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ABSTRACT
Here, we present the climatology of the planetary boundary layer depth in 18 contemporary general circulation models (GCMs) in simulations of the late-twentieth-century climate that were part of phase 5 of the
Coupled Model Intercomparison Project (CMIP5). We used a bulk Richardson methodology to establish the
boundary layer depth from the 6-hourly synoptic-snapshot data available in the CMIP5 archives. We present
an ensemble analysis of the climatological mean, diurnal cycle, and seasonal cycle of the boundary layer depth
in these models and compare it to the climatologies from the ECMWF ERA-Interim reanalysis. Overall, we
find that the CMIP5 models do a reasonably good job of reproducing the distribution of mean boundary layer
depth, although the geographical patterns vary considerably between models. However, the models are biased toward weaker diurnal and seasonal cycles in the boundary layer depth and generally produce much
deeper boundary layers at night and during the winter than are found in the reanalysis. These biases are likely
to reduce the ability of these models to accurately represent other properties of the diurnal and seasonal
cycles, and the sensitivity of these cycles to climate change.

1. Introduction
The planetary boundary layer (PBL) depth is a very
important quantity within the climate and climate
models. The PBL governs the turbulent exchange of
heat, moisture, carbon, momentum, and aerosols between the surface and the atmosphere. The depth of the
PBL is also a controlling factor in determining the nearsurface concentration of pollutants (Arya 1999; Akimoto
2003; Quan et al. 2014) and heat (Oke 1976, 1995; Davy
and Esau 2016). It has been shown that the parameterization of turbulence within different PBL schemes can
strongly affect the surface climate in numerical weather
prediction and climate models, as well as the sensitivity
of the model climate to changes in external forcing
(Garratt 1993; Holtslag and Boville 1993; Esau and
Zilitinkevich 2010; Davy and Esau 2016). This has motivated the creation of several model intercomparison
programs that have sought to identify and quantify the
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limitations of existing PBL schemes, most notably the
GEWEX Atmospheric Boundary Layer Studies (GABLS;
Holtslag 2006). There have been several intercomparison
studies within the GABLS framework, ranging from
highly idealized scenarios with prescribed boundary
conditions to more complex scenarios including surface
coupling with comparisons to field observations (Beare
et al. 2006; Svensson et al. 2011; Bosveld et al. 2014a).
These single-column model (SCM) studies have helped
identify the limitations of existing PBL schemes in representing the atmospheric response to surface cooling,
the diurnal cycle, and atmospheric–land surface coupling
(Svensson and Holtslag 2008; Bosveld et al. 2014b).
One of the conclusions from the later GABLS experiments was that the interaction with land surface
schemes has a strong modulating influence on the spread
of the different PBL schemes when compared to their
performance using fixed surface boundary conditions.
This has also been demonstrated using perturbed-physics
experiments on the PBL scheme of the European Centre
for Medium-Range Weather Forecasts (ECMWF) forecast model. Holtslag et al. (2013) showed that the same
change in the PBL scheme for stably stratified boundary layers in two versions of the ECMWF forecast model
led to two very different changes in the wintertime
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climatology of the surface air temperature (SAT). The
authors attributed this to the coupling of the PBL
scheme with the soil hydrology and snow parameterization
schemes, which had been altered between the two different versions of the ECMWF model.
The PBL depth is not just affected by internal parameters and interaction with the land surface but by
the numerous other parameterization schemes that affect the near-surface radiation balance and/or the largescale atmospheric stability. Experiments such as the
perturbed-physics experiment with the ECMWF model
have demonstrated that the interaction between different parameterization schemes can be more important in
determining the changes to the surface climate than are
changes to an individual parameterization scheme. This
is one reason for an assessment of the climatology of the
PBL depth in global climate models. Each global climate model is composed of a unique combination of
schemes describing the physics of the Earth system.
Each model has its own internal climate variability that
is the net result of the interaction of all these parameterization schemes. An assessment of the climatology of
the PBL depth in these models, and how they compare
to observationally constrained climatologies, allows us
to determine if these models are reproducing the observed range and frequency of PBL depths.
Because of its important role in the climate system,
there have been numerous studies that have sought to
determine the climatology of the PBL depth from observations, reanalyses, and climate models (Liu and
Liang 2010; Seidel et al. 2012; Von Engeln and Teixeira
2013; Wang and Wang 2016). There are several challenges to creating a climatology of the PBL depth. For
example, there are the limitations due to sampling frequency. The PBL depth has a strong diurnal cycle over
land and can vary by several kilometers in desert regions, so it is necessary to have a relatively high sampling
frequency to accurately capture the diurnal cycle and
avoid biases in the resultant climatologies. This is a
common problem for observational climatologies such
as those using radiosonde observations because these
are typically only taken a couple of times per day (Seidel
et al. 2010), and they miss the important diurnal transitions in the PBL (Angevine 2008). Therefore, robust
observational climatologies are limited to analysis of
the more detailed studies from field campaigns (Liu
and Liang 2010), although radiosonde observations
have been demonstrated to be useful for assessing longterm trends in PBL depth (Wang and Wang 2016).
While this is a common problem for observational climatologies, this can also be a problem in the assessment
of archived model data as the three-dimensional data
needed for quantification of the PBL depth is often only
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recorded at 6-hourly resolution, as is the case for the
CMIP5 archives.
Another challenge faced in constructing a climatology of the PBL depth is that there are several methods
for estimating the depth of the PBL, and they can all
lead to very different results regardless of whether
they are applied to observations, reanalyses, or climate
models (Seidel et al. 2010; Von Engeln and Teixeira
2013; McGrath-Spangler and Molod 2014; Svensson and
Lindvall 2015). Many of these studies have sought to
quantify the uncertainty in the PBL depth that stems
from the choice of method and have shown that this
can vary considerably between climate classes as well
as within the diurnal and seasonal cycles. As yet, there
is no consensus on the best method for determining
PBL depth, although it has been shown that the bulk
Richardson method is the most consistent method when
comparing models and observations across a range of
conditions and has, therefore, been recommended for
use in application to global climate models (Seidel et al.
2010; McGrath-Spangler and Molod 2014). This method
can capture the relatively shallow layers found under
stable stratification, which is typical of nighttimes and
the high latitudes. It also gives the best match to
observation-based estimates of the PBL depth derived
using radiosonde data.
For the reasons listed above, and due to the limitations
on the availability of the data, we chose to calculate the
PBL depth in the CMIP5 GCMs using a bulk Richardson
methodology. We employed this methodology to calculate
the boundary layer depth at the 6-hourly resolution for the
last 30 years, 1976–2005, of the CMIP5 ‘‘historical’’ simulations for the 18 global climate models for which data were
available on the model-level grid, rather than the pressurelevel grid. We then created climatologies of the diurnal and
seasonal cycles of the PBL depth in these models and
performed an ensemble analysis (mean and spread) of the
18 GCMs under consideration. The major limitation of
using the bulk Richardson methodology is its application to
overocean locations. Here, the method is more likely to
retrieve the marine cloud-base height, which is not necessarily representative of the true mixed-layer depth (Janssen
and Bidlot 2003). For this reason we focus our discussion of
the PBL depth climatology on the overland results.
For the first time, we have quantified the PBL depth in
the full range of CMIP5 models for which sufficient data
are available. In this manuscript we present an ensemble
analysis of the resultant climatologies in the PBL depth.
In section 2 we present the data and methodology behind our calculations of the climatologies; in section 3
we show the climatologies from the individual models
along with the ensemble mean and spread; in section 4
we present the comparison of the ensemble-mean
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TABLE 1. List of models used in the analysis along with the center that produced them, whether or not they have surface wind speed data
available, the vertical and horizontal resolution used in the simulations, and the original reference where the model was first presented.
Expansions of acronyms are available online at http://www.ametsoc.org/PubsAcronymList.

