximately 2030
and ending at 0630 the next morning (with an SBL fre-
quency exceeding 60% ). However, at high latitudes, the
annual mean SBL development started at 1930 and ends
at 0730, with a later starting time and earlier ending time
in the warm season. A much more frequent SBL oc-
curred in the cold season, and the frequency increased as
the latitude increases. In the summer, the frequency of
the occurrence of the SBL increased with latitude in the
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FIG. 4. Seasonal diurnal cycle of the probability of occurrence of the SBL for (left) low latitudes (40°S-40°N) and
(right) high latitudes (south of 40°S and north of 40°N). The color bar indicates the latitude of each station. The
vertical dashed line represents the estimated local time corresponding to an SBL frequency of 60% and indicating
the dividing line between day and night. The boreal warm season is from May to October in the Northern
Hemisphere and from November to April of the next year in the Southern Hemisphere. The daily launch times of
the radiosonde observations are at 0000 and 1200 UTC, although a small number of soundings were obtained at
other UTCs. The frequencies of occurrence of the SBL at all stations are presented at their two most frequent local
observation times. The daily development of the boundary layer displays significant seasonal and zonal differences
at high latitudes, with a higher frequency of SBL and a longer duration of daily SBL noted in the cold season and at
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higher latitudes.

daytime and decreased with latitude during the night-
time, because of the uninterrupted daylight at high lat-
itudes. Figure S2 in the supplemental material shows the
location of the stations in Fig. 4, where the SBL fre-
quency was less than 50% from 2200 to 0700. Except for
several stations in China, most stations were located on
islands or in coastal areas. At these locations, the surface
wind shear is stronger because of the change in the un-
derlying surface between ocean and land. The activities
of the summer monsoon may have contributed to the
lower nighttime SBL frequency in summer on the west
coasts of India and Australia.

Given the seasonal diurnal cycle of SBL development,
we defined the daytime in the low latitudes as the period
from 0630 to 2030 (without a seasonal difference), and the
annual daytime at high latitudes as the period from 0730
to 1930, with a half-hour extension in the evening and
morning in the warm season and a similar reduction in the
cold season (i.e., 0700-2000 for the warm season and
0800-1900 for the cold season). In this study, we sepa-
rated the station data into daytime and nighttime subsets
according to the diurnal cycle of the SBL. Figure S3 in the
supplemental material shows the observation time for all
the available IGRA stations. The daytime period we
defined was not symmetric around the local noon and was

not equal to 12 h. Thus, for some stations, both of the two
observation times were defined as daytime or nighttime,
as shown in Fig. S3 in the supplemental material. In this
case, we combined the two observations with their indi-
vidual normalized anomaly series to derive the tendency
of the BLH variation for the station.

b. Performance of the homogenization method

We verified the homogenized BLH time series in two
steps. 1) The changepoints we detected in the BLH time
series were rechecked with the metadata. If the
software-detected changepoints were consistent with
the changes in the measuring instruments and data
processing methods, we concluded that the RHtestsV4
results were acceptable. 2) We correlated the BLH time
series before and after homogenization with the BLH
from the reanalysis data. If the correlation coefficients
for the relationship between the homogenized BLH and
reanalysis BLH were more satisfactory than those for
the raw data, we concluded that our homogenized BLH
time series were reliable and valid, although the rean-
alyzed BLH dataset was not of sufficient quality to be
acceptable as reference data.

Figure 5 shows that approximately 110 stations were
found to have discontinuity problems in 1992. The



6900

periods of 1989/90 and 1986 also had frequent change-
points. Because some radiosonde sensors were sensitive
to sunlight and temperature, the daytime and nighttime
observations had different biases (Elliott and Gaffen
1991; Gaffen et al. 1991). Accordingly, the changepoints
detected in the daytime BLH series may not be com-
pletely consistent with those of the nighttime series at a
specific station. If either the daytime or nighttime BLH
was detected as an inhomogeneity, the station was
marked by a changepoint in the specific year. In all, 291
of the 846 stations had a homogenous BLH series (i.e.,
both the daytime and nighttime BLH series were
homogenous).

