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Abstract. Weather Research and Forecasting (WRF) single-column model simulations were performed in the
late summer of 2012 in order to analyse the diurnal changes of the planetary boundary layer (PBL). Five PBL
schemes were tested with the WRF. From the radiometer and wind-profiler measurements at one station, de-
rived PBL heights were also compared to the simulations. The weather conditions during the measurement
period proved to be dry; the soil moisture was below wilting point 85 percent of the time. Results show that
(1) simulation-based PBL heights are overestimated by about 500–1000 m with respect to the observation-based
PBL heights, and (2) PBL height deviations between different observation-based methods (around 700 m in
the midday) are comparable with PBL height deviations between different model schemes used in the WRF
single-column model. The causes of the deviations are also discussed. It is shown that in the estimation of the
PBL height the relevance of the atmospheric profiles could be as important as the relevance of the estimation
principles.

1 Introduction

In the last decade the importance of planetary boundary layer
(PBL) modelling has increased since high-resolution models
require proper description of turbulence. Up until today sev-
eral PBL schemes have been implemented into the single-
column models (e.g.Holt and Raman, 1988; Cuxart et al.,
2006; Svensson et al., 2011) or in numerical weather (e.g.
Steeneveld et al., 2008; Shin and Hong, 2011; Xie et al.,
2012) or climate (e.g.Engeln and Teixeira, 2013) prediction
systems. In spite of growing interest, studies focusing on the
daily cycle of PBL height are rare (e.g.Hernández-Ceballos
et al., 2012). This study intends to bridge this gap giving a de-
tailed analysis of the daily cycle of PBL height in a hot sum-
mer period during 2012 in the Carpathian Basin. Observed
and Weather Research and Forecasting (WRF)-simulated at-
mospheric profiles together with different PBL height esti-
mating methods are used and compared in evaluating the
diurnal course.

2 Model

The simulations were carried out with the WRF 3.4.1 (Ska-
marock et al., 2008) single-column model (SCM). The SCM
was used in a 1 km domain with 60 levels. Simulation time
was 48 h, with a 5 s time step, from which the last 24 h
were analysed. This model setup was performed for each
day during the analysis. The Noah LSM (Chen and Dud-
hia, 2001) was used as the land surface scheme with four
soil layers. The following main physical parameterisations
were used: RRTM (rapid radiative transfer model) (Mlawer
et al., 1997) for radiation transfer, WSM (WRF Single Mo-
ment) five-class for cloud microphysics (Hong et al., 2004),
and the cumulus convection was calculated explicitly. The at-
mosphere of the SCM model was initialised at 00:00 UTC by
radiosounding measurements. Advection is calculated as the
model uses a 3× 3 grid, but only the middle grid represents
the results. Measurement-driven or 3-D-model-driven advec-
tion forcing was turned off. In the model the wind component
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Figure 1. Location of the upper air observatory and the soil mea-

surement sites.