Model name
ACCESS1.0
ACCESS1.3
BCC_CSM1
BCC_CSM1M
CCSM4
CNRM-CM5
FGOALS-g2
GFDL CM3
GFDL-ESM2G
GFDL-ESM2M
HadGEM2-ES
IPSL-CM5A-LR
IPSL-CM5A-MR
MIROC5

MIROC-ESM
MIROC-ESM-CHEM
MRI-CGCM3
NorESM1-M

Center
CSIRO/BOM
CSIRO/BOM
BCC
BCC
NCAR
CNRM
LASG/Center for Earth System
Science (CESS)
GFDL
GFDL
GFDL
Met Office Hadley Centre (MOHC)
IPSL
IPSL
AORI/National Institute for
Environmental Studies (NIES)/
JAMSTEC
JAMSTEC/NIES
JAMSTEC/NIES
MRI
Norwegian Climate Centre (NCC)

climatologies with those derived from a reanalysis
product, ERA-Interim; and finally in section 5 we discuss some of the consistent features of the PBL climatology in the climate models and potential implications
for other aspects of the climate system in these models.

2. Method
The 6-hourly three-dimensional and 3-hourly nearsurface fields for air temperature, humidity, surface sensible heat flux (3-hourly means), and wind speed in the
window 1976–2005 of the historical scenario were acquired
from the CMIP5 results archived by the British Atmospheric Data Center (http://browse.ceda.ac.uk/browse/badc/
cmip5/). To ensure that we had a sufficiently high nearsurface resolution to reasonably capture the shallower
boundary layers with depths of tens or hundreds of meters, we selected only those models for which there was
model-level data available for the atmosphere. There
were a total of 18 models for which model-level data were
available, but only 15 of these models also had nearsurface wind speed data. The details of each model used
in the study are listed in Table 1. For each model we selected only one simulation from the archives, designated
r1i1p1, which is the first realization, initialization, and set
of model physics chosen by the modeling group.
The model vertical and horizontal resolutions are
highly varied with horizontal grid resolutions ranging
from 96 3 96 for IPSL-CM5A-LR to 320 3 160 for the

Surface
wind

Vertical
resolution

Horizontal
resolution

Reference

Yes
Yes
Yes
Yes
No
Yes
No

L38
L38
L26
L26
L26
L31
L26

192 3 145
192 3 145
128 3 64
320 3 160
288 3 192
256 3 128
128 3 60

Bi et al. (2013)
Bi et al. (2013)
Wu et al. (2014)
Wu et al. (2014)
Meehl et al. (2012)
Voldoire et al. (2013)
Li et al. (2013)