Figure 6 shows the location of stations with change-
points for the above three periods (i.e., 1986, 1989/90,
and 1992). The spatially continuous distribution of sta-
tions with changepoints in the same year, indicating the
replacement or upgrade of sounding systems, occurred
at approximately the same time throughout the entire
country. Most of the stations found to have breakpoints
were U.S. stations. Based on the station metadata in-
formation and existing publications (Elliott and Gaffen
1991; Gaffen 1994), stations in the United States
changed their computers from the original ‘““mini-computer
system’ to a “‘mini-art 2 system’’ and began to use a
new radiation correction method and sonde model in
1986. Subsequently, during 1989/90, most of the U.S.
stations changed the mini-art 2 system to a ““micro-art
system,”” but a coding error occurred during this con-
version at some stations that resulted in temperature
values being incorrectly divided by 100 (Elliott et al.
1998). In addition, the U.S. National Weather Service
switched from VIZ Manufacturing type A to type B
radiosonde models in 1989. The new sonde model
used a different parallel resistor in the humidity circuit,
but the value of the resistor was not changed in the
software until 1993, when a new sonde model (un-
specified) was used (Wade 1994). Low-temperature-
and low-humidity-cutoff policies were also changed in
1993, at the request of data users (Elliott et al. 1998).

The United Kingdom and some other European
countries replaced their original radiation correction
with a new method and changed the old sonde model
(e.g., the British Kew Mark III for the United Kingdom
and the Mesural for France) to the Vaisala RS80 be-
tween 1989 and 1990 (Gaffen 1993). Simultaneously,
manual computers at stations in India were replaced
with computers based on a semiautomatic method
(Gaffen 1993). No obvious discontinuity was found in
the BLH series of stations over South Africa, Australia,
and Asia.

We then correlated the raw and homogenized
monthly daytime BLH time series with those from the
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FIG. 5. (top) Time series of BLH changepoints and (bottom) the
number of changepoints at each station. Monthly daytime and
nighttime BLH series at 846 stations were obtained. A station was
considered to show a discontinuity in a specific year if either its
daytime or nighttime series had a changepoint. Approximately 110
stations were found to have a discontinuity in 1992, and the periods
of 1989/90 and 1986 also contained frequent changepoints.

reanalysis data. Monthly European Centre for
Medium-Range Weather Forecasts interim reanalysis
(ERA-Interim; 0.5° resolution) and the Modern-Era
Retrospective Analysis for Research and Applications,
version 2 (MERRA-2; »° X %3° latitude-longitude
resolution), BLH dataset from 1979 to 2014 were used to
verify the performance of the homogenization. The
BLH in the MERRA-2 dataset was estimated based on
vertical profiles of the diffusion coefficient with the
Goddard Earth Observing System Model, version 5
(GEOS-5), and Data Assimilation System (DAS)
(Jordan et al. 2010). The mixed layer height in ERA-
Interim was determined using an entraining parcel, and
by selecting the top of the stratocumulus or cloud base in
shallow convection situations (Dee et al. 2011).

As shown in Fig. S4 in the supplemental material,
there was a better agreement between these two
kinds of reanalysis datasets in the daytime BLH than
in the nighttime. In addition, because of the difficulty
in modeling SBLH (Sun et al. 2015), only the daytime
BLH was compared between the reanalysis and ob-
served BLH. There was a good consistency between
the daytime homogenized BLH series and the re-
analysis BLH as shown in Fig. 7, with a significant
correlation coefficient (>0.7) over much of Europe
and the United States. As shown in Fig. 7, in 343 of
the 739 stations, a significant changepoint was de-
tected during the study period. For the stations with
an inhomogeneous BLH series, 60% of them had an
improved correlation coefficient or statistical signif-
icance with the reanalysis BLH after homogenization
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FIG. 6. Location of stations with changepoints in 1986, 1989/90, and 1992 and those with/without changepoints
during the study period. In all, 291 of the 846 stations had homogeneous raw BLH series. Most of the stations detected
with changepoints were U.S. stations. The United Kingdom and some other European countries had discontinuous
BLH data in 1989/90. Some stations over South Africa, Australia, and Asia did not have discontinuous BLH.