cies and advection calculation is based on Ghan et al. (2000)36

following the work of Randall and Cripe (1999). As such, an37

upstream advection scheme is used in the model, in which38

the tendencies are determined with an advective time scale39

defined as the ratio of horizontal domain size and average40

measured/initial wind speed. Without outside wind forcing,41

this advective time scale is responsible for the wind and ad-42

vection tendency. The required soil temperature was taken43

from the GFS, at the same time measurements were used for44

soil moisture as there no measurements were available.45

3 Measurements46

Radiometer and windprofiler measurements were also used47

in evaluating the diurnal course of PBL height. The lowest48

measurement height of the windprofiler is around 154 m,49

data are available at every next 220 m until a height of 3–50

4 km. The radiometer measurements are set to every 50 m51

until a height of 500 m, from there to a height of 2000 m52

the measurement step is doubled, and from 2000 m to 1000053

m the step is 250 m. Radiosonde measurements at 00 UTC54

for initializing the SCM were also conducted at the observa-55

tory operated by the Hungarian Meteorological Service. Soil56

moisture measurements were conducted at depths of 10–4057

cm and 40–70 cm in the vicinity of the observatory at five58

sites (Fig. 1). At the sites marked by a circle the soil texture59

is sand, and at the others it is loam. All of the sites had dif-60

ferent cultivations: oat, alfalfa, maize, sunflower and grass61

(maximum leaf area index: 3, 2, 3.5, 2.5 and 2 m2m−2, re-62

spectively). All measurements refer to the period 06 July –63

08 October 2012. The area around observatory was excep-64

tionally dry until mid-September; the soil moisture was usu-65

ally below wilting point except on about 10 days when local66

showers occurred at various sites.67

4 PBL schemes68

4.1 WRF Single Column Model69

Using the SCM, 5 fundamentally different schemes were70

tested (Table 1). The Yonsei University (YSU, Hong et al.,71

2006; Hong, 2010) model and the Asymmetric Convective72

Model 2 (ACM2, Pleim, 2007) are mainly non-local mix-73

ing schemes, but the latter changes the calculations in stable74

conditions to local mixing. In both models, the same bulk75

Richardson number formalism is used, but the approaches76

are somewhat different. The critical Ri-number in the case of77

YSU is 0.25 under stable and 0 under unstable conditions,78

while in the ACM2 it is defined as 0.25. Also in case of YSU79

the whole atmospheric profile is searched through for the80

critical values, while in case of ACM2 in unstable conditions81

the bulk Ri method is only used over the entrainment layer.82

The Mellor-Yamada-Janjic (MYJ, Janjic, 1990, 2002), the83

Quasi-Normal-Scale-Elimination (QNSE, Sukoriansky et al.,84

2005) and the Bougeault-Lacarrére (BouLac, Bougeault and85

Lacarrère, 1989) schemes predict the turbulent kinetic energy86

(TKE) in every model level and step and have a one-and-a-87

half-order closure theory in the treatment of turbulence. The88

QNSE is based on the MYJ scheme but has improved mix-89

ing in stable conditions. In the MYJ and QNSE models the90

PBL height is defined where the turbulence disappears, this is91

determined from TKE, where the critical TKE drops below92

0.202 m2s−2. In the BouLac scheme, a more measurement-93

oriented approach, the parcel method is used to define the94

PBL height.95

4.2 PBL height estimation from measurements96

The estimation of PBL height has many forms depending on97

the measurements available (Seibert et al., 1997). Five meth-98

ods were applied to radiometric and windprofiler measure-99

ments in order to check variability of the estimations (Ta-100

ble 2). Methods applied based on the calculation of potential101

temperature (Θ) are: André and Mahrt (1982), hereinafter:102

PTMG and, naturally, the parcel method. Based on the turbu-103

lent nature of the mixing layer, the bulk Richardson number104

(Ribulk) was also estimated for defining PBL height, where105

the critical value was chosen as 0.25. Apart from these meth-106

ods, a virtual temperature-based method (Matyasovszky and107

Weidinger, 1998, hereinafter: MW method) was also chosen.108

In this case the PBL height is defined where the average gra-109

dient of virtual temperature in the PBL is equal to 0.0095 K110

m−1 and the gradient at the PBL top is equal to 0.008 K m−1.111

The constants were statistically derived from radiosounding112

measurements. The windprofiler measurements allowed the113

use of height-corrected (Lee and Kawai, 2011) signal-to-114

noise ratio (SNR) to define the top of the PBL as the maxi-115

mum of SNR (Angevine et al., 1994). This method was mod-116

ified when stable stratification was found with radiometric117

measurements; the maximum was searched for only as long118

as the SNR increased with height.119
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Figure 1. Location of the upper air observatory and the soil measurement sites.

tendencies and advection calculation are based onGhan et al.
(2000) following the work ofRandall and Cripe(1999). As
such, an upstream advection scheme is used in the model,
in which the tendencies are determined with an advective
timescale defined as the ratio of horizontal domain size and
average measured/initial wind speed. Without outside wind
forcing, this advective time scale is responsible for the wind
and advection tendency. The required soil temperature was
taken from the Global Forecast System. At the same time
measurements were used for soil moisture as no measure-
ments were available there.

