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Key Points:
The diurnal cycle of the PBLH is apparent over land while the PBLH diurnal cycles are quite mild over oceans●

The median PBLH is positively correlated with the near-surface temperature and negatively correlated with the near-surface relative
humidity

●

The daytime PBLH exhibits a statistically significant increasing trend at most latitudes●
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Abstract: Diurnal variations in the planetary boundary layer height (PBLH) at different latitudes over different surface characteristics are
described, based on 45 years (1973−2017) of radiosonde observations. The PBLH is determined from the radiosonde data by the bulk
Richardson number (BRN) method and verified by the parcel method and the potential temperature gradient method. In general, the
BRN method is able to represent the height of the convective boundary layer (BL) and neutral residual layer cases but has relatively large
uncertainty in the stable BL cases. The diurnal cycle of the PBLH over land is quite different from the cycle over ocean, as are their
seasonal variations. For stations over land, the PBLH shows an apparent diurnal cycle, with a distinct maximum around 15:00 LT, and
seasonal variation, with higher values in summer. Compared with the PBLH over land, over oceans the PBLH diurnal cycles are quite mild,
the PBLHs are much lower, and the seasonal changes are less pronounced. The seasonal variations in the median PBLH diurnal cycle are
positively correlated with the near-surface temperature and negatively correlated with the near-surface relative humidity. Finally,
although at most latitudes the daytime PBLH exhibits, over these 45 years, a statistically significant increasing trend at most hours
between 12:00 LT and 18:00 LT over both land and ocean, there is no significant trend over either land or ocean in the nighttime PBLH for
almost all the studied latitudes.
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1.  Introduction
The planetary boundary layer (PBL) is directly affected by the sur-
face below the troposphere, and the magnitude is on the order of
an hour or less (Stull, 1988). The PBL height (PBLH) is an important
parameter  in  the  study  of  the  atmospheric  boundary  layer  that
may  affect  the  distribution  of  aerosols,  convective  activities,  and
the formation of clouds and fog (Wulfmeyer et al.,  2011; Li  ZQ et
al.,  2017).  Accurate  estimation  of  the  PBLH  is  important  in  the
parameterization of  the  atmospheric  model,  in  weather  predict-
ing promotion, and in climate and air quality monitoring (Guo JP
et al., 2017; Liu L et al., 2018; Zhang YH and Li SY, 2019).

As observation technologies have advanced, many datasets have
become  available  that  can  be  used  to  assess  the  PBLH;  among
them  are  those  from  boundary  layer  radar,  sonic  detection  and
ranging (SODAR) (Clifford et al., 1994; Ao et al., 2012), cloud-aero-

sol  Lidar  (Jordan  et  al.,  2010; Su  TN  et  al.,  2017), radar  wind  pro-
filer (Beyrich, 1997; Molod et al., 2015; Liu B et al., 2019) and some
Global Positioning  System  radio  occultation  (GPS  RO)  measure-
ments (Eresmaa et al., 2006; Chan and Wood, 2013). However, one
of  the  most  common  sources  of  data  for  estimating  the  PBLH  is
long-term global radiosonde datasets (Seibert et al., 2000, Guo JP
et al., 2019). Scholars often use the PBLH derived from radiosonde
observations  to  evaluate  results  acquired  from  other  datasets  or
from  model  simulations.  Various  methods  and  algorithms  have
been  discussed  in  previous  studies  (Zhang  WC  et  al.,  2016).  The
parcel  method  is  widely  used  in  determining  the  convective
boundary  layer  height,  while  the  bulk  Richardson  (Ri)  number
method concept is usually used to obtain the stable boundary lay-
er  height. Seidel  et  al.  (2012) discussed  the  uncertainties  of  the
PBLH calculated by different methods and found that when large
datasets  are  used,  the  bulk  Richardson  number  method  yields
consistent estimates of the boundary layer height.

The PBLH exhibits significant diurnal variation. Its apparent diurn-
al cycle is typically controlled by solar radiation and cloud (Guo JP
et  al.,  2016).  The PBLH remains low at  nighttime due to radiative
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cooling. The near surface layer tends to be stable, forming a stable
boundary  layer.  However,  the  boundary  layer  deepens  rapidly
when  the  sun  rises  and  daytime  advances  because  of  unstable
convective  conditions,  causing  a  convective  boundary  layer.  The
upper part of the stable boundary layer is covered with the resid-
ual layer, which is not dissipated by the convective boundary lay-
er during the daytime. The diurnal cycle of the PBLH has been dis-
cussed in many studies,  but most of  them have been based only
on  data  from  specific  stations  collected  during  relatively  short
time periods.  For  example, Norton and Hoidale (1976) first docu-
mented the  PBLH diurnal  cycle  and seasonal  variations  by  radio-
sonde  data  from  1961−1972  at  one  high-elevation  station
(32.24°N,106.22°W, 1216 m, mean sea level) over White Sands Mis-
sile Range, New Mexico. Liu SY and Liang XZ (2010) established a
climatological  diurnal  cycle  that  grouped  four  different  surface
conditions (ice, land, oceans, and lakes) by using radiosonde data
collected  during  14  major  field  campaigns  around  the  world. Ao
et al.  (2012) compared GPS RO data and data from the European
Center for Medium-Range Weather Forecasts (ECMWF) Reanalysis
Interim (ERA-Int) over the Sahara during summers to examine the
PBLH  distributions  and  annual  and  diurnal  variability. Liu  Y  et  al.
(2016) used GPS RO data  to  analyze  diurnal  variations  in  the  top
height of the atmospheric boundary layer in six different regions.