(202/343 stations for ERA-Interim and 205/343 stations
for MERRA-2). The effect of homogenization was more
significant in the United States than in the other regions,
with an obvious improvement of the correlation co-
efficient with the reanalysis data. Both the improved
correlation coefficient and statistical significance sup-
port the validity of the homogenization method.

The correlation between simulated and observed
BLH was weak over low latitudes and the east coast of
the United States. The inconsistency between ERA-
Interim and MERRA-2 BLH over the east coast of the
United States and Southeast Asia is likely because of the
difficulty of models simulating boundary layer processes
over these regions (Fig. S4 in the supplemental mate-
rial), which explains the low correlation coefficients
between the observed BLH and reanalysis series over
these regions. The weak correlation between the
radiosonde-derived BLH and those of the reanalysis
over low-latitude regions can be attributed to the fre-
quency of convection cloud in equatorial areas. The ef-
fect of boundary layer cloud on the development of
turbulence depended on the temperature stratification
of the cloud (i.e., the top of the boundary layer was
located at the height of the strongest inversion in the
cloud rather than the top of the stratocumulus, or the
cloud base in shallow convection as that in numerical
models) (Wang and Wang 2014). Current reanalyses

still experience difficulties in accurately simulating
clouds (Wang et al. 2015).

¢. Trends in convective and stable BLH

As shown in Fig. 4, the CBLH was dominant during
the daytime and the SBLH occurred frequently at night;
therefore, we present the variability in daytime CBLH
and nighttime SBLH in this section, to evaluate the ef-
fect of homogenization and estimate the long-term
variability of BLH. To reduce the effects of the di-
urnal cycle of the BLH and its latitudinal variation
(Fetzer et al. 2004; Ratnam et al. 2010; Seidel et al.
2012), we used the normalized anomaly of BLH in this
section. This normalization was in reference to the cli-
matology of each station, at its specific observation time,
and was used to facilitate an analysis of the station’s
daytime or nighttime variation tendency.

Figure 8 presents a detailed comparison of the raw-
derived and homogenized (OM adjusted) BLH varia-
tion tendencies, at station scales, during 1973-2014.
Both raw and homogenized daytime CBLH displayed
an increasing tendency during the study period, whereas
in contrast the nighttime SBLH had a decreasing ten-
dency. The global daytime CBLH trend changed little
before and after homogenization, with an increasing
trend of 1.6% decade™'. The nighttime homogenized
SBLH decreased by —4.2% decade ' compared to a
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FIG. 7. (top) Correlation coefficients between daytime homogenized monthly BLH and reanalysis BLH from
(left) ERA-Interim and (right) MERRA-2. (bottom) Correlation coefficients for the difference between QM-
adjusted BLH with reanalysis dataset and raw BLH with reanalysis dataset. Daily (i.e., four times per day) ERA-
Interim (0.5° resolution) and monthly 24-h MERRA-2 (1/2° X %3° latitude—longitude resolution) BLH data from
1979 to 2014 were used to calculate the monthly daytime series. Only the IGRA stations with changepoints detected
are shown. The circles in the top indicate that both the raw and QM-adjusted BLH were significantly correlated
(95% significance level), with the reanalysis BLH. The squares and triangles indicate that the homogenized or raw
BLH had significant correlations with the reanalysis BLH, respectively. Diamonds indicate that both the ho-
mogenized and raw BLH had a poor correlation with the reanalysis BLH. Solid (open) markers represent higher
(lower) correlation coefficients between QM-adjusted and reanalysis BLH than those for raw BLH. Among the
daytime stations, 343 of 739 had significant changepoints, and 60% of the them had an improved correlation co-
efficient or statistical significance (i.e., the first to fifth kinds of markers in the top) with the reanalysis BLH after

homogenization (202/343 stations for ERA-Interim and 205/343 stations for MERRA-2).