Yes
Yes
Yes
Yes
Yes
Yes
Yes

L48
L24
L24
L38
L39
L39
L40

144 3 90
144 3 90
144 3 90
192 3 145
96 3 96
144 3 142
256 3 128

Griffies et al. (2011)
Dunne et al. (2012)
Dunne et al. (2012)
Jones et al. (2011)
Dufresne et al. (2013)
Dufresne et al. (2013)
Watanabe et al. (2010)

Yes
Yes
Yes
No

L80
L80
L48
L26

128 3 64
128 3 64
320 3 160
144 3 96

Watanabe et al. (2011)
Watanabe et al. (2011)
Yukimoto et al. (2012)
Bentsen et al. (2013)

BCC_CSM1.1(m) and MRI-CGCM3 models and vertical resolutions ranging from 24 to 80 levels (Table 1). It
is difficult to predict the impact that these different
model resolutions may have had on the climatologies
calculated here because model resolution affects different processes in different ways. It has been demonstrated in single-column models that improving the
vertical resolution of the model improves the representation of the boundary layer in comparison with
large-eddy simulations (Cuxart et al. 2006). But globally
the climatology of the boundary layer is affected by
many external processes operating on a range of spatial
scales. We do know that minimum resolution requirements exist to capture certain processes important in
the global climate system (Shaffrey et al. 2009; Demory
et al. 2014; Birch et al. 2015) and that while improving
model resolution does not guarantee significant improvements (Johnson et al. 2016), it generally reduces
model biases (Hertwig et al. 2015; Prodhomme et al.
2016; de Souza Custodio et al. 2017). So one might expect that models with a higher resolution will generally
do a better job in representing the climatology of the
PBL depth. However, because of the dependencies on
both local and large-scale forcings, and the degree to
which they differ between models, we cannot make any
such simple extrapolations about the effects of model
resolution in this kind of multimodel ensemble. We did
find that the intermodel differences in vertical resolution
did correlate strongly with the differences in diurnal and
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FIG. 1. The climatological-mean boundary layer depth h (m) from the ensemble mean and the anomalies with respect
to the ensemble mean for each of the models from which the ensemble was comprised.
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FIG. 1. (Continued)

seasonal minima in PBL depths (see the results below),
but there was no such relationship for the climatological
means. Similar tests on the dependency of horizontal
resolution in the models on the resultant PBL climatologies found no significant relationships.
We have compared the intermodel spread in each
climatological measure of the PBL depth (the diurnal

cycle, seasonal cycle, and annual mean) against the
intermodel spread in several of the factors expected to
affect the PBL climatology: the vertical and horizontal
resolution, the surface sensible heat flux, and the nearsurface wind speed. While there are many other factors we
can anticipate having an effect on the PBL climatology, we
were strongly constrained by the availability of subdiurnal
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FIG. 2. (a) The standard deviation of the climatological-mean boundary layer depth (m) in the ensemble and (b) the ensemble standard
deviation normalized to the ensemble-mean boundary layer depth.

data in the CMIP5 archives. Since these predictors are
expected to be related to each other, we used a multiple
linear regression to attempt to isolate the effects of each
factor (see the online supplemental material). However,
since this did not reveal strong relationships either in the
grid-point-wise or the area-averaged averaged analysis,
we have chosen not to include these results in the main
manuscript.
In some models the model-level profiles are available on height levels, but in most they are given on
sigma levels. Where sigma levels were used we calculated the thickness of each layer using the hypsometric
equation and combined the layer thicknesses to obtain
the height of each level. The PBL depth was calculated
using a bulk Richardson methodology. This method
was chosen because studies have demonstrated that it
is the most reliable method to cover a wide range of
conditions, which is necessary when creating a global
climatology, and it provides the best match to PBL
depths derived from radiosonde observations (Seidel
et al. 2010; Liu and Liang 2010; McGrath-Spangler and
Molod 2014; Lee and De Wekker 2016; Lee and Pal
2017). In this method the PBL depth is defined to be
the height at which the bulk Richardson number first
exceeds some critical value, which we took to be 0.25
based upon observational evidence of the threshold
for Kolmogorov turbulence (Grachev et al. 2013). We
tested the sensitivity of the PBL depth to this critical
value and found variations in climatological-mean PBL
depths in individual models of less than 3% in response
to 20% variations in the critical value from 0.2 to
0.3, which is the range of likely values for the critical
Richardson number from analysis of observations (Cheng
et al. 2002; Zilitinkevich and Esau 2007). Two different
methods for calculating the bulk Richardson number
were investigated: either neglecting or accounting for
surface wind speed in the calculations. However, due to

the high degree of similarity in the results (there was a
less than 2% change in the climatological-mean PBL
depth within individual models), only the former is
presented here.
The water vapor mixing ratio was defined from the
humidity: M 5 q/(1 2 q). The potential temperature
u (K) was calculated from the temperature T (K),
sigma level s, and water vapor mixing ratio using
u 5 T(1/s)k , where k is the Poisson constant taken as
k 5 0:285(1 2 0:24M). The virtual potential temperature uy (K) was then calculated from the profiles of potential temperature u and the mixing ratio, whereby
uy 5 u(1 1 0:61M). The bulk Richardson number was
calculated at every model level by taking the difference
between each given model level and the near-surface
values:
RBi 5