3 Measurements

Radiometer and wind-profiler measurements were also used
in evaluating the diurnal course of PBL height. The lowest
measurement height of the wind profiler is around 154 m.
Data are available at every next 220 m until a height of 3–
4 km. The radiometer measurements are set to every 50 m
until a height of 500 m. From there to a height of 2000 m,
the measurement step is doubled, and from 2000 to 10 000 m
the step is 250 m. Radiosonde measurements at 00:00 UTC
for initialising the SCM were also conducted at the observa-
tory operated by the Hungarian Meteorological Service. Soil
moisture measurements were conducted at depths of 10–40
and 40–70 cm in the vicinity of the observatory at five sites
(Fig. 1). At the sites marked by a circle, the soil texture is
sand, and at the others it is loam. All of the sites had different
cultivations: oat, alfalfa, maize, sunflower and grass (max-
imum leaf area index: 3, 2, 3.5, 2.5 and 2 m2 m−2, respec-
tively). All measurements refer to the period 6 July–8 Oc-
tober 2012. The area around observatory was exceptionally
dry until mid-September; the soil moisture was usually be-
low wilting point except on about 10 days when local show-
ers occurred at various sites.

4 PBL schemes

4.1 WRF single-column model

Using the SCM, five fundamentally different schemes were
tested (Table1). The Yonsei University (YSU,Hong et al.,
2006; Hong, 2010) model and the Asymmetric Convective
Model 2 (ACM2, Pleim, 2007) are mainly non-local mix-
ing schemes, but the latter changes the calculations in stable
conditions to local mixing. In both models, the same bulk
Richardson number formalism is used, but the approaches
are somewhat different. The critical Ri number in the case of
YSU is 0.25 under stable and 0 under unstable conditions,
while in the ACM2 it is defined as 0.25. Also in case of YSU
the whole atmospheric profile is searched through for the
critical values, while in case of ACM2 in unstable conditions
the bulk Ri method is only used over the entrainment layer.
The Mellor–Yamada–Janjić (MYJ, Janjíc, 1990, 2002), the
quasi-normal scale elimination (QNSE,Sukoriansky et al.,
2005) and the Bougeault–Lacarrère (BouLac,Bougeault and
Lacarrère, 1989) schemes predict the turbulent kinetic energy
(TKE) in every model level and step and have a 1.5-order
closure theory in the treatment of turbulence. The QNSE is
based on the MYJ scheme but has improved mixing in stable
conditions. In the MYJ and QNSE models the PBL height is
defined where the turbulence disappears. This is determined
from TKE, where the critical TKE drops below 0.202 m2 s−2.
In the BouLac scheme, a more measurement-oriented ap-
proach, the parcel method is used to define the PBL height.

4.2 PBL height estimation from measurements

The estimation of PBL height has many forms depending on
the measurements available (Seibert et al., 1997). Five meth-
ods were applied to radiometric and wind-profiler measure-
ments in order to check variability of the estimations (Ta-
ble 2). Methods applied based on the calculation of poten-
tial temperature (2) are André and Mahrt(1982) – here-
inafter PTMG – and, naturally, the parcel method. Based on
the turbulent nature of the mixing layer, the bulk Richardson
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Table 1. Main physical features of the PBL parameterisations used in the WRF-SCM model (YSU – Yonsei University, MYJ – Mellor–
Yamada–Janjić, QNSE – quasi-normal scale elimination, ACM2 – Asymmetric Convective Model 2, BouLac – Bougeault–Lacarrère).

Scheme
Mixing

Order of PBL height Critical
abbreviations closure determination value

YSU non-local 1 bulk Ri
bulk Ricr = 0.25 – stable
bulk Ricr = 0 – unstable

MYJ local 1.5 TKE TKEcr = 0.202 m2 s−2

QNSE local 1.5 TKE TKEcr = 0.202 m2 s−2

ACM2
non-local in unstable,

1 bulk Ri bulk Ricr = 0.25
local in stable conditions

BouLac local 1.5 parcel method –

Table 2. Basic characteristics of the PBL height estimations applied
to the measurements (PTMG – maximum gradient of potential tem-
perature, MW –Matyasovszky and Weidinger(1998), RI – critical
bulk Richardson number, SNR – maximum of signal-to-noise ratio).