We have attempted to investigate the global PBLH diurnal cycle at
different  latitudes.  We  use  the  bulk Ri method  to  estimate  the
PBLH at different local times in each latitude zone, based on data
derived from the Integrated Global Radiosonde Archive (IGRA) at
the  National  Climatic  Data  Center  (NCDC)  and  have  verified  the
values by  using  the  parcel  and  the  potential  temperature  gradi-
ent methods.  Section  2  presents  the  datasets  and  methods.  Sec-
tion 3 depicts characteristics of the PBLH, such as its quartiles and
its seasonal and annual diurnal cycles. A summary follows in Sec-
tion 4.

2.  Data and Methods

2.1  Radiosonde
Variables in the IGRA (Durre et  al.,  2006; Durre and Yin XG,  2008)
include  pressure,  temperature,  geopotential  height,  and  wind
speed,  etc.  Climatological  statistics  are  derived  from  twice-daily
(00:00 and 12:00 UTC) sampling of the data over a 45-year period
(1973−2017),  since  the  data  after  1973  are  relatively  of  better
quality (Wang XY and Wang KC, 2016). The mixing height is repor-
ted to have been less affected by data inhomogeneities after 1973
(Zhang YH et al., 2013).

It is difficult to derive the diurnal variation in the PBLH from these
routine  twice-daily  radiosonde  observations  at  each  station.  In
this  study,  we  have  calculated  the  long-term  annual/median
PBLHs at 00:00 and 12:00 UTC at each station. Accordingly,  these
two  observational  times  could  be  converted  to  different  local
times  that  could  be  used  to  reveal  a  daily  variation  in  the  PBLH
around a latitude circle. For the analysis of diurnal variations in the
PBLH  at  different  latitudes,  we  selected  a  representative  climate
zone in each of the low, middle, and high latitudes to guarantee a
consistent climate factor. In the low latitudes, our choice was the
Tropical  Desert  Climate  zone  from  20°N−30°N  over  the  Northern

Hemisphere  low  latitudes  (NL)  and  20°S−30°S  over  the  Southern
Hemisphere  low  latitudes  (SL)  (Daher  et  al.,  2018).  In  the  middle
latitudes,  we  chose  the  Mediterranean  Climate  zone  from
30°N−40°N  over  the  Northern  Hemisphere  middle  latitudes  (NM)
and from  30°S−40°S  over  the  Southern  Hemisphere  middle  latit-
udes (SM) (Cherfouh et al., 2018). In the high latitudes, the climate
zones in the Northern and Southern Hemispheres are not similar.
We chose the Coniferous Climate zone (60°N−70°N) in the North-
ern  Hemisphere  high  latitudes  (NH)  and  southern  Frigid  Climate
zone (60°S−70°S) in the Southern Hemisphere high latitudes (SH)
(Tang XG et al.,  2017).  Moreover,  the environmental  and physical
changes in the equatorial region have received widespread atten-
tion  (Pavlov  and  Pavlova,  2007).  Therefore,  the  equatorial  areas
are  also  included  in  this  study.  We  chose  the  Tropical  Rainforest
Climate zone from 0°N−10°N over the northern equator (EN) and
0°S−10°S  over  the  southern  equator  (ES)  (Bissinger  and  Bogner,
2018).  For  every  latitude  zone  selected,  observational  data  were
available to cover effectively all 24 hours of local time.

The latitude zone with the largest number of stations (221) is the
Northern Hemisphere middle latitudes; the latitude zone with the
smallest number of stations (11) is the Southern Hemisphere high
latitudes. For  all  the  latitude  bins,  the  available  soundings  num-
ber  more  than  105. All  these  stations  are  grouped  into  two  cat-
egories by major surface characteristics: land and ocean. It is note-
worthy that  coastal  stations  and  several  stations  located  on  is-
lands  are  grouped  into  the  ocean  category,  due  to  their  similar
PBLH  features.  The  detailed  numbers  of  these  two  categories,
along  with  the  station  locations,  are  shown  in Figure  1.  For  the
three Northern latitude regions, the number of stations in the land
category  is  larger  than  in  the  ocean  category.  However,  in  the
equatorial  areas  and  in  the  Southern  Hemisphere,  more  stations
are  in  the  ocean  category  than  in  the  land  category.  In  addition,
we  would  like  to  emphasize  that  interpretation  of  the  results  in
the  Southern  Hemisphere  high  latitudes  (SH)  should  be  taken
with caution, since there are only eleven stations in regions char-
acterized by ice,  and thus many fewer soundings are available in
this latitude bin than in those of the other regions.