(uyi 2 uys )zi
g
,
uys (U 2 U )2 1 (V 2 V )2
i
s
i
s

where g is the acceleration due to gravity (5 9.8 m s22);
Uand Vare the components of the wind speed (m s21),
respectively; and z is the height (m). The subscript i
denotes the model level, and the subscript s denotes the
near-surface value, taken at a height of 2 m above the
ground. We then scan upward to find the first level at
which the bulk Richardson number exceeds the critical
value and linearly interpolate between model levels to
establish the exact height at which the bulk Richardson
number exceeds this threshold.
Since this is a fully automated method we applied
some physical limits to the extent of the boundary layer
such that it must be greater than 10 m and less than 4 km,
and values outside of this range were taken to be missing
(Seidel et al. 2010). Therefore, we miss some cases of
deep convection when the boundary layer turbulence
may reach the tropopause, as well as cases of strong,
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FIG. 3. The intermodel relationship between the number of vertical levels in each model and the climatology of the (a) diurnal minimum, (b) diurnal maximum, (c) DHR, (d) seasonal minimum, (e) seasonal maximum, (f) SHR, and (g) climatological mean PBL depth.
The Pearson correlation coefficient is given in the title of each panel in gray if it is not statistically significant with p , 0.05 and in black if
it is statistically significant.

surface-based inversions. There were a moderate percentage of cases for which no PBL depth was found
under these constraints: up to 25% in some locations in
the ensemble mean (Fig. S3 in the online supplemental
material). Therefore, the method of averaging the PBL
depth affected the climatological-mean value. First, we
took the mean in each month of each 6-hourly snapshot
in order to obtain the average diurnal cycle of the PBL
depth for each month. Then, we took the average of
each 6-hourly snapshot in each month across all years to
obtain the climatological-mean diurnal cycle for each

month. Finally, this was averaged to obtain a single
climatological-mean value at each location. The diurnal
minimum, maximum, and height ranges (DHR) were
calculated by averaging the climatological mean of the
respective variables over all months. Finally, the seasonal height range (SHR) was calculated by averaging
the climatological-mean diurnal cycle in each month and
then taking the difference between the maximum and
minimum of the monthly values. This averaging method
accounted for the fact that this was a noncontinuous
time series and ensured equal representation of each
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FIG. 4. The intermodel relationship between the surface sensible heat flux in each model and the climatology of the PBL depth at the
(a) diurnal minimum, (b) diurnal maximum, (c) DHR, (d) seasonal minimum, (e) seasonal maximum, (f) SHR, and (g) in the climatological mean. The Pearson correlation coefficient is given in the title of each panel in gray if it is not statistically significant with p , 0.05
and in black if it is statistically significant.

part of the diurnal and annual cycles in the mean
climatology.
Our intention here is to assess the global distribution
of the mean and range of the PBL depth in contemporary GCMs. Therefore, to assess how consistent the
GCM climatologies are with reality, we required a
dataset with a high (subdiurnal) temporal resolution and
global coverage, which limited us to using a reanalysis
product. We chose the ERA-Interim reanalysis produced by ECMWF and the Modern-Era Retrospective Analysis for Research and Applications (MERRA)

from the NASA Global Modeling and Assimilation
Office. While a reanalysis product such as ERA-Interim
cannot be equated to observational data, it is observationally constrained by both surface and lower-atmosphere
observations (Dee et al. 2011). Furthermore, evaluation
of the PBL depth from ERA-Interim against a variety of
observations has shown that the reanalysis captures the
spatial and temporal variability reasonably well (Seidel
et al. 2012; Ao et al. 2012).
We obtained the forecast field of the PBL depth at a
6-hourly resolution for the period 1979–2005 from the
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FIG. 5. The intermodel relationship between the wind speed at a height of 10 m above the surface in each model and the climatology of
the PBL depth at the (a) diurnal minimum, (b) diurnal maximum, (c) DHR, (d) seasonal minimum, (e) seasonal maximum, (f) SHR, and
(g) in the climatological mean. The Pearson correlation coefficient is given in the title of each panel in gray if it is not statistically significant
with p , 0.05 and in black if it is statistically significant.

ECMWF website (http://apps.ecmwf.int/datasets/data/
interim-full-daily/levtype5sfc/). Note that since a similar automated method was employed at ECMWF for
the calculation of PBL depth in ERA-Interim, there are
values of the PBL depth in the reanalysis that exceed
4 km. Therefore, to make a like-for-like comparison, we
first removed all values from the ERA-Interim dataset
that were outside our imposed range from 10 m to 4 km.
The same averaging procedure as described above was
then applied to the reanalysis data. This filtering made
very little difference to the climatologies due to the
relatively small number of cases of PBL depths outside

this range. This process was repeated for the MERRA
dataset, which was available from NASA’s website (https://
gmao.gsfc.nasa.gov/reanalysis/MERRA-2/).