Scheme PBL height Critical
abbreviations determination value

PTMG
potential maximum
temperature gradient

Parcel potential
2 = 2surfacemethod temperature

MW
virtual gradTv = 0.0095 K m−1

temperature gradTv at PBL top
(Tv) = 0.008 K m−1

RI bulk Ri number bulk Ricr = 0.25

SNR- signal-to-
maximum of SNR

lability noise ratio

number (Ribulk) was also estimated for defining PBL height,
where the critical value was chosen as 0.25. Apart from these
methods, a virtual temperature-based method (Matyasovszky
and Weidinger, 1998, hereinafter: MW method) was also
chosen. In this case the PBL height is defined where the av-
erage gradient of virtual temperature in the PBL is equal to
0.0095 K m−1 and the gradient at the PBL top is equal to
0.008 K m−1. The constants were statistically derived from
radiosounding measurements. The wind-profiler measure-
ments allowed the use of height-corrected (Lee and Kawai,
2011) signal-to-noise ratio (SNR) to define the top of the
PBL as the maximum of SNR (Angevine et al., 1994). This
method was modified when stable stratification was found
with radiometric measurements; the maximum was searched
for only as long as the SNR increased with height.
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Figure 2. Average (July–September, 2012) diurnal course of PBL

height derived from windprofiler and radiometer measurements.
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Figure 3. Average (July–September, 2012) diurnal course of PBL

height using WRF-SCM model.

can also be seen for the YSU and MYJ simulation. Up untill176

about 2300 m the Ri profile shows a weak turbulence where it177

reaches the Ricr=0. Even though a small mixing can be found178

in the next 200 m, the Ri shows constant stable stratification179

from 2500 m. In the MYJ simulations the TKE is maximal180

at 1000 m and decreasing from there untill about 3000 m.181

In studies where seasonal or annual averages are considered182

usually the average YSU PBL heights are higher than the183

MYJ ones (e.g., Hu et al., 2010; Coniglio et al., 2013). In184

the CASES-99 campaign for stably stratified, mostly cloud-185

less days the results are the same (Svensson et al., 2011) with186

SCM models, but the results are on the contrary when an un-187

stable day is chosen (Shin and Hong, 2011) in a full WRF188

system. In our simulations most of the days were cloud-189

less and unstably stratified. On days when the atmosphere190

was stably stratified, the YSU simulations gave higher PBL191

heights than the MYJ. Therefore we suppose that the differ-192

ences are a result of different atmospheric stratification.193

6 Conclusions194

PBL height diurnal variations were estimated at the observa-195

tory of the Hungarian Meteorological Service from radiome-196

ter and windprofiler measurements as well as by WRF-SCM197

model. Three-month diurnal averages were calculated over198

the summer drought period. The main results are as fol-199

lows: 1) Around noon, the simulation based PBL heights200

(range: 2400–3000 m) were always higher than the observa-201

tion based PBL heights (range: 1300–2000 m), which can be202

a result of the difference between the measured and the sim-203

ulated temperatures. 2) Around noon, the scatter of the PBL204

heights obtained by observation based methods (Fig. 2, about205

700 m) is comparable with the scatter of the PBL heights206

obtained by simulation based methods (Fig. 3, 500–700 m).207

3) The enormous scatter of PBL height diurnal courses is208

generated by the differences between the estimation princi-209

ples and by the differences between the atmospheric profiles210

estimated by simulation or observation tools. The results of211

the analysis suggest that the atmospheric profile differences212

could be as important as the estimation principle differences.213
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Figure 2. Average (July–September, 2012) diurnal course of PBL
height derived from wind-profiler and radiometer measurements.

5 Results

5.1 Averaged diurnal PBL heights

Considering the 3-month averages of diurnal course, meth-
ods incorporating potential temperature gradient and RI
show a plateau-like behaviour (Fig.2). In those cases the
maximum PBL height changes between 1200 and 1500 m
for several hours with minimal changes. The gradual incre-
ment and sudden change are obtained from stratification-
dependent SNR and the MW (Matyasovszky and Weidinger,
1998) method. The highest average PBL height from mea-
surements is around 2000 m in the case of the MW and parcel
method. While the parcel method gives a bell-shaped curve
with a maximum at 12:00 UTC, with the MW and SNR meth-
ods this is found at around 14:00 UTC. Between the two most
used methods (RI and parcel), the difference is about 600 m
on average. The greatest increasing rate in PBL height evolu-
tion is found between 04:00 and 05:00 UTC with the PTMG
and MW method, followed by the parcel method at around
06:00 UTC, the RI and the SNR method at 08:00 UTC.