2.2  Planetary Boundary Layer Height Estimates
To determine the PBLH, the bulk Richardson number (BRN) meth-
od  revised  by Vogelezang  and  Holtslag  (1996) is  used.  The  BRN
method is not strongly dependent on the vertical resolution and it
can  identify  a  nonnegative  height  in  all  cases  (Zhang  YH  et  al.,
2013). The formula of the bulk Ri is defined as:

Ri (z) = ( g
θvs

) (θvz − θvs) (z − zs)(uz − us)2 + (vz − vs)2 + (bu∗2) , (1)

θv

u∗

u∗

where g is  gravity acceleration,  is the virtual potential  temper-
ature, z is  the  calculated  potential  height, u and v are  zonal  and
meridional wind speeds, respectively, b is a constant whose reas-
onable  estimation  is  on  the  order  of  100  (Vogelezang  and
Holtslag,  1996),  and  is the  surface  friction  velocity.  The  sub-
script s represents  the  surface,  and z is the  altitude  of  the  calcu-
lated  layer.  The  friction  velocity  in  the  denominator  is  much
smaller than wind shear items, so we ignore surface friction terms.
Because winds at the surface (2 m level) are not included in radio-
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sonde reports, in our calculations we take the wind speed to be 0
m/s at the first level in the wind measurements.  The results were
similar.  In  this  article,  the  winds  were  set  to  zero  for  consistency
with  other  radiosonde  data  research  (Vogelezang  and  Holtslag,
1996; Seidel et al., 2012).

Soundings  with  more  than  4  levels  of  wind  speed  records  and  7
levels of records with a temperature below 5 km have been selec-
ted. Sensitivity analyses in Zhang YH et al. (2013) have shown that
changing these requirements does not substantially influence the
data retention rate.  This  method determines the height at  which
bulk Ri reaches a value of 0.25.

To  verify  the  results  derived  from  the  BRN  method,  we  also  use
the parcel method and the potential temperature gradient meth-
od to estimate the PBLH. The parcel method can determine a mix-
ing height by comparing the virtual potential temperature at the
surface to values aloft and evaluating the height at which the vir-
tual  potential  temperature  is  the  same  as  at  the  surface.  The
method proposed by Liu SY and Liang XZ (2010) uses the poten-
tial temperature profile to divide the boundary layer into three re-
gimes:  convective  boundary  layer  (CBL),  stable  boundary  layer
(SBL), and neutral residual layer (NRL). The type of boundary layer
can  be  distinguished  by  calculating  the  difference  in  potential
temperature  between  200  m  and  50  m.  The  specific  calculation
formula can be found in Liu SY and Liang XZ (2010). We interpol-

ate the data to a vertical  resolution of 50 m to obtain the poten-

tial temperature at 200 m and 50 m.

Figure 2 gives an example of the vertical profiles in the virtual po-

tential temperature (a), wind speed (b), and Ri (z) (c) based on the

12:00 UTC  19  June  2017  radiosonde  observation  at  KABUL  AIR-

PORT (34.55°N, 69.2167°E, 1791 m). Figure 2a identifies  a  layer  at

3517  m  by  the  parcel  method; Figure  2c determines  a  layer  at

3569 m through Ri (z).  The two methods show similar  results.  To

further compare  results  of  these  two  methods,  we  calculate  re-

lated  coefficients  of  the  parcel  method  and  the  BRN  method  at

station  OSAN  AB  (37.08°N,  127.03°E,  11.8  m);  their  results  are

highly  consistent;  their  correlation  is  0.9.  Similar  results  are  also

shown  in  data  from  most  other  stations.  According  to  results  by

comparison,  the result  of  the bulk Ri method z (Ri = 0.25)  is  con-

sidered to identify the mixing height.  Furthermore, we also com-

pared the results using the method proposed by Liu SY and Liang

XZ (2010) with the BRN method z (Ri = 0.25). The results show that

correlations at the CBL (near 0.8) and NRL (near 0.7) are relatively

high, but not at the SBL. This difference is not surprising because

the SBL observations are mostly at quite low heights. According to

the uncertainty test in Seidel et al. (2012), the uncertainties in the

BRN method can be large (> 50%) for the low z (Ri = 0.25). In sum-

mary, according to our analysis, the BRN method could satisfactor-

ily represent the height in the CBL and NRL cases, but can be ex-
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pected  to  have  a  relatively  large  uncertainty  in  the  SBL  cases.  In
order to use a consistent method in the large radiosonde data set,
hence, BRN z (Ri = 0.25) is the main PBLH metric used in this clima-
tological study.

According to the classification standard of the potential temperat-
ure  gradient  method,  we  make  a  frequency  analysis  of  three
boundary  regimes  at  the  two  surface  characteristics  shown  in
Figures. 3 and 4. Over land (Figure 3), the stable (SBL) regimes are
observed  to  appear  with  frequency  of  about  40%  at  night  but
rarely exist in the daytime; a contrary pattern characterizes the un-
stable (CBL) regimes; the NRL frequency is about 90% in the day-
time  and  greater  than  60%  over  the  24-hour  day.  Over  ocean
(Figure  4),  the  CBL appears  more  frequently  in  the  daytime from
09:00 to 18:00 LT compared to land, and the NRL is seen with less
frequency (~40−80%) than over  above land.  The different results
between  land  and  ocean  may  reflect  the  much  stronger  diurnal
variations  of  surface  temperature  over  land  than  ocean  (Liu  SY
and Liang XZ, 2010).