3. Ensemble analysis of the PBL climatology
a. Mean PBL depth
The climatological-mean PBL depth from each of the
global climate models and the ensemble mean is shown
in Fig. 1. One of the most apparent and perhaps surprising results from the ensemble-mean climatology is
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FIG. 6. The climatological-mean DHR (m) from the ensemble mean and the anomalies DHR0 (m) with respect to the
ensemble mean for each of the models from which the ensemble was comprised.
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FIG. 6. (Continued)

that we find a deeper PBL over ocean than we do over
land. The reason for this is the large diurnal variation in
PBL depth over land. During the day when the overland PBL reaches a maximum value, the PBL depth over
land is indeed far greater than that found over ocean
(Fig. S5). While at night, surface cooling over land leads

to stable stratification of the near-surface atmosphere
and the formation of shallow PBLs, typically below
200 m, which is far less than the typical overocean PBL
depth (Fig. S4). The net result of this large diurnal cycle
in PBL depth over land is that the overocean PBL is on
average deeper than the PBL over land. This result is
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consistent with previous global analysis of the PBL
depth in a global climate model (Medeiros et al. 2005)
and the actual values (800–1200 m) are similar to those
found from field campaigns (Stevens 2002; Bretherton
et al. 2004). For example, the Eastern Pacific Investigations of Climate (EPIC) field campaign showed a
well-mixed boundary layer—a uniform potential temperature and water vapor mixing ratio—with a depth
smoothly varying in time from a minimum of around
800 m up to 1200 m during the month of October.
However, this is of course a small spatiotemporal sample and a thorough model–observation comparison is
needed to determine how well the models are performing in simulating the overocean mixed layer (Bretherton
et al. 2004).
The ensemble-mean climatology shows some of the
most common features from the climatologies of the
individual models: the deepest overland PBL is in lowlatitude desert regions where in the ensemble mean the
average depth is in excess of 600 m and the shallowest
layers are found in the high latitudes and altitudes; for
example, the average PBL depth across Antarctica and
the Arctic basin is less than 300 m in the ensemble mean.
However, there are large differences between the individual models as to the global-mean and the geospatial pattern of the PBL depth. In a given model the
climatological-mean depth can vary from less than 100 m
over Antarctica, Greenland, and the rest of the Arctic to
more than 1500 m over the Horn of Africa, the northeast
coast of South America, and/or southwest Asia. There are
generally strong similarities in the geospatial patterns
of PBL height in models coming from the same center
for example, the two versions of MIROC-ESM and the
two versions of the GFDL-ESM. However, owing to
the numerous changes in the atmospheric model, the
ACCESS1.0 and ACCESS1.3 results are distinctly
different, especially in the tropics (Fig. 1). Global climate models generally perform poorly in regions of
steep orography irrespective of the underlying parameterization schemes employed (Lindvall and Svensson
2015). Consequentially, there can be large differences
in the mean PBL depth in mountainous regions, as
exemplified by the MRI-CGCM3 model and the
MIROC models.
The degree of variability within the ensemble in the
climatological-mean PBL depth, and its geospatial pattern, can be seen in Fig. 2. This shows both the standard
deviation in climatological-mean PBL depth within the
ensemble, and the ensemble standard deviation normalized by the ensemble-mean PBL depth. Generally,
there is a reasonable agreement between the models
with a standard deviation in the ensemble of less than
20% over much of the land and less than 30% almost
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everywhere around the globe. The most prominent regions with the largest differences between the models
are the northeast coast of South America, the desert
regions of North America, and south-central Asia including the Tibetan Plateau. The Tibetan Plateau stands
out as a region of particularly high relative spread in the
models (Fig. 2b). In this region there is a stark separation between the models, with 10 models producing
shallow PBLs (,400 m) and the remainder showing
deep PBLs (.800 m). While other regions have relatively large spreads of a few hundred meters, almost all
the models agree that these are regions of relatively
deep boundary layers (Fig. 1), so the normalized spread
is relatively small (less than 30%).
One might expect that the vertical resolution in the
models is important in determining the climatology of
the boundary layer, given that many model analyses
have shown in single-column experiments that higher
vertical resolution leads to a better representation of
boundary layer turbulence (Cuxart et al. 2006). However, here we see no statistically significant relationship
between the models in their vertical resolution and their
mean overland PBL climatology (Fig. 3). However, a
gridpoint-wise correlation analysis showed many overland regions with a strong positive relationship: so those
models with a higher vertical resolution have a deeper
mean PBL (Fig. S6). While there was no relationship
between the mean overland climatological-mean surface sensible heat flux and the mean PBL depth in the
models (Fig. 4), a gridpoint-wise correlation analysis
did indeed show a strong positive relationship at many
overland locations, as expected. This analysis also showed
a strong negative relationship over most of the ocean in
the tropics. There is no significant relationship between the overland climatological-mean wind speed
and PBL depth between the models (Fig. 5), although
there is a strong positive relationship over the oceans
(Fig. S6).

b. Diurnal cycle in PBL depth
The climatological mean of the PBL DHR from each
of the global climate models and the ensemble mean are
given in Fig. 6. In the ensemble mean we can see that the
largest DHRs with values in excess of 1500 m are found
in the extratropical desert regions of Africa, Australia,
and the Arabian Peninsula. As expected, there is a
negligible DHR in the polar regions and over the ocean
due to the lack of a diurnal cycle in incoming radiation
and the atmospheric response on the diurnal variations
in forcing, respectively. All models reproduce this feature of the DHR. The geographical pattern of DHR in
individual models matches well to the pattern of the
climatological-mean PBL depth (Fig. 1); that is, those
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FIG. 7. (a) The standard deviation of the DHR (m) in the ensemble and (b) the ensemble standard deviation normalized by the ensemblemean DHR.