The PBL height estimations obtained by WRF-SCM
(Fig. 3) can be divided into two groups: one group is formed
by MYJ and QNSE while the other by YSU, ACM2 and
BouLac. MYJ and QNSE estimate the PBL height about
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can also be seen for the YSU and MYJ simulation. Up untill176

about 2300 m the Ri profile shows a weak turbulence where it177

reaches the Ricr=0. Even though a small mixing can be found178

in the next 200 m, the Ri shows constant stable stratification179

from 2500 m. In the MYJ simulations the TKE is maximal180

at 1000 m and decreasing from there untill about 3000 m.181

In studies where seasonal or annual averages are considered182

usually the average YSU PBL heights are higher than the183

MYJ ones (e.g., Hu et al., 2010; Coniglio et al., 2013). In184

the CASES-99 campaign for stably stratified, mostly cloud-185

less days the results are the same (Svensson et al., 2011) with186

SCM models, but the results are on the contrary when an un-187

stable day is chosen (Shin and Hong, 2011) in a full WRF188

system. In our simulations most of the days were cloud-189

less and unstably stratified. On days when the atmosphere190

was stably stratified, the YSU simulations gave higher PBL191

heights than the MYJ. Therefore we suppose that the differ-192

ences are a result of different atmospheric stratification.193
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model. Three-month diurnal averages were calculated over198

the summer drought period. The main results are as fol-199

lows: 1) Around noon, the simulation based PBL heights200

(range: 2400–3000 m) were always higher than the observa-201

tion based PBL heights (range: 1300–2000 m), which can be202

a result of the difference between the measured and the sim-203

ulated temperatures. 2) Around noon, the scatter of the PBL204

heights obtained by observation based methods (Fig. 2, about205

700 m) is comparable with the scatter of the PBL heights206

obtained by simulation based methods (Fig. 3, 500–700 m).207

3) The enormous scatter of PBL height diurnal courses is208

generated by the differences between the estimation princi-209
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height using the WRF-SCM model.

500 m higher than the other schemes during daytime. MYJ
and QNSE are also somewhat different: these differences
reach about 200 m around 14:00 UTC, and they are still
greater between 14:30 and 16:30 UTC. Note that the differ-
ences between the two groups are greater in the nighttime
than in the daytime period.

5.2 The importance of atmospheric profiles and the
estimation principles

The scatter of PBL height diurnal courses, irrespective
of simulations or observations used, is considerably high:
around noon between 1300 and 3000 m, in the midnight be-
tween few tens of metres and about 1500 m. These enormous
variations are caused by both the differences in the estima-
tion principles and the differences in the atmospheric profiles
used. The relevance of atmospheric profiles will be demon-
strated in the comparison of measurement/MYJ/YSU poten-
tial temperature profiles (Fig.4), while the relevance of the
estimation principles used in different methods will be shown
comparing the TKE/Ri profiles (Fig.5). Considering the pro-
file of 2 it can be said that the simulations were warmer at
the surface with about 4 K, which is not surprising given the
conditions of the simulations. However the measured profile
shows about a 3.5 K decrease in the surface layer which is
about 300 m thick, while in simulation the decrease is only
0.5 K in the same distance. Furthermore, while in the sim-
ulations, the profile barely changes in the mixed layer, the
measurements show considerable fluctuation. The2 profile
shows a stable stratification from around 1300, 2500 and
2900 m in case of measurement and the simulations (YSU,
MYJ), respectively. The PBL height estimated with the par-
cel method is 1650, 2130 and 2488 m, respectively. How-
ever the model simulations put the PBL height to 2188 and
3087 m in case of YSU and MYJ because the determination
principle is different (Fig.5). In Fig.5, the calculated bulk Ri
number and TKE profiles can also be seen for the YSU and
MYJ simulation. Up until about 2300 m the Ri profile shows
a weak turbulence where it reaches Ricr = 0. Even though a
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102, 219–237, 1998.283