2.3  Trend Analysis
Trends  were  computed  for  median  PBLH  at  24  hours  of  the  day
during the periods of  1973−2017.  The non-parametric  median of
pairwise  slopes  method  (Lanzante,  1996), with  statistical  signific-
ance levels  based on Spearman rank-order  tests,  was used to es-
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timate the trends. The procedure is computed as:

bk = (yi − yj) / (xi − xj) , (2)

xj, yj xi, yihere bk is the slope between a pair of points ( ) and ( ). If N
is  the  total  number  of  points,  then  the  pairwise  slopes  will  be

N(N−1)/2;  the  final  calculation  of b is  regarded  as  the  median  of

the bk values. This estimated slope is then used to compute the re-

siduals for all N points:

resk = yi − (bxi) . (3)

The intercept ‘a’ is estimated as the median of these residuals and

the regression equation is:

ŷi = a + (bxi) . (4)

Station  data  were  considered  sufficient  if  at  least  50  soundings

per season were available for identifying the PBLH in a given year

and at least 30-years of such data were available during the study

period (45 years).

3.  Results

3.1  Four Measures of the Diurnal Cycle
Due to solar radiation and surface radiation, the diurnal variation

in  the  PBLH  displays  obvious  changes.  However,  these  diurnal

variations  in  the  PBLH  can  be  different  from  region  to  region.

Since most IGRA stations provide only twice-daily observations, it

is  difficult  to directly  obtain the diurnal  variations of  the PBLH at

each site. But the local observing times of these IGRA stations are
basically  enough to cover 24 hours in one day.  When converting
UTC to local time (LT), there are sufficient observations in each lat-
itude zone to study the diurnal variations in the PBLH. We studied
the PBLH diurnal cycle in different latitudes over two different sur-
face characteristics (land and ocean), separately.

Figures 5 and 6 present the diurnal cycles of the PBLH in different
latitudes among the Northern (a,  b,  c,  d)  and Southern (e,  f,  g,  h)
Hemispheres  over  land  and  oceans,  respectively.  The  values  we
chose  to  examine  are  indicated  as  follows:  the  25th percentile
(green  dashed  line),  50th (median)  percentile  (red  solid  line),  and
75th percentile  (green  dash-dotted),  along  with  the  mean  value
(blue solid line) of the PBLH. Since most stations are coastal or on
islands in the equatorial region and in the Southern Hemisphere,
the  diurnal  cycles  of  the  PBLH  in  these  regions  present  only  the
results  at  some  hours  with  the  available  qualified  soundings.  In
addition,  the  diurnal  cycles  of  the  PBLH  in  different  latitudes,
based on the potential temperature gradient method (not shown)
proposed by Liu SY and Liang XZ (2010), reveal a pattern similar to
that of Figures 5 and 6.

Generally,  the  diurnal  cycles  of  the  PBLH  over  land  and  over
oceans are quite different. For stations over land, the PBLH shows
an apparent diurnal cycle, with a distinct maximum around 15:00
LT.  Basically,  in  all  studied  latitudes,  the  nighttime  PBLHs  from
19:00 to 07:00 LT are usually stable, and most are lower than 500 m.
The  differences  between  the  75%  and  25%  quartiles  are  quite
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Figure 4.   Similar to Figure 3, but for stations over oceans.
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small,  indicating  small  fluctuations  at  night.  Except  for  the  high

latitudes, the PBLH rises slowly from 07:00 to 15:00 LT and falls rel-

atively steeply from 15:00 to 19:00 LT (17:00 to 19:00 LT for NM re-

gion),  with  values  generally  higher  than 1000 m  around  noon.

Compared  to  the  nighttime  PBLH,  the  magnitude  of  daytime

PBLH variations is much larger, especially in the Northern low and

middle latitudes. From 12:00 to 17:00 LT, the differences between

the  75%  and  25%  quartiles  in  these  two  regions  (Figures  5b, 5c)

are quite large. These findings agree well with previous results re-

ported in Chu YQ et al. (2019) and Liu SY and Liang XZ (2010).

According to Figure 5, the maximum PBLH decreases from low lat-

itude areas to high latitude areas. Generally, the thermal radiation

decreases  toward  the  polar  region,  which  results  in  a  relatively

low  PBLH  in  the  high  latitudes.  Over  land,  the  median  PBLH

reaches its maximum at approximately 15:00 LT for most latitudes

in the Northern Hemisphere, in agreement with Liu SY and Liang

XZ, (2010) which also report peak PBLH at around 15:00 LT. Zhang

YH  et  al.  (2014) also  found  that  the  maximum  PBLH  occurred  in

the afternoon, usually at 16:00 LT (no 15:00 LT observations avail-

able) over  Yichang,  China  (30.7°N,  111.3°E),  which  use  3-hour  in-

terval data (from 01:00 LT to 22:00 LT). The PBLHs in the high latit-

udes (NH) stay stable below 1000 m, although slight diurnal vari-

ations can  be  observed.  It  is  noteworthy  that  the  diurnal  vari-

ations  of  the  PBLH  in  the  NL  region  show  a  bimodal  structure,

with PBLH peaks at 12:00 LT and 15:00 LT.