locations with a high DHR generally have deeper PBLs
in the climatological mean. Most models have some
region(s) with very high DHRs in excess of 2500 m,
generally in the extratropical desert regions, but since
the exact locations of these high DHRs vary considerably between models, such high DHRs are not seen in
the ensemble-mean climatology.
As with the climatological-mean PBL depth there is
also a high degree of similarity in the climatologies of the
two MIROC-ESM simulations and the two GFDL-ESM
model results. And here we can also see some substantial
differences between the ACCESS1.0 and ACCESS1.3
models in their climatologies of the DHR. The two versions of the ACCESS model had substantial changes to
the atmospheric physics component, which made the
biggest difference in the tropics (Bi et al. 2013). However,
there seems to be no influence of horizontal resolution on
the climatology of the DHR, as seen in the two IPSL
model climatologies.
Figure 7a shows the standard deviation of the DHR
in the ensemble, and Fig. 7b shows the ensemble spread
normalized with respect to the ensemble mean. The
spread is less than 400 m across most of the globe and
generally less than 200 m in the mid- to high latitudes.
This corresponds to a less than 20% spread in the DHR
across most of the globe and a less than 40% spread
everywhere except for over the Tibetan Plateau. Here,
again, we have a dichotomy in the models with many
models showing a very small diurnal cycle in this region (,300 m) but a few models having extremely large
diurnal height ranges, greater than 2.4 km. Hence, the
relative spread in the model DHR in this region is close
to 100% of the ensemble mean. Global climate models
have difficulty in representing the PBL depth in highaltitude plateau regions which is most apparent in their
representation of deep PBLs during the daytime and

summertime (Figs. S5 and S7) than in the representation of shallow PBLs found at night and during the
winter (Figs. S4 and S7). The unique conditions of the
Tibetan Plateau make it an exceptional challenge for
models to reproduce the PBL in the region as the PBL
can grow exceptionally deep not just because of the dry
surface and high sensible heat flux but because of the
low stability of the free atmosphere (Chen et al. 2016).
Observation-based estimates of the PBL depth over
the Tibetan Plateau have shown that we get deep,
greater than 2-km, daytime PBLs at all times of year
(Liu et al. 2015), but very few models reproduce this
deep daytime PBL.
In the overland climatological mean, neither the wind
speed nor the vertical resolution explains the variations
in the components of the overland mean diurnal cycle
in PBL depth (Figs. 3 and 5). There is a statistically
significant relationship between the overland mean of
the surface sensible heat flux and PBL depth at the diurnal minimum (Fig. 4). However, there is a clear separation between the models, with most of the models
having a sensible heat flux at the diurnal minimum close
to 220 W m22 and three having sensible heat fluxes
close to 0 W m22. So this statistical relationship should
be treated with caution. The gridpoint-wise correlation
analysis confirmed the lack of an intermodel relationship between the diurnal cycle in PBL depth (minimum,
maximum, and range) and the corresponding wind
speeds at most locations, although the strong positive correlation between the diurnal minimum climatologies over the Tibetan Plateau might explain some
part of the large intermodel spread there (Fig. S6).
The gridpoint analysis did reveal the strong positive
correlation between vertical resolution and diurnal
minimum PBL depth across much of the land surface.
This might be expected given that the shallow nocturnal
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FIG. 8. The SHR of the PBL depth (m) from the ensemble mean and the anomalies SHR0 (m) with respect to the
ensemble mean for each of the models from which the ensemble was comprised.
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FIG. 8. (Continued)
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FIG. 9. (a) The standard deviation in the ensemble of SHR in PBL depth (m) and (b) the ensemble standard deviation normalized to the
ensemble mean at each location.

PBL has a depth typically at or below the first model level,
so vertical resolution becomes extremely important when
it comes to capturing these shallow boundary layers.
There is also a significant, positive correlation between
the surface sensible heat flux and the PBL depth at the
diurnal maximum in many places overland including the
Sahara Desert and much of South America (Fig. S6).

c. Seasonal cycle in PBL depth
The SHR in each of the models and in the ensemble
mean is given in Fig. 8. This is defined as the largest
difference in the climatological monthly mean PBL depth
at each location. In the ensemble mean the overland SHR
ranges from less than 100 m to over 1000 m in northern India. However, individual models show considerably more variation, with several models having SHRs in
excess of 1500 m in some desert regions. In all the models
it is in these desert regions that we find the greatest
overland SHR owing to the low soil moisture content such
that the seasonal variations in surface forcing have a large
impact on the surface sensible heat flux and, thus, the PBL
depth. We also find a large SHR over the ocean in the
storm track of the North Atlantic and in the northwest
Pacific. This is linked to the wintertime advection of cold
air from the continents over the ocean, which creates a
strong temperature gradient between the ocean and atmosphere. This temperature difference triggers intense
fluxes and the formation of deep PBLs and the formation
of stratocumulus clouds. The SHR is therefore strongly
linked to the seasonal cycle in cloud cover (Klein and
Hartmann 1993; Karlsson and Teixeira 2014). We can
therefore expect that differences between individual
models in the SHR over ocean are linked to the intensity
of the air–sea temperature differences and correspondingly the frequency of marine stratocumulus (Hannay
et al. 2009). The model with the largest difference in
comparison to the ensemble mean, the BCC_CSM, has