decrease of —7.1% decade ' based on the raw series.
The shallow stable boundary layers, with lower SBLH
values, were more sensitive to the adjustment (i.e., a
larger relative variability with the same magnitude of
adjustment, which contributed to the significant differ-
ence in the SBLH trend before and after homogeniza-
tion). In addition, more stations displayed a significant
variation tendency after homogenization; for example,
for the daytime CBLH case, 333 and 381 stations had
significant linear trends before and after homogeniza-
tion, respectively, which also implied that the homoge-
nization process effectively removed the breakpoints
from the raw BLH data.

Based on the distribution of stations, six subregions
were defined to show their regionally averaged BLH
variations. To minimize the effect of missing data and
climatology, the normalized annual BLH anomalies of
each station were averaged on the regional scale.
Figure 9 shows the locations of the six subregions and
their daytime CBLH and nighttime SBLH trends. The
most significant influence of the inhomogeneous BLH
appeared in the United States. As at the U.S. station

shown in Fig. 3, the occurrence of a daytime SBL in-
creased dramatically during 1991-93, thus, there were
almost no records of a daytime CBL at that time over the
United States (Fig. 9). The raw SBLH series showed an
abrupt decrease during 1991-93 in the United States,
with a —7.3% decade ! decrease during the study pe-
riod. The homogenization effectively removed the dis-
continuity in the raw nighttime SBLH series over the
United States, and revealed a significant decreasing
tendency of —6.9% decade ' (statistically significant at
the 95% significant level or greater). The difference
between raw and homogenized global SBLH could be
attributed to the moderate decreasing tendency of
SBLH after homogenization over Europe, Australia,
and the United States. The effects of homogenization
were less significant for the regional daytime CBLH.
The homogenized daytime CBLH increased signifi-
cantly by 2.8%, 0.9%, 1.6%, and 2.7% decade™' over
Europe, the United States, Japan, and Australia, re-
spectively, with almost same pattern with those based on
raw observed CBLH. High-vertical-resolution data in
China have been available since 1998. The daytime
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FIG. 8. Spatial distributions of the linear trends (% decade ") of (left) observed and (right) QM-adjusted daytime
CBLH and nighttime SBLH from 1973 to 2014. Solid circles indicate the trends that are statistically significant at the
95% significance level or greater. Global averaged normalized annual BLH anomaly series are shown in Fig. S5 in
the supplemental material, and its linear trends are presented here in each panel, with a format showing the global
mean trend of all available stations (number of stations)/global trend based on the stations with significant trend
(number of stations with significant trend). Both the raw and homogenized daytime CBLH exhibited positive
trends, whereas the nighttime SBLH decreased from 1973 to 2014.

CBLH has also increased in China, and the nighttime
SBLH decreased recently. There was no obvious long-
term tendency of BLH in Russia, which may be attrib-
uted to its larger span of longitude, with different
underlying surface types.

4. Conclusions and discussion

As the most common source of atmospheric BLH, the
IGRA dataset from 1973 to 2014 released by the NCDC
were used to examine the long-term variability of global
BLH. We found that the raw data of radiosonde-derived
BLH included marked inhomogeneities. PMF and QM
adjustment in the RHtestsV4 package were used to
detect the changepoints and adjust the observed BLH
series. The most significant inhomogeneity in the de-
rived BLH time series was found over the United States
from 1986 to 1992, when the meteorological measuring
system was upgraded.