As  compared  with  land,  the  PBLH  diurnal  cycles  over  oceans  are
quite  mild  (Figure  6)  and  the  PBLHs  are  much  lower.  In  general,
the  nighttime  PBLHs  over  oceans  from  20:00  to  08:00  LT  are
stable, and most of their heights are greater than those over land.
The  differences  between  the  75%  and  25%  percentiles  are  quite
small.  In  the  ES,  EN,  NL  and  NM  regions,  the  PBLH  over  oceans
rises  slowly  from  08:00  to  around  14:00  LT  and  falls  slowly  from
15:00 to 20:00 LT,  with peaks around 1000 m.  In the daytime,  no
obvious peak is shown in the PBLHs in the SL region, with a con-
stant high mean value (1000 m) presented for a longer time (from
10:00 LT to 17:00 LT).

In  the  equatorial  area,  the  nighttime  PBLHs  over  oceans  seem
slightly higher than those in the other latitude bins. However, the
daytime  equatorial  PBLHs,  especially  at  noon,  are  lower  than
those  in  the  low  and  middle  latitudes.  This  finding  agrees  well
with the results of Ao et al. (2012), who found that the PBLH in the
equatorial area from −5°S to 35°N, derived from ECMWF reanalys-
is datasets, was lower than that in the low latitudes. In general, the
Tropical Rainforest Climate has high temperatures and much rain-
fall throughout the year (Bissinger and Bogner, 2018); the latitude
zones (EN and ES) we selected are in this  climate type.  In this  re-
gion, temperature differences are small throughout the year. High
temperatures  may  indicate  a  higher  PBLH  at  night.  During  the
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Figure 5.   The PBLH diurnal cycles in different latitudes over land in the Northern (a, b, c, d) and Southern (e, f, g, h) Hemispheres. Shown are the

25th, 50th, and 75th percentiles of the PBLH along with its average, based on all records (UTC converted to LT) that fall within corresponding

latitudes in 1-h intervals.
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daytime, air convection easily occurs with high temperatures and

humidity, and rain tends to occur. The larger humidity may make

the PBLH in the equatorial region lower. This finding is consistent

with  the result  in Zhang YH et  al.  (2013),  who found in  Europe a

positive correlation  between  the  PBLH  and  near-surface  temper-

ature and a negative correlation between the PBLH and near-sur-

face  relative  humidity.  In  addition,  the  different  albedo  levels  of

the clouds may also change the PBLH (Liu Y et al., 2016).

Figures 5 and 6 also show that the mean value of the PBLH is sim-

ilar  to  the  median  (50th percentile)  result  both  over  land  and

ocean, which is consistent with the results reported by Liu SY and

Liang XZ (2010). They studied the PBLH diurnal cycle at 14 differ-

ent  sites  and also found that  the average and median values are

close to each other.  However,  the land-ocean contrast is  obvious

in  the  diurnal  cycle  of  the  PBLHs.  For  example,  in  the  NL  region,

the diurnal variation in the PBLHs over land shows two peaks with

time at 12:00 LT and 15:00 LT, while the one over oceans peaks at

around 13:00 LT. Even if the soundings we choose come from the

same climate type, there are still some differences between differ-

ent surface  characteristics  (e.g.,  EN  and  ES).  Besides,  the  differ-

ences between the 75% and 25% percentiles  over  land are small

at night  and  increase  from  10:00  to  15:00  LT,  but  these  differ-

ences over oceans are quite consistent at most observing times.

3.2  Seasonal Diurnal Variations
Figure  7 shows the  median  diurnal  PBLH  cycle  for  different  latit-

udes over  land  in  the  four  seasons.  In  general,  for  both  hemi-

spheres  (except  for  the  equatorial  areas)  the  daytime  PBLH  over
land shows an apparent seasonal cycle: the highest daytime land
PBLHs  occur  mainly  in  summer  (JJA  in  the  Northern  Hemisphere
and DJF in the Southern Hemisphere), and the lowest PBLHs usu-
ally  occur  in  winter  (DJF  in  the  Northern  Hemisphere  and  JJA  in
the  Southern  Hemisphere).  The  land  PBLH  in  spring  is  slightly
higher than that in autumn. This result is consistent with the find-
ings  from  the  study  by Liu  SY  and  Liang  XZ  (2010) over Atmo-
spheric  Radiation  Measurement  Program’s  Southern  Great  Plains
(ARM SGP) (36°N, 97°W, 315 m). The PBLH differences among the
four seasons in the EN and ES regions are small, which may be be-
cause solar  radiation  is  not  much  different  during  the  four  sea-
sons in these regions. The nighttime PBLH exhibits little seasonal
variation; the values are quite close to each other among the four
seasons in all studied regions.

Compared to the results over land, the PBLHs over oceans (Figure 8)
show  less  seasonal  variation  either  in  the  daytime  or  at  night  in
both  hemispheres  and  the  differences  among  the  four  seasons
are  relatively  small  for  most  studied  regions,  except  for  the  high
latitudes.  The daytime PBLHs in the NH and SH regions (10:00 to
18:00 LT)  present  a  clear  seasonal  cycle,  with  maximum  in  sum-
mer and minimum in winter.

To interpret the seasonal variations in the PBLH diurnal cycle, we
calculated the near-surface (2 m) temperature (Tsfc) and surface re-
lative humidity  (RH) diurnal  cycle  in  the four  4  seasons for  differ-
ent latitudes over both land and ocean surface characteristics. At-
mospheric  water  vapor  may have a  positive  feedback  on surface
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Figure 6.   Similar to Figure 5, but for stations over oceans.
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temperature since it  is  considered to be a greenhouse gas (Raval

and  Ramanathan,  1989). Zhang  YH  et  al.  (2013) reported  that  a

higher surface temperature and a lower RH results in greater sens-

ible heat flux and lower latent heat flux, which can lead to deeper

convection and a higher PBLH. Recent research has indicated that

different  soil  moisture  heterogeneities  over  land  may  also  affect

the seasonal and regional PBLH (Guo JP et al., 2019).