known biases in the simulation of stratocumulus linked to
its representation of the PBL (Wang et al. 2014).
This large difference between the SHR climatologies in
the models can be seen in the ensemble spread (Fig. 9).
There are a few regions where the standard deviation in
the ensemble SHR is greater than 300 m, principally in the
deserts of China, the United States, and Australia. Once
again, the Tibetan Plateau stands out as a region of large
relative spread in the model ensemble owing to a division
in the models with most producing very small SHRs in
this region, but a few models with large SHRs lead to a
large absolute and relative spread.
None of the variables investigated—the wind speed,
vertical resolution, or surface sensible heat flux—could
explain the differences in the overland average of the
components of the seasonal cycle in the PBL depth between the models (Figs. 3–5). However, as with the diurnal minimum, there are many overland locations
including Australia, much of Africa, and South America
where there is a significant positive correlation between
vertical resolution and the seasonal minimum PBL
depth (Fig. S6). There were also many overocean locations where there is a strong positive correlation between the seasonal minimum wind speed and PBL depth
in the models, including the whole of the Arctic Ocean.
This is to be expected given that over the sea ice in the
Arctic winter there are only weak surface heat fluxes
and so differences in PBL depth are mostly driven by
differences in the wind speed.

4. Comparison of the climate model PBL
climatologies to the ERA-Interim and MERRA
reanalyses
The ensemble mean of the climatological-mean PBL
depth (Fig. 10a) has a similar geographical pattern to
that found in the ERA-Interim reanalysis (Fig. 10b), but
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FIG. 10. The climatological mean PBL depth from (a) the ensemble mean of the models and (b) ERA-Interim with (c) the difference
between the two climatologies (ensemble mean 2 ERA-Interim) and (d) the normalized difference between the two climatologies
[(ensemble mean 2 ERA-Interim)/ERA-Interim]. (e) The cumulative probability distribution function for the climatological-mean PBL
depth given as s fraction of land covered for each of the individual models (gray), the ensemble mean value (black), the ERA-Interim
reanalysis (red), and the MERRA reanalysis (blue).
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the deepest layers in the reanalysis over the western
Sahara, North America, and southern Asia are not reproduced in the ensemble mean. This can be seen in the
bias of the ensemble mean with respect to the ERAInterim reanalysis (Fig. 10c), where there are large
biases of up to 500 m in the desert regions of North
America, Africa, and southern Asia. Since these are all
regions of deep boundary layers, the relative biases remain small across much of the globe (Fig. 10d) and are
generally less than 20%. Some important exceptions are
found in the coastal regions of Antarctica and Greenland, where the very shallow boundary layers in the reanalysis in these regions of ,100 m are not captured by
the models, leading to very large relative biases.
While the ensemble mean clearly has strong negative biases in desert regions, it is important to note that
the pattern of mean PBL depth varied considerably
between the models and many did produce the deep
boundary layers seen in the ERA-Interim reanalysis, if
not necessarily in the same locations. Therefore, it can
be informative to look at the distribution of PBL depths
in the models, as compared to the reanalyses (Fig. 10e).
When we compare the distributions, we can see that the
climatology from the ERA-Interim reanalysis generally lies
well within the range of distributions found in the model
ensemble, although the ERA-Interim reanalysis does have
more of the very shallow layers, less than 200 m, than is
found in any of the models. The MERRA reanalysis on the
other hand lies well outside of this range. In this reanalysis
there are no mean PBL depths of less than 150 m, and there
are much deeper climatological-mean PBLs in MERRA
than in either ERA-Interim or the climate models.
The climatological mean of the DHR is generally
much lower in the ensemble mean (Fig. 11a) than in the
ERA-Interim reanalysis (Fig. 11b). This is reflected in
the bias of the ensemble mean with respect to the ERAInterim reanalysis, which shows a lower diurnal cycle in
the ensemble mean across most of the globe (Figs. 11c,d).
The only exception to this is in South America, where in
the ensemble mean there is a relatively large DHR, in
excess of 900 m in large parts of the center and northwest
of the continent, which is not produced in the ERAInterim reanalysis. The other region with a very strong
bias is the Tibetan Plateau. In the ERA-Interim reanalysis
there is a very strong DHR in this region in excess of
2100 m. While this was seen in some models, it was not a
common feature and so is not seen in the ensemble mean.
When we compare the distribution of the overland
DHR in the individual models and in the reanalyses we
can see this overall bias toward a reduced DHR in the
models relative to ERA-Interim, especially in the upper
range of the DHRs (Fig. 11e). For example, only one of
the models has DHRs greater than 2500 m anywhere