Mlawer, E.J., Taubman, S.J., Brown, P.D., Iacono, M.J. and Clough,284

S.A.: Radiative transfer for inhomogeneous atmosphere: RRTM,285

a validated correlated-k model for the longwave, J. Geophys.286

Res., 102 (D14), 16663–16682, 1997.287

Pleim, J.E.: A combined local and nonlocal closure model for the at-288

mospheric boundary layer. Part I: Model description and testing,289

J. Appl. Meteorol. Clim., 46, 1383–1395, 2007.290

Randall, D.A., and Cripe, D.G.: Alternative methods for specifica-291

tion of observed forcing in single-column models and cloud sys-292

tem models. J. Geophys. Res., 104(D20), 24,527–24,545, 1999.293

Seibert, P., Beyrich, F., Gryning, S.E., Joffre, S., Rasmussen, A.294

and Tercier, P.: Mixing height determination for dispersion295

modelling. In: COST Action 710 Harmonization of the pre-296

processing of meteorological data for atmospheric dispersion297

models, Final Report EUR 18195 EN, Report of Working Group298

2, 121 pp., 1997.299

Shin, H.H., and Hong, S.Y.: Intercomparison of planetary boundary-300

layer parametrizations in the WRF model for a single day from301

CASES-99, Bound-Lay. Meteorol, 139, 261–281, 2011.302

Skamarock, W.C., Klemp, J.B., Dudhia, J., Gill, D.O., Barker, D.M.,303

Duda, M., Huang, X.-Y., Wang W. and Power, J.G.: A descrip-304

tion of the Advanced Research WRF Version 3. NCAR Technical305

Note, NCAR/Tech Notes-475+STR, 125 pp., 2008.306

Steeneveld, G.J., Mauritsen, T., de Bruijn, E.I.F., de Arellano,307

J.V.G., Svensson, G., and Holtslag, A.A.M.: Evaluation of308

limited-area models for the representation of the diurnal cycle309

and contrasting nights in CASES-99, J. Appl. Meteorol. Clim.,310

47, 869–887, 2008.311

Sukoriansky, S., Galperin, B. and Perov, V.: Application of a new312

spectral theory of stable stratified turbulence to the atmospheric313

boundary layer over sea ice, Bound.-Lay. Meteorol., 117, 231–314

257, 2005.315

Svensson, G., Holtslag, A.A.M., Kumar, V., Mauritsen, T., Steen-316

eveld, G.J., Angevine, W.M., Bazile, E., Beljaars, A., de Bruijn,317

E.I.F., Cheng, A., Conangla, L., Cuxart, J., Falk, M.J., Larson,318

V.E., Mailhot, J., Masson, V., Park, S., Pleim, J. and Söderberg,319
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Figure 5. Simulated turbulent kinetic energy (MYJ) and calculated
bulk Richardson number (YSU) profile and simulated PBL heights
(dashed lines) on 17 July 2012 at 12:00 UTC.

small mixing can be found in the next 200 m, the Ri shows
constant stable stratification from 2500 m. In the MYJ simu-
lations the TKE is maximal at 1000 m and decreasing from
there until about 3000 m. In studies where seasonal or an-
nual averages are considered, usually the average YSU PBL
heights are higher than the MYJ ones (e.g.Hu et al., 2010;
Coniglio et al., 2013). In the CASES-99 campaign for sta-
bly stratified, mostly cloudless days, the results are the same
(Svensson et al., 2011) with SCM models, but the results are
on the contrary when an unstable day is chosen (Shin and
Hong, 2011) in a full WRF system. In our simulations most
of the days were cloudless and unstably stratified. On days
when the atmosphere was stably stratified, the YSU simula-
tions gave higher PBL heights than the MYJ. Therefore we
suppose that the differences are a result of different atmo-
spheric stratification.
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6 Conclusions

PBL height diurnal variations were estimated at the obser-
vatory of the Hungarian Meteorological Service from ra-
diometer and wind-profiler measurements as well as by
the WRF-SCM model. Three-month diurnal averages were
calculated over the summer drought period. The main re-
sults are as follows: (1) around noon, the simulation-based
PBL heights (range: 2400–3000 m) were always higher than
the observation-based PBL heights (range: 1300–2000 m),
which can be a result of the difference between the measured
and the simulated temperatures. (2) Around noon, the scatter
of the PBL heights obtained by observation-based methods
(Fig. 2, about 700 m) is comparable with the scatter of the
PBL heights obtained by simulation-based methods (Fig.3,
500–700 m). (3) The enormous scatter of PBL height diur-
nal courses is generated by the differences between the esti-
mation principles and by the differences between the atmo-
spheric profiles estimated by simulation or observation tools.
The results of the analysis suggest that the atmospheric pro-
file differences could be as important as the estimation prin-
ciple differences.
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