Figure  9 presents  the  diurnal  cycle  of  the  averaged  near-surface

relative  humidity  (RH)  and  near-surface  temperature  (Tsfc)  over

oceans and  land  in  the  middle  latitudes  of  the  Northern  Hemi-

sphere. For those stations over oceans, the near-surface RH shows

little seasonal cyclicality; the values in all four seasons are close to

each other all day, while the near-surface temperature shows clear

seasonal  variation  but  the Tsfc differences remain  small  and  con-

sistent  in  all  four  seasons.  The  results  in  the  NM  region  over

oceans are  similar  with  PBLHs  in  the  four  seasons  at  most  ob-

serving times (Figure 8c). Results over oceans in the other regions

are  similar;  the Tsfc differences  remain  small  and  consistent

throughout the whole year,  and the RH shows less seasonal  vari-

ation compared  to  that  over  land  (not  shown).  This  may  be  be-

cause the ocean has a large thermal capacity and may explain to

some extent  the  fact  that  the  PBLH  over  oceans  shows  less  sea-

sonal  variations  than  that  over  land.  Moreover,  the  inclusion  of

data from many coastal stations, which present a mixture of ocean

and land conditions, may also have some impact on the results.

As compared with ocean, the RH and Tsfc diurnal cycles over land

in the NM region are quite apparent (Figure 9c and 9d). The Tsfc is

highest  in  summer  and  lowest  in  winter  throughout  the  whole

day and the values in spring and autumn are close to each other.

The RH shows a complicated seasonal variation in one day. For ex-

amples, at 02:00−05:00 LT and 10:00−17:00 LT, the maximum is in

winter  and  minimum  is  in  summer.  On  the  contrary,  at

06:00−09:00 LT and 18:00−21:00 LT, the RH peaks in summer and

has  its  lowest  value  in  winter/spring.  The  seasonal  cycle  in  the

PBLH  over  land  in  the  NM  region  (Figure  7c)  suggests  that  the

PBLH  is  positively  correlated  with  the Tsfc and negatively  correl-

ated with the near-surface RH in the daytime (10:00−18:00 LT). For

example,  the peak PBLH value at 15:00 LT in the NM region (Fig-

ure 7c) corresponds to the time of the lowest value of RH (Figure

9c). Besides, over land in the NL region (not shown), the RH is con-

sistently lowest at 12:00 and 15:00 LT in summer, spring, and au-

tumn,  but  only  one  lowest  value  at  12:00  LT  was  observed  in

winter. The minimums of RH seem correlated with the maximums

of  the  PBLH  in  this  region  (Figure  7b).  This  suggests  that  the

bimodal structure in its PBLH variation over land may have some

association with the changes in near-surface RH.
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Figure 7.   The median PBLH diurnal cycle over land in the four seasons for different latitudes in the Northern (a, b, c, d) and Southern (e, f, g, h)
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The Tsfc and RH differences in the equatorial  regions over oceans
are  quite  small  throughout  the  whole  year  (not  shown),  which
may  indicate  small  differences  in  the  PBLHs  in  these  regions
(Figure 8a and 8e). Although the Tsfc differences in the equatorial
regions over land are also small, the RH in the EN region shows an
obvious seasonal variation, especially from 11:00 to 15:00 LT, with
maximum  in  summer  and  minimum  in  winter.  As  shown  in
Figure  7a,  the  PBLH  over  land  in  the  EN  region  presents  higher
values in winter and lower values in summer from 11:00 to 15:00
LT. The negative correlation between the PBLH and RH is also con-
firmed in the equatorial area.

Therefore,  we  calculated  correlation  coefficients  between  the
PBLH  and  these  two  physical  parameters  (Table  1 and Table  2)
based on  the  diurnal  cycle  in  the  four  seasons  for  different  latit-
udes over  land and ocean;  the  numbers  in  bold  indicate  correla-
tions  that  are  significant  at  the  95%  or  greater  confidence  level.
For  almost  the  whole  region  (except  the  SH  region  due  to  no
available data) over land, the PBLH shows two coincidently statist-
ically  significant  correlations  in  all  seasons:  a  positive  correlation
with the near-surface temperature and a negative correlation with
the RH.  This finding is consistent with the results of PBLH studies
over the US and Europe by Seidel et al. (2012) and Zhang YH et al.
(2013). These correlations suggest that, for most of these regions,
on a daily scale, a lower near-surface RH and higher Tsfc will signal
a higher PBLH. However, it is noteworthy that for most coastal sta-
tions or stations on islands, more complicated physical processes

will  influence  the  PBLH,  such  as  sea  fog  (Zhang  YH  and  Li  SY,

2019). Liu Y et al. (2016) also noted that different cloud types have

different  albedos  and  will  influence  the  marine  boundary  layer

height (MBLH).