VOLUME 31

around the globe, whereas in the ERA-Interim reanalysis these are found over about 5% of the land.
However, this may be due to uncertainty in the reanalysis products. The MERRA reanalysis has fewer of
the shallow DHRs, below 1500 m, than is seen in the
models, but it has none of the deep DHRs seen in the
ERA-Interim reanalysis. This overall damped diurnal
cycle in the models relative to ERA-Interim is a combination of both deeper boundary layers at the diurnal
minimum and shallower boundary layers at the diurnal maximum (Figs. S4 and S5). But in contrast, the
MERRA reanalysis has far deeper boundary layers
at the diurnal minimum than is found in the models,
with an average difference of around 200 m. The diurnal
maximums in MERRA are more similar to those found
in ERA-Interim (Figs. S4 and S5).
The comparison between the climatology of the SHR
in the climate models and the reanalyses is given in
Fig. 12. While some individual models did reproduce
the strong SHR over West Africa as is seen in ERAInterim (Fig. 12b), this was not a common feature in the
ensemble (Fig. 12a) and so the ensemble-mean SHR
showed a strong negative bias in this region (Fig. 12c).
We also see negative biases, corresponding to a consistent underestimation of the SHR with respect to ERAInterim, over the desert regions of the western United
States and over the Tibetan Plateau. Since these are all
regions of relatively large SHR in ERA-Interim, the
relative bias in these regions is small (Fig. 12d). However, the relatively large SHR over northern South
America that is found in most of the models is not
present in ERA-Interim. This is one of the few regions
where the models have a positive bias in the SHR, with
the ensemble-mean SHR being more than double that of
ERA-Interim in some parts of the continent (Fig. 12d).
Overall, the models have a damped seasonal cycle in
PBL depth with respect to both reanalyses, as can be seen
from the cumulative probability distribution function of
SHR for the individual models and the reanalyses
(Fig. 12e). The distribution of SHR in the reanalyses
generally lies at the upper limit, or even outside of the
range found in the ensemble. This is mostly due to
the models producing much deeper boundary layers at the
seasonal minimum as compared to ERA-Interim, while
MERRA has far greater seasonal maxima than is found in
either the models or ERA-Interim, while the distribution
of the seasonal maximum depths in the models shows good
agreement with ERA-Interim (Figs. S7 and S8).

5. Conclusions
An assessment of the climatological mean and the
diurnal and seasonal cycles of the PBL depth from 18
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FIG. 11. As in Fig. 10, but for the climatological mean in the diurnal range in the PBL depth.

global climate models is presented. The climate models
are in good agreement with the ERA-Interim reanalysis regarding the frequency distribution of mean PBL
depth, although the geographical pattern of mean PBL

depth varies considerably between models. This overall
good match to the annual-mean climatology from the
ERA-Interim reanalysis may be a consequence of the
efforts of modeling centers to tune these climate models
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FIG. 12. As in Fig. 10, but for the climatological mean in the seasonal range of the PBL depth.

toward a close representation of, among other variables,
the global-mean SAT (Mauritsen et al. 2012), given that
there is a close correlation between the local mean
SAT and PBL depth, at least in convective boundary
layers (McGrath-Spangler and Molod 2014). However,
the large difference between the PBL climatologies in
MERRA and ERA-Interim suggests that reanalysis

products should be used with caution in the assessment
of PBL depth. Although the unfeasibly deep nocturnal
PBLs in desert regions within MERRA suggest that the
PBL depth may not be reliable in this product.
Overall, the models have a reduced diurnal cycle as
compared to the ERA-Interim reanalysis almost everywhere around the globe due to a combination of a
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general overestimation of the diurnal minimum PBL
depth and underestimation of the diurnal maximum
PBL depth. The ensemble spread (standard deviation)
in the diurnal minimum PBL depth is especially large
with spreads in excess of 100% of the ensemble-mean
value. The well-known issues with the parameterization
of the stably stratified boundary layer within climate
models are likely to be the cause of this large spread in
the models’ PBL depth at the diurnal minimum (Mahrt
2014; Holtslag et al. 2013). This large uncertainty in the
depth of the stably stratified boundary layer has been
shown to have a large influence on the representation of
the diurnal and seasonal cycles in the models, as well as
their sensitivity to changes in external forcing (Holtslag
et al. 2013; Davy and Esau 2014; Wei et al. 2017).
A similar issue arises with the seasonal range in the PBL
depth: there is a damped seasonal cycle in the models
as compared to the ERA-Interim reanalysis owing to a
tendency to overestimate the seasonal minimum depth
and underestimate the seasonal maximum PBL depth.
The large spread in the models and general positive bias in
the seasonal minimum PBL depth is likely also related to
the representation of the stably stratified boundary layer
in these models (Holtslag et al. 2013). Given that the
sensitivity of the SAT to changes in forcing is especially
high in these stably stratified boundary layers (Davy and
Esau 2016), it is important to improve the representation
of the diurnal and seasonal cycles of the PBL depth if
these models are to more reliably describe changes in the
diurnal and seasonal SAT cycles that have been observed
(Cohen et al. 2012; Davy et al. 2017). The climatology of
the PBL depth in a large ensemble of global climate
models, as presented here, will be a useful tool in assessing
the importance of the model depiction of vertical mixing
on the resultant surface climate.
Several recent studies have investigated the impacts of
the representation of the boundary layer within global
climate models on the surface climate and climate
change (Davy and Esau 2014; Wei et al. 2017). However,
without a climatology of the PBL depth they have relied
instead on various proxies to characterize the vertical
mixing in the models, each of which has its own limitations. The dataset presented here is a new tool for those
interested in the characterization and assessment of PBL
processes and atmosphere–surface coupling in these
global climate models.
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