The convective boundary layer (CBL) is dominant
during the daytime and a more frequent stable boundary
layer (SBL) occurs at night. The homogenization did not
significantly change the magnitude of the daytime CBLH
tendency, but it did improve the confidence of the linear
trend. The trend of nighttime SBLH tended to be more

moderate after homogenization because of the small
magnitude of SBLH and its sensitivity to adjustment.
Both the raw and homogenized daytime CBLH displayed
an increasing tendency during 1973-2014, with almost the
same global average of about 1.6% decade ™ '; however,
the homogenized global nighttime SBLH decreased
by —4.3% decade ' compared to the raw observation
of —7.1% decade'. Regionally, the homogenized day-
time CBLH increased by 2.8%, 09%, 1.6%, and
27% decade™! over Europe, the United States, Ja-
pan, and Australia, respectively. The nighttime SBLH
decreased consistently, with significant decreases of
—27%, —6.9%, —7.7%, and —3.5% decade™! over the
four regions, respectively. The increasing trend of BLH
found in Europe was consistent with those reported by
Zhang et al. (2013) based on an independent BLH
estimation method.

The development of the boundary layer is determined
by large-scale circulation and local land-atmosphere
interactions (i.e., thermodynamic and dynamic condi-
tions). The local land—atmosphere interaction could be
partly quantified using the available radiosonde dataset
(i.e., the vertical gradients of near-surface air tempera-
ture and wind speed). Wind (U, V') information was only
available at mandatory pressure levels (e.g., 1000, 925,
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FIG. 9. Time series of the regional daytime CBLH and nighttime SBLH. The black line represents the raw
observations of BLH, and the red line indicates the homogenized result. The shaded area indicates the 25%-75%
percentile of the regional annual BLH. The number in each panel indicates the sample size of each subregion,
followed by the linear trends of raw observed and homogenized series (% decade ). The asterisk following
the trend indicates the linear trends that are statistically significant at the 95% significance level or greater.
Only the time periods with effective samples exceeding 50% are shown here.

850, 700, and 500 hPa) at most stations. For this reason,
to maintain the consistency of the day and night, we only
used the vertical gradients of temperature and wind
shear between the lowest two available mandatory
pressure levels (upper level minus lower level) to discuss
the mechanism driving the BLH trends. The monthly
anomalies of temperature gradient and wind shear were
used to avoid the effects of the annual and seasonal
cycles of meteorological variables. We found that the
thermodynamic effects differed during the daytime and
nighttime (i.e., a positive correlation was noted between
daytime BLH and temperature gradient, whereas the
opposite correlation was observed at nighttime). As
shown in Fig. 10, a strong vertical gradient of tempera-
ture (i.e., strong negative gradient) in the daytime re-
flects unstable stratification, and this instability can
stimulate turbulence in the boundary layer. Near-
surface thermal inversion or at least stable stratifica-
tion (i.e., a weak negative or even positive temperature
gradient) occurs very frequently at night. A steady in-
version near Earth’s surface indicates a deep SBL. Thus,
the results showed a positive correlation between the

temperature gradient and nighttime BLH. Additionally,
both daytime and nighttime BLH were positively cor-
related with wind shear because of its momentum
transfer for the development of turbulence, but the ef-
fect of wind shear was more significant at night.

The trends of CBLH and SBLH were determined by
different parameters. No single parameter can provide a
sufficient explanation. The reported increasing trend of
atmospheric downward longwave radiation is generally
consistent with the increasing CBLH and decreasing
SBLH over the global land surface (Wang and
Dickinson 2013; Wang et al. 2009). The increasing trend
of CBLH over Europe and Japan was consistent with the
reported increases in surface solar radiation in these
regions (Wang et al. 2012b; Wild 2009). However, the
changes in surface solar radiation in China, the United
States, and Australia cannot explain the increasing trend
in CBLH in these regions. In addition to the energy in-
put, the partitioning of the surface net radiation into
surface latent heat flux and sensible heat fluxes is an
important factor determining the variability of BLH.
Previous studies have reported that the RH has
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ture vertical gradient and (bottom) wind shear. Solid circles indicate a significant correlation at the 95% significance
level or greater. To avoid the effects of annual and seasonal cycles of meteorological variables, monthly anomalies
were used to calculate the correlation coefficients. Wind (U, V) information was only available at mandatory
pressure levels (e.g., 1000, 925, 850, 700, and 500 hPa) at most stations. Therefore, to maintain the consistency of the
day and night, we only used the vertical gradients of temperature and wind shear between the lowest two available
mandatory pressure levels (upper minus lower level) to discuss the mechanism governing the BLH tendency (i.e.,
the two pressure levels selected may be different for all stations, but are the same for a specific station). The
thermodynamic effect differed during the daytime and nighttime (i.e., a positive correlation occurred between the
daytime BLH and the temperature gradient, but the opposite pattern was observed at nighttime). Both daytime and
nighttime BLH were positively correlated with the wind shear because of its momentum transfer for the devel-
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opment of turbulence.