3.3  Trends in the PBLH at Each Hour
Figures 10 and 11 show long-term trends from 1973 to 2017 in the

median PBLHs at each of the 24 hours,  over land and oceans,  re-

spectively. A solid circle indicates that trends are significant at the

95% or greater confidence level.  A value greater than 0 indicates

an increasing trend, and a value less than 0 indicates a decreasing

trend.  PBLH  trends  were  determined  using  data  from  only  those

stations for which a minimum of 30 years of data were available at

the  given  hour.  Therefore,  only  in  the  NM  and  NH  regions  over

land  are  trends  available  for  most  hours  of  the  day;  the  stations

over oceans in the Northern Hemisphere provided sufficient data

to obtain trends over the full 24-hour day.

In  general,  there  was  no  significant  trend  in  the  nighttime  PBLH

for almost all the studied latitudes over both land and ocean sur-

faces,  which  is  consistent  with  the  nighttime  trends  over  Europe

reported by Zhang YH et al. (2013). For stations in the NM and NH

regions over land, however, the daytime PBLH exhibits a statistic-

ally  significant  increasing  trend  over  these  years  at  most  hours

between 12:00 LT and 18:00 LT. The largest increasing trend in the

daytime PBLH occurs at 15:00 LT in the NM region, at a rate of 34.7
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Figure 8.   Same as Figure 7, but for stations over oceans.
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Figure 9.   The diurnal cycle of the averaged near-surface relative humidity (RH) (the upper row) and near-surface temperature (Tsfc) (the lower

row) over oceans (the right panel) and land (the left panel) in the middle latitudes of the Northern Hemisphere (NM).

Table 1.   Correlation coefficients between the PBLH and two physical parameters (surface temperature and surface relative humidity) over land.
Bold figures are significant at the 95% confidence level or greater.

Latitude Zone (Land)
December–February (DJF) March–May (MAM) June–August (JJA) September–November (SON)

RH Tsfc RH Tsfc RH Tsfc RH Tsfc

EN −0.64 0.60 −0.78 0.42 −0.88 0.29 −0.92 0.54

NL −0.39 0.81 −0.42 0.75 −0.38 0.83 −0.48 0.82

NM −0.71 0.66 −0.74 0.83 −0.51 0.91 −0.59 0.84

NH 0.51 0.69 −0.69 0.50 −0.85 0.73 −0.32 0.72

ES −0.70 0.38 −0.64 −0.26 −0.65 0.03 −0.70 0.26

SL −0.62 0.77 −0.74 0.80 −0.59 0.65 −0.66 0.81

SM −0.72 0.76 −0.50 0.74 −0.32 0.67 −0.38 0.56

SH − − − − − − − −

Table 2.   Same as Table 1, but for stations over oceans.

Latitude Zone (Ocean)
December–February (DJF) March–May (MAM) June–August (JJA) September–November (SON)

RH Tsfc RH Tsfc RH Tsfc RH Tsfc

EN −0.83 0.87 −0.85 0.89 −0.57 0.70 −0.84 0.86

NL −0.72 0.83 −0.42 0.60 −0.35 0.46 −0.55 0.74

NM −0.77 0.52 −0.88 0.77 −0.81 0.70 −0.82 0.83

NH 0.84 0.43 −0.33 0.55 −0.52 0.45 0.05 0.50

ES −0.71 0.84 −0.89 0.96 −0.76 0.36 −0.85 0.34

SL −0.55 0.61 −0.47 0.45 −0.15 0.60 −0.62 0.74

SM −0.82 0.79 −0.85 0.73 −0.91 0.46 −0.86 0.78

SH −0.53 0.77 −0.16 0.04 0.08 0.10 −0.44 0.56
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m·a−1.  The trends of daytime PBLH in the NM regions are slightly
larger  than  those  in  the  NH  regions.  The  increasing  trend  in  the
daytime PBLH is  consistent  with the results  from Zhang YH et  al.
(2013) for  Europe.  The  daytime  PBLHs  over  ocean,  compared  to
those over  land,  are  increasing  with  a  greater  statistical  signific-
ance, not only in the Northern Hemisphere but also the Southern
Hemisphere; in the NM region, the maximum increasing trend oc-
curs,  as  above  land,  at  15:00  LT,  at  a  rate  of  about  16.0  m·a−1,
which is much lower than that of the increase over land. Figure 12
presents a map of the PBLH trend at 12:00 UTC from 1973 to 2017
at each station. Symbols outlined in thick black lines indicate val-
ues that are statistically significant at the 95% confidence level or
greater.  The  local  time  at  each  station  is  shown  at  the  bottom.
Data  from  most  stations  in  the  daytime  confirm  that  the  12:00
UTC PBLH exhibits an increasing trend over these years. The map
of the 00:00 UTC PBLH trend shows a similar pattern:  no obvious
trend found at  those stations at  night but increasing trends con-
sistently  found at  those stations  in  the daytime.  The increases  of
daytime  PBLH  may  be  associated  with  the  increases  of  near-sur-
face temperature and decreases of near-surface relative humidity.
However, according to the previous literatures (Bates and Jackson,
2001; Santer et al.,  2014; Rinke et al.,  2019), the trends in the tro-
pospheric temperature and humidity might be different at region-
al  scale.  In  addition,  the  increase  of  greenhouse  gases  and  soil
moisture heterogeneity  might  also  be  contributing  to  the  ob-
served increasing trend. Therefore, the detailed mechanisms driv-
ing increases in daytime PBLHs need further investigation.

4.  Conclusion
In this paper, global diurnal variations in the PBLH at different lat-

itudes over two surface characteristics (land and ocean) based on

radiosonde observations from 1973 to 2017 are investigated.  We

use the BRN method to estimate boundary layer height, and com-

pare the results with those of the parcel method and of the poten-

tial  temperature gradient method. In general,  the BRN method is

found  to  represent  satisfactorily  the  height  of  the  CBL  and  NRL

cases, but to have a relatively large uncertainty in the SBL cases.

The global patterns of median PBLHs at 00:00 UTC and 12:00 UTC

respectively, are consistent with results derived from reanalysis of

the  ECMWF  data  by Von  Engeln  and  Teixeira  (2013),  as  well  as

with regional results over the US and Europe reported by Seidel et

al. (2012). The PBLH is high at those stations where observational

times  are  around  noon  and  stays  low  at  night.  In  addition,  the

PBLH decreases poleward in the daytime.

Regarding the diurnal variations in the global PBLH, we studied 8

regions:  high  latitudes  (NH:  60°N−70°N,  SH:  60°S−70°S),  middle

latitudes  (NM:  30°N−40°N,  SM:  30°S−40°S),  low  latitudes  (NL:

20°N−30°N,  SL:  20°S−30°S),  and  the  equator  (EN:  0°N−10°N,  ES:

0°S−10°S) in  the  Northern  Hemisphere  (N)  and  Southern  Hemi-

sphere  (S)  over  two  surface  characteristics  (land  and  ocean).  In

general,  the diurnal cycles of the PBLH over land and over ocean

are quite different. For stations over land, the PBLH shows an ap-

parent  diurnal  cycle,  with  a  distinct  maximum  around  15:00  LT;
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Figure 10.   Trends of median PBLH over land at all 24 hours over the 45-year period from 1973 to 2017 in the Northern (a, b, c, d) and Southern

(e, f, g, h) Hemispheres. Solid circles indicate that trends are significant at the 95% confidence level or greater.
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Figure 11.   Same as Figure 10, but for stations over ocean.
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Figure 12.   Map of the 12:00 UTC PBLH trend between 1973 and 2017 at each station. Symbols with thick black lines indicate that trends are

significant at the 95% confidence level or greater.
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this  conclusion  is  consistent  with  previous  literature  (Liu  SY  and

Liang XZ, 2010; Chu YQ et al., 2019). In the Northern Hemisphere,

the  nighttime  PBLH  (from  19:00  LT  to  07:00  LT)  stays  low

(< 500 m); the PBLH, rises slowly from 07:00 to 15:00 LT, and then

falls relatively steeply from 15:00 to 19:00 LT (17:00 to 19:00 LT for

the NM region), with values around noon that are generally high-

er  than 1000 m.  As  compared  with  land,  the  PBLHs  over  oceans

are much lower and their diurnal cycles are quite mild.

The  seasonal  variations  in  the  median  PBLH  diurnal  cycles  over

land and ocean are different. In general, for both hemispheres, ex-

cept  for  the  areas  around  the  equator,  the  daytime  PBLH  over

land shows an apparent seasonal cycle, with higher values in sum-

mer and lower values in winter. Over oceans, however, the PBLHs

in both hemispheres show less seasonal variation than over land,

either  in  the daytime or  at  night,  and the differences among the

four seasons are relatively small  for  most studied regions,  except

for the high latitudes. The diurnal cycle in the median PBLH seems

to have a close relationship with changes in the near-surface tem-

perature  and RH.  According  to  our  correlation  analysis,  for  most

studied  regions  during  the  four  seasons,  on  a  daily  scale  lower

near-surface RHs and higher temperatures appear to signal high-

er  PBLHs.  The  large  thermal  capacity  of  oceans  may  explain  to

some extent  the  fact  that  the  PBLH  over  oceans  shows  less  sea-

sonal  variations than that  over  land.  We note that  data collected

at  most  coastal  and  island  stations  will  reflect  more  complicated

physical processes that will influence the observed PBLH.

Trends  in  the  median  PBLH  at  all  24  hours  over  land  and  ocean

were also studied. In general, there was no significant trend in the

nighttime PBLH for almost all the studied latitudes over both land

and  ocean,  which  is  consistent  with  findings  of  previous  studies.

In contrast, the daytime PBLH exhibits a statistically significant in-

creasing trend at most hours between 12:00 LT and 18:00 LT over

both  land  and  oceans  in  most  latitudes.  The  increasing  trends

over  land  are  generally  larger  than  those  over  ocean.  Whatever

the  cause(s)  of  these  trends  toward  increasing  daytime  PBLHs,

natural  factors  or  human activities,  the  trends  are  important  and

worthy of increased attention.

Radiosonde profiles have been a reference for other datasets, and

the results of the PBLH diurnal cycle at different latitudes over dif-

ferent  surface  characteristics  improve  our  understanding  of  the

development  processes  of  the  PBL.  Overall,  our  findings  reveal

that the diurnal variations in the PBLH are different from region to

region and also different  over  land and oceans.  Although associ-

ations with  the  near-surface  temperature  and  humidity  are  dis-

cussed in this paper, further detailed analyses are still needed.
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