decreased in recent decades (Simmons et al. 2010; Wang
et al. 2012a), indicating more surface energy has been
partitioning into the sensible heat flux. This change im-
plies that land heating has increased, which is in general
agreement with the increased CBLH.

Radiosonde observations have been proven to experi-
ence inhomogeneity issues. Existing studies of the in-
homogeneity of radiosonde data have focused on the
absolute values of temperature, humidity, or wind fields.
These studies have shown that a more frequent in-
homogeneity occurs in the upper levels of radiosonde
data (i.e., the upper troposphere and stratosphere) than
the lower levels, which are used to derive BLH (Dai et al.
2011; Elliott and Gaffen 1991; Elliott et al. 1998). Fur-
thermore, all the existing homogenization methods were
operated using absolute values of temperature and hu-
midity variables at the mandatory pressure levels, that is,
1000, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30,
20, and 10 hPa. These data are too coarse to derive a re-
liable estimation of BLH. We therefore first calculated
daily BLH from the raw radiosonde data at the original
vertical resolution archived by IGRA, and then homog-
enized the monthly BLH time series. We found that BLH
derived from a lower level radiosonde dataset also had a
significant inhomogeneity and should be addressed.

This study represents the first attempt to homogenize
the radiosonde-derived BLH using the PMF and QM
adjustment procedures in the RHtests package. Signifi-
cant changepoints were detected at most stations. This
finding can be explained in terms of the metadata and
the well-known improvements in observation methods.
We used a two-step procedure to verify our homogeni-
zation results. Both steps confirmed that the homoge-
nization substantially improved the quality of the BLH
time series. However, the QM-adjusted method was
based on the assumption that BLH differences before
and after the changepoints were entirely attributable to
nonclimatic changes, which is largely true in most cases.
We cannot exclude cases where nonlinear trends and
other natural variations alter BLH. The detection of
break points is possible with the RHtestsV4 package
when a homogenous reference series is not available.
However, the results need intensive analysis (Wang and
Feng 2013), and the lack of a reference dataset of
radiosonde-derived BLH makes it more difficulty to
verify the performance of BLH homogenization. Long-
term lidar and GPS datasets may be a good reference
series for the validation of the homogenized BLH.
However, these remote sensing datasets are sparsely
available and have very short time scales (Ao et al. 2012;
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Liu et al. 2015; Luo et al. 2014; Z. Wang et al. 2012; Xie
et al. 2006).

In this study, we defined 0630-2030 and 0730-1930
LST as daytime in the low and high latitudes, re-
spectively; however, the common definitions of day-
time and nighttime are based on the solar elevation
angle, local latitude, and longitude. Therefore, we also
used the National Oceanic and Atmospheric Admin-
istration (NOAA) method (http://www.esrl.noaa.gov/
gmd/grad/solcalc/sunrise.html) to define day and night,
and then to estimate the regional variation of BLH. As
shown in Fig. S6 in the supplemental material, based on
the NOAA day and night definitions, the regionally av-
eraged BLH variation did not display significant differ-
ences from that based on the daily cycle of the SBL.
However, using the NOA A definitions, most stations over
the United States and China were excluded (the number
of regionally available stations is shown in Fig. S6 in the
supplemental material) because their observation times
were near sunset and sunrise. In addition, the SBL will not
disappear immediately at sunrise and also will not develop
immediately at sunset. Thus, we used a day/night defini-
tion based on the daily cycle of the SBL in this study